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Crystalline conductors and superconductors based on organic molecules are a rapidly progressing
field of solid-state science, involving chemists, and experimental and theoretical physicists from all
around the world. In focus are solids with electronic properties governed by delocalized 7t-electrons.
Although carbon-based materials of various shades have gained enormous interest in recent years,
charge transfer salts are still paradigmatic in this field. Progress in molecular design is achieved via
tiny but ingenious modifications, as well as by fundamentally different approaches. The wealth of
exciting physical phenomena is unprecedented and could not have been imagined when the field took
off almost half a century ago.

Organic low-dimensional conductors are prime examples of Luttinger liquids; they exhibit a
tendency toward Fermi surface instabilities, but can also be tuned across a dimensionality-driven
phase diagram like no other system. Superconductivity comes at the border to ordered phases
in the spin and charge sectors, and, at high fields, the Fulde-Ferrell-Larkin-Ovchinnikov (FFLO)
state is well established. The interplay between charge and magnetic order is still under debate,
but electronic ferroelectricity is well established. After decades of intense research, the spin liquid
state was first discovered in organic conductors when the amount of geometrical frustration and
electronic correlations is just right. They drive the metal and superconductor into an insulating Mott
state, solely via electron—electron interactions. However, what do we know about the effect of disorder?
Can we tune the electronic properties by pressure, by light, or by field? Research is still addressing
basic questions, but devices are not out of reach. These are currently open questions, as well as hot
and timely topics.

Although the superconducting transition temperature remains rather moderate for organic
materials, the questions addressed are of fundamental importance, and for several topics molecular
conductors are by far the best model system for detailed investigations. The spatial modulation
of the superconducting order parameter in the Fulde—Ferrell Larkin-Ovchinikov state is certainly
one of them [1,2]. The conceptional paper by Otsuka et al. reviews current ideas on the design
of a spin-frustrated Mott insulator and points towards future developments in quantum spin
liquids [3]. No question, this exciting research topic has placed organic crystals again at the forefront
of solid-state physics. The class of f'-Et,Me,s_,Z[Pd(dmit),], with Z =P, As, Sband x =0, 1, 2 is
a topic of the paper from Ueda et al. [4]. A completely new view on the structural properties of
x-(BEDT-TTF),Cu,(CN)3 is given by Foury-Leylekian and collaborators [5], who found that the
compound contains two non-equivalent dimers in the unit cell and charge disproportionation between
the dimers. Here, simple facts, assumed to be settled for decades, were revisited, such as the
symmetry of a crystal; this laid new ground for the re-interpretation of numerous experimental
observations. The low-temperature anomaly observed in the quantum spin liquid compound
x-(BEDT-TTF),Cuy(CN)3, however, remains an open issue [6]. In any case, the electrodynamic
properties of these organic dimer Mott insulators appear to be fairly well understood by now [7,8].
The Mott transition observed in the two-dimensional organic x-phase BEDT-TTF salts is the focus of
the detailed pressure-dependent measurements of the heat capacity [9] and thermal expansion [10].

Crystals 2018, 8, 332; d0i:10.3390/ cryst8090332 1 www.mdpi.com/journal/crystals
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Magnetic excitations were investigated by Raman scattering, suggesting intra-dimer charge degree
of freedom for some salts [11]. The combination of a correlation-driven Mott transition and a
disorder-driven Anderson transition has become more of an issue in recent years. The contribution of
Rabaca et al. and Prokhorova et al. considers structural disorder [12-14]. The existence of Dirac-like
electrons in a-(BEDT-TTF),1; is another topic that has attracted interest for more than a decade, from a
theoretical side [15] as well as from the side of applications [16]. Pressure-dependent experiments
are also important for the one-dimensional TMTTF salts, in order to study the charge and anion
ordering [17,18].

In 2012, Reizo Kato edited a seminal collection of 45 contributions on various aspects of “Molecular
Conductors” as a Special Issue of Crystals, which has been well received by the community. The present
Special Issue on “Advances in Organic Conductors and Superconductors” may become a status report
summarizing the progress achieved in the last five years.
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Abstract: In the following, a brief overview on the recently found robust experimental evidence for the
existence of the Fulde—Ferrell-Larkin-Ovchinnikov (FFLO) state in layered organic superconductors is
given. These electronically quasi-two-dimensional (2D) clean-limit superconductors are ideally suited
for observing FFLO states. Applying a magnetic field parallel to the layers suppresses orbital effects
and superconductivity is observed beyond the Pauli paramagnetic limit. Both, thermodynamic as
well as microscopic experimental data show the existence of an additional high-field low-temperature
superconducting state having a one-dimensionally modulated order parameter.

Keywords: organic superconductors; FFLO state; specific heat; NMR

1. Introduction

In most cases, superconductivity is destroyed at high magnetic fields. For spin-singlet pairing,
the highest field where this phase change can occur is at the Pauli paramagnetic limit when the Zeeman
energy of the itinerant electrons becomes larger than the condensation energy [1,2]. There may, however,
exist superconductivity even beyond the Pauli limit with a spatially modulated superconducting order
parameter. This was predicted already in 1964, independently by Fulde and Ferrell [3] as well as
Larkin and Ovchinnikov [4]. Such now-called FFLO (or LOFF) states can appear in superconductors
with very large orbital critical field, B,,;, that is, when the usually dominant orbital pair breaking
is of minor importance. Only then, superconductivity is eventually suppressed at the Pauli limit
Bp = Mg/ (V/2up), where g is the Bohr magneton and Ag the zero-temperature superconducting
energy gap [1,2]. According to Gruenberg and Gunther, the Maki parameter [5], v/2B,,;/ Bp, has to be
larger than 1.8 for the possible occurrence of an FFLO state [6]. Further to that, the mean free path of
the charge carriers needs to be larger than the coherence length, i.e., clean-limit superconductors are
needed [7-9]. For the latter point, however, some theory works suggest that FFLO phases may survive
even with some disorder [10-13]. (For related experimental work see [14-16].)

When applying a magnetic field, the Fermi surface splits into two with spin-up and spin-down
electrons. If this splitting is not too large, that is for fields below Bp, still the usual BCS-like pairing
with opposite spin and momentum is energetically favourable (left part of Figure 1). Beyond the Pauli
limit, however, pairing with finite total momentum, g, becomes the more stable ground state (right part
of Figure 1), until the normal state finally is reached at a higher field beyond Bp. In the most simple of
the possible FFLO states, the Cooper-pair wave function oscillates with g o B, leading to an equally
oscillating Cooper-pair density also in real space (for possible more elaborated FFLO phases see [8,9]).
By that, part of the superconducting volume becomes normal, namely at the wave-function zeros
where the excess spins accumulate, allowing the superconducting state to survive even beyond the
Pauli limit.

Crystals 2018, 8,183; doi:10.3390/ cryst8050183 4 www.mdpi.com/journal/crystals
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BCS FFLO
i N k! l
q
4 { N
=k BT

Figure 1. Schematic sketch of (left) the usual BCS pairing state with zero resulting momentum and
spin and (right) the FFLO pairing state with a finite center-of-mass momentum, . The circles represent

the Fermi surfaces for spin-up and spin-down electrons.

Nonuniform FFLO states can appear only at temperatures much lower than the superconducting
zero-field transition at T., namely below T* = 0.56T; [5]. For temperatures between T* and T,
only the uniform superconducting state can exist below the upper critical field B.,. Below T*, marking
a tricritical point, the FFLO phase may emerge. Here, a first-order phase transition may occur,
whereas above T* the phase transition to the normal state is second order. For three-dimensional (3D)
superconductors the stability region for FFLO states is rather limited but enlarges considerably for
electronically highly anisotropic materials [9]. This stability region depends on the dimensionality and
becomes much larger for lower dimensions (see e.g., [8,9,17]). Indeed, Figure 2 shows the calculated
phase diagram for a two-dimensional (2D) superconductor with isotropic in-plane Fermi velocity [9].
For a more general in-plane anisotropy the FFLO-phase region becomes even larger [18].

2D
B0

normal state

uniform superconductor

T*
0.0 " L o
0.0 0.5 1.0
TIT,

Figure 2. Calculated phase diagram of a Pauli-limited two-dimensional superconductor. Above
T* = 0.56T; only the uniform superconducting (yellow region) or, above By, the normal state (blue)
can exist. Below T*, the FFLO state (red) may evolve up to i BBIZ?]FDLO = Ap.

It is worthwhile to mention that the notion of FFLO states is of much broader importance than for
superconductivity in condensed matter. These exotic states are predicted to exist in general in polarized,
spin-imbalanced Fermi systems, such as ultra-cold atomic gases [19], nuclear matter, and dense quark
matter [20]. Although there have been some reports on the observation of FFLO states in cold atomic
gases [21,22] these results are questioned and solid evidence for FFLO states has, so far, only been
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found in condensed-matter systems, such as the organic superconductors discussed in the following
chapter. Other candidate materials, such as heavy-fermion and iron-based superconductors, are briefly
mentioned in Section 3.

2. FFLO Evidence in Layered Organic Superconductors

For FFLO states to occur certain restrictions apply. As mentioned, the superconductor has to
be strongly Pauli limited, with a Maki parameter larger than 1.8, and needs to be in the clean limit.
Further, the stability region of FFLO states is rather limited in 3D but is large and experimentally more
easily accessible in 2D electron systems. Prime candidate materials are, therefore, quasi-2D organic
superconductors, for instance, with the molecular building blocks bisethylenedithio-tetrathiafulvalene
(BEDT-TTF or ET for short) or bisethylenedithio-tetraselenafulvalene (BETS). Although there exist
controversies on the nature of the superconducting state, with nuclear magnetic resonance (NMR)
results evidencing node-like d-wave symmetries [23,24] and, on the other side, specific-heat data
showing an s-wave-like fully gapped order parameter [25], the singlet nature of the pairing, important
here, is proven by above NMR data. A more detailed discussion on the nature of the superconducting
state can be found in [26]. In any case, the organic materials are well-studied, high-quality crystals
with nearly ideal 2D electronic structure and strong type-II spin-singlet superconductors, usually in the
clean limit with long mean free paths [26-30]. When aligning the magnetic field parallel to the highly
conducting layers, orbital pair breaking is largely reduced and Pauli limitation becomes dominant.

There indeed have been a number of studies for such field orientation reporting evidence for the
existence of FFLO states in these 2D organic superconductors. These claims were mainly based on
transport data, such as on thermal-conductivity [31], interplane-resistance [32,33], and penetration-depth
measurements [34-36]. Clear thermodynamic and microscopic evidence for a high-field FFLO phase was
missing until 2011.

2.1. Thermodynamic Data and Phase Diagrams

The first thermodynamic evidence for the appearance of an FFLO state was found for the organic
superconductor x-(BEDT-TTF),Cu(NCS), by use of specific-heat measurements [37]. Figure 3 shows
the obtained data for in-plane field alignment after subtracting the phonon part of the specific heat.
The latter was extracted by measuring the normal-state specific heat separately in a field of 14 T applied
perpendicular to the layers. At T, = 9.1 K, a clear A-like anomaly is resolved which reduces in size
and shifts to lower temperatures with increasing magnetic field. Above 21 T, however, the anomaly
sharpens and a second transition appears at somewhat lower temperatures in fields up to 23 T.
This latter anomaly showed a hysteresis in the specific-heat data evidencing the first-order nature of
the transition [37].

This second anomaly was not observed in later work that measured the penetration depth
using a tunnel-diode-oscillator technique [36], magnetic torque [38], or magnetic-field-dependent
calorimetry [39]. A possibly reason for this discrepancy could have been a small misalignment of the
investigated crystal in the work reported in Ref. [37]. The measurements were performed on a fixed
platform in a 28-T magnet at the Grenoble High Magnetic Field Laboratory (LNCMI-Grenoble).
Although the crystal was aligned in the best possible way, an out-of-plane orientation of the
magnetic field on the sub-degree level cannot be excluded. Indeed, as was shown later, rotating
the magnetic field by a small amount (of the order of 1 degree) immediately suppresses the
FFLO state. Detailed angular-dependent specific-heat studies of another organic superconductor,
B"-(BEDT-TTF),SFsCH,CF,S0; discussed further below, showed that a second anomaly just
below B, appears when the magnetic field is aligned by about 0.2-0.3 degree off the in-plane
orientation [40,41]. This makes it rather likely that the sharp first-order transition shown in Figure 3
for x-(BEDT-TTF),Cu(NCS); is an artifact due to a small out-of-plane component of the magnetic field.
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Figure 3. Electronic part of the specific heat of x-(BEDT-TTF),Cu(NCS),, divided by temperature,
vs. temperature in parallel magnetic fields (inset) up to 28 T.

The B, data extracted from the specific heat (Figure 3) are shown as black circles in Figure 4. From the
specific-heat data, it is possible to determine the Maki parameter. The orbital critical field can be estimated
from the initial critical-field slope at T¢, yielding dB., /dT ~ 20 T /K using the data points at 0 and 8 T, and the
Werthamer-Helfand-Hohenberg (WHH) extrapolation [42], B,;, = 0.7T.dB,/dT ~ 130 T. The Pauli limit
can reliably be estimated from the jump height and temperature dependence of the specific-heat anomaly
resulting in the strong-coupling value Ag/kgT. ~ 2.4 [43] and, finally, in Bp = 22(1) T. Together with
By = 130 T, this leads to a Maki parameter of about 8.4, comfortably larger than the 1.8 required for FFLO
states to occur.
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Figure 4.  Superconducting phase diagram of x-(BEDT-TTF),Cu(NCS), as obtained from the
specific-heat data shown in Figure 3 (black circles), torque, 7, data (open circles and triangles) [38],
as well as data taken from the work of Agosta et al. (blue squares and triangles) [39]. The solid line is
the calculated B, for an isotropic in-plane Fermi velocity.

The solid line in Figure 4 represents B, the calculated phase transition from the normal to the
superconducting state for a 2D superconductor with isotropic in-plane Fermi surface, as shown in
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Figure 2. Very good agreement with the specific-heat data is found. The phase diagram in Figure 4
further includes data from magnetic-torque measurements, where a rotator made possible precise
alignment of the magnetic field parallel to the layers [38]. These data overestimate somewhat the more
reliable specific-heat B, values. The torque measurements, however, done with sweeping the magnetic
field, allowed to resolve the hysteretic phase transition from the uniform to the FFLO superconducting
state (open triangles).

In a very recent ac-specific-heat and magnetocaloric-effect measurement the phase transition from
the uniform to the FFLO phase was verified thermodynamically by performing field sweeps (closed
blue triangles in Figure 4) [39]. At low temperatures, the B, values in this experiment (open blue
squares) lie clearly above the Pauli limit, again consistent with the existence of the FFLO phase,
however, they fall somewhat below the torque data and the calculated line. Here, more work is
necessary for a more reliable determination of the B, line at lowest temperature.

There exist a large number of quasi-2D organic superconductors [27,28] most of which are
candidates for showing FFLO states. However, for practical reasons, T, should be in a range,
so that not too low temperatures or too high magnetic fields are needed to reach these states.
Further, high-quality crystals of sufficient size are required for resolving the phase transitions in
bulk experiments. These conditions are favorably fulfilled in the electronically nearly ideal 2D material
B"-(BEDT-TTF),SF5CH,CF,S03 [44—46].

For this superconductor, specific heat [40] showed a strong upward curvature of the superconducting
phase boundary above Bp, consistent with the existence of an FFLO state, even though a transition from
the uniform to the FFLO phase was not directly observed. The electronic part of the specific heat divided
by temperature is shown in the relevant temperature range in Figure 5. Here, 10-T specific-heat data in
perpendicular field were used to subtract the phonon contribution. From an equal-entropy construction
of the zero-field data, the bulk T, = 4.3 K can be determined. From the idealized jump at T, and the
temperature dependence of the specific heat the zero-temperature energy gap Ag/kpT; = 2.18, evidencing
amoderately enhanced coupling strength, and the Pauli limit Bp = 9.73(3) T is found [40]. When applying
magnetic fields by use of a rotator precisely aligned parallel to the conducting layers, the specific-heat
anomaly shifts to lower temperatures and remains resolvable at least up to 11 T (Figure 5). As evident
from the data, superconductivity persists clearly beyond the Pauli limit.

| B"-(BEDT-TTF),SFsCH,CF,SO;

40

C,/T (mJ mol'K?)
3

T (K)

Figure 5. Temperature dependence of the electronic part of the specific heat, divided by temperature,
of B’-(BEDT-TTF),SF5CH,CF,S0; in various parallel magnetic fields up to 11 T.

The superconducting phase diagram determined from these specific-heat measurements is shown
in Figure 6. Again, the initial slope of the critical field at T, (approximately 25 T/K) allows to estimate
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Byp = 75 T, that is much larger than Bp and results in a Maki parameter close to 11. The data show
the typical behavior of a Pauli-limited superconductor. The very steep slope of the B, line near T,
rapidly becomes shallow at higher magnetic fields when the Pauli limit is approached. The dotted
line in Figure 6 depicts the estimated B, line without the appearance of an FFLO state. Obviously,
the specific-heat data lie clearly above this estimate with a changed curvature of the B, line: Strongly
suggesting the emergence of an FFLO state.

The relative increase of the upper critical field, B., at low temperatures is clearly larger than
for x-(BEDT-TTF),Cu(NCS),. The blue dashed line in Figure 6 is equivalent to the solid line
shown in Figure 4, just normalized for T, and Bp. As mentioned, this theory line was calculated
assuming an isotropic in-plane Fermi velocity. Earlier investigations of the Fermi-surface topology of
B"-(BEDT-TTF),SF5sCH,CF,S03, however, showed that the electronically 2D material has as well a
pronounced anisotropy of the Fermi surface within the planes (inset of Figure 6) [47]. The experimental
aspect ratio of the in-plane Fermi-surface ellipse is 9. Calculating the critical-field line for the same
Fermi-velocity ratio yields the dotted line in Figure 6. The experimental data lie just between this line
and the calculations for the isotropic in-plane case. For the aspect ratio 2.25, excellent agreement with
the experimental data is obtained (solid line in Figure 6). In view of the rather simple mean-field theory
used for the calculations, neglecting any kind of fluctuations, the description of the experimental data
is superb [18,48].

It is worthwhile to mention that the phase diagram of B”-(BEDT-TTF),SF5CH,CF,SO; is
independent of in-plane orientation of the magnetic field, in contrast to out-of-plane rotations.
When measuring the specific heat for three different in-plane field alignments, the extracted B,
lines fall on top of each other within error bars [18]. This suggests negligible orbital effects [49] and a
pinning of the FFLO modulation vector q at some optimum position, most probably parallel to the
short axis of the Fermi-surface ellipse depicted in the inset of Figure 6.
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Figure 6. Phase diagram of ”/-(BEDT-TTF),SF5CH,CF,SO3 as extracted from the data in Figure 5.
Three lines show the calculated B, for different Fermi-velocity ratios of elliptical Fermi surfaces.
The dotted line is a rough extrapolation of the high-temperature data towards the Pauli limit at T = 0,
estimating the transition from the uniform to the FFLO superconductivity. The inset depicts the
measured in-plane Fermi surface [47].

2.2. Microscopic Evidence

The thermodynamic measurements discussed above give strong evidence in favor for the existence
of FFLO states, but they cannot supply microscopic insight into the spatially modulated order
parameter. This was finally provided by sophisticated '3C NMR experiments. First, such measurements
were performed for x-(BEDT-TTF),Cu(NCS); in resistive magnets of the high-field laboratories in
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Tallahassee [50] and, later, in Grenoble [51]. The NMR spectra taken in Tallahassee at 0.35 K showed,
up to about 21.3 T, only a gradual field-dependent broadening. Beyond this field, i.e., above the
estimated Pauli limit, the spectra broaden considerably until, at about 25 T, the linewidth of the spectra
is indistinguishable from that of the normal state [50]. The abrupt change of the NMR spectra around
the Pauli limit is taken as evidence for a Zeeman-driven phase transition into another superconducting
state, giving further evidence for the FFLO state.

In the other mentioned NMR work by the group in Grenoble, a very strong enhancement of the
spin-lattice relaxation rate, T, 1 was found when going from the normal-conducting to the FFLO state
as a function of temperature [51]. A similar enhancement was found when going from the uniform
superconducting to the FFLO state as a function of magnetic field. This was attributed to excess
low-energy density of states due to Andreev bound states formed near the nodes of the FFLO order
parameter and was taken as a direct evidence for a modulated FFLO order parameter [51]. Figure 7
shows the field evolution of the NMR relaxation rate divided by temperature, (T;T) !, at various
temperatures (see the Supplemental Information in Ref. [52]). At 1.1 K, similar as reported in Ref. [51],
a large enhancement of (T;T) !, compared to the normal-state value, is seen when entering the FFLO
state above and around the zero-temperature Pauli limit (dashed vertical line in Figure 7). However,
at 0.35 K, a temperature much lower than investigated in [51], no enhancement in (T;T) ! is found.
This may be explained by an Andreev bound-state energy larger than the thermal energy and a
concomitant reduced influence of these states on the relaxation rate.
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Figure 7. Field dependence of the spin-lattice relaxation rate, T, 1, divided by temperature of
x-(BEDT-TTF),Cu(NCS),. The data taken at 1.1 K exhibit an increase much beyond the normal-state
value in the region where the FFLO phase occurs, whereas the effect is quenched at the lower
temperature of 0.35 K. The dashed vertical line depicts the Pauli limit.

For B"-(BEDT-TTF),SFsCH,CF,S03, more detailed NMR studies are possible due to the
field-temperature range easier accessible with superconducting magnets and available cryostat systems.
For the measurements, as before, 13C isotopes were introduced on the two central carbon sites of the
BEDT-TTF molecules [52]. These sites are the most sensitive to the conducting electrons in the 2D
BEDT-TTF-based materials. In [52], NMR spectra were taken for a number of accurately in-plane
aligned magnetic fields at 0.13 and 1.7 K. Figure 8a shows the field-dependent shift of the NMR spectra,
or more precisely the first moments of the NMR spectral positions, at these temperatures. At low
fields, below about 9 T in the Shubnikov phase, only a moderate increase of the shift due to orbital
contributions is visible. In the normal state, above 10 T at 1.7 K, the NMR line shift is constant and
caused by the hyperfine fields associated with the paramagnetic spin susceptibility. Between these
two limits, the hyperfine fields at the '3C sites increase steeply evidencing the appearance of the
nonuniform electron polarization expected for the FFLO state. These line shifts are accompanied
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by considerable line broadenings of the NMR spectra (see [18,52]). The onsets of the rapid line-shift
increase fits favorably to the dotted line plotted in Figure 6. The NMR data at 1.7 K indicate that the
FFLO state appears at 9 and is present at 9.5 T, whereas at 0.13 K, the nonuniform superconductivity
evolves above 9 T and remains up to the highest measured field of 11.9 T, in agreement with the
specific-heat data.
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Figure 8. (a) Field dependence of the '>*C NMR shift in 8”/-(BEDT-TTF),SF5CH,CF,SO;. (b) Spin-lattice
relaxation rate divided by temperature, (T;T) !, vs magnetic field. The data taken at T = 1.7 K
show an increase at 9.3 T greater than the normal-state value, similar as visible in Figure 7 for

x-(BEDT-TTF),Cu(NCS), and discussed in connection with the occurrence of the FFLO phase.
The dashed lines connecting the data points are guides to the eye.

Complementary field-dependent data of the spin-lattice relaxation rate are shown in Figure 8b.
Similar as for x-(BEDT-TTF),Cu(NCS), (Figure 7), a clear enhancement of (Tj T)7! appears
at 1.7 K indicating as well the existence of the FFLO state even at this higher temperature.
At 0.13 K, no enhancement in (T;T)~! is detected, equally consistent for both investigated organic
superconductors. As mentioned, this may be a signature of Andreev bound states in the FFLO phase.
However, whether this assignment is correct needs further proof.

In the FFLO state, several types of periodic structures of the order parameter, one or two
dimensional, may occur [8,9,53-55]. Accordingly, nonuniform electron-spin polarizations appear
that lead to spatially oscillating local fields at the 1*C nuclei sites and corresponding characteristic
broadenings of the NMR spectra. Assuming the simplest modulation of the order parameter with
a single-q (i.e., one-wavelength) sinusoidal oscillation, the NMR line broadens to a double-horn
structure, in case the original NMR line is not already too wide due to other sample-inherent local-field
inhomogeneities [18]. In the present case, the two inequivalent BEDT-TTF molecules per unit cell with
two 13C each lead to four main NMR lines (ignoring dipole-dipole splitting) that can be well resolved
in the normal state [52].
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The blue line in Figure 9 shows a measured NMR spectrum for ”’-(BEDT-TTF),SFsCH,CF,SO;
at 0.13 K and 10.25 T. This spectrum can be simulated using the mentioned simple 1D sinusoidal
modulation of the spin polarization (green line in Figure 9). Thereby, the different orbital parts and
hyperfine couplings of the four independent, Gaussian-broadened main NMR lines (red and orange
lines) have been taken into account (see Ref. [52] for details). The simulated total NMR line nicely
agrees with the measured data. Indeed, assuming a 2D order-parameter modulation for the NMR-line
simulation fails to describe the measured data. The NMR spectra, therefore, give clear microscopic
evidence for a spatially single-g 1D modulated nonuniform superconducting state, fully in line with
the long-sought FFLO prediction.
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Figure 9. Experimental NMR spectrum (blue) of f”/-(BEDT-TTF),SFsCH,CF,S0;3 at 0.13 K and 10.25 T
compared with that generated by assuming a 1D sinusoidal modulation of the spin polarization (green).
The orange and red lines depict the four independent contributions.

3. Other FFLO Candidate Materials

The question arises as to whether FFLO states are unique for 2D organic superconductors. Indeed,
the conditions to observe FFLO states are ideal in these molecular conductors, namely high crystal
quality with long mean-free paths, very large orbital critical fields with corresponding large Maki
parameters for in-plane aligned magnetic fields, and a rather extended stability region of the FFLO
phases in the B — T phase diagram due to the two dimensionality. However, other material classes as
well fulfil these conditions and FFLO states are to be expected.

Heavy-fermion materials, for example, are good candidates for showing FFLO states: The orbital
critical fields are often high and may exceed the Pauli limit due to the large effective masses
and anisotropies favor the occurrence of nonuniform pairing. Indeed, in the heavy-fermion
superconductor CeColns clear thermodynamic and microscopic evidence for the existence of an
additional superconducting state at low temperatures and high magnetic fields was found [56-58].
Initially, this state was suggested to be a realization of a FFLO state. This, however, was revised
a few years later when neutron-scattering data revealed clearly the existence of incommensurate
antiferromagnetic order just inside this superconducting state. Thereby, the incommensurable
antiferromagnetic wave vector Q was proven to be field independent [59]. This now-called Q phase
certainly is a unique and fascinating state of matter, but clearly not a realization of the originally
proposed FFLO states [60-63]. Whether it is a more complicated version of such a state [64] or is of
completely different origin is still the subject of intense research.

Recently, specific-heat and magnetic-torque experiments revealed compelling evidence for the
existence of a superconducting high-field low-temperature state above the Pauli limit in KFe,As; [65].
The anisotropic iron-pnictide superconductors, therefore, appear to be the second material class in
which thermodynamic data strongly suggest the existence of an FFLO state. Further work is needed to
establish this finding with additional evidence.
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4. Conclusions and Outlook

More than 50 years after the theoretical work of Fulde—Ferrell and Larkin-Ovchinnikov, there is
now solid evidence for the realization of FFLO states in organic superconductors. Various experiments
have provided strong support for this notion. In particular, specific-heat and NMR experiments
helped to determine the superconducting phase diagram and to gain microscopic insight into the
nonuniform modulation of the order parameter. A 1D sinusoidally oscillating spin polarization can
favorably explain the NMR spectra. Further experiments that would allow one to directly determine
the modulation wave vector, such as neutron scattering or scanning tunneling microscopy, would
be highly desirable. In addition, there are predictions for the existence of a quantum critical point
at the transition from the FFLO to the normal state [66] for which experimental evidence would be
needed. Finally, first indication for the existence of an FFLO state was found very recently in an
iron-pnictide superconductor widening the possibility to further study the nature of these nonuniform
superconducting states in different material classes.

Acknowledgments: Contributions to this work by B. Bergk, R. Beyer, S.E. Brown, A. Demuer, E.L. Green,
G. Koutroulakis, H. Kiihne, R. Lortz, S. Molatta, Y. Nakazawa, J. A. Schlueter, I. Sheikin, S. Yasin, H. H. Wang,
Y. Wang, and G. Zwicknagl are gratefully acknowledged. Part of the work was supported by HLD at HZDR,
member of the European Magnetic Field Laboratory (EMFL).

Conflicts of Interest: The author declares no conflict of interest.

References

1. Clogston, A.M. Upper limit for the critical field in hard superconductors. Phys. Rev. Lett. 1962, 9, 266-267.
[CrossRef]

2. Chandrasekhar, B.S. A note on the maximum critical field of high-field superconductors. Appl. Phys. Lett.
1962, 1, 7-8. [CrossRef]

3. Fulde, P; Ferrell, R.A. Superconductivity in a strong spin exchange field. Phys. Rev. 1964, 135, A550-A563.
[CrossRef]

4. Larkin, A.L; Ovchinnikov, Y.N. Inhomogeneous state of superconductors. Sov. Phys. JETP 1965, 20, 762-768.

5. Maki, K, Tsuneto, T. Pauli Paramagnetism and Superconducting State. Prog. Theor. Phys. 1964, 31, 945-956.
[CrossRef]

6.  Gruenberg, L.W.; Gunther, L. Fulde-Ferrell effect in type-II superconductors. Phys. Rev. Lett. 1966, 16,
996-998. [CrossRef]

7. Aslamazov, L.G. Influence of impurities on the existence of an imhomogeneous state in a ferromagnetic
superconductor. Sov. Phys. JETP 1969, 28, 773-775.

8.  Matsuda, Y.; Shimahara, H. Fulde-Ferrell-Larkin-Ovchinnikov state in heavy fermion superconductors.
J. Phys. Soc. Jpn. 2007, 76, 051005. [CrossRef]

9.  Zwicknagl, G.; Wosnitza, J. Breaking translational invariance by population imbalance: The Fulde-Ferrell-Larkin-
Ovchinnikov states. In BCS: 50 years; Cooper, LN.; Feldman, D., Eds.; World Scientific: Singapore, 2011;
pp. 337-371.

10. Wang, Q.; Hu, C.-R;; Ting, C.-S. Impurity-induced configuration-transition in the Fulde-Ferrell-Larkin-Ovchinnikov
state of a d-wave superconductor. Phys. Rev. B 2007, 75, 184515. [CrossRef]

11.  Cui, Q.; Yang, K. Fulde-Ferrell-Larkin-Ovchinnikov state in disordered s-wave superconductors. Phys. Rev. B
2008, 78, 054501. [CrossRef]

12.  Ptok, A. The Fulde-Ferrell-Larkin-Ovchinnikov Superconductivity in Disordered Systems. Acta Phys. Pol. A
2010, 118, 420-422. [CrossRef]

13.  Ptok, A.; Kapcia, K.J. Probe-type of superconductivity by impurity in materials with short coherence length:
The s-wave and 1-wave phases study. Supercond. Sci. Technol. 2015, 28, 045022. [CrossRef]

14. Tokiwa, Y.; Movshovich, R.; Ronning, E; Bauer, E.D.; Papin, P; Bianchi, A.D.; Rauscher, J.F,; Kauzlarich, S.M.;
Fisk, Z. Anisotropic Effect of Cd and Hg Doping on the Pauli Limited Superconductor CeColns. Phys. Rev. Lett.
2008, 101, 037001. [CrossRef]

13



Crystals 2018, 8,183

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

Movshovich, R.; Tokiwa, Y.; Kurita, N.; Ronning, F.; Bauer, E.D.; Bianchi, A.; Papin, P.; Fisk, Z. Possible
Fulde-Ferrel-Larkin-Ovchinnikov Inhomogeneous Superconducting State in CeColns: Cd- and Hg-doping
Studies. J. Supercond. Nov. Magn. 2009, 22, 291-293. [CrossRef]

Tokiwa, Y.; Movshovich, R.; Ronning, F,; Bauer, E.D.; Bianchi, A.D.; Fisk, Z.; Thompson, J.D. Anomalous effect
of doping on the superconducting state of CeColns in high magnetic fields. Phys. Rev. B 2010, 82, 220502.
[CrossRef]

Ptok, A. The influence of the dimensionality of the system on the realization of unconventional
Fulde-Ferrell-Larkin-Ovchinnikov pairing in ultra-cold Fermi gases. ]. Phys. Condens. Matter 2017, 29, 475901.
[CrossRef] [PubMed]

Wosnitza, J. FFLO states in layered organic superconductors. Ann. Phys. 2018, 530, 1700282. [CrossRef]
Sheehy, D.E.; Radzihovsky, L. BEC-BCS crossover, phase transitions and phase separation in polarized
resonantly-paired superfluids. Ann. Phys. 2007, 322, 1790-1924. [CrossRef]

Casalbuoni, R.; Nardulli, G. Inhomogeneous superconductivity in condensed matter and QCD. Rev. Mod. Phys.
2004, 76, 263-320. [CrossRef]

Zwierlein, M.W.; Schirotzek, A.; Schunck, C.H.; Ketterle, W. Fermionic superfluidity with imbalanced spin
populations. Science 2006, 311, 492. [CrossRef] [PubMed]

Partridge, G.B.; Li, W.; Kamar, R.I; Liao, Y.; Hulet, R.G. Pairing and phase separation in a polarized Fermi
gas. Science 2006, 311, 503-505. [CrossRef] [PubMed]

Soto, S.M.D.; Slichter, C.P; Kini, A.M.; Wang, H.H.; Geiser, U.; Williams, ].M. 13C NMR studies of the normal
and superconducting states of the organic superconductor x-(ET),Cu[N(CN),|Br. Phys. Rev. B 1995, 52,
10364-10368. [CrossRef]

Mayaffre, H.; Wzietek, P.; Jérome, D.; Lenoir, C.; Batail, P. Superconducting State of «-(ET),Cu[N(CN);]Br
Studied by 13C NMR: Evidence for Vortex-Core-Induced Nuclear Relaxation and Unconventional Pairing.
Phys. Rev. Lett. 1995, 75, 4122-4125. [CrossRef] [PubMed]

Elsinger, H.; Wosnitza, J.; Wanka, S.; Hagel, J.; Schweitzer, D.; Strunz, W. x-(BEDT-TTF), Cu[N(CN),|Br:
A Fully Gapped Strong-Coupling Superconductor. Phys. Rev. Lett. 2000, 84, 6098-6101. [CrossRef]
Wosnitza, J. Superconductivity in Layered Organic Metals. Crystals 2012, 2, 248-265. [CrossRef]

Lang, M.; Miiller, J. Organic Superconductors. In Superconductivity; Bennemann, K.H., Ketterson J.B., Eds.;
Springer: Berlin/Heidelberg, Germany, 2008; Volume II, pp. 1155-1223.

Ishiguro, T.; Yamaji, K.; Saito G. Organic Superconductors; Springer: Berlin/Heidelberg, Germany, 1998.
Wosnitza, J. Superconducting properties of quasi-two-dimensional organic metals. Physics C 1999, 317-318,
98-107. [CrossRef]

Wosnitza, J. Perspectives on the Nature of Superconductivity in Organic Metals. ]. Low Temp. Phys. 1999, 117,
1701-1710. [CrossRef]

Tanatar, M.; Ishiguro, T.; Tanaka, H.; Kobayashi, H. Magnetic field—temperature phase diagram of
the quasi-two-dimensional organic superconductor A-(BETS),2GaCly studied via thermal conductivity.
Phys. Rev. B 2002, 66, 134503. [CrossRef]

Uji, S.; Terashima, T.; Nishimura, M.; Takahide, Y.; Konoike, T.; Enomoto, K.; Cui, H.; Kobayashi, H.;
Kobayashi, A.; Tanaka, H.; et al. Vortex Dynamics and the Fulde-Ferrell-Larkin-Ovchinnikov State in a
Magnetic-Field-Induced Organic Superconductor. Phys. Rev. Lett. 2006, 97, 157001. [CrossRef] [PubMed]
Uji, S; Iida, Y., Sugiura, S, Isono, T, Sugii, K, Kikugawa, N.; Terashima, T.; Yasuzuka, S.;
Akutsu, H.; Nakazawa, Y.; et al. Fulde-Ferrell-Larkin-Ovchinnikov superconductivity in the layered organic
superconductor f-(BEDT-TTF)4[(H30)Ga(C,04)31C¢HsNO,. Phys. Rev. B 2018, 97, 144505. [CrossRef]
Cho, K.; Smith, B.E.; Coniglio, W.A.; Winter, L.E.; Agosta, C.C.; Schlueter, ].A. Upper critical field in the
organic superconductor p”-(ET),SFsCH,CF,SO03: Possibility of Fulde-Ferrell-Larkin-Ovchinnikov state.
Phys. Rev. B 2009, 79, 220507(R). [CrossRef]

Coniglio, W.A.; Winter, L.E.; Cho, K.; Agosta, C.C.; Fravel, B; Montgomery, L.K. Superconducting phase
diagram and FFLO signature in A-(BETS),GaCly from rf penetration depth measurements. Phys. Rev. B 2011,
83,224507. [CrossRef]

Agosta, C.C;; Jin, J.; Coniglio, W.A.; Smith, B.E.; Cho, K; Stroe, I.; Martin, C.; Tozer, S.W.; Murphy, T.P;
Palm, E.C.; et al. Experimental and semiempirical method to determine the Pauli-limiting field in
quasi-two-dimensional superconductors as applied to x-(BEDT-TTF),Cu(NCS),: Strong evidence of a
FFLO state. Phys. Rev. B 2012, 85, 214514. [CrossRef]

14



Crystals 2018, 8,183

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Lortz, R.; Wang, Y.; Demuer, A.; Bottger, PH.M.; Bergk, B.; Zwicknagl, G.; Nakazawa, Y.; Wosnitza, J.
Calorimetric Evidence for a Fulde-Ferrell-Larkin-Ovchinnikov Superconducting State in the Layered Organic
Superconductor x-(BEDT-TTF),Cu(NCS),. Phys. Rev. Lett. 2007, 99, 187002. [CrossRef] [PubMed]

Bergk, B.; Demuer, A.; Sheikin, I.; Wang, Y.; Wosnitza, J.; Nakazawa, Y.; Lortz, R. Magnetic torque evidence for
the Fulde-Ferrell-Larkin-Ovchinnikov state in the layered organic superconductor x-(BEDT-TTF),Cu(NCS),.
Phys. Rev. B 2011, 83, 064506. [CrossRef]

Agosta, C.C.; Fortune, N.A.; Hannahs, S.T.; Gu, S.; Liang, L.; Park, J.; Schlueter, J.A. Calorimetric
Measurements of Magnetic-Field-Induced Inhomogeneous Superconductivity Above the Paramagnetic
Limit. Phys. Rev. Lett. 2017, 118, 267001. [CrossRef]

Beyer, R.; Bergk, B.; Yasin, S. Schlueter, J.A.; Wosnitza, ]. Angle-Dependent Evolution of the
Fulde-Ferrell-Larkin-Ovchinnikov State in an Organic Superconductor. Phys. Rev. Lett. 2012, 109, 027003.
[CrossRef] [PubMed]

Beyer R.; Wosnitza, ]. Emerging evidence for FFLO states in layered organic superconductors. Low Temp. Phys.
2013, 39, 293-300. [CrossRef]

Werthamer, N.R.; Helfand, E.; Hohenberg, P.C. Temperature and Purity Dependence of the Superconducting
Critical Field, H,. III. Electron Spin and Spin-Orbit Effects. Phys. Rev. 1966, 147, 295-302. [CrossRef]
Wosnitza, J.; Wanka, S.; Hagel, J.; Reibelt, M.; Schweitzer, D.; Schlueter, J.A. Thermodynamic properties of
quasi-two-dimensional organic superconductors. Synth. Met. 2003, 133-134, 201-203. [CrossRef]

Wosnitza, ].; Wanka, S.; Hagel, ].; Balthes, E.; Harrison, N.; Schlueter, J.A.; Kini, A.M.; Geiser, U.; Mohtasham, J.;
Winter, RW.; et al. Two-dimensional Fermi liquid with fixed chemical potential. Phys. Rev. B 2000, 61, 7383-7387.
[CrossRef]

Wosnitza, J.; Hagel, J.; Qualls, J.S.; Brooks, J.S.; Balthes, E.; Schweitzer, D.; Schlueter, J.A.; Geiser, U.;
Mohtasham, J.; Winter, RW.; et al. Coherent versus incoherent interlayer transport in layered metals.
Phys. Rev. B 2002, 65, 180506(R). [CrossRef]

Wosnitza, J. Quasi-Two-Dimensional Organic Superconductors. |. Low Temp. Phys. 2007, 146, 641-667.
[CrossRef]

Wosnitza, J.; Wanka, S.; Qualls, J.S.; Brooks, ]J.S.; Mielke, C.H.; Harrison, N.; Schlueter, J.A.; Williams, J.M.;
Nixon, PG.; Winter, RW.; et al. Fermiology of the Organic Superconductor ﬁ” -(BEDT-TTF),SF5CH,CF,SOs5.
Synth. Met. 1999, 103, 2000-2001. [CrossRef]

Zwicknagl, G. TU Braunschweig, Braunschweig, Germany. Private Communication, 2017.

Croitoru, M.D.; Houzet, M.; Buzdin, A I In-Plane Magnetic Field Anisotropy of the Fulde-Ferrell-Larkin-Ovchinnikov
State in Layered Superconductors. Phys. Rev. Lett. 2012, 108, 207005. [CrossRef]

Wright, J.A.; Green, E.; Kuhns, P.; Reyes, A.; Brooks, J.; Schlueter, J.; Kato, R.; Yamamoto, H.; Kobayashi, M.;
Brown, S.E. Zeeman-Driven Phase Transition within the Superconducting State of x-(BEDT-TTF),Cu(NCS),.
Phys. Rev. Lett. 2011, 107, 087002. [CrossRef]

Mayaffre, H.; Kramer, S.; Horvati¢, M.; Berthier, C.; Miyagawa, K.; Kanoda, K.; Mitrovic, V.F. Evidence of
Andreev bound states as a hallmark of the FFLO phase in x-(BEDT-TTF),Cu(NCS),. Nat. Phys. 2014, 10,
928-932. [CrossRef]

Koutroulakis, G.; Kithne, H.; Schlueter, J.A.; Wosnitza, J.; Brown, S.E. Microscopic Study of the Fulde-Ferrell-Larkin-
Ovchinnikov State in an All-Organic Superconductor. Phys. Rev. Lett. 2016, 116, 067003. [CrossRef]

Shimahara, H. Structure of the Fulde-Ferrell-Larkin-Ovchinnikov State in Two-Dimensional Superconductors.
J. Phys. Soc. Jpn. 1998, 67, 736-739. [CrossRef]

Wang, Q.; Chen, H.-Y; Hu, C-R; Ting, CS. Local Tunneling Spectroscopy as a Signature of the
Fulde-Ferrell-Larkin-Ovchinnikov State in s- and d-Wave Superconductors. Phys. Rev. Lett. 2006, 96, 117006.
[CrossRef]

Zhou, T.; Ting, S. Phase diagram and local tunneling spectroscopy of the Fulde-Ferrell-Larkin-Ovchinnikov
states of a two-dimensional square-lattice d-wave superconductor. Phys. Rev. B 2009, 80, 224515. [CrossRef]
Bianchi, A.; Movshovich, R.; Capan, C.; Pagliuso, P.G.; Sarrao, J.L. Possible Fulde-Ferrell-Larkin-Ovchinnikov
Superconducting State in CeColns. Phys. Rev. Lett. 2003, 91, 187004. [CrossRef] [PubMed]

Radovan, H.A_; Fortune, N.A.; Murphy, T.P.; Hannahs, S.T.; Palm, E.C.; Tozer, S.W.; Hall, D. Magnetic
enhancement of superconductivity from electron spin domains. Nature 2003, 425, 51-54. [CrossRef] [PubMed]

15



Crystals 2018, 8,183

58.

59.

60.

61.

62.

63.

64.

65.

66.

Kakuyanagi, K.; Saitoh, M.; Kumagai, K.; Takashima, S.; Nohara, M.; Takagi, H.; Matsuda, Y. Texture in the
Superconducting Order Parameter of CeColns Revealed by Nuclear Magnetic Resonance. Phys. Rev. Lett.
2005, 94, 047602. [CrossRef]

Kenzelmann, M.; Stréssle, T.; Niedermayer, C.; Sigrist, M.; Padmanabhan, B.; Zolliker, M.; Bianchi, A.D.;
Movshovich, R.; Bauer, E.D.; Sarrao, J.L.; et al. Coupled Superconducting and Magnetic Order in CeColns.
Science 2008, 321, 1652-1654. [CrossRef] [PubMed]

Kenzelmann, M.; Gerber, S.; Egetenmeyer, N.; Gavilano, J.L.; Strassle, T.; Bianchi, A.D.; Ressouche, E.;
Movshovich, R.; Bauer, E.D.; Sarrao, ].L.; et al. Evidence for a Magnetically Driven Superconducting Q Phase
of CeColns. Phys. Rev. Lett. 2010, 104, 127001. [CrossRef] [PubMed]

Raymond, S.; Lapertot, G. Ising Incommensurate Spin Resonance of CeColns: A Dynamical Precursor of the
Q Phase. Phys. Rev. Lett. 2015, 115, 037001. [CrossRef] [PubMed]

Mierzejewski, M.; Ptok, A.; Maska, M.M. Mutual enhancement of magnetism and Fulde-Ferrell-Larkin-Ovchinnikov
superconductivity in CeColns. Phys. Rev. B 2009, 80, 174525. [CrossRef]

Ptok, A.; Maska, M.M.; Mierzejewski, M. Coexistence of superconductivity and incommensurate magnetic
order. Phys. Rev. B 2011, 84, 094526. [CrossRef]

Hosoya, K.; Ikeda, R. Possible triplet superconducting order in a magnetic superconducting phase induced
by paramagnetic pair breaking. Phys. Rev. B 2017, 95, 224513. [CrossRef]

Cho, C,; Yang, J.H.; Yuan, N.EQ.; Shen, J.; Wolf, T.; Lortz R. Thermodynamic Evidence for the
Fulde-Ferrell-Larkin-Ovchinnikov State in the KFey As, Superconductor. Phys. Rev. Lett. 2017, 119, 217002.
[CrossRef] [PubMed]

Piazza, F.; Zwerger, W.; Strack, P. FFLO strange metal and quantum criticality in two dimensions: Theory
and application to organic superconductors. Phys. Rev. B 2016, 93, 085112. [CrossRef]

® (© 2018 by the author. Licensee MDP]I, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

16



crystals MBPY

Atrticle
Inhomogeneous Superconductivity in Organic and
Related Superconductors

Charles C. Agosta
Department of Physics, Clark University, 950 Main Street, Worcester, MA 01610, USA; cagosta@clarku.edu
Received: 16 May 2018; Accepted: 24 June 2018; Published: 11 July 2018

Abstract: Evidence of inhomogeneous superconductivity, in this case superconductivity with a
spatially modulated superconducting order parameter, has now been found in many materials
and by many measurement methods. Although the evidence is strong, it is circumstantial in the
organic superconductors, scant in the pnictides, and complex in the heavy Fermions. However, it is
clear some form of exotic superconductivity exists at high fields and low temperatures in many
electronically anisotropic superconductors. The evidence is reviewed in this article, and examples of
similar measurements are compared across different families of superconductors. An effort is made
to find a consistent way to measure the superconducting energy gap across all materials, and use this
value to predict the Clogston-Chandrasakhar paramagnetic limit Hp. Methods for predicting the
existence of inhomogeneous superconductivity are shown to work for the organic superconductors,
and then used to suggest new materials to study.

Keywords: organic superconductors; inhomogeneous superconductors; FFLO; quasi 2D materials

1. Introduction

It is becoming evident that an exotic superconducting phase, associated with inhomogeneous
superconductivity, has been realized in a number of organic conductors, and possibly in a pnictide
superconductor as well. In this chapter, we will compare experimental evidence that supports the
discovery of Fulde, Ferrell, Larkin, Ovchinnikov (FFLO) states, and examine methods to search for
new materials where a FFLO state could be stabilized.

The most compelling evidence for the FFLO state comes from systematic measurements of
quasi-two-dimensional organic superconductors that suggest that an inhomogeneous superconducting
state can be stabilized if a magnetic field is applied precisely parallel to the conducting layers.
This exotic superconducting state, a tunable mixture of a spatially modulated superconducting order
parameter and a magnetic lattice created by the remaining unpaired electrons, was predicted over
50 years ago, and is called the FFLO state after the authors Fulde, Ferrell, Larkin, and Ovchinnikov, who
first predicted it [1,2]. The topology of the FFLO state enhances the stability of the superconducting
state, and allows superconductivity to survive at higher magnetic fields than what is predicted from
the size of the superconducting energy gap. It only exists when orbital effects, manifested as vortices
in superconductors, can be suppressed, and an advantage of anisotropic superconductors is that they
can be studied with or without the effects of vortices, by aligning the magnetic field perpendicular
or parallel to the conducting planes, respectively. The FFLO state is highly tunable via temperature,
the direction and strength of the magnetic field, and pressure. It is sensitive to impurity scattering
and a magnetic scattering process called spin-orbit scattering, an effect that magnetically spin flips
itinerant electrons. These attributes make it a rich system for the study of correlated electrons, and,
in particular, superconductivity. Many of the details of the FFLO state will be discussed below with
references. The discussion will focus on organic superconductors where the evidence for the FFLO
state is more compelling, although pnictides and heavy Fermions will be addressed briefly.
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A sampling of the best recent evidence for the FFLO state comes from the following measurements
of organic superconductors:

o x-(BEDT-TTF),Cu(NCS),, specific heat [3], torque magnetometry [4,5], rf penetration depth [6],
resistivity [5], NMR [7,8],

e  A-(BETS),GaCly thermal conductivity [9], rf penetration depth [10],

o B"~(ET),SFsCH,CF,S0;5 rf penetration depth [11], NMR [12].

For the rest of this manuscript, we will use these abbreviations for the following compounds:

e  k-(BEDT-TTF),Cu(NCS),:kET-CuNCS,
e  A-(BETS),GaCly:ABETS-GaCl,

o  pB/-(ET),SF5CH,CF,S03:8"ET-SF5,

e  k-(ET),Cu[N(CN);]Br:xET-Br.

Given the number of materials now showing evidence of the FFLO state, and the wide variety
of measurement techniques available to investigate the details of the FFLO state, the prospect of
learning new fundamental facts about the microscopic mechanisms of superconductivity is compelling.
For example, as detailed measurements of the FFLO state have become available, comparison between
theory, particularly early theory [13-19], and experiments (see references throughout the article) are
finally possible. Certain results have been consistent with theory, such as the first order nature of
the vortex state to the FFLO state phase line [3,20], but other aspects of the FFLO state, such as the
onset temperature, T*, are not consistent with prevailing theory [17]. After a brief description of
inhomogeneous superconductivity, the results of experiments that have been done to date will be
reviewed to see how well the results match each other, and with what is expected from the theory of
inhomogeneous superconductivity. In addition, tests will be described to determine if a superconductor
is a candidate for inhomogeneous superconductivity. This analysis will begin to determine if the
proposed FFLO states that have been discovered are universal, or specific to each material.

These studies are important for the basic and applied understanding of materials. As an
example, superconductivity is sometimes related to the existence of a quantum critical point, and
a quantum critical point may be an important signature of the FFLO state [21]. The FFLO state has
also been studied, at least theoretically, in cold atom systems, and attempts have been made to
create model systems to study FFLO interactions with highly tunable parameters [22-27]. On the
more practical side, the understanding of correlated electron states in new materials is not only the
basis of understanding phenomena such as superconductivity, but it is also the starting point for
developing new electronic devices, many which will be based on magnetic properties. The FFLO
superconducting state will further the understanding of the relationship between superconductivity
and magnetism. Magnetism is now recognized as one of the key drivers of superconductivity, but
the exact nature of the mechanism that lets magnetism drive superconductivity is not known (see,
for instance, these reviews [28,29]). The interplay of magnetism and superconductivity is critical to
the understanding of most superconductors of interest, including metallic, cuprate, and iron based
pnictide materials.

1.1. Inhomogeneous Superconductivity

In order to understand the genesis of inhomogeneous superconductivity, it is important to
understand what suppresses superconductivity. In most cases, superconductivity is destroyed in an
external magnetic field due to vortices—non-superconducting regions containing a magnetic field line
shielded by circulating Cooper pairs—which increase in density as the magnetic field is increased and
ultimately displace the superconducting phase. Chandrasekhar [30] and, independently, Clogston [31]
were the first to recognize that, if the formation of vortices could be suppressed, superconductivity
could persist only to a magnetic field limit determined by the Pauli paramagnetism of the electrons
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denoted as Hp, and properly called the Chandrasekhar-Clogston Pauli paramagnetic limit [32]. We will
refer to this level of magnetic field as the paramagnetic limit for short.

At this magnetic field, the energy to flip an electron spin between the up and down states,
the Zeeman energy 1, H exceeds the binding energy of the Cooper pairs, destroying the pairs.
Soon after the Chandrasekhar and Clogston papers, it was found that the upper critical field of
a superconductor in the paramagnetic limit changes from a continuous to a first-order transition
below t = T/T. ~ 0.5 [33,34]. After further study, it was proposed that, if Pauli paramagnetism was
the dominant cause for limiting superconductivity and the superconductor was clean (r > 1, where
r = (/¢ and { is the mean free path of the quasiparticles and ¢ is the superconducting coherence
length), a new kind of superconducting state could be stabilized at a magnetic field above Hp. This new
superconducting state is the FFLO state and is characterized by Cooper pairs with non-zero momentum,
and a spatially modulated order parameter [1,2].

A diagram of this modified electron pairing is shown in Figure 1, reproduced from a recent article
by Wosnitza [35]. A momentum q is added to one of the k vectors (electrons) to compensate for the
energy difference in a magnetic field between the up and down spins, which creates an electron with
non-zero momentum, but a Cooper pair with a center of mass momentum of zero. As described in
the figure caption, in real material, more complex diagrams could exist. The Fermi surface could
create a preferential direction for q, creating a modulated order parameter in one dimension, or a
set of q vectors creating a two- or three-dimensional modulation of the order parameter [15,16,20].
In particular, it is shown that, in higher magnetic fields, more complex combinations of g-vectors
form more complicated, higher dimensional order parameter patterns. In Figure 2, a cartoon taken
from Agosta et al. [3], shows a simple real space model of a FFLO state with the q-vector aligned
with the applied magnetic field. In a real, highly anisotropic organic superconductor as suggested by
the discussion of Figure 1, the q-vector could also align in another direction in the conducting plane,
for example perpendicular to the magnetic field, as determined by the anisotropic Fermi surface and
as depicted in Figure 5b from Mayaffre et al. [8]. The influence of the Fermi surface on the stability and
the details of a FFLO state are discussed in a number of papers [36—40], including how an elliptical
Fermi surface can improve the stability of the FFLO state [35]. Other symmetry breaking properties of
the material such as the crystal anisotropies or the symmetry of the Cooper pair wave function could
also influence the g-vector, as described in many studies [13,15,16,20,38,41,42]. As suggested above,
the greatest influence on q in the organic superconductors is probably the shape of the Fermi surface,
particularly if the closed pockets are highly elliptical [35].

BCS FFLO

'y
EF | EF

1
kf=-k} i
o Ki=-ki+q

Figure 1. Color online. From Wosnitza [35] On the left, the traditional BCS Cooper pair is represented.
On the right, the energy of the up and down electrons have been shifted by the magnetic field.
A momentum q can be added to one of the electrons to create a zero momentum center of mass Cooper
pair. In the diagram, the initial momentum of the electrons is isotropic. In real material, the shape of
the Fermi surface could create more complex diagrams.
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B

Figure 2. Color online, from [3]. Cartoon of the FFLO state showing the nodes in the order parameter
as horizontal planes where we estimate the spin-polarization to be ~10% at 25 T in the low temperature
limit. In the diagram the black arrow labeled B represents the applied magnetic field, and the red
arrows represent the net spin polarization. Although the diagram is schematic, all of the lengths are to
scale; small boxes represent the unit cells of kET-CuNCS, yellow slabs represent the least conducting
layers of the crystal, and red rectangles represent Josephson core-less vortices at about the right distance
apart in a 25 T field. The full height of the crystal is ~20 nm.

As another example of the effect of the crystal anisotropy, observe that the vortices depicted
in Figure 2 are highly elongated Josephson vortices. This is due to the difficulty of driving
super-currents perpendicular to the conducting planes in a highly anisotropic superconductor such
as the crystalline organics where the layers are Josephson coupled. The perpendicular current
density is limited to the value of the Josephson tunneling current density, and the vortex needs
to elongate to find enough surface area to have equal current along the superconducting planes as
there exists across the quasi-insulating layers, to form the vortex. The existence of inhomogeneous
superconductivity in highly 2D Josephson coupled layered superconductors was treated early on,
before the discovery of organic superconductors, by Bulaevskii [43]. There is no doubt that Josephson
coupling exists in organic conductors, as it has been measured indirectly [44,45] as well as being
imaged directly [46]. Furthermore, in a recent calculation, it is shown that, in these highly anisotropic
organic superconductors, orbital currents are confined to just one layer [47].

1.2. Critical Parameters

Ideally, one should be able to measure a few critical parameters that will indicate if a material
is in the paramagnetic limit at low temperatures or, in more interesting cases, has a FFLO or related
inhomogeneous superconducting state. One of two parameters that are useful for this purpose is the
Maki parameter

aym = V2HS, /Hp, M
where JH
Hyp = 0-7TcT752|Tcr @
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the orbital critical field at zero temperature [48], is the critical field as if there were no spin-paramagnetic
pair breaking, just vortices. This formula was derived for 3D isotropic superconductors, and, for 2D
materials, the more complicated results in Klemm et al. [32] or Schneider et al. [49] should be used;
however for a simple comparison of the anisotropy between materials, the H., slope near T is valid.
In addition, many superconductors of recent interest are two gap, or multiband superconductors, and
additional theories exist for those materials [42]. Therefore, a large Maki parameter «); suggests that
the orbital pair breaking happens at a higher field than Hp, and Pauli paramagnetism will dominate,
favoring inhomogeneous superconductivity. The other parameter 7, defined above, is a measure
of how clean the system is. It measures the ability for the material to support an extended wave
function, necessary for the long range order of the FFLO state [39], although there are claims that clean
ordered systems are not absolutely necessary [50]. These parameters come from routine measurements.
In the ratio r = ¢/, £ comes from the scattering time, which is related to the Dingle temperature,
Tp, and the Fermi velocity, vr = \/2Eg/m*, where EF is the Fermi energy and m* is the effective
mass. The Fermi energy, effective mass, and Tp, can all be measured via Shubnikov—de Haas (SdH)
or de Haas-van Alphen oscillations. The other necessary parameter for finding r is ¢, which is found
from the measurement of the superconducting critical field versus temperature and the formula
He = ®o /27102, or estimated from the size of the superconducting energy gap, A, and the formula
¢ = hovr/2A. Note that, for the same Fermi energy, a higher effective mass results in a smaller v
and a smaller ¢, and hence a higher ngb' For this reason, heavy fermion superconductors should
favor the FFLO state. In general, H), comes from critical field measurements and Hp can be found
by analyzing specific heat measurements and determining the superconducting energy gap, as is
described in detail below.

2. Materials and Methods

Most of the discussion in this article will focus on the crystalline organic conductors. Although the
search for inhomogeneous superconductivity has spanned many years, and began in low dimensional
single layers of superconducting materials [51], the first credible evidence was from experiments on
heavy Fermions such as UPd;Al;, CeRu, [52,53], and CeColns [54,55]. These first claims were later
found to be incorrect as discussed in Section 3.1. The crystalline organics then became the prime
candidates for stabilizing inhomogeneous superconductivity because they are highly anisotropic
layered materials, in some cases with incoherent transport between the layers [56-58]. Their high
anisotropy allows vortices to hide between the most conducting layers if a magnetic field is aligned
precisely parallel to the layers. In this orientation, the vortices have a diminished influence on the
superconductivity [59,60]. As explained above, the vortices become Josephson vortices, weak interlayer
vortices that can slide in and out of the material in the spaces between the most conducting layers.
A vivid illustration of the disappearance of the influence of the vortices is shown in Figure 3. A number
of features indicated in the figure such as the critical field, H,, the vortex melting transition (H,;)—the
kink below H, the irreversibility transition (H;,,)—the end of the hysteresis, and, at the lowest
temperatures flux jumps, can be seen in most of the traces. The last three features, which all depend
directly on vortices, are completely absent when the sample layers are parallel (black trace) to the
magnetic field. In this orientation, when Jopsephson vortices are confined to the least conducting layers,
ngb is essentially infinite and superconductivity is destroyed by Pauli paramagnetism, resulting in
high values of a;,. Crystalline organic superconductors also can have large mean free paths, ¢, if they
are synthesized carefully. Measurements of £ range from 10 to over 100 nm [61]. Given a high value of
«y; and 7, inhomogeneous superconductivity is likely to exist at the right combination of temperature
and magnetic field.

A number of different methods have been used to study the FFLO state. A key indication of
the existence of the FFLO state is the identification of the phase line separating the traditional vortex
superconducting state from the inhomogeneous superconducting state. Given that these are both
superconducting states, electrical resistance is always zero and rarely a useful measurement. We have
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used rf penetration depth via the tunnel diode oscillator (TDO) method because it is a very sensitive
measurement [62] and rather simple and robust, allowing us to use it in dc and pulsed fields [10,63],
down to temperatures below 65 mK [64] and in pressure cells [65]. Specific heat is much more
difficult to measure, but detailed thermodynamic information is critical to understand the nature of
phase transitions [3,55]. NMR is one of the few microscopic probes that have been used to study
inhomogeneous superconductivity [7,8,12], and results from an NMR experiment will be discussed in
Section 3. Other methods such as magnetic torque [4,5] and thermal conductivity [9] have also been
used to locate the phase transitions into and out of the FFLO state.

60.0 T T T T T T
Pegrees alvlvaiy k-(ET),Cu(NCS),
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Figure 3. The angle dependence of the penetration depth near the parallel orientation for xkET-CuNCS.
The lowest trace is exactly parallel, or 90° in our absolute coordinates. The other traces are in order of
increasing angle. The traces are vertically shifted to aid visualization. It is truly remarkable how all the
vortex details are absent at the exactly parallel orientation.

2.1. The Paramagnetic Limit

A universal property of the FFLO state is that Cooper pairs are broken apart by Pauli
paramagnetism as opposed to the formation of vortices. As we described above and as Clogston
and Chadrasakhar [30,31] showed, the ultimate critical magnetic field for a superconductor should
occur when the Zeeman energy is greater than the superconducting energy gap. In the simplest case,
the Zeeman energy is yipH, and the BCS energy gap is 1.746Kg T... Of course, most superconductors of
current interest are not accurately described by BCS theory, so we use a semi empirical method to find
Hp. As we showed in a previous paper [6], following Clogston [31], we can find the critical magnetic
field associated with the quenching of superconductivity by estimating the superconducting energy
gap by analyzing specific heat data and setting this energy equal to the gain in free energy in a metal
with susceptibility ).. More specifically, we equate the superconducting condensation energy

Ue = 1/2N(Ef)A(0)?, ®)

where N(Ey) is the density of states at the Fermi energy and A(0) is the superconducting energy gap
at zero temperature, with

AF =1/2ppx.H3, @
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the magnetic energy of a metal with susceptibility x.. The susceptibility x. can be expressed as
u3iN(E £), but it is important to notice that yoH 2 already has the units of energy density, so x, must
be dimensionless. The expression y%N(E ¢) has dimensions of J/ T2m3, exactly the inverse of #p.
Therefore, we substitute i), into Equation (4) and after equating U, = AF and noticing that the
density of states cancels out, we end up with the common result

®)

after using the relation that B = ygH and knowing that B is what we measure in the laboratory. This is
the result of a direct comparison of the energy needed to break a Cooper pair with the energy needed
to flip a electron spin. Orlando et al. [66] added a correction to Formula (5) of 1/+v/1 + A where A is
the electron—phonon interaction parameter, in order to account for many body effects. This factor was
corrected by Schossmann and Carbotte [67] to not have the squareroot in the denominator. McKenzie
adds a practical version of this correction to Equation (5) calling it g* /g [68], which also takes into
account the effects on g, the gyromagnetic ratio. The result is

_(8)_ 2
Pr = <8*> V2ug ©

The ratio g*/g can be found from specific heat and susceptibility measurements, or from
spin-splitting of quantum oscillations, a measurement that is common in our laboratory. There is a
table with ¢* /¢ found by both methods in McKenzie’s paper on the arXiv [69]. Despite knowing that
Bp is really the more useful parameter in this calculation, we will continue to use Hp as the designation
of the Chandrasekhar—Clogston Pauli paramagnetic limit as is common in most articles.

2.2. Specific Heat, Energy Gap, and Other Parameters

We have found the superconducting energy gap A by fitting specific heat data in the
superconducting state to the Alpha Model, a semi empirical model loosely based on BCS theory,
and created by Padamsee et al [70]. Our most recent fits have been done using the more recent version
by Johnston [71], which allows direct integration of the specific heat data to find the size of the gap.
In this model, the ratio « = A/kpTy, is a free parameter rather than fixing « at the BCS value of 1.764,
although the gap in the model has the same temperature dependence as the BCS model. The calculation
is based on the universal expression of the entropy, S = kg Y fIn(f), where f is the Fermi distribution
function. The sum can be turned into an integral over the energy range of the quasiparticles, and for
a given a, T, and v, the entropy is calculated as a function of temperature. The calculated specific
heat can then be found by taking the derivative of the entropy with respect to the temperature. In the
Johnston version, the derivative of the entropy integral is done analytically and new integral results
that can be used to find the specific heat directly.

We have fit the specific heat of many of the superconductors that we have studied to find the
optimal «, and hence the energy gap A. One of the additional complications of fitting the specific heat
to the Alpha Model is that the fit is sensitive to symmetry of the superconducting order parameter.
The original versions of both Padamsee and Johnston use s-wave pairing. We modified the integral
expressions for d-wave symmetry. In most cases, we fit the data using both forms of the equation,
and pick the best fit to determine «, and ideally determine the pairing symmetry, a question which
is still not completely settled in the organics. We find d-wave as the best fit for kET-CuNCS as did
Taylor et al. [72], although we find s-wave as the best fit for the other organics, which is contrary to
some of the other evidence in, for example, the xkET-Br material [73]. Part of the challenge in organics
is that the lattice is soft, so the phonon contribution to the specific heat continues to low temperatures.
One way to subtract the phonon contribution is to measure the specific heat at a magnetic field large
enough to quench the superconductivity and subtract that curve from the specific heat measured
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with no magnetic field. With this method the phonon contribution is subtracted, but the electronic
linear term is also subtracted and mixed with the phonon terms. The linear term determines the
constant -y, which is a measure of the electronic density of states. The ability to determine v is critical
to getting a good result for the « fits. It is unclear what our conclusion should be for the pairing
symmetry, particularly if we believe that all the organics have the same pairing. We have also noticed
that the shape of the fits are not perfect with s or d-wave pairing, which possibly suggests that the
pairing has some other symmetry such as s+d, or anisotropic s-wave, a notion supported by some
experiments [74] and recent theory [75]. At this point in time, we will take the best fits, s-wave or
d-wave and use that value of « for each superconductor. Once we have «, the value of Hp is then
calculated from Equation (6). Hp is important for the study of the FFLO state because it determines
the magnetic field that separates the vortex state of superconductivity from the FFLO state. Given that
the superconducting energy gap does not change much in the lower half of the temperature range of
the superconducting phase diagram, Hp and hence the vortex state-FFLO state phase line should be
virtually temperature independent [76].

The results of fitting for « and the corresponding energy gap Hp are shown for a number of
materials in Table 1. We have also collected a number of other useful parameters for the study of
inhomogeneous superconductors. Most of the compounds are from the family of organic crystalline
superconductors. We have also added the heavy fermion CeColns and the pnictides KFepAs; and
LiFeP as examples of other materials where the FFLO state has been claimed to be found.

Table 1. Parameters that are useful in the study of inhomogeneous superconductivity. The ratio « is
determined from the specific heat data in the reference next to a. The other parameters are calculated
from values in the table or references. The T, values come from the specific heat data referenced for a.

Material « gl T(K) Hu(T) ay HO(T)  &A) UA)
k-(BEDT-TTF),Cu(NCS), 30[72]1  126[69] 96 216 49 130[35] 13 900[77]

B"-(BEDT-TTF),SFsCH,CF,S0;  1.94[78]  1.0[69] 45 92 39 75[35] 21 520
a-(ET),NH4Hg(SCN), 176[79]  086[69] 096 21 55 81[76] 53  681[76]
A-(BETS),GaCly 1.83[80]  1.0[69] 43 83 39 231[10] 315 170[56]
k-(ET)2Cu[N(CN),]Br 277[72]  14[69] 115 238 96 161[81] 12  260[82]

CeColns 3.03[83,84] 0.73[83] 216 944 65 435[85] 23 810
KFeyAsy 175[86]  13[87] 314 484 29 9.9 48 1770 [88]
LiFeP 1.89 [89] 1.0 176 349 21 51[90] 21  5500[90]

0

As mentioned earlier, to form an FFLO state, H;, needs to be higher than Hp, as determined by
apr. It was determined theoretically that, above the critical value of aj; = 1.8, the FFLO state could be
stablilzed [91] in a clean material (v > 2). The search for the FFLO state involves careful measurements
of some parameter that can be probed in the superconducting state around the value of Hp, such as

specific heat, penetration depth or NMR, in order to find evidence of a phase transition.

3. Results and Discussion

The material with the most compelling data that suggests the existence of the FFLO state is
xET-CuNCS. Evidence for the FFLO state in this material has been found with numerous measurement
techniques, including NMR [7,8], rf penetration depth [6,92] , magnetic torque [4,5], specific heat [3,93]
and transport [5]. The phase diagram of this material depicting examples of these measurements is
shown in Figure 4. The phase diagram is certainly suggestive of a FFLO state. Two telling characteristics
of the phase line separating the vortex state from the FFLO state are that it occurs at the paramagnetic
limit, Hp, that was calculated with the specific heat data via the Alpha Model, and also that the phase
line has near zero slope, consistent with the superconducting energy gap, which is almost temperature
independent below T, /2.
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Figure 4. Color online. From Agosta et al. [3] Phase diagram of kET-CuNCS for parallel magnetic field
(8 = 0). Solid black circles represent calorimetric observations of the phase transitions between the
lower and higher field superconducting phases at Hp, and squares, the normal and superconducting
state at Hep(T). Points from an earlier calorimetric determination of Hep(T) [93] are shown as open
blue squares. Also included are determinations of both the Hy and Hy phase boundaries by means
of rf penetration measurements (green) [6] and NMR measurements [7,8] (open purple and red
symbols, respectively).

Also noteworthy is that the Hp phase line is a first order transition based on hysteresis in the
specific heat as the transition is crossed in up and down sweeps of the magnetic field [3]. An example
of the hysteresis in the specific heat is shown in Figure 5a along with a TDO measurement that shows
the same hysteresis. The TDO measurement is a much simpler measurement, and the idea that it also
can provide evidence of a first order transition is useful for future experiments. The magneto-caloric
measurements, shown in Figure 5b, also provided the important evidence that the higher field state
has a greater entropy than the vortex state, consistent with the fact that the FFLO state is less ordered
than the uniform superconducting state, because of the unpaired electrons [3,94,95]. Another piece
of information that can be gathered from the phase diagram is that the enhancement of the ultimate
critical field H,, is ~1.4Hp, consistent with predictions [20,36] for a 2D material. One difference that
can be found between this data and the theory is that T*, the place where the FFLO phase starts is at
T. /3, much lower than ~T, /2 as most theories predict.

Although this is the best example of the FFLO state, it is worth comparing these results to other
materials where credible FFLO states exist. In Figure 6, we show superimposed phase diagrams of
three organic conductors where there is evidence for the FFLO state, each normalized by their own
experimentally determined Hp and T,. In this figure, the three materials scale relatively well, although
the upper critical field for ABETS-GaCl is not quite as high as the others. This would suggest that it is
not as two-dimensional as the other superconductors [20], however, we have used the vortex-FFLO
phase line as the Hp for this figure. It is also possible that impurities or spin-orbit scattering could
have raised the value of Hp [32,48].
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Figure 5. Color online. (a) specific heat and TDO up and down field traces as the measurements
cross the vortex-FFLO phase transition showing the hysteresis. This is direct evidence of a first order
transition; (b) from Agosta et al. [3], the magneto caloric effect, which shows the direction of the flow
of latent heat as the vortex-FFLO phase line is crossed. This information can be used to show that the
higher field state, in this case the FFLO state, is of higher entropy than the vortex state, consistent with
what is expected for this phase transition [3,94,95].
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Figure 6. Color online. Phase diagram of kET-CuNCS, ABETS-GaCl and B"ET-SF5 each normalized
using the phase line between the vortex and FFLO states. The BETS does not seem to have as much
enhancement of the upper critical field as the other two superconductors, which scale identically.

To probe these ideas, we have preliminary data for cleaner samples of BETS, synthesized by
Kobayashi, and the data suggest that the scattering details may be important. In Figure 7, we show
preliminary new data on an absolute scale with the previous data. The cleaner samples have a lower
Hp, but surprisingly an identical Hy,. The drop in the value of Hp is expected if it is dependent on
similar pair breaking mechanisms as H, [32,48]. In particular, less spin-orbit scattering should lower
the critical field. The surprise is that the upper critical field for the FFLO state, where the material
crosses into the normal state, is robust with respect to the degree of scattering, unlike Hp, the upper
critical field for the vortex state. In the traditional superconducting state, Hy, is very sensitive to
scattering. This may be understandable in the context of H., as calculated by [32,48] where similar
changes in the H,, phase line are found for greater orbital effects (vortices) or more spin orbit scattering.
However, spin-orbit scattering can directly modify Hp, but vortex effects will not. In addition, if orbital
(vortex) effects are suppressed, as they are in the highly anisotropic organics, H., must be the result
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of the magnetic energy in the system, which is more immune to scattering events than orbital effects.
Therefore, the vortex FFLO phase line should follow Hp, which is dependent on the energy gap and
spin orbit scattering, and Hy, will be insensitive to scattering. In many of these materials, it may be
important to always adjust Hp to account for the degree of scattering and spin-orbit scattering to
properly interpret the results.
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Figure 7. We obtained new samples from Kobayashi that are higher quality samples (more pure) based
on Shubnikov-de Haas oscillations. The higher quality samples show on an absolute scale that the
upper critical field of the clean and dirty samples is the same, but Hp is very sensitive to impurities.
The new data was taken in a dilution refrigerator and we are looking forward to extending the data to
higher temperatures in the near future.

One of the more promising measurements showing further evidence for the FFLO state was made
with NMR by Koutroulakis et al. [12] on the crystalline organic B"ET-SF5. In this measurement, the
line shape of carbon atoms in the FFLO phase was measured and compared to a calculated line shape.
The signal comes from the substitution of four inequivalent carbon atoms in the ET molecule with
13C to have an active NMR target. The data is compared to a calculation based on the sum of the
four inequivalent line-shapes from the four inequivalent carbon atoms modified by the effects of a
one-dimensional g-vector. It is not yet clear if the features of the line-shape are unique enough to
offer proof that the FFLO state is the cause of the line-shape, but it is more compelling that any other
microscopic measurement so far. The data is reproduced in Figure 8.
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Figure 8. Color online. Example of spectrum simulation compared to recorded spectrum (blue) from
Koutroulakis et al. [12]. The simulation is a sum (green) of four Gaussian-broadened contributions
(red, orange) arising from a single-Q sinusoidal modulation of the SC order parameter.
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3.1. Other Materials

Two other materials outside of the class of organic conductors are worth mentioning: the heavy
Fermion superconductor CeColns and the pnictide superconductor KFeyAs,. An interesting discussion
of the FFLO state in heavy fermion and pnictide superconductors was recently published that supports
the existence of inhomogeneous superconductivity in these classes of materials [37]. The heavy
fermion superconductor CeColns was one of the first materials where there was thought to be credible
experimental evidence for the FFLO state. This evidence was in the form of calorimetric observations
of a bulk field induced phase transition between two superconducting phases [54,55]. This transition
was initially attributed to FFLO superconductivity but is now known to correspond to the onset
of spin-density wave (SDW) ordering within the superconducting state [95-99] and is called the Q
state. The Q state is the coexistence of a SDW and a superconducting state, although it is not clear
if the superconducting state is a FFLO state or a uniform state. The q-vector measured by neutron
scattering suggests a modulated state, but it does not change wavelength as a function of magnetic
field as is expected for the FFLO state [97]. Details of the SDW ordering observed by NMR have led
to suggestions of a lower field FFLO transition [100] and/or coupling of a FFLO phase to this SDW
transition [100-102], but there is no clear thermodynamic evidence for these proposals [95,103,104].
The possibility remains of a more complex coupling of the SDW transition to a modified FFLO phase
or pair density wave (PDW) [100,104]. One way to gain more insight into the nature of the Q phase
is to scale the CeColns data on the same phase diagram with an organic superconductor as seen in
Figure 9. In this figure, the TDO data from ETCuNCS is used as a baseline, and the CeColns data
is scaled using Hp from Table 1. We note that a for CeColns was calculated based on two sets of
specific heat data [83,84] with nearly identical results. The parameter g * /g was more difficult to
determine, and for this study we relied on 7y and x measurements [83] averaged over temperatures
below T, and used Wilson’s ratio [69]. What is surprising is that although the vortex-FFLO phase
line found by specific heat and torque does not line up with Hp, and it also wouldn’t even have the
right slope for the Hp line, the phase line found by TDO rf penetration measurements [64] matches
the value of Hp as calculated from the specific heat. Adding to this evidence for a phase line at 9.2 T,
Koutroulakis et al. [100] identified a phase they call the exotic superconducting state, or ESC that starts
at a minimum magnetic field of 9.2 T. It may be worth looking at the CeColns specific heat data to
see if there is any indication of this lower phase line. In any case, it can be seen that the Q state, as
it is called, is not a simple FFLO state, or at least not the same as found in the organic and pnictide
superconductors.

The pnictides are not nearly as anisotropic as the organics [90], but their high electron masses and
tunable anisotropy suggest that they may be candidates for inhomogeneous superconductivity [105,106].
A very recent result claims the possible existence of a FFLO state in the two band pnictide
superconductor KFe;As; [107] based on specific heat and magnetic torque measurements. Using
the values of « from the two band alpha model in this KFep As; paper and others [86,108], we calculated
Hp between 4.45 and 5.23 T (the result in Table 1 is the average). For convenience, we used the value
from Figure 4 in Cho et al. [107] to scale their phase diagram and superimpose it on the the phase
diagram from the organic conductors. The result is in Figure 10. This diagram and the KFe;As, specific
heat data raise a number of questions about the claim of the FFLO state in this material.

The enhancement of the critical field over Hp in kET-CuNCS is 1.35, and in KFe,As, it is 1.24 if
you extrapolate to zero temperature. This is consistent with the difference in anisotropy. According to
Matsuda [20], the enhancement in an ideal 2D and 3D system should be 1.4 and 1.2 respectively. The
ratio of parallel and perpendicular critical fields at zero temperature is one indication of the anisotropy
of a material, and this value is ~4-5 for both KFe;As; [86] and for kET-CuNCS, yet this is misleading
because kET-CuNCS is strongly paramagnetically limited. Using the initial slopes of the critical field
lines in different orientations as described in Section 1.2, Equation (2) determines ngb' ngb is a much
better measure of the superconducting anisotropy because it is based on the anisotropy of the vortices,
and hence the superconducting coherence lengths, ¢. This anisotropy measurement is reliable as long
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as the diameter of the vortices is larger than the interlayer spacing, a limit that is always true close
to T, where ¢ diverges. Using these slopes, the anisotropy of KFe;As; is still 4.5 but for kET-CuNCS
the anisotropy is ~21, if the slope of H, is properly measured [93]. Thus, this anisotropy explains the
difference in critical field enhancement, but the anisotropy of KFe;As; is inconsistent with the onset of
the FFLO state in a multiband superconductor. According to Gurevich [42], the lower anisotropy of
the pnictides should result in the FFLO state starting at f < 0.5, below the results found by Cho et al.,
and certainly below the results of the highly anisotropic organic conductors. Zocco et al. [88] has a
higher temperature onset of the FFLO state according to their calculations, but a much smaller critical
field enhancement than the data.
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Figure 9. Color online. Phase diagram of CeColns with kET-CuNCS as our baseline FFLO
phase diagram. If the magnetic field is normalized by Hp as calculated by Equation (6), the TDO
measurement [64] (blue squares) finds a phase line at Hp. NMR experiments [100] confirm a change
of the material properties at this field value too, suggesting that there may be a FFLO type transition
at the calculated Hp. The more vertical phase line discovered by specific heat [54] (black triangles) at
about f = 0.1 could be related to the SDW.

The second quantitative difference between the organic phase diagrams and the KFe;As, phase
diagram is the slope of the vortex state-FFLO state phase line at Hp. As expected, to first order, this
line should have no slope if Hp is proportional to the energy gap, given that the BCS superconducting
energy gap is almost constant for t < 0.4. Within experimental error, this is almost the case for
xET-CuNCS. Doing a fit to our largest set of data points, from the TDO measurements, we find a slope
of <0.05 T/K. The slope of this phase line for KFe;As; is 0.3 T/K. The increased slope could be due
to the presence of vortices, as expected for the pnictides, which are less anisotropic than the organic
superconductors. Another interpretation is that this line is really H. and the bump in specific heat at
a higher field is not due to the FFLO state. Given the form of the specific heat data in Agosta et al. [3]
and the calculations of Ptok [106], a small jump in specific heat at H., followed by a large jump in
specific heat at the FFLO to uniform superconductivity phase line does not make sense. In Ptok,
these jumps are calculated as at least similar in size, and given that H, is a transition into a bulk
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superconducting state, with the formation of Cooper pairs throughout the sample, the resulting drop
in entropy should produce a robust specific heat peak at H», and as calculated in Ptok and in many
publications for single band superconductors [109]. Furthermore, without more angular data to see if
the specific heat signature of the FFLO state slowly changes when the sample is rotated with respect to
the magnetic field, the data is less compelling. Many of the other studies of KFe,As, that have been
done, as referenced in the above paragraph, and in particular the one by Zocco et al., do not see any
indication of a FFLO state. There still is hope to find indications of the FFLO state in KFe,As; and
other pnictides, but the present claim in Cho et al. although exciting, needs more evidence.
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Figure 10. Color online. The phase diagram of kET-CuNCS superimposed with the KFe;As, data
from Cho et al. [107], normalized to T and Hp for each sample respectively. We note the two main
differences, the slope of the vortex-FFLO transition, and the overall enhancement of the FFLO state
over Hp.

3.2. New Materials

There have been predictions of the FFLO state in LiFeP [90], and this is another good example
of a material where it is difficult to predict if the FFLO state exists. LiFeP as many of the pnictides,
has two superconducting energy gaps, and it is unclear, when there are multiple gaps, which one
dominates. It is reasonable to think that the largest gap, with the largest T, will dominate. This is
because above Hp for the largest gap, all Cooper pairs will be subject to pair breaking via the Zeeman
energy. The data claiming inhomogeneous superconductivity in KFe;As, [107], if it is correct, shows
the Hp phase line at the value of the higher gap energy consistent with the argument above. For this
reason, the parameters for both of the pnictides in Table 1 correspond to the higher energy of the two
gaps found in each compound. The energy gaps and ratio « for these materials were not calculated
from our version of the alpha model but came from the papers referenced in the table, and use a two
gap model. It is also important to note that g* /g for LiFeP is not known, so it was set to equal one.
Given what is known, the value of Hp in LiFeP is above H., and no FFLO state should exist. It is
possible that a weak variation of the FFLO state could exist when the magnetic field was greater than
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Hp corresponding to the lower energy gap, but it is difficult to search for evidence of such a weak
FFLO state, if it exists at all.

4. Conclusions

It is clear that an exotic superconducting state exists in the low temperature high field quadrant
of the superconducting phase diagram in quasi 2D anisotropic organic superconductors, and possibly
heavy fermion and pnictide superconductors. So far, the data that have been collected on the organics
is consistent with inhomogeneous superconductivity. Microscopic probes such as NMR will help
determine if these are truly FFLO states, but spatial probes such as STM, neutrons, or X-rays will
eventually be the way to measure the g-vectors, and unambiguously identify these exotic correlated
electron states. There are still many methods available for the organics that can be used to expand
the parameter phase space, including pressure, defects, and chemical substitution. It has been shown
that CeColns is more complex than the other materials, and the specific heat data needs a second
look. It also may be a good candidate for STM. Other classes of superconductors such as the pnictides
are promising new materials for understanding inhomogeneous superconductivity. Finally, a topic
not covered in this review, and closely related theoretically [110,111] and experimentally [112] to this
subject is the study of inhomogeneous superconductivity in quasi 1D materials. It will be insightful to
discuss 1D and 2D materials together in the future.
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Abstract: Spin-frustrated monomer-type Mott insulator Cgo®~ solids are discussed in this review
article. For the C¢y®~ solids, the interfullerene center-to-center distance (r) is the key parameter that
controls the competition between covalent bond-formation, itinerancy, and spin frustration. Eight
Ce0°® ™ salts with various compositions and dimensionalities are reviewed. In all of these Cgo®~ salts
except one, neither bond-formation nor long-range magnetic ordering was observed down to low
temperatures. A plot of Weiss temperature (| Ocw |) against r shows that | Ocyw | grows rapidly
below r =10.0 A.

Keywords: spin frustration; Mott insulators; key-keyhole relation; quantum spin liquid

1. Introduction: Quantum Spin Liquid State

Strong geometrical spin frustration suppresses the classical long-range magnetic ordering of
the Néel state, and allows the novel quantum states such as the quantum spin liquid (QSL) state for
two-dimensional (2D) S = 1/2 antiferromagnets (AFs), as proposed by Anderson [1,2]. The QSL phase
is a quantum-disordered insulating phase, which has been theoretically predicted to have a ground
state with many degenerate states [3], and, hence, to exhibit large spin entropy, even at 0 K. To obtain
spin-frustrated materials, the geometries of spin lattice subject to contradictory constraints are crucial.
The spin lattices—triangle (Figure 1a), kagome (Figure 1b), zigzag (Figure 1c), tetrahedron (Figure 1d),
honeycomb (Figure le), and hyperkagome (Figure 1f)—have been discussed with the basic building
block being the triangle [4]. The magnetic exchange interaction | of spins is proportional to the square
of transfer interaction t (Equation (1)), where U is the on-site Coulomb repulsion energy,

] ~4t2/U @

A small distance between two spins (r) induces a large t and eventually, a metallic band with
itinerant electrons is formed. Equation (1) suggests that the QSL state may be adjacent to such an
itinerant (metallic or superconducting (SC)) phase. When the distance between the spin sites in the
triangular spin lattice becomes extremely large, all of the spins may act as Curie spins. With decreasing
distance between the spins, spins feel frustration to each other and form a QSL or a compromised
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spin configurations which do not have spin frustration with geometry of spin lattice of 120° (triangle,
Figure 1g), 109° (tetrahedron, Figure 1h), or collinear AF (AFC) (Figure 1i) structures [5-11]. When the
triangular spin lattice is distorted, the AF phase may get preferentially stabilized. Therefore, the QSL,
AF, 120° structure (Figure 1g), AFC, and metallic (or SC) phases compete with each other in a triangular
spin lattice based on the parameters r, t, W, U, ], outer stimuli (temperature T, pressure P, magnetic
field H, etc.), and the geometry of the spin lattice, where W is the bandwidth.

(a) (b) (c) d
Triangle Kagome Zigzag Tetrahedron Honeycomb Hyperkagome
(8)

A

Figure 1. Geometries of spin lattices having strong spin-frustration (a—f), non-frustrated spin-configurations
(g) 120°, (h) 109°, and (i) collinear AF (AFC): (j k) are schematic view of triangular spin lattice of
dimer-type Mott insulator of x-(ET),X (j) and monomer-type Mott insulator of Cgpe ~ (k). Purple
ellipsoid in (j) is an ET molecule and the black circle represents one spin site (ET),. In (j), t and ¢
are interdimer transfer interactions between parallel dimers and perpendicular dimers, respectively,

and '/t represents the shape of the isosceles triangular spin lattice. In (k), t, ¥/, and #” are interfullerene
transfer interactions. Red arrows indicate spins. (j,k) were reproduced from [12].

The Curie-Weiss temperature Ocyw given by,
Ocw =2z5(S +1)]/3kg 2)

is a parameter showing the easiness to access the QSL state, where, z, S, and kp are the number of the
nearest neighbour sites, spin quantum number, and Boltzmann constant, respectively. The frustration
index f defined by Equation (3),

f==0cw/Tm ©)

was proposed by Ramirez as a measure of the spin frustration [13,14]. Strong spin-frustrated systems
are thought to be those associated with f > 10. In Equation (3), Tr, is the temperature at which magnetic
ordering occurs.

The easiest way to design spin-frustrated systems is to arrange magnetic transition metals in
a triangular or kagome geometry. Numerous inorganic compounds have been examined based on
this idea. A few examples are VX, (X = Cl, Br) [15], ABO; [16-21] (A = monocation, B = trivalent
transition metal ions: CuFeO, [16-18], LiNiO, [19], NaTiO,, [19], LiCrO, [20-22]), ABXj [23,24]
(X = halogenide ions: CsCoClj [23], CsMnBr3 [24]), and large clusters (Mo, Fesy, Moz Vo) [25] for the
triangular lattice, and KFe3(5O4)2(OH)e [26-28] and RbySnCuzFy; [29] for the kagome lattice. Some
typical magnetically frustrated inorganic systems of transition metal oxides studied prior 2000 have
been summarized by Ramirez [13] and Greedan [4].

However, QSL systems are scarce in materials with spin quantum numbers S > 1/2, even in
the triangular spin lattices and kagome lattices with f > 10% [30-32]. Even for the triangular S = 1/2
spin systems with large | Ocw | and f, no QSL materials have been prepared due to the difficulty in
maintaining the precise geometry of spin-frustrated lattices at low temperatures [33-35].
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The first real QSL candidate was a charge-transfer (CT) salt of a dimer-type Mott insulator
x-(ET),Cu(CN)3 [36], where ET is bis(ethylenedithio)tetrathiafulvalene (chemicals in this review
are shown in Figure 2) and [Cuy(CN)3 ™ ] is a diamagnetic polymeric anion. The planar tridentate
coordination of diamagnetic Cu(I) ions in [Cup(CN)3 ™ ] is the main driving force for the two-
dimensional (2D) triangular magnetic lattice that is composed of partially charged (ET),**, since
[Cup(CN)3 ™ oo has openings, and the arrangement of the anion openings is triangular due to the planar
tridentate coordination of Cu(I) ions. The geometrical fit between a spin-site (ET),** and the anion
opening results in a triangular magnetic lattice (Figure 1j) according to a key-keyhole relation, where
the key is the spin-site, (ET),*", and the keyhole is the anion opening.

SO 4T QOO

T H,Cat-EDT-TTF TTF (X=5)
ﬂ . CN cl TSF(X Se)
S-S, S~——§ NG, on (LT MeoN NMe2 o
s~ LA T = O o™ -
s~ “s—~¢ NG N \‘.y MeoN NMe2 C ]
' TDAE N~ “CH
Pd(dmit), TCNQ Ve, Me PhCN PhCIz /c‘u\— ¢ H2
[ ] P"\\/ B¢ B
‘ \7 [ /N®N\ m ®‘ Cu[2-(2-aminomethyl)
&7 N/ pyridineBr;
TPC  MDABCO qumuclldlnlum Q" TMP* om”* BPY F'hAP*
X
Ph (\o/\ Q3 X
i 00,0 i
Ph\\/Ph P(Ph)s thF’—N—P*Ph [ 0, j
P (PP | PPN
®‘ NA F‘h 00,0
Ve @ PPN’,bls(mphenyl K/o\) @) FZPIMNH(X Me)
Ph3MeP* (PhgP)zAu* phosphoranylidene) DB18C6:
ammonium dibenzo-18-crown-6 [2.2.2]crypt

(b)

Figure 2. (a) Chemicals in this review. The abbreviations are, TDAE: tetrakis(dimethylamino)ethylene,
TPC: triptycene, MDABCO™": N-methyldiazabicyclooctane cation, MQ*: N-methylquinuclidinium
cation, DMI*: N,N’-dimethylimidazolium cation, TMP*: N,N,N/-trimethylpiperazinium cation,
BPY: 2,2'-bipyridine, PhCN: benzonitrile (Ph = phenyl group), PhCly: o-dichlorobenzene, PhyP*:
tetraphenylphosphonium cation, PhzMeP*: methyltriphenylphosphonium cation, (PhzP);Au*:
tris(triphenyl) phosphine Au cation, PPN*: bis(triphenylphosphoranylidene)Jammonium cation,
DB18C6: dibenzo-18-crown-6, and [2.2.2]crypt: 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo-[8.8.8]
hexacosane; (b) Some examples of fullerene dimers and polymers. Cgy o-dimer (9) [37], Cgo 7-dimer
(10) [38], (C0~ )n polymer in MCgo (M = K, Rb, and Cs) (11) [39,40], linear polymer of (Cgy> ) trianion
in NapRbCyg (12) [41], polymeric layer of (Cgp*)n tetraanion in LisCeg (13) [42], zigzag polymer
of (Cgo?*)n dication in (Cgo?*)(AsFs ), (14) [43], polymeric layer of (Cgp* " )n tetraanion in NayCg
(15) [44].

The features of the Mott insulator x-(ET),Cuy(CN); are: (1) it has a nearly equilateral triangular
lattice (# /t = 1.09) with very strong electron correlation (U/W = 0.93), (2) the QSL state is experimentally

39



Crystals 2018, 8,115

confirmed down to 20 mK [36,45,46], (3) the anisotropic SC state resides directly next to the QSL state
without passing through the spin ordered AF state under pressure [47-49], (4) the transition from the
QSL state to the metallic state shows positive pressure dependence, indicating that the residual spin
entropy is in the QSL state [47-50], and (5) 13C NMR measurements under hydrostatic pressure on the
salt of ET with 13C enriched at the central C=C bond (}*C-ET) indicate d-wave SC symmetry [51]. Thus,
a competition among the localized (and frustrated), itinerant, and exotic pairing of spins is manifested
in this salt [36,45-53]. We have proposed designing principles for a QSL candidate residing next to the
SC state based on the crystal, electronic, and spin structures for selected x-(ET),X (X = anion) including
X = Cuy(CN)j3 as follows [54].
The requirements for a QSL state next to an itinerant state for x-(ET),X are:

(1)  the system has a low spin state (S =1/2),

(2)  the system should be a Mott insulator in ambient conditions,

(3) its Mott insulating state has both a partial CT state close to the itinerant region and a small
Mott gap,

(4)  the spin lattice should have a geometry that affords a strong geometrical frustration, i.e., t'/t ~1
for a triangular spin lattice,

(5) ahigh |Gcw ! or high I]I value to observe the QSL state at the experimentally available
temperatures, and

(6) the material must maintain weak energy dispersion along the weakest direction for the magnetic
interactions of the 2D system, i.e., negligibly weak magnetic interaction perpendicular to
the 2D magnetic layer in order to keep the geometry of spin-frustrated spin lattice down to
low temperatures.

Since the discovery of the QSL state in x-(ET),Cux(CN)3 (1 Ocw ! =375 K, |]J1/kg = 250 K,
f > 1.3 x 10%), several materials based on the triangular, kagome, honeycomb, and hyperkagome
spin lattices have been reported to have such a spin state [55-57]. Some organic and inorganic
compounds with sufficiently large | @cw |, | ]|, and f examined on single crystals include x-Hz(Cat-
EDT-TTF);, (triangle, HyCat-EDT-TTF: catechol-fused ethylenedithio-TTF, | Ocw | = 120-150 K,

IJ1/kg = 80-100 K, f > 2.4 x 10%) [58], a CT solid of (ethyltrimethylantimonate)[Pd(dmit); ],
(triangle, dmit: 4,5-dimercapto-1,3-dithiole-2-thione, |@cw | = 325-375 K, ]I /kg = 220-250 K,
f>1.6 x 10%) [59], ZnCuz(OH)sCl, (kagome, | Ocy | =314 K, I]1 /kg =180 K, f > 5.1 x 10%) [60-62],
[NH4]2(C7H14N)[V706F13] (kagome, I @CW I= 81 K, f 220 X 103) [63] where (C7H]4N)
is quinuclidinium ion, and [(C;Hs5);NH],Cuy(oxalate)s (hyperhoneycomb, |Ocw = 180 K,
f>3x10% [64].

Another organic QSL system of a dimer-type Mott insulator x-(ET),Ag,(CN)3 (' /t = 0.97) was very
recently developed by us (1 @cw | =263 K, ] /kg =175K, f > 2.1 x 10°) having a different key-keyhole
relation from that of x-(ET),Cuy(CN)j3 resulting in both a more robust QSL state and a higher critical
temperature (T.) of SC than the X = Cu salt [54,65], with similar relaxor ferroelectric response [66,67].
Among these QSL systems, only dimer-type ET salts «-(ET),Cuy(CN)3 and x-(ET),Agr(CN)3 manifest
competition among the itinerancy of electrons (metal), pairing of two electrons (SC), and localization
(Mott insulator and QSL).

In order to have such competition between localized and itinerant spins in a monomer-type Mott
insulator, the best candidate will be the C4p CT materials having triangular or hexagonal packing
of Cg®~ molecules (Figure 1k) among several kinds of such monomer-type Mott insulators based
on TTE, TSF, ET, TCNQ, etc. [67-69], where TTF, TSF, and TCNQ are well known donor or acceptor
molecules in the CT salts [70]. In these monomer-type Mott insulators, the upper-HOMO band for the
CT solid of D**X~ (D: TTF, TSF, ET) and the lower-LUMO band for the CT solid of M*A*~ (A: TCNQ)
are completely filled, where HOMO and LUMO are the highest occupied and lowest unoccupied
molecular orbitals, respectively. The Mott gap being large makes it difficult for the competition between
localization and itinerancy in the solids, thus requiring partial CT state or dimer-type Mott insulating
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state to satisfy the requirement 3 above mentioned. While for the Cgy CT solids, a partial CT state such
as ET/2* is not necessary and the completely ionized Cy9®~ molecules are able to afford the itinerant
state owing to the triply degenerate LUMO t;,, orbital, e.g., the compound CsCgy quenched in liquid
N is reported to exhibit metallic behavior down to low temperatures [71,72].

In this review, the preparation, crystal and electronic structures, and the physical properties of
spin- frustrated monomer-type Mott insulators of Cg*~ CT solids, namely (MDABCO*)(Cgp°® ™) (1),
(PhsMeP*)(Ceo® ") (2), (TPC")MDABCO™)(Ce0* ") (3), (TPC)MQ")(Ce0® ") (4), (PhCN)(TMP*)(Ce0° ™)
(5), (PhCN®)(PhsMeP*)(Ceo° ) (6), (PhCL%){(PhsP)s Au*)}2(Ceo® )2(Co0) (7), and (DMI*)3(Ce0* )17 )2
(8), and the design of the QSL systems will be discussed.

2. Characteristic Features of Cgp: Superconductors and Other Functions for Cgo
Charge-Transfer Materials

Superconductivity (SC) is one of the most remarkable features of Cy CT materials. An icosahedral
Cep molecule with I, symmetry has triply degenerate LUMO and LUMO + 1 orbitals with t;,, and
t1g symmetries, respectively. Such multiple degeneracy (V) contributes to the relaxation of the Mott
criterion [73,74], i.e.,, U/W ~/N or an upper limit of U/W ~2.5, and the enhancement of the density of
states at the Fermi level (D(er)) inducing high T for SC [75], when Cgy is placed in the highly symmetric,
i.e., cubic crystal field. Typical SC materials are represented as A3Cgp (A: alkali metal), e.g., Rb3Cgp
(Tc =29 K [76]), RbyCsCyq (T =31 K [77]), and RbCs,Cg (T = 33 K [77]), with a face-centered cubic
(fcc) structure. The structural and physical properties of A3Cgo and the related fullerene compounds
were reviewed [73,78-80]. The critical temperature T. varies monotonously with the lattice constant,
independent of the type of the alkali dopant [77,81]. Thus far, about 40 SC materials have been
synthesized with the highest T, of 33 K (RbCs,Cg) at normal pressure and 38 K (A15 or body-centered
cubic (bec) Cs3Cgp) under a pressure of approximately 0.7 Gpa [82]. The fcc phase of Cs3Cgp also shows
SC (T = 35 K) under an applied hydrostatic pressure of approximately 0.8 Gpa [83].

The critical temperature T decreases as the valence state (1) of Cgy deviates from n = —3
or lowering the symmetry of the crystal (non-cubic) such as Yb, 75Cey (7 = —5.5, orthorhombic,
T. =6K) [84], Smp75Cqp (n = —5.5, orthorhombic, T. = 8 K) [85], BayCgp (1 = —8, body-centered
orthorhombic (bco), T = 6.7 K) [86,87], Sr4Cgo (1 = —8, bco, T, = 4.4 K) [86] and K3BazCgo (n = —9, bec,
T. =5.6 K) [88]. EugCgp with bec packing undergoes a ferromagnetic transition at 12 K, owing from
Eu?* cations with $ =7/2 spin [89]. CeyCgp shows the coexistence of SC and ferromagnetism below
13.5 K, although its crystal structure and composition are currently not clear [90].

A3Cgp SCs show a dome-shaped curve of normalized T. versus lattice volume [82,83,91], which
may be a hallmark of the competition between electron-phonon attractive and electron-electron
repulsive interactions. The observation of a Hebel-Slichter peak in the relaxation rate just below T in
NMR and uSR indicate a BCS-type isotopic gap [92,93].

Besides SCs, (TDAE*)(Cgo® ™) is a soft ferromagnet with a Curie temperature of 16.1 K, in which
only spins on Cgy®~ contribute to the ferromagnetism, where TDAE is tetrakis(dimethylamino)
ethylene [94].

3. Requirements for Spin-Frustrated Spin Lattice of Cgp®~

3.1. Competition among Bond-Formation, Itinerancy, Localization, and Frustration in Fulleride Solids

It can be easily seen that the close packing of C4y®~ leads to triangular (Figure 1k) or honeycomb
(Figure le) spin lattices. In the Cgp system, there is another factor, namely, the bond-formation
between Cg)®~ molecules, which leads to competition among itinerancy, localization, and frustration.
Figure 3a,b summarize the electronic competition for bond-formation, such as dimers and polymers
(Figure 2b) (top panel of Figure 3a), itinerancy (monomeric Cqy metallic solids, middle panel in
Figure 3a), and localization (monomeric AF solids, bottom panel in Figure 3a) for 27 situations
in Cgp CT solids as a function of center-to-center interfullerene distance r, as reported in the
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literatures [37,38,44,79,95-98]. The van der Waals (vdW) diameter [99] of Cgp is 10.18 A indicated by
green dotted line in Figure 3a,b.

When the interfullerene distance of the Cgp solids is small (r < 9.4 A, which is indicated by blue
dotted line in Figure 3a,b), the C¢p®~ molecules tend to form dimers (9 and 10 in Figure 2b) [37,38] or
polymers (11-15 in Figure 2b) by single or double bonds. Polymer 11 with K* is a 3D metal [39], while
those with Rb* and Cs* are one-dimensional (1D) metals and become spin-density-wave insulators at
low temperatures [40,100]. Single carbon-carbon bonded polymer 12 in Na;CsCqgp seems to be an SC
with T about 3 K lower than that for the starting non-polymeric phase. Analogous lowering of T, at
the formation of polymer 12 in NayRbCg leads to very low T or the absence of SC [41,101].
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Figure 3. (a,)b) Bond formation (dimer and polymer), monomer metal, and monomer AF regions
of Cg"~ with the center-to-center interfullerene distance r at RT except [K(DB18C6)]4(Cg0)5-12THF
(225 K indicated as [K(DB18C6)]y), {(TMP*+),MITPP}(Cg® ~)2(PhCN),(PhCly), (270 K indicated as
(TMP),(MnTPP) and 250 K indicated as (TMP),(ZnTPP), K(Cgo®~)(THF)s-2THF (260 K indicated
as K(THF)52THF) and (MDABCO)(Cgp® ™) (250 K indicated as MDABCO). Cation or donor species
are shown in boxes and Figure 2a. Li4 and Cs are plotted twice according to different interfullerene
distances in the 2D polymer and in different phases (polymer or dimer), respectively. K(THF);2THF and
(TPC)(MDABCO) are located on the borderline between monomer metal and monomer AF. Blue dotted
line and green one indicate r = 9.4 A and van der Waals diameter of Cg (10.18 A), respectively.

The compound 13 is an insulator with high ionic conductivity [42], 14 is a diamagnetic
semiconducting polymer [43], and 15 is a highly correlated metal [43].

Even when r > 9.4 A, C¢*~ bond-formation proceeds for the cation species, which are not able
to prevent bond-formation. The Cg®~ molecules in [K(DB18C6)]4(Cg0)512THF, where DB18C6 is
dibenzo-18-crown-6 ether and THF is tetrahydrofuran, dimerize at r = 9.89 A (at 225 K), but remain as
a monomer at 7 = 10.1 A [102]. For (MQ*)(Co"OEP)(Cgo® ~)(PhCl,), where OEP is octaethylporphyrin,
no bond-formation between Cgy®~ molecules (r = 9.88 A at 100 K) is observed owing to the steric
protection by the coordination of Cgo®~ with Coll, that gives rise to a diamagnetic state [103]. However,
for {(TMP*);MITPP}(Cg® ~)2(PhCN),(PhCly), (M = Zn, Mn, TPP: tetraphenylporphyrin), where
MUTPP is weakly coordinated with TMP*, but, no coordination of Cg®~ with M with r=10.04 A
(M =Zn at 250 K) and r = 10.08 A (M = Mn at 270 K), singly bonded (Cgp ™), dimers form at 100 K [104].
Structural analysis of (PhsMeP*)(Cgo® ~)(PhCN) indicates that the lowest value of r is 9.92 A at room
temperature (RT) for monomer state, and singly bonded (Cgp ™), dimers appear when the temperature
is reduced to 120 K for r = 9.28 A [105]. (DMI*),(Cgo® ~){Cd(diethyldithiocarbamate)I "~} (r = 10.03 Aat
250 K) shows reduced-temperature dependent bond-formation, such as (1) monomeric Cgy®~ upon
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instant quenching below 95 K, (2) a mixture of dimerized (Cgp ™), and monomeric Cgy®~, and (3) stable
singly bonded (Cgp ™), only upon slow cooling for 6 h [106].

As can be seen in Figure 3a, Cgy compounds having an interfullerene distance in the range 9.4 A <
7 <10.0 A at RT have not been extensively explored. It is highly plausible that the shorter interfullerene
distance that is less than 9.7 A instantaneously leads to bond-formation resulting in r < 9.4 A.

Above results indicate that, even at r ~9.9-10.1 A, Cg0®~ anion molecules dimerize, when the
Ce0®~ molecules are not properly protected against bond-formation.

An isolated fulleride anion structure has been observed for the interfullerene distance r > 12 A by
using both bulky cation molecules (PhyP*, PPN*, [Ru(BPY)3]**) [107-116], and fulleride anions with
a charge of —2 or —3 and alkali metal cations, which coordinate with THF, crown ether or cryptand
molecules [113-116]. The preparative methods of these compounds were reviewed [95].

When r is greater than 9.73 A and less than 12 A, the “bond-formation”, “monomer metal”,
and “monomer AF” in Figure 3a compete with each other. The “monomer metal” is observed for
many Ceo"~ solids, e.g., K3BazCg (bec, = 9.74 A) [88], LisCsCq (fec, r = 9.98 A) [117], NayRbCg (fec,
r=9.96 A) [118], K5Cqo (fec, ¥ = 10.07 A) [119], and RbCs,Cg (fcc, 7 = 10.19 A) [77]. The “monomer
AF” state is observed for a wide range of r. The A15 Cs3Cq (r = 10.20 A) solid shows AF ordering
below Ty = 46 K (Ocw = —68 K) [120], and the fcc phase (r = 10.44 A) also shows AF ordering at 2.2 K
(Ocw = —105 K) at normal pressure [83,121,122], where Ty is Néel temperature. The intercalation
of NHj3 molecules (e.g., (NH3z)K3Cq, r = 10.57 A at RT) results in a phase transition from a cubic to
orthorhombic lattice structure accompanied by the appearance of AF ordering instead of SC [123] and
exhibits an SC state under pressure (T = 28 K at 15 kbar) [124].

Figure 3 will be a guiding map for the search for Cg functional materials. A phase diagram of
Cgo®~ solids indicates that the SC state is in the vicinity of spin ordered AF states while the critical
temperature T, decreases as approaching to the AF phase [82,120,125]. Therefore, the Cg) system is a
potential candidate for the QSL state to be close to the metallic, SC, and bond-formed states.

The Cgp®~ molecules in both the A15 and fcc phases of Cs3Cgp are not in the high-spin state
(S = 3/2), which prefers spin-ordering, but are in the low-spin states (S = 1/2) due to the splitting of the
t1y-orbitals by the Jahn-Teller effect. The triangular spin lattices of fcc have strong spin frustration with
strong AF interactions characterized by its frustration index f ~48 for Cs3Cgp. However, the Cs3Cgp
solid in the fcc structure prefers the AF state as compared to the QSL state. A large frustration index f
and a low-spin state are necessary for QSL state formation, however, the geometry of the triangular
spin lattice is also important. For example, x-(ET),X with a nearly equilateral triangular spin lattice
(#/t=0.97-1.09 for X = Agr(CN)3 and Cuy(CN)3) exhibits the QSL state [36,54], while the distorted
triangular spin lattice (e.g., '/t = 0.715 for X = Cu[N(CN)]C1 [126,127], #' /t = 1.79 for X = CF3503) [128]
exhibits an AF ordered spin state. Similarly a spin-frustrated system in which # /¢ deviates from unity
shows AF ordering, i.e., Cs;CuCly (¢ /t = 1.71) with Ty = 0.69 K [129].

The fundamental and simple prerequisites for the formation of QSL Cg( system are:

()  existence of Cgo®~ or low-spin state of Cgp>~ (S =1/2),

(ID  no polymerization between Cgy molecules,

(IID) triangular or hexagonal packing of Cg with equal interfullerene distance r, or '/t ~1, and
(IV) strong AF interactions.

It is believed that smaller r values lead to stronger AF interactions. The critical r between the
“itinerant”, “localized spin”, and “bond-formation” has not been elucidated yet, and the competition
strongly depends on the environment of the Cgy molecules, pattern, and dimensionality of packing of
Cgp molecules, charge of C¢p molecules, etc.

3.2. Charged State of Cg and Effective On-Site Coulomb Repulsion

The Cgp"* ™ species (n =0, 1, 2, 3) are well discriminated by IR and UV-Vis-NIR spectra [78-80,95].
The on-site Coulomb energy of free C¢yp molecule (Up) was calculated by DFT as 2.7-3.1 eV [130-132].

43



Crystals 2018, 8,115

The effective U (Uegs = Up — V, V is nearest neighbour Coulomb repulsion energy) values in solids are
found to be 0.8-1.3 eV [130-132], when an electron is added to a C4p molecule surrounded by other
Cep molecules in the fcc lattice, which is due to polarization by the charged Cgy molecules. While,
Auger spectroscopy yields U in the range 1.4-1.6 eV [133,134]. The first CT band of non-metallic
M*(Cgp*®™) solid corresponds to Ueg. With organic cation or supramolecular cation in this paper,
the IR and NIR absorption spectra of CT solids in KBr show CT band peaks at 0.25 and 0.68 eV for
(TPC%)(MDABCO™)(Cgo°®~) [12], 0.69 eV for (TDAE*)(Cgo®~) [12], 0.71 eV for (TPC?)(MQ*)(Cg® ™) [12],
0.74 eV for (PhCN®)(Ph®MeP*)(Cgo® ) [105], and 0.77 eV for (PhCNC)(TMP*)(Cgp® ~) [12]. The lowest
band of 0.25 eV in (TPCY)(MDABCO")(Cgp® ) is ascribed to the intraband absorption due to the
metallic nature. The estimated Ueg (Uegr = 0.68-0.77 eV) should be smaller than those for (alkali
metal™)(Cgo® ~) owing to the high polarizability of organic cation molecules, which is similar to that
proposed for TCNQ CT solids [135].

The effect of orbital degeneracy on the Mott-Hubbard criterion leads to a conclusion that the Mott
transition takes place at U/W = /3 or an upper limit of U/W ~2.5, attributed to triple degeneracy
or negligible splitting of #, orbitals [73,94]. Therefore, this relaxed Mott criterion is effective as
long as the splitting of t;,, orbitals by Jahn-Teller distortion is not large enough, and forms one
LUMO band. The upper limit of U/W requires W to be 0.27 eV, by considering the lowest value of
U (calculated value—0.68 eV), which is about 2-3 times the calculated W value (0.10-0.15 eV for
(TPCY)(MDABCO*)(Cg0® 7)) by the AM1 method [12]. A preliminary DFT calculation for this CT solid
indicates a total W of about 0.48 eV at 160 K [12], which is still smaller than the estimated Ug and is not
able to account for the metallic nature. Since the calculated W values in these systems are not reliable
at present, only the ratio of overlap integrals or transfer interactions will be discussed in the following.

3.3. Packing of Cep and Magnetic Interactions in Fulleride Solids

So far, no structure-magnetic property relationship, especially concerning the geometrical spin
frustration and the QSL state has been studied for the triangular or hexagonally packed Cgp®~
solids. Hexagonal packing of C40®~ has been suggested for (tetramethylammonium)(Cg®~)-1.5THF
polycrystals based on the postulated structure, from both the calculation of total energy for various
arrangements of the component molecules and the observed powder diffraction pattern [136].
The estimated r was 10.13 A. The conductivity of the pellet sample was 1072 S-cm ! and the effective
magnetic moment of the complex was ~1.75 up in good agreement with the value for the system
containing one S = 1/2 spin per formula unit. However, the susceptibility did not indicate AF
interactions. (Na*)(Cgp®~)(THF)s5 polycrystals [137] showed a Curie-Weiss behavior above 200 K
(u =1.70 up, Ocw = —58 K) suggesting triangular or hexagonal packing of C¢°®~. The x (magnetic
susceptibility) value decreased sharply below 180 K (i = ca. 0.8 pup), probably owing to the dimerization
of Cgp®~, though no crystal structure above 200 K was found.

Recent work on needle-like single crystal (up to 6 mm) of (K*)(Cgo® ~)(THF)s5(THF), revealed that
K* cation coordinate with five THF molecules (by K:--O contacts) to form bulky cationic building units
of [K(THF)5]*, which separates Cgp®~ corrugated layers with a distorted square arrangement [138].
At RT, C4°®~ molecules display rotational disorder, and ordering takes place below 240 K with a
simultaneous appearance of a Dysonian EPR line down to 40 K. In the non-conductive region in the
240-295 K range, Curie-Weiss behavior (Ocw = —54 K) was observed with r = ~10.01 A at 260 K.
A metallic nature in the conductive region between 240 K and 40 K was suggested by the observation
of the Dysonian EPR line shape, though the Dysonian line shape has been observed not only in metallic
materials, but also in semiconductors with very high conductivity [139]. It should be emphasized that
“localization” or “itinerancy” of spins in Cg solids is strongly associated with the rotational disorder
and ordering of Cgp molecules.

Crystals of [K([2.2.2]crypt)]2(C602’)~4(toluene) exhibit a 2D distorted hexagonal layer of Ceo%~
dianion molecules separated by layers of [K([2.2.2]crypt)]* cations [115]. The shortest interfullerene
distance of 13.77 A is too long owing to the large size of cation to have appropriate intermolecular
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interactions for the spin-frustrated system, regardless of the magnitude of effective spin of the
dianion system.

3.4. Requirements for Triangular or Hexagonal Packing of C0®~ by Key-Keyhole Relation: 2D or 3D
Polycationic Template

The donor molecules that can reduce fullerene moieties are sparse because of the weak
electron-accepting ability of fullerene moiety [140]. Simple use of very strong donor species, such
as alkali metal has not led to 2D triangular or hexagonal packing of C¢y®~. A strategy to obtain
new versatile ionic complexes, including polymerized fullerenes has been developed by Konarev,
etal. [12,37,38,95,103-106,141-149], which can lead to multi-component CT complexes composed of
small-sized strong donor molecules including alkali metals (D,), which are able to ionize fullerene, and
a structure-forming neutral molecule including solvent molecules (D), e.g., {[(D1°)(D,1)](fullerene™)}.
A variety of single crystals of [(D1%)(D;")](Cep® ~) with versatile packing patterns of Cg4p°®~ molecules
have been prepared according to this concept, which satisfies requirement (I) described in Section 3.1.

The distance between the cation species in the supramolecule formed between D; and D,
molecules [(D;%)(D,")] is the essential parameter to control both the bond-formation and the AF
interaction among Cg®~ molecules. Therefore, the r value is the key to satisfy requirements (II)
and (IV). When the supramolecular assemblies of D; and D, molecules have a periodic cationic site
with sufficient space to hold one Cgy®~ molecule, C4p°®~ molecules (spin site = key) will be arranged
according to the pattern of the cationic parts of supramolecular assemblies [(D;°)(D,")] (=keyhole).
This is the key-keyhole relation between Cgy®~ molecules and polycationic template [(D1%(D>H)].
To construct triangular or hexagonal packing of Cg°®~, the template [(D19)(D,*)] should have a
triangular or hexagonal pattern of cationic sites. It was observed that the threefold symmetry of
D; and D, molecules satisfies requirement (III) [12,146]. Higher than threefold symmetry would
be satisfactory. However, the design principle to satisfy the requirement for #'/t ~1 has not been
developed yet for multi-component solid [(D19)(Dy")](Cgo® ) and two-component solid (D*)(Cgp® ™).

A good chemical choice of D; and/or D, concerning the donor strength, size, shape, and
symmetry satisfies all of the requirements, (I)—(III). Among the multi-component complexes
{[(D19)(D21)1(C0° ™)}, Cep® ~ molecules form 2D hexagonal packing (triangular spin lattice, Figure 1k)
in (TPCY)(MDABCO™*)(Cg® ) (3) and (TPCY)(MQ*)(Cgo® ™) (4) and three-dimensional (3D) one in
(DMI*)3(Cep® )T )2 (8) [12,145,146]. The coexistence of monomer metallic and monomer AF phases
was observed in 3 (r = 10.07 A at RT). Insulators 4 and 8 are AF insulators with 2D and 3D packing
of Cg®~, respectively, with r = 10.12-10.18 A at 250 K and 10.06-10.12 A at 100 K for 4 and 11.05
and 13.36 A at 100 K for 8. Even in two-component materials, (D)(Cgp®~), the bond-formation
sometimes is prevented when r is large enough and the spins on Cg(®~ interact antiferromagnetically.
In (MDABCO™*)(Cgp® ™) (1), 3D close packing of Cgp®~ and high | ©cw | were realized and the geometry
of the spin lattice is 3D distorted bipyramid with r = 10.01-10.11 A at 250 K and 9.91-10.12 A at
100 K [147]. The solid (PhzMeP*)(Cgo® ™) (2) has double chains of C¢y®~ with zigzag spin lattice having
weak interchain interactions with = 10.08-10.10 A at 100 K [105].

4. Key-Keyhole Relations in Cg®~ Charge-Transfer Solids
4.1. Three-Component Materials

4.1.1. Coexistence of Itinerant and Frustrated Spins in 2D Hexagonal Packing of Cg4®~ in
(TPC%)(MDABCO*)(Cg® ")

Single crystals of (TPCO)(MDABCO™*)(Cgo® ™) (3) were obtained by the diffusion method. Cg,
reductant CH3CH,SNa, and MDABCO-I were stirred in a PhCl, /PhCN mixture. TPC was dissolved
in the obtained solution and n-hexane was layered. The diffusion was carried out over a period of
two months to give black hexagonal prisms on the walls of the tube of sizes up to 0.5 x 2 x 2 mm?
(Figure 4c) [146].
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The formation of 3 can be well interpreted by two kinds of key-keyhole relation (Figure 4).
In the first step, three TPC molecules (D) surround MDABCO™ molecule (D,*), both molecules have
threefold symmetry, to form cationic supramolecular unit (Supramolecule 1: [(TPC%)3(MDABCO™)])
as shown in Figure 4(a-1).

A Cg®~ molecule fit into the concave of the supramolecular unit to form a unit of
{Supramolecule 2: [(TPC%)3(MDABCO*)](C4* )} according to the second key-keyhole relation
(Figure 4(b-1)). The Supramolecule 2 units assemble to form 2D layer of hexagonally packed Cgp®~ in
the ab plane ([(TPC)(MDABCO*)(Cg0®)]eo, Figure 4(b-2)). In another view, C4)*~ molecules were
assembled according to the 2D sheet of the polycationic template [(TPC’)(MDABCO*)]s shown in
Figure 4(a-2) to form crystal 3. Such packing of C4(®~ was generated on one side of the polycationic
template and is denoted as Layer A.

/'/N S (b-l)

(a-1) top view

LN/
CINT Me @
TPC MDABCO*

D D, 6+ @ —) side view
[D:9)5(D;)] .

——— (CONCRTCW)!
Supramolecule 2

[(TPC°)(MDABCO")]., [(D1°)(D,*)(Cgo™)l.

Figure 4. The formation of two-dimensional (2D) C¢°® ™~ layer (Layer A) on the polycationic template
of [(TPCY)(MDABCO")]w: Three TPC (D;) and one MDABCO* (D,*) molecules form the first
supramolecular unit ((a-1): Supramolecule 1 [(D1%)3(D,*)]), and a Cgp® ~ molecule fits into the concave
to form the second supramolecular unit ((b-1): Supramolecule 2 [(D19)3(D2H)1(Ce0° 7). They assemble
to form a 2D layer (Layer A) of hexagonal packing of Cgo®~ ((b-2): [(TPC?)(MDABCO*)(Cg0°® ™)]eo)-
In another view, the 2D arrangement of the first supramolecular units (a-2), where N atoms of MDABCO
agglomerate at the crossing points of lines, works as a cationic template to arrange Cgy®~ molecules at
the crossing points to form hexagonal layer of C¢y®~ (Layer A) (b-2). (N: blue, H: pale blue, C: yellow).
The thin lines in (a-2,b-2) are a guide to the eye. (c) Single crystal showing the ab face.

Figure 5 shows the size of MDABCO" (Figure 5a,b), the height of TPC (Figure 5¢), and some parts
of Supramolecule 1 (Figure 5d) at 200 K. The neighboring TPC molecules are separated by 9.82 A,
so that it is able to prevent the bond-formation between Cgp®*~ molecules when they pack on the
template in a hexagonal lattice structure, where the intermolecular distance of MDABCO* molecules
corresponds to N---N (blue points in Figure 4(a-2)) with separation distance of 9.99 A. The MDABCO™*
molecule is thicker (7.27 A) than the thickness of the holder, which is composed of three TPC molecules
(7.05 A). Consequently, one side of Supramolecule 1 has a concave shape where N atoms are centered
and the Me of N-Me* group of MDABCO™" extrudes from the holder on the opposite side. Therefore,
the C40®~ hexagonal layer on the top of the polycationic template in Figure 4(a-2), namely Layer A
(Figure 6a,b) has different steric and electronic environment than the C4®~ hexagonal layer at the
bottom of the polycationic template (Layer B, Figure 6a,c).

Figure 7 demonstrates the key-keyhole relation for layer B. Three TPC? and three MDABCO*
molecules constitute Supramolecule 3, [TPCO13[MDABCO*]; (Figure 7a), according to the first
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key-keyhole relation. Here, six methyl groups of six MDABCO™ molecules, three from the top
(TPC%)(MDABCO™) layer and three from the bottom layer, constitute an octopore to hold one Cgy®~
molecule to afford {(TPC%)(MDABCO™")s(Ceo® )}, according to the second key-keyhole relation.

Figure 7b shows one Supramolecule 4, (TPC%)3;(MDABCO*)3(Cgo®~). The 2D assembly of
Supramolecule 4 generates the hexagonally packed Cgy®~ Layer B (Figure 7c), which corresponds to
Figure 6c¢.

Figure 5. Size of the component molecules and parts of Supramolecule 1 (TPCY)(MDABCO™), at 200 K.
C: yellow, H: white-blue, N: blue: (a,b) Molecular size of MDABCO* molecule; (c¢) The height
of TPC molecule (Schematic figure); (d) Supramolecule 1 made of three TPC? molecules and one
MDABCO* molecule.

@)
(b) Me group of MDABCO ()
TPC

Layer A \C@OdCﬂE\OBC@OdOCO
/{ @D

(68

[110]

Figure 6. Crystal structure of (TPC?)(MDABCO*)(Cyp® ™) at 160 K: The (TPC’)(MDABCO") layer and
Cgo®~ layer stack along the c axis with the sequence of the Layer A of Cy®~/(TPC’)(MDABCO")
layer/Layer B of Cgp® ™. (a) C¢p® ~ molecules in Layer A are arranged between the N atoms of MDABCO
(drawn in red and N atoms and methyl groups are drawn in dark and bright blue, respectively) when
viewed along the c axis. The methyl groups of MDABCO molecules are arranged towards the Cq
molecules in Layer B and outline an octopore around Cg. Configuration of the molecules in the slabs
A (b) and B (c). The thin lines show the geometry (triangular lattice) connected between the centers of
Cgo molecules.

At 300 K, Cgp®~ molecules are ordered in Layer A (r = 10.07 A, overlap integral s = 1.91 x 1073,
Figure 8a), while C40®~ molecules in Layer B are disordered. At the same temperature, half of the
MDABCO" cations are disordered between three orientations that are linked by their rotation about
the lattice threefold axis. On Layer A, the r value decreases monotonously to 9.97 A at 183 K at which
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temperature a transition from rhombohedral to triclinic occurs. Assuming linear shrinkage of the
interfullerene distance along the a axis below 160 K, r = 9.54 A is evaluated at around 4 K, where no
dimerization was experimentally detected. The calculated Fermi surfaces of both Cgy®*~ layers have a
closed 2D pocket at I' point and suggest 2D metallic nature in the ab plane (Figure 8b).

3 +
A
- Me
TPC MDABCO+ N
D, D, AW W

-\-'r"l'pr"ir‘
[(D1)3(D2")s] o s W

Supramolecule 3 Supramolecule 4 [TPC“)(MABC')(CB.,'-)]m

Figure 7. Formation of a 2D Cgy®*~ layer (layer B) on the polycationic template of [(TPC?)
(MDABCO*)]w: (a) Three TPC? (D;) and three MDABCO* (D,*) molecules form Supramolecule 3
[(D1%)3(Dy*)3]; (b) A Cgp®~ molecule fits into the concave to form Supramolecule 4 {[(D;°)3(D,")3]
Cg0°~}; (¢) 2D layer (Layer B) of hexagonal packing of C¢y®~ by assembly of Supramolecule 4.

(d)

Figure 8. (a) View of the ab plane of fullerene Layer A in (TPC’)(MDABCO*)(Cg® ) at 300 K. The van
der Waals C---C contacts shorter than 3.42 A are shown by dashed lines. Numbers 1-3 indicate the r
values; (b) The calculated Fermi surface of Layer A at 200 K, (c) that of Layers A at 160 K, and (d) that
of Layer B at 160 K. (a) was reproduced from [12] and (b—d) were from [146].

With decreasing temperature, ordering of the orientations of C4p®~ and MDABCO" started below
200 K. A complete ordering of all three of the component molecules was found in the crystal structure
at 160 K (Figure 6). These observations suggest that the orientation disorder of Cgp°®~ is closely linked
with that of MDABCO®*. The calculated overlap integrals at 160 K are s = 2.57 x 103 (//a),2.03 x 1073
(//b),and 2.76 x 1073 (//a + b) for Layer A and 2.45 x 1073 (//a),2.21 x 1073 (//b), and 1.61 x 1073
(//a + b) for Layer B. The calculated bandwidth W is 0.103 eV at 300 K for Layer A, 0.150 eV and
0.133 eV for Layers A and B at 160 K, respectively. The calculated anisotropy of the transfer interactions
fattpitasp = 1:1:1 for Layer A above 183 K changed to fa:fp:fo41, = 1.27:1:1.36 for Layer A and ta:f,:t,4p
=1.52:1.37:1 for Layer B at 160 K. The ratio of the triangular spin lattice is defined as 2t,/(t, + tasp),
2t/ (ta + tasp), and 2t/ (fa + tp). However, the last two definitions provide inadequate '/t values
of 0.60-0.76 for layer A and 0.54-0.69 for Layer B at 160 K that suggests a much enhanced 2D nature
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than that at RT. So using the ratio '/t = 2t/ (t + ta4p), the calculated anisotropy is 1.00 (300 K) and
1.07 (160 K) for Layer A and 0.99 (185 K) and 1.28 (160 K) for Layer B. The spin frustration of this spin
lattice is comparable to that of k-(ET),Cuy(CN)3 (#'/t = 1.09 at RT, 1.07 at 100 K) [54] and stronger than
a Mott insulator x-(ET),B(CN)4 [150] (¥ /t = 1.42 at RT, 1.61 at 100 K, ground state is valence-bond
solid). However, the increase of W together with the ordering of C4®~ molecules in Layer B below
200 K gave rise to a superior itinerancy (metallic state) than localization (QSL state) for this salt.

The resistivity measurements carried out using the four probe method indicate that salt 3
is metallic within the ab plane from 360 (1.8 S-em™ 1) to 200 K (14 S-cm™1), after which a rapid
enhancement of the metallic nature occurs from 200 K to 185 K (33 S-cm™!) (Figure 9a).
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Figure 9. (a) Temperature dependent resistivity in the ab plane and the ratio o,/ /4, of (TPCY)
(MDABCO*)(Cgp°® ™) by the four probe method (inset: single crystal with gold wires and paste)
(from [146]); (b) Temperature dependence of conductivity by the four probe method, microwave and
optical conductivity (from [12]); (c) Temperature dependent EPR peak ratio A/B for the Dysonian
line from the single crystal (inset: the spectrum at 183 K) (from [146]) is compared with that of a
superconductor B-(ET),I3 (T, = 1.5 K); (d) Temperature dependent molar magnetic susceptibility
(xm) (closed circles, and blue curve fits in xo + C/(T — Ocw) (xo = 6.5 x 107* emu-mol~!, C =
0.160 emu-K-mol~!, and @cw = —31 K). Red bars for (a,c,d) show temperature interval from 185 to
200 K (from [146]).

The temperature range of this anomaly between 200 K and 185 K, indicated by two red lines,
coincides well with that of an ordering of C¢y®~ in Layer B, showing that the ordered Cgy®~ radical
anions in Layer B start to participate in the metallic transport below 200 K. The resistivity could not
be measured correctly below 70 K because of a large increase in the contact resistance, due to its
air-sensitivity, even though it was measured in an inert atmosphere. The contactless microwave and
optical measurements revealed that the conductivity increased down to 100-25 K and the metallic state
is preserved down to 5 K (Figure 9b) [12]. The optical conductivity is nearly flat below 150 K down to
5K.
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The asymmetry ratio of the Dysonian EPR line shape between the maximum and minimum of the
absorption derivative (A /B, Figure 9c inset) of 3 is compared with that of -(ET),I5 (Figure 9¢) [151],
which is highly metallic and shows SC with T, = 1.5 K [152]. For B-(ET),I3, the EPR signal is Lorentzian
(A/B =1) at RT and the peak ratio A/B increases below 130 K to about A/B = 3.0 (at approximately
50 K) followed by a gradual decrease down to 5 K. In comparison, the A/B values of 3 are considerably
large even at RT (A/B = 2.4). It exhibits an abrupt increase below 200 K reaching a maximum of 4.2
at 183 K, which coincides well with the rapid conductivity increase, then falls to 2.3-2.4 below 183 K.
The A /B ratio slowly decreases below 100 K, but the Dysonian shape is observed even at 4 K (A/B =
1.64), thus confirming the existence of a highly conducting state down to 4 K.

At 230-330 K, molar magnetic susceptibility (xym) can be fitted by a combination of the Pauli
and Curie-Weiss terms: xy = xo + C/(T — Ocw) with a constant yg = 6.5 x 107* emu-mol~},
C=0.160 emu-K-mol~!, and @cyy = —31 K (blue curve in Figure 9d). C of 0.160 emu-K-mol~!
corresponds to the contribution of about 43% of the spins from the total amount of Cgp
(C =0.374 emu-K-mol~! for 100% of spins). Consequently, the spins in one layer (Layer B) are treated
as localized ones and they interact antiferromagnetically with Gcyw of —31 K. A reversible decrease in
XM is observed at 200-230 K. Below 200 K, the temperature-independent susceptibility (xo) of about
10.0 x 10~* emu-mol~! is attributed to the Pauli paramagnetic contribution, implying a metallic state
down to 1.9 K. The scenario is that ordering of both Cg®~ in layer B and MDABCO" triggered a
transition from a non-metallic and antiferromagnetically frustrated state to a metallic state for spins of
Ce0®~ in Layer B, while ordered Cgo®~ in Layer A kept its 2D itinerancy over the entire temperature
range. The strong coupling between the ordering of Cgp and physical properties is intriguing and was
previously observed in some fullerene salts [153-156].

Salt 3 is the first 2D monomer-type Cg®~ organic metal composed of only light elements (C, H,
N). Even though rapidly cooled AC¢y®*~ (A = Cs and Rb) were reported to be monomer-type metals
below 150 K and 125 K, respectively, definitive information is needed concerning the stoichiometry,
metallic behavior, dimensionality, and crystal structure to confirm a monomer-type metal [71,72,157].

Summarizing the information concerning the geometry of spin lattice of 3, the C4p®~ molecules
form hexagonal stacking according to the geometry of cationic template (TPC’)(MDABCO*), both of the
component molecules have threefold symmetry, by key-keyhole relation. Layer B has '/t = 0.99 (185 K),
which indicates strong spin frustration and is close to those of QSL candidates x-(ET),M»(CN)3 (M = Cu;
t'/t=1.09, Ag; t'/t=0.97), | Ocw | =31 K s estimated in the range of 260—300 K, and r = 10.07 A (RT).
No dimerization of C4y®~ occurred down to 1.9 K.

4.1.2. Only Frustrated Spins in 2D Hexagonal Packing of Cgp®~ in (TPCO)Y(MQ*)(Cgp® )

By a using MQ™ instead of MDABCO™*, where MQ* is N-methylquinuclidinium cation, both of
which have threefold symmetry, an AF insulator (TPCY)(MQ*)(Cg0°®~) (4) was obtained [12]. The Cg
molecule, a 10-fold molar excess of CH3CH;SNa, and a 5-fold molar excess of MQ-I were reacted in a
PhCl, /PhCN mixture. Into a filtered solution, TPC was dissolved and filtered. n-Hexane was layered
over the obtained solution. Black hexagonal prisms up to 0.2 x 0.5 x 0.5 mm? were harvested after
two months.

A major difference between MQ* (Figure 10a—c) and MDABCO" is that the vertical size of MQ*
(7.87 10%) is larger than that of MDABCO" cation (7.27 A) since the carbon atom with hydrogen in MQ*
instead of uncharged nitrogen atom in MDABCO™ that is caused some kind of distortion in the layered
packing of Cgp molecules. The size of MQ™ is 5.86 A x640A (Figure 10c), which is very close to that of
MDABCO"*. Figure 10d,e show the sizes of the fundamental units at 250 K. Similar to the MDABCO*
salt, three TCP and one MQ™" molecules form Supramolecule 5; (TPCY)3(MQ™), with a periodicity of
TPC molecules of an average of 10.15 A (Figure 10d) and periodicity of N-site in MQ* molecules of an
average of 10.04 A (Figure 10e).

Crystal 4 has lower symmetry (triclinic unit cell) than 3 at RT. Similar to 3, crystal 4 has layered
packing in which hexagonal fullerene layers alternate with the (TPC?)(MQ) layers along the c axis
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(Figure 11a) in the sequence of (TPC?)(MQ") layer/Cyy®~ Layer A/(TPC?)(MQ*) layer/Cgo®~ Layer B.
Figure 11b,c show the view along the c axis for Layer A and Layer B, respectively.

The key-keyhole relation between Cg in Layer A and (TPC?)(MQ") is presented in Figure 12.
Three TPC molecules and one MQ™ form Supramolecule 5, (TPC?)3(MQ™), via the first key-keyhole
relation. Then, Cg®~ molecule fits into the concave of Supramolecule 5 to give Supramolecule 6,
[(TPC®)3(MQ*)](Cg0®~), similar to the case of {[(TPC®)3(MDABCO*)](C40®~)} (Figure 4(b-1)) by the
second key-keyhole relation. The Supramolecule 6 units assembled to form (Supramolecule 6)«
generating Layer A of (TPCO)(MQ*)(Cgo® ) (Figures 11b and 12d).

(@) (b)

7.87A

(TPCY)4(MQ*)
Supramolecule 5 [(TPCO)(MQY)].,

Figure 10. (a—c) Shape and size of cation molecule MQ* in (TPCY)(MQ*)(Cgo®~) at 250 K. The H
atom attached to one N atom is shown in red; (d) The distance of the neighboring TPC molecules in
Supramolecule 5 (TPC%)3(MQ"); (e) Intermolecular distance between neighboring MQ* molecules
(N---N distance) in the polycationic template of (Supramolecule 5),.
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Figure 11. (a) Crystal structure (250 K) projected along the [11(-)0] axis. The (TPC?)(MQ") layer
and Cg0®~ layer stack along the c axis with the sequence of (TPCY%)(MQ™) layer/Cg®~ Layer
A/(TPCY)(MQ) layer/Cg®~ Layer B. The MQ™ cations are shown in major occupied orientation
in red color; (b,c) Projected views perpendicular to the layers, A layer slab (b) and B layer slab (c) [12].

From a different point of view, Cg°®~ molecules fit into the concaves in the polycationic template
of layered unit of [(TPC®)(MQ*)]w (Figure 12¢) to form Layer A in 4 (Figure 12d). Figure 12e,f illustrate
how one Cgp®*~ molecule in Layer A is embedded between two layers of (TPCY)(MQ*) where the TPC
molecules in the upper and lower layers are shown in different colors. C4®~ molecules in Layer A
are well fitted in the TPC hole formed by the six TPC molecules in the upper and lower (TPCOH(MQ*)
layers (Figure 12e). In Supramolecule 5 [(TPC%)3(MQ™)] (Figure 10d), the extra hydrogen atom (red
circle in Figure 10a) in MQ* prevents the MQ" cation from arranging vertically relative to the fullerene
layers resulting in a lowered crystal symmetry. Figure 13g,h show the calculated Fermi surfaces by the
tight-binding method combined with the semiempirical (AM1) molecular orbital calculations based on
crystal structures at 250 K and 100 K, respectively. The band calculation of Layer A at 250 K indicates
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that the salt has 2D Fermi surfaces. However, due to the doubling of the unit cell along the b axis,
a semi-metallic Fermi surface was estimated at 100 K.

Surprisingly, Layer B also has a hexagonal packing of Cg°*~ molecules in spite of the use of longer
cation molecule MQ* by 0.60 A than MDABCO*. Figure 13 shows the formation of Layer B similar to
that in Figure 7. Figure 13a shows Supramolecule 7 by the first key-keyhole relation made of three
TPC and three MQ™ molecules. The Cgy molecule fit into the hollow site where three MQ* molecules
formed that corresponds to the crossing points of black lines in Figure 13c to form Supramolecule 8
[(TPC%)3(MQ*)3(Ceo® )] (Figure 13b). This is the second key-keyhole relation.

R R
Ve VAl

TP, (TPCAMaYCa L,
Figure 12. Key-keyhole relation for the Layer A in (TPCO)(MQ*)(Cgp®): Asymmetric placing of MQ*
in the (TPC?)3 hole to form Supramolecule 5 by first key-keyhole relation (a) and docking of Cgp®~
into the pit of Supramolecule 5 gives Supramolecule 6 (second key-keyhole relation) (b); (c) A layer of
[(TPCY)(MQ*)]eo composed of Supramolecule 5; (d) A layer of [(TPCY)(MQ*)]e and Cg®~ molecules
are assembled by fitting the C¢y molecules into the concaves in the layer of [(TPCY)(MQ*)]e to form
the Layer A of (TPC?)(MQ*)(Cgo® 7). Black lines are guides to the eye. Cgy molecules are arranged at
the crossing points of black lines; (e,f) show the relation among the Cgyp molecule in Layer A and upper
and lower layers of (TPC?)(MQ"). Upper and lower layers of (TPC’)(MQ*) are drawn in different
colors: top down view (e) and side view (f); (g,h) Calculated Fermi surface of Cgy assemble in Layer A
at 250 K (g) and 100 K (h) [12].
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Figure 13. Schematic key-keyhole relation to form Layer B of (TPC?)(MQ*)(Cgo®~): (a) Supramolecule
7: an assembly of three TPC and three MQ* molecules for Layer B by the first key-keyhole relation;
(b) Cg0°®~ molecule fit into Supramolecule 7 to form Supramolecule 8 [(TPC%)5(MQ*)3(Cgp® ~)] in the
Layer B; (c) Polycationic template of 2D layer (TPC’)(MQ") composed of Supramolecule 7; (d) Cgo® ™~
molecules are assembled by fitting the Cgy molecules into the concaves in the layer of (TPCY)(MQ™) to
form the Layer B of (TPC?)(MQ™*)(Cgo® ™). Dark thin lines are guides to the eye; (e,f) Six MQ* molecules
from the adjacent (TPCY)(MQ™) layers form octopores for C¢y®~ in Layer B; (g,h) Calculated Fermi
surface of Cg assembly in Layer B at 250 K (g) and 100 K (h) [12].
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The 2D assembly of supramolecular units [(TPCY)3(MQ*)3(Cep® )] leads to Layer B on the
(TPC%)(MQ™) layer (Figure 13d). From another view, the C49®~ molecules assemble using polycationic
template of 2D assembly of the first supramolecular units (Figure 13c) and leads to Layer B on the
(TPCY)(MQ) layer (Figure 13d).

In Layer B, C¢p®~ molecules are sandwiched between 2D layer of (TPCYH(MQ*) formed by
Supramolecule 7 (Figure 13e). Here, the C4®~ molecules are more in contact with MQ* than with
the TPC molecules. The intermolecular interactions between Cg®~ and MQ" are dominant factors
that determine the packing of (TPC)(MQ*) and Cgo®~. Cgo®~ molecules in Layer B, which are
allocated at each hollow site where the six MQ" cation molecules combine: three MQ™ molecules in
one (TPCY(MQ*) layer and three MQ* in the neighboring (TPCYH(MQ™) layer constitute an octopore
for C¢p°®~ molecule in Layer B (Figure 13e,f). The fusion of the assemblies of (TPCY(MQ*) and Cgo®~
molecules while maintaining the relation of octopores in Figure 13e,f leads to the packing pattern
of C¢®~ in Layer B in the ab plane (Figure 13d). Similar to Layer A, the band calculation of Layer
B indicates that the salt has 2D Fermi surfaces at 250 K and a semi-metallic Fermi surface at 100 K
(Figure 13g,h).

The MQ* cations are disordered between two orientations at 250 K and even 100 K. In spite of
the disorder of MQ", the fullerene anions are ordered in 4 at both temperatures. The center-to-center
interfullerene distances of 10.12, 10.16, and 10.18 A at 250 K (Figure 14a,b) are noticeably larger than
the distance of 10.07 A in 3 at 300 K. Owing to the increased interfullerene distance in 4, the average
overlap integrals are smaller than those of Layer A in 3, giving rise to localized nature of spins (Mott
insulator) in 4 with distorted triangular spin lattice.
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Figure 14. Packing of C4y*~ at 250 K and magnetic behavior of (TPC’)(MQ*)(Cgo® ™) [12]: (a) Packing
pattern of Cg in Layer A in the ab plane; (b) Packing pattern of Cgy in Layer B in the ab plane.
Van der Waals C---C contacts shorter than 3.42 A are shown by dashed lines. Numbers 1-3 indicate the
center-to-center distances between Cg0® ~; (c) Temperature dependence of molar magnetic susceptibility
and reciprocal molar magnetic susceptibility of (TPCY)(MQ*)(Cgp® 7). Red curve shows the fitting of
the molar magnetic susceptibility data in the 50-300 K by the Curie-Weiss law with Weiss temperature
of —27 K.

The calculated overlap integrals at 100 K are s = 0.78 x 1073 (//a),1.82 x 1073 (/ /1), and 2.24
x 1073 (//a + b) for Layer A and 2.81 x 1073 (/ /a), 1.97 x 1073 (//b), and 1.51 x 1073 (/ /a + b) for
Layer B. The calculated bandwidths are 0.103 (0.112) and 0.097 (0.113) eV for Layer A and Layer B at
250 K (100 K), respectively. Similar to 3, the ratios 2t,,/(ta + ta4,) and 2(ta + t,)/(ta + tp) are 0.85 and
1.17 for Layer A and 0.91 and 0.64 for Layer B at 100 K. Since the calculated Fermi surface shows 1D
properties, it is more appropriate to use 2t,/(t, + t,.p) instead of 24, /(ta + taip,) and 2ty /(ta + 1,).
The calculated anisotropy of the transfer interactions at 250 K is t,:fp:ta4p, = 1.04:1:1 (¢ /¢ = 1.04) and
1:1.40:1.23 (¢ /t = 0.76) for Layer A and Layer B, respectively. The anisotropy changed to 1:0.90:1.11
(#'/t=0.99) for Layer A and 1:0.70:0.54 (#'/t = 1.61) for Layer B at 100 K. The anisotropy of Layer A is
close to that of x-(ET),Cuy(CN)3, and the geometrical spin frustration is comparable to that of 3.
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The relatively large distances between Cg)®~ prevent their dimerization but allow for the
manifestation of a magnetic interaction between them. Reciprocal molar magnetic susceptibility
is described well by the Curie-Weiss law in the 30-300 K range with negative Weiss temperature of
Ocw = —27 K (Figure 14c), indicating AF interaction of spins in the fullerene layers. The | Ocw | is
small, owing to the weaker AF interactions than that in 3 because of the larger interfullerene distance.
In spite of the strong AF interaction of spins, magnetic ordering is not observed down to 1.9 K in this
distorted triangular spin lattice system (f > 14). The resistivity measurements were impossible owing
to small size of the crystals.

In summary, concerning the geometry of spin lattice of 4, the C¢p®~ molecules form hexagonal
stacking according to the geometry of cationic template (TPC?)(MQ™) by key-keyhole relation similar
to that for 3. There are two fulleride layers and both have distorted hexagonal arrangement of Cg0®~
with ¢/t = 0.99 for Layer A and t'/t =1.61 for Layer B. Owing to large r (10.12-10.18 A at 250 K), small
I Ocw | (27 K) is estimated in the range of 30-300 K. No dimerization of Cgp°® ™~ occurred down to 1.9 K
(f >14).

4.1.3. Distorted Hexagonal Packing of Cgp®~ in (PhCNO)(TMP*)(Cgo®~), (PhCNO)(PhsMeP*)(Cgo® ),
and (PhCL%)[(PhsP)3 Au*]2(Ce0® ~)2(Ce0)

(PhCN)(TMP*)(Ce0° )

Single crystals of the three-component salt (PhCNC)(TMP*)(Cgp®~) (5) were unintentionally
obtained, where TMP* is N,N,N'-trimethylpiperazinium cation (D,*) and solvent molecule PhACN
is neutral (D;%) [148]. The crystal structure was solved at 120 K and 90 K. The Cgy molecules are
disordered at 120 K and ordered at 90 K with trebling of the unit cell, which made the calculation of
band parameters difficult.

The 2D Cg®~ hexagonal layer in 5 is sandwiched between the layers composed of (PhCNO)(TMP*)
(Figure 15a). Since the components molecules D; and D; do not have threefold symmetry, the Cgp®~
layer shows distorted hexagonal packing (Figure 15b). Further, the TMP* cations form pairs and are
deeply embedded in the C4(®~ layers to deform the Cgp®~ packing and are found near the center of
the hexagonally arranged Cgy*~ molecules. Methyl groups of TMP* and PhCN molecules work to
prevent the close approach of C¢y®*~ molecules and no bond-formation between Cg(®~ was detected
down to 2 K. The shortest r value along the interlayer direction is 10.39 A at 120 K, indicating weak
interlayer interactions, where the spin lattice should be 2D.

Only three types of interfullerene interactions with different r (9.90, 10.20, and 10.43 A at 120 K)
are essential within the Cq layer and the ratio of the transfer interactions are #;:f,:t3 = 0.9:1:0.5 for the
major Cg orientation. In spite of the hexagonal environment of the fullerenes in the layers, vdW C---C
contacts are formed with only three fullerene neighbors. Therefore, the geometry of model spin lattice
is not triangular owing to weak magnetic interaction shown by dashed green lines (for r = 10.43 A,
s3 = 0.66 x 1073) in Figure 15¢. Blue (for r =9.90 A, s; = 1.25 x 103) and red (for r = 10.20 A, s, = 1.41
x 1073) lines represent the main interactions J1:J5:3 = 0.79:1:0.22. Even though the r value for blue line
is much shorter than that of the red line, s; is larger than s; owing to more favorable orientation of
Cgp for sp. The main magnetic interactions indicated by red lines extend along the b axis, and such 1D
zigzag magnetic chains are connected by magnetic interactions along the c axis by blue lines. The unit
of the spin lattice is edge-shared hexagonal, which is composed of four red lines and two blue lines
(Figure 15¢) and forms a 2D layer.

The temperature dependence of the reciprocal magnetic susceptibility for salt 5 is linear in the
70-300 K range with Ocw = —11 K (f = 5.5, no dimerization of C¢y®~ occurred). The resistivity at RT is
p=7x 107 Q-cm.
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Figure 15. (a) Crystal structure of (PhCN)(TMP*)(Cgo®~) at 90 K viewed along the b axis. Black and
red arrows indicate the layer of (PhCNO)(TMP*) and (Cg® ), respectively; (b) View of the Cg layer at
120 K showing the r < 10.20 A by green lines; (c) Possible spin lattice geometry corresponding to (b)
with overlap integrals; red line: s, = 1.41 x 103 (r = 10.20 A), blue line: s; = 1.25 x 1073 (r=9.90 A)
and green line: s3 = 0.66 x 1073 (r=10.43 A) giving [1:/»:J3 = 0.79:1:0.22 for the major Cg orientation.
Only one Cg®~ orientation is shown in (c). (a,b) were reproduced from [148].

(PhCNO)(PhsMeP*)(Cg®~)

Insoluble precipitates obtained by the reduction of C¢y with sodium fluorenone ketyl in PhCl,
in the presence of PhsPMeBr were dissolved by the addition of PhCN. n-Hexane was layered on
the filtered solution to grow single crystals of (PhCNO)(Ph3MeP*)(Cgp®~) (6) where Ph3MeP* has a
threefold symmetry [105]. The crystal structure at 250 K (Figure 16) shows hexagonal packing of Cgp®~
and supramolecules (PhCN?)(Ph3PMe*) are located in the centers of fullerene hexagon.

Hence, Cg0°*~ has only three negatively charged fullerene neighbors similar to that observed
in 5 (Figure 15b). The somewhat low value of r = 9.92, 9.96, and 10.07 A may result in higher spin
frustration than for 5. The lowest interlayer 7 is 10.15 A suggesting strong 2D nature within the Cq
layer in Figure 16. The Cg4p°®~ molecules aj-a4 in Figure 16 form a flat layer, where the overlap integrals
are s(aj—ap) = 2.14 x 1073, s(a;—az) = 2.29 x 1073, s(a;—ay) = 0.70 x 1073, and s(ay—a3) ~s(az—as)
~s(ag—ayg) ~s(aj—ay/) = 0. The spin lattice geometry (Figure 16b) is approximated as the 1D nonuniform
zigzag chain along the b axis with alternating red and blue lines and the lines are connected by weak
magnetic interactions by green lines (ratio of ] values = 1:0.87:0.09). Salt 6 shows much stronger 1D
properties than those of salt 5.

The EPR intensity decreases from 295-220 K, smoothly followed by a rapid decrease due to
reversible dimerization of Cg®~ below 220 K. Upon cooling down to 120 K, the C4o®*~ radical anion
pairs, which has r = 9.92 A at 250 K, form singly bonded (Cgp ™), dimers with r = 9.28 A. Therefore,
no Ocw value is determined in this system. The steric protection to avoid the bond-formation is not
sufficient in this solid. The solvent free crystal (PhsMeP*)(Cg0°~) (2) exhibits completely different
structural and physical properties (vide infra) without the dimerization down to 1.9 K.
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Figure 16. (a) Crystal structure of (PhCN?)(PhzMeP*)(Cyp®~) at 250 K. Four Cyo®~ molecules (aj—as)
form a flat layer [105]; (b) Schematic of possible spin lattice with magnetic interactions with overlap
integrals s1= 2.29 x 1072 (red, r = 9.921 A) > 5, = 2.14 x 1073 (blue, r = 9.961 A) > s3 = 0.70 x 1073
(green, r = 10.066 A), giving [1:J2:J3 = 1:0.87:0.09. Only one major orientation is shown for C4°®~ in (a,b).

(PhCLO){(PhsP)sAut}2(Ceo®~)2(Ceo)

By using a very bulky cation (PhsP);Au® with Cs, symmetry, single crystals of (PhCl,%)
{(PhsP)3Au*}2(Cg0°*)2(Cep) (7) with a highly symmetric trigonal lattice were obtained, in which
the supramolecule {(PhCLY)[(PhsP)3Au*],} is a cationic template that accommodates Cgp molecules
hexagonally [149]. The crystal structure was solved for a crystal slowly cooled down to 100 K.

Hexagonal corrugated Cgp layer is sandwiched between the layers of { (PhCL,%)[(PhsP)3Aut],}
along the c axis (Figure 17a).

Fullerenes and PhCl, molecules located on the Cs3, symmetry axes are statistically disordered
between three orientations. The (Ph3P);Au™ cations are ordered and located on the Cs, symmetry
axis. The (Ph3P);Au* cations are too large in size to fit into the size of a C4y molecule, but the size
of supramolecule {(PhCL))[(PhsP);Au*],} approximately corresponds to that of three Cgp molecules.
The Cgp layer and {(PhCL,°)[(Ph3P);Au*]y} layer, which is indicated by black arrows in Figure 17b,
alternate along the ¢ axis. Cg9 molecules move from the layers toward planar PhCl, molecules to form
strongly corrugated Cg layers.

The fullerene layer consists of different charged Cgp molecules with —1 and 0 denoted as I and I,
respectively, in Figure 17a—c). Interestingly, C¢p®*~ molecules are sandwiched between a (Ph3P); Au*
cation molecule and a PhCl, molecule while Cgy? molecules are sandwiched between two (PhsP)zAu*
molecules along the ¢ axis, as shown in Figure 17b. Negatively charged and neutral Cgy molecules
are closely packed within hexagonal layers with 7 (I---I) = 10.02 A, while between Cgo®~, it is long
with 7 (I--I) = 10.37 A due to corrugation. The magnetic interactions between Cgy®~ molecules
in the neighboring fullerene layers are expected to be small based on its r value (r ~13.9 A). As
a result, the magnetic interactions are 2D. Each Cg*~ has only three negatively charged fullerene
neighbors within a fullerene layer, namely Cgy®~ molecule a; is surrounded by Cgp®~ molecules ay—ay4
in Figure 17c. They form distorted tetrahedral spin lattice composed of Cg°*~ molecules aj-ay (red
lines in Figure 17d). The a; molecule projects out of the ap—a4 plane in Figure 17d by only 3.03 A.
The tetrahedral units are arranged in the 2D plane by apex-sharing. The overlap integrals have not
been obtained due to severe disorder of fullerene molecules. Owing to the very large center-to-center
distance between the Cgp*~ molecules, the AF interaction is weak (Ocw = =5 K, f =2.6). In order to
enhance the magnetic interactions, smaller sized cationic supramolecules than [(PhCl,°){(Ph3P); Au*},]
well matched with two Cgy molecules would be preferable. The resistivity at RT is approximately p = 4

% 10° Q-cm. EPR measurements confirmed no dimerization of Cgy®~ down to 4.2 K.
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Figure 17. (a) Crystal structure of (PhCL)[(PhsP)sAu*15(Ceo® )2(Ceo) at 100 K viewed along
the c axis (in the cationic supramolecule, C: red-violet, Cl: green, P: orange, Au: yellow). Only one of
three orientations is shown for Cg and PhCl, molecules. I: Cgo®~, II: Cgo?; (b) View along hexagonal
Cgo layers and the diagonal of the ab plane. Black arrows indicate the (PhCL%)[(PhzP)3Au*],
supramolecule layer (r, = 10.37 A, n, ~1392 A); (c) View of the Cg layer at 100 K for
(PhCLY)[(Ph3P)3 Au*]5(Ceo®~)2(Cep) showing r in A. Black dashed lines link Cg centers. Four Cg®~
molecules (aj—ay) form tetrahedral spin lattice with r = 10.37 A and the a; molecule projects out of the
ap.4 plane by 3.03 A; (d) Possible spin lattice geometry (red lines). Only one orientation of Cg®~ is
shown. Black ball is C4p®~. (a—c) were reproduced from [149].

4.1.4. Frustrated Spins in 3D Hexagonal Packing of C¢p®~ in (DMI*)3(Cgp® )(I7)2

Hexagonal packing of Cgy®~ molecules is also formed in (DMI*)3(Cgo®~)(I7)2 (8) [145], where
cationic template is delivered by a three-dimensional (3D) network of [(DMI*)3(I7),] (Figure 18),
where DMI* is N,N’-dimethylimidazolium cation with no threefold symmetry. This system is not
within the (D;°)(D,*)(Cgo®~) scheme, but the supramolecular cationic template [(DMI*)3(I");] has
threefold symmetry.

The single crystals were obtained by a diffusion method. Cg), an excess of DMI-I and reductant
CH3CH,SNa were stirred in a PhCl, /PhCN mixture. The mixture was cooled and n-hexane was
layered over the solution. The diffusion was carried out during one month to give the single crystals
on the wall of the tube with the size of 1 x 1 x 0.5 mm?.

The 3D network of [(DMI*);(I7),] is held together by the hydrogen (H)-bonds between the
H atoms of DMI* cation (Figure 18a) and I~ anion. The crystal structures at 100 K are shown in
Figure 18b,c. The H atoms at 3- and 4-positions of DMI* have H-bonds with one kind of I anion,
denoted as Ig~. One Iz~ anion is surrounded by six DMI* molecules; namely, Iz~ anion in red
color in Figure 18b,c has H-bonds with six H atoms at 4-position (three up and three down along
the ¢ axis, see Figure 18c). The supramolecular unit composed of three DMI* molecules and two
Iz~ anion molecules; Supramolecule 9 [(DMI*)3(Ig )], which corresponds to the unit encircled by
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magenta dotted circle in Figure 18b,c, has a similar threefold symmetry like TPC molecule as shown
in Figure 18d. Three Supramolecular 9 units encircle one Cgp*~ molecules to form Supramolecule 11
[(DMI*)3(Ig)2]3(Ce0° ) which is schematically seen in Figure 18f where magenta figure Y represents
Supramolecule 9 and B represents an [z~ anion.

[(DMI*)s(lg )21s(Ceo™)

Supramolecule 11 Supramolecule 12

(h-3)

(h-1) (h-2) ?
Yo T L \@
X8 32

®

Supramolecule 13 Supramolecule 14 DM”R(CSOI_N'-)Z

(h-4)

Figure 18. (a) DMI* molecule; (b) View of the honeycomb DMI*-I~ layer in the ab plane of (DMI*);
(Ce® )T ), at 100 K; (¢) The formation of the H-bonds (dashed lines) between H atoms of
DMI* and I” (Ip and Ig) in the ab plane and along the ¢ axis. The positions of Cg®~ are
shown by black circles; (d) The supramolecular unit (DMI*);(Ig~), (Supramolecule 9) within
the ab plane which is indicated by magenta circle in (b,c) and has a threefold symmetry like
TPC; (e) The supramolecular unit (DMI*)3(I5~) (Supramolecule 10) within the ab plane which
is indicated by blue circle in (b,c) and has a threefold symmetry like TPC; (f) Three units of
Supramolecule 9 (magenta figure Y) form a wall to enclose one Cg*~ to form Supramolecule
11, where B represents an Iz~ anion; (g) Three units of Supramolecule 10 (blue figure Y) form
a wall to enclose one Cg®~ (Supramolecule 12), where A represents an I,~ anion; (h-1-h-4)
Supramolecules 11 and 12 are capped along the c axis by Supramolecules 10 and 9, respectively,
to form Supramolecule 13 [(DMI*)3(I7)3]3[(DMI*)3(I7)][(Cep®~) (h-1) and Supramolecule 14
[(DMI*)3(I7)]3[(DMI*)3(I7)3]1(Cg0° ) (h-2). Their combination leads to a crystal of (DMI*)3(Cgo®~)(I7)2.
Packing of units of Supramolecule 13 (including C¢y®~ molecules labeled 1, 2, and 7) above the unit
of Supramolecule 14 (including Cgp®~ molecule labeled a) leads to a crystal (h-3); (h-4) A schematic
figure showing a layer (Layer 1) of hexagonal packing of Cg(®~ molecules (labeled as 1-7) above a
layer (Layer a) of the hexagonal packing of Cgy®~ molecules (labeled as a—c) viewed along the c axis;
(h-5) shows alternating stacking of Layer 1, Layer a, and Layer 1’ along the c axis with r = 11.05 A (red
line) and 13.36 A (blue dotted line).
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H atoms at 1-position have contacts with different kind of I~ anions (In~), and three DMI*
molecules and one I4~ anion molecule form another supramolecular unit [(DMI*)3(I5 )] in the
ab plane encircled by blue circle (Supramolecule 10, Figure 18e) in Figure 18b,c, which has also
threefold symmetry like TPC. Similar to Supramolecule 11, one C4y®~ molecule is surrounded by
three Supramolecular 10 units [(DMI*);(Ix ~)] in the ab plane to form Supramolecule 12, where blue
figure Y represents Supramolecule 10 and A represents an I, ~ anion (Figure 18g).

The top and bottom of Supramolecule 11 are capped by Supramolecule 10 along the ¢ axis,
yielding Supramolecule 13, [(Supramolecule 9)3;(Supramolecule 10)(Cg°® )], as schematically shown
in Figure 18(h-1), where C4°*~ molecules labeled 1-7 form one layer (Layer 1). Similar capping
occurs for Supramolecule 12 by Supramolecule 9 to form Supramolecule 14, [(Supramolecule 9)
(Supramolecule 10)3(Cg0° )], in Figure 18(h-2), where C4p*~ molecules labeled a-c form one layer
(Layer a). Two kinds of Supramolecule units 13 and 14 stack alternately along the ¢ axis to give the
single crystal of 8. Figure 18(h-3) schematically illustrates the molecular packing. In the crystal viewed
along the ¢ axis (Figure 18(h-4,h-5)), four C¢y®*~ molecules, namely three molecules from Layer 1
(drawn in black in Figure 18(h-5)) and one molecule from Layer a (drawn in blue in Figure 18(h-5))
form tetrahedral [(1,2,7,a), (3,4,7,b) and (5,6,7,c)] structure. The labeling of Cgy*~ molecules is the
same as that in Figure 18(h-1-h-4)) Center-to-center distances between Cg°*~ of 13.36 A are marked
by blue dotted lines and those of 11.05 A (between blue and black circles) are marked by red lines in
Figure 18(h-5).

As a result, geometry of the unit of model spin lattice is not triangular, but distorted tetragonal,
i.e., tetrahedron with #'/t ~0. The AF spin configuration is expected within a 1D Mott insulating
Cgp®~ chain of black-blue-black-blue- fullerenes along the c axis, while within a layer of blue or black
fullerenes in the ab plane parallel spin configurations are expected. Such spin units form a column
along the c axis and the columns are arranged in the bc plane (Figure 19a). The other spin unit
composed of Cgp®~ molecules [(3,4,7,b) and (5,6,7,c)] has the same distorted tetrahedral geometry
and form similar 2D packing to that in Figure 19a. These 2D spin sheets are connected, for example,
through 7 and 7’ to form 3D network of magnetic interactions. It is emphasized here that according
to the 3D template network composed of DMI* and I molecules, the C4°*~ radical anions provide
the 2H-hexagonal 3D packing by a 3D key-keyhole relation between cation [(DMI*)3(I"),]* and anion
Cgo®~ molecules.

The geometry of the spin lattice of 8 is expected to be 3D apex sharing triangular bipyramid
based on the r values. We calculated overlap integrals based on the two main orientations of Cg
molecules at 100 K and the mean square of each is s = 0.12 x 10~3. Based on the overlap integrals,
the model spin lattice is shown in Figure 19b, which are arranged in the ab plane to form 3D apex
sharing triangular bipyramid.

The effective magnetic moment of 8 is 1.64 g, slightly smaller than the value of 1.73 ug for the
system containing one S = 1/2 spin per formula unit. The Curie-Weiss temperature of —9.6 K in the
40-300 K range indicates AF coupling of spins (Figure 19d). Effective magnetic moment also decreases
below about 50 K (Figure 19¢) due to AF coupling of spins. Because of the large interfullerene distance,
11.05 A at 100 K, and small overlap integrals, the AF interaction is not strong. The long-range magnetic
ordering is not observed down to 1.9 K.

In summary, concerning the geometry of the spin lattice of 8, the cationic supramolecule
[(DMI*)3(I7),] forms threefold assemblies that act as a template for the C¢p®~ molecules to achieve
hexagonal stacking of (C4p°®~). The overlap integrals lead to a 3D apex sharing triangular bipyramid
with 7 = 11.05 A at 100 K. Owing to a large r, a small | Ocw | (9.6 K) is estimated in the range of
50-300 K. No dimerization of C4°*~ takes place down to 1.9 K (f ~5).
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Figure 19. (a) Schematic figure of 2H-hexagonal packing of C40®~ molecules in (DMI")3(Cgo®~)(I7); at
100 K showing apex-sharing bipyramid; (b) Model spin unit of triangular bipyramid with only one
Cgo® ™ orientation. Labeling of C¢y molecules correspond to those in Figure 18; (c) Model spin lattice
based on overlap integrals; (d) Temperature dependence of reciprocal molar magnetic susceptibility
of (DMI*)3(Cs0°~)(I7)2. Red curve shows the fitting of the molar magnetic susceptibility data in the
50-300 K by the Curie-Weiss law with Weiss temperature of —9.6 K [145]; (e) Temperature dependence
of magnetic moment of (DMI*)3(Cg0®~)(I7 ).

4.2. Two-Component Materials

4.2.1. Frustrated Spins in 3D Corrugated Packing of Cgp*~ in (MDABCO™")(Cg0® ™) 3D Spin Lattice

3D close packing of Cg®~ and high | Ocw | are realized in the two-component CT solid of
(MDABCO")(Cgp*~) (1) where cation molecules MDABCO* show threefold symmetry [147]. Black
block single crystals of 1 (~0.4 x 0.4 x 0.5 mm?) were obtained by the reduction of Cgy with slight
excess of strong reductant sodium fluorenone ketyl in PhCl, in the presence of stoichiometric amount
of MDABCO:-L Then, n-hexane was layered to precipitate CT solids. The crystal structures were solved
at 250 K and 100 K. At 250 K, there is one independent C40®~ and one ordered MDABCO™" molecules.
The ordering of Cg°*~ is observed below 160 K, with a trebling of the unit cell b axis.

The Cg°®~ radical anions form square corrugated fullerene layers in the bc plane and the Cgp
layers alternate with the MDABCO" cations along the a direction (Figure 20a at 100 K). 2D Cg layer in
the bc plane is corrugated along the ¢ axis (Figure 20b at 100 K). The corrugation of C¢ layer is clearly
shown in Figure 20c (at 100 K) and Cgp columns extend along the b axis.

A Cgp®~ molecule (drawn in red in Figure 20d at 250 K, labeled as @) is surrounded by eight
neighboring Cgp*~ molecules labeled as (D), @), and 3)). There are three kinds of small  values: 10.01
A with molecule ®, 10.08 A with molecule @), and 10.11 A with molecule (@ at 250 K. Four Cg®™
molecules, all of them are molecules 2) among the eight neighbors, are located in the bc plane to form
corrugated Cgp®~ layer with vdW C.--C contacts in the 3.17-3.30 A. Four other Cg0®~ molecules, two
@ and two (), are located in the adjacent fullerene layers without short vdW C---C contacts, though
the r between molecules @ and (3) is shorter than that between molecules @ and ().

The ordering of fullerenes is observed below 160 K with trebling of the unit cell b axis. As a result,
the packing of Cgp®~ molecules becomes denser and strongly anisotropic; namely r changes from
®—® =10.08 A at 250 K to (10.01, 10.04, 10.05 A) at 100 K in the bc plane. Similarly, ® —@ and ®—@
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reduce t0 9.91 and 9.96 A, but ®—@ becomes a little longer, 10.12 A. Additional vdW interfullerene
C---C contacts are formed for each Cg(®~ within the bc plane and between fullerene layers to account
for the total number of such contacts as 18 for each Cgy®~ at 100 K.

PP S s
<ol ~ <0 Y

(e-4) (e-5) (e-6)

Figure 20. (a) View of crystal structure of (MDABCO™)(Cg® ) along the a axis at 100 K; (b) View along
the b axis at 100 K. The van der Waals contacts between fullerenes are shown in green dashed lines
in (a,b); (c) Ce0®~ molecules stack along the b axis to form columns as shown with (c-1) or without
MDABCO* (¢-2, for simplicity). Yellow and red Cgy®~ columns are arranged alternately along the ¢
axis to form a corrugated sheet in the bc plane; (d) Environment of one C4°®~ radical anion (shown
by red color) from eight neighboring Cg®~ and five MDABCO™ cations at 250 K. Center-to-center
distances between red fullerene (A) and surrounding Cgp°®~ (marked by numbers 1-3): A—1: 10.107,
A—2: 10.081 and A—3: 10.008 A. Van der Waals contacts between Cgy®~ and nitrogen atom of the
MDABCO" cation are shown by green dashed lines. Only the major orientation of Cg®~ is shown;
(e) (e-1) Corrugated layer composed of molecules A and 2 at 250 K; (e-2) Geometry of a unit of possible
spin lattice made of A and 2; (e-3) Schematic of bipyramidal spin lattice composed of molecules A, 1,
and 2; (e-4) The unit shown by (e-3) forms 2D layer by sharing an edge. Only the ribbon extending
along the ¢ axis is shown; (e-5) The other unit of bipyramidal spin lattice composed of 1, A, and 3 forms
equivalent 2D layer; (e-6) The model geometry of the possible spin lattice obtained by sharing apexes
of the layer in (e-4,e-5) along the a axis to form a 3D distorted bipyramidal spin lattice (a,b,d), (e-1)
from [147]).

Since the structure at 100 K is complicated by the appearance of one and a half independent
molecules both for C4)®*~ and MDABCO™ molecules, at first the schematic of a possible spin lattice is
examined based on the crystal structure at 250 K. Figure 20(e-1) shows the packing of Cgp*~ viewed
along the a axis, that corresponds to Figure 20a at 100 K. The square corrugated Cg*~ packing
composed of Cgp®~ molecules (one @ and four (2)) form a pyramidal shape with r(®—®) = 10.08 A,
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which is schematically shown in Figure 20(e-2). The other combination of Cg4p*~ molecules (D and (3
form the equivalent pyramid and these two pyramids have short contacts with r values of 10.01 A for
1-2 and 10.11 A for ®—@®. As a consequence, the unit of intermolecular interactions is approximated
as a distorted bipyramid, as shown in Figure 20(e-3). The plane of @—@'—@''—@®@'" bisects the bond
@®—®@ by 6.91 A and 3.20 A. The distorted bipyramids are connected to each other by sharing edge
in the bc plane to form a 2D sheet. Figure 20(e-4) shows the part of the sheet extending along the c
axis. The other unit of bipyramidal spin lattice composed of C¢y®~ molecules @), @, and 3 forms
equivalent 2D layer with different orientation (Figure 20(e-5)). The model geometry of the possible
spin lattice of 1 is obtained by sharing apexes of the layers in Figure 20(e-4) and Figure 20(e-5) along
the a axis to form 3D distorted bipyramidal spin lattice in which corrugated layers alternate as Layer
@@ /Layer M@ along the a axis (Figure 20(e-6)).

At low temperatures, the Cgy®*~ environment is strongly anisotropic in terms of r and overlap
integrals s. The r values inside corrugated Layer @@ or Layer @), namely bonds @—@ and @—,
show shrinkage by 0.3-0.7%, while those bonds that are connecting neighboring corrugated layers,
namely bonds M—@® and ®—(@®), show larger shrinkage by 0.5-1.0%. Therefore, though the corrugated
square nature shown by Figure 20(e-2) is important to account for the spin interactions, the spin
interactions between corrugated layers along the a axis becomes more significant at low temperatures.
The model spin lattice geometry keeps the distorted bipyramidal one down to low temperatures. No
dimerization was detected down to 1.9 K.

The temperature dependence of the molar magnetic susceptibility yy of 1 showed a maximum
at 46 K, followed by a decrease but then an increase below 10 K owing to the Curie impurity
of about 2.7% of total amount of Cg®~. Figure 21 shows the temperature dependence of xm
and 1/xv after the correction of Curie impurity. The magnetic susceptibility clearly indicates a
characteristic peak near 50 K. Such peak in yjy has been usually detected in the low-D (1D-2D)
Mott insulators with strong spin frustration, such as x-(ET),X (X = Cup(CN)3, Agr(CN)3, B(CN)y,
CF3503) [36,45-51,54,65,66,128,150,158]. The Ocyw temperature of —118 K was derived in the 70-300 K
range (Figure 21b). The temperature dependence of x\; was fitted by the Heisenberg model for square
2D AF coupling of spins [159] to give | /kg = —25.3 K. The long-range magnetic ordering is not observed
down to 1.9 K (f > 62).
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° 0,002+ e QE 400 |
>§ .|----..,.~-_.=. 223001
0,001 200 @.= -118 K
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Figure 21. Temperature dependence of molar magnetic susceptibility xy (a) and 1/xm (b) of
(MDABCO™)(Cg® ) after correction of Curie impurity. Red curve in (a) is the fit by the Heisenberg
model for square 2D AF coupling of spins with J/kg = —25.3 K. Red line in (b) is the Curie-Weiss fit
with @cy = —118 K [147].

The overlap integrals between Cg°®~ radical anions based on the real crystal structures are
helpful to understand the situation of intermolecular interaction. At 250 K, 1 contains only one
crystallographically independent C40®~ and one MDABCO™, however the C4)® ™~ radical anions are
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disordered between three orientations with 49.4/25.3/25.3 (%) occupancies. On the other hand,
1 contains one and a half crystallographically independent C¢p®*~ and MDABCO™ at 100 K. Half of
Ce0®~ is well ordered at 100 K, while another Cg®~ is rotationally disordered between two orientations
with 91.3/8.7 (%) occupancies. Although it is not reasonable to discuss the overlap integrals at 250 K
due to the severe orientational disorder, we can calculate the overlap integrals in 1 at 100 K, assuming
that all of the C4)®~ are well ordered ignoring the minor orientation (8.7%) in one of the two kinds
of Cgp® .

Figure 22 shows the network between the two kinds of Cgp®~ radical anions at 100 K that
are connected by several magnitudes of overlap integrals. The dominant interaction (red line) is
4.74 x 103 between the molecules 1 with 9.96 A distance that forms a pair of Cg*~ between the
adjacent layers. The second largest interaction (purple line) is 2.66 x 1072 between the molecules
2 with 10.14 A uniform distance that extends linearly along the a axis. The third one (black line) is
1.96 x 103 between the molecules 1 with 10.05 A distance which forms zig-zag path ways along the ¢
axis. Note that the shortest distance of 9.91 A (orange line) between the different kinds of molecules
1 and 2 resulted in only the fifth largest interaction of 1.25 x 1073. As demonstrated also in 2 and 5,
the magnitude of overlap integrals between Cg(®~ anion radicals does not necessarily scale with the
closeness between them. The relative orientation of the molecular orbitals in the nearest neighbors
as well as the center-to-center distances between them plays an important role to characterize the
molecular interactions in the crystal.

(MDABCO*)(Cqo) at 100 K o gzg mg:zﬁﬂ:: ;
— 4.74x10-3(9.96 A)
— 2.66x103(10.14 A)
— 1.96x10-% (10.05 A)
— 1.41x103(10.04 A)
1.25x103(9.91 A)
— 1.16x10 (10.01 A)
— 0.89x10° (10.12 A)

Figure 22. Overlap integrals between Cg)®~ anion radicals in (MDABCO™")(Cgp°®~) at 100 K. One
(molecule 1) and a half (molecule 2) of Cgy®~ spheres are crystallograpically independent.

The small size of the MDABCO™ cations with threefold symmetry and the absence of solvent
molecules induced a densely packed 3D bipyramidal Cey®~ packing in 1 resulting in strong AF
interactions. However, the strong anisotropic packing of Cg®~ may reduce the AF interaction
considerably. The key-keyhole relation between MDABCO™ and Cg(®~ is not clear in 1, however,
it should be emphasized that MDABCO" cations work to prevent the bond-formation even though the
r values became small (D-G) = 9.91 A, ®-G) = 9.96 A at 100 K).

4.2.2. Frustrated Spins in Double Chains of Triangles from Cg0®~ in (PhsMeP*)(Cgp®~): Weakly
Coupled Zigzag Chains

Single crystals of (PhsMeP*)(Cg®~) (2), where PhsMeP* is a triphenylmethylphosphonium
cation with threefold symmetry, were prepared by the reduction of Cg by (PhgMeP*)(vanadyl(IV)
phthalocyanine) in PhCl, and slow mixing of the obtained PhCl, solution in n-hexane [105].
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The crystal structure determined at 100 K indicates nearly ordered state of Cgy®~ molecules.
Crystal 2 involves a nearly isolated double chain with nearly equivalent fullerene triangles with small
7 values 10.08 A, 10.103 A, and 10.103 A at 100 K (Figure 23a). The overlap integral is s, = 1.19 x 1073
for r = 10.079 A while that with longer r = 10.103 A has larger s; = 1.79 x 10~% owing to favorable
orientation of Cgp®~ molecules. Even though the double chain can be characterized as a zigzag chain,
the chains are not isolated but are coupled weakly with a separation of r = 10.309 A (s3 = 0.58 x 10~)
within the bc plane (Figure 23b). Therefore, the possible spin lattice of 2 consists of pseudo 3D weakly
coupled zigzag chains (Figure 23c) with '/t = 1.50 and J;:/2:/3 = 1:0.44:0.10.

r=10.10 A, s = 1.79x10-3

r=10.08 A, s = 1.19x10-3 0,000 T T T T - - . .
- r=10.31A, s = 0.58x10-3 0 50 100 150 200 250 300
Jy: da: Ja~1:0.44 :0.10 T/IK

Figure 23. (a) Crystal structure of (Ph3MeP*)(Cg0°~) showing the double chains containing triangles
from Cg0°~; (b) view along the a axis showing the arrangement of double chains in the bc plane;
(c) Schematic of possible zigzag spin lattice with weak interchain interactions (J1:/5:/3 = 1:0.44:0.10)
together with r and s; (d) Temperature dependence of molar magnetic susceptibility x; and 1/ x\ after

correction of Curie impurity. Red curve in (d) is the Curie-Weiss fit with Ocy = —60 K. (a,b,d) were
reproduced from [105].

Several zigzag-chain spin systems, which are the simplest frustrated magnet and treated by J;-J»
model or zigzag chain model, have been developed, such as CaV,04 (S =1, V3, Ty = 69 K) [160],
Cu[2-(2-aminomethyl)pyridine]Br, (S=1/2, Cu?*) [161,162], (VO)(13-MoOy)(BPY) (S=1/2, V4 [163,164],
and FoPIMNH [165]. A theoretical study predicted that the S = 1/2 zigzag chain has a gapless phase for J1/]»
< 0.241 [166,167], as exemplified for Cu[2-(2-aminomethyl)pyridine[Br; (J1 /]2 = 0.2, J1/kg = 8.5 K) [162] and
(VO)(13-MoO4)(BPY) (J' /] = 0.2, J1/kp = 51 K) [164]. It is known that the interchain magnetic interactions
are critical for the spin-ladder system either to manifest a Néel ordered or disordered spin-frustrated state,
and the critical value is reported to be J /] = 0.11, where | and ]’ are intraladder and interladder interactions,
respectively [168]. Even though the actual 3 values for the above zigzag systems were not estimated in
these reports, it is likely that the 3 values are very small according to their crystal structures. If we are able
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to expand the separation between the zigzag chains for 2 using more bulky cation molecules than PhsMeP*,
we may have a real zigzag system of Cg®~.

The temperature dependence of the molar magnetic susceptibility yy shows an increase below
10 K, owing to the Curie impurity of about 1.2% of total amount of Cg4°*~. Figure 23d showed the
temperature dependence of x and 1/ after the correction of Curie impurity. No peak of y; was
observed even though 2 has strong spin frustration. The magnetic behavior is described well by the
Curie-Weiss law in the 30-300 K range with Ocw = —60 K, and no AF ordering was observed down
to 1.9 K (f > 30). Between Cgp®~ molecules arranged along the a axis, Me groups of PhsMeP* cation
molecules penetrate and prevent the dimerization even at r = 10.08-10.10 A.

5. Summary

Geometrical spin frustration is discussed for monomer-type Mott insulators of Cgy CT solids.
When compared with the ET QSL system, bond-formation between Cgyp molecules and disorder of
Cgo molecule additionally participate in the competition among the itinerancy, localization, and spin
frustration. The donor ability, size, shape, and symmetry of donor molecules in multi-component
approach provide suitable geometrical space and spatial regulation for C¢y®~ molecules by forming
versatile supramolecules through the key-keyhole relation. A hexagonal packing of Cg®~ is achieved
by the multi-component concept using cations (MDABCO™" or MQ*) and structure defining molecule
(TPC) with threefold symmetry. Cgp®~ molecules are packed according to the pattern of the polycationic
supramolecular template of [(TPC?)(MDABCO™)] or [(TPC?)(MQ*)]. (TPC?)(MDABCO*)(Cyp®~) has
uniform close packed hexagonal layers of two types, with an ordered Cgp®~ layer (Layer A) and
disordered Cgo®~ layer (Layer B). The Layer A with '/ = 1.00 at 300 K shows 2D metallic conductivity,
whereas AF interaction of spins is observed in nonmetallic Layer B above 200 K. This AF layer has
monomer-type Mott insulating state with '/t = 0.99 (at 185 K) and Ocw = —31 K. The disordered
layer becomes metallic below 200 K through the ordering of Cgo® . (TPCY)(MQ*)(Cgp®~) also has a
2D hexagonal packing of C4®~ and shows relatively longer interfullerene distances (10.12-10.18 A
at 250 K) than that in (TPC?)(MDABCO")(Cg®—) (10.07 A at 300 K). (TPC*)(MQ*)(Cgo®~) has a
monomer-type Mott insulating state with '/t = 0.99 (Layer A at 100 K), #' /¢ = 1.61 (Layer B at 100 K),
and Ocw = —27 K (f ~14). Solvent molecules participate in the formation of three-component Cgp
solids to achieve Cgg hexagonal packing in (PhCN?)(TMP*)(Cgo*~) and (PhCN?)(PhzMeP*)(Cg® 7).
The former has a distorted edge-shared honeycomb 2D spin lattice with J;:/5:/3 = 0.79:1:0.22 and
Ocw = —11 K (f ~5), and the latter has a non-uniform 1D zigzag chain of Cg*~ as an effective spin
geometry and forms singly bonded dimers that are below 220 K. (PhCL)[(PhsP)3Aut12(Ceo®)2(Ce0?)
has a charge-disproportionated hexagonal 2D layer and the Cgp*~ molecules form an apex-sharing
tetrahedral spin lattice with large = 10.37 A at 100 K and small Ocw = =5 (f ~3). 3D hexagonal packing
is realized in (DMI*)3(Cg0®~)(I7 )2 in which H-bonds between DMI* and I~ formed a polycationic
template [(DMI*)3(I"),] with threefold symmetry. A possible geometry of spin lattice is an apex-sharing
bipyramid (¢ /¢ = 0) and the long interfullerene distance of 11.05 A at 100 K resulted in weak magnetic
interaction Ocw = —9.6 K (f ~5). For two-component systems, a triangular unit of C¢y®~ is observed in
(MDABCO™)(Cgp°® ) and (Ph3MeP*)(Cg® ) both cation molecules have threefold symmetry. 3D close
packing of Cgp®~ was observed in (MDABCO™)(Cg0®*~) with a possible geometry of spin lattice of
deformed 3D edge-shared bipyramid. The AF interaction with high @cw of —118 K (f ~62) was
observed though the bipyramidal geometry becomes distorted at low temperatures. (PhzMeP*)(Cgp® ™)
has double chains that are composed of a triangular arrangement of Cg0®~, resulting in weakly coupled
zigzag chains with '/t = 1.50, J1:J2:]3 = 1:0.44:0.10, and Ocw = —60 K (f > 30).

Even though the overlap integrals between Cgy molecules depend on the molecular orientation of
Ceo, the center-to-center distance between Cgp®~ molecules r is the key parameter that determines the
competition among the bond-formation, itinerancy, and spin frustration. Figure 24 shows the relation
between | Ocw | values and interfullerene distances r in this study. In the following, the summary and
the perspective developed are presented.
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1. | ©cw | seems to increase rapidly when r < 10 Aand magnetic dimensionality is 3D. Such low
values of r were realized for two-component CT solids with cation molecules of small size with
threefold symmetry. However, it is difficult to find a good key-keyhole relation to provide
uniform triangular or hexagonal packing of Cg®*~ for the two-component case. Furthermore,
single crystals of CT solids were not always obtainable. For example, a quinuclidinium cation,
which is smaller than MDABCO* and MQ*, gave no CT solids so far.

2. The cationic supramolecular template with threefold symmetry leads to uniform triangular
or hexagonal packing of Cg°*~ for three-component case based on the key-keyhole relation.
For three-component case, it is critical to decrease the r value and increase the magnetic
dimensionality.

In all of these monomer-type Cg°®~ Mott insulator except 6, no long-range magnetic ordering
nor bond-formation were observed down to low temperatures. However, their | Ocw | values in the
range 10-118 K, are not large enough to detect QSL state at experimentally available temperatures.
This is apparent from the comparison with the | ©cw | values of the QSL systems obtained; | Ocw |
=180, 263, 314, 375, and 325-375 K for [(CoHs5)3NH],Cup(oxalate)s, x-(ET)2Ag2(CN)3, ZnCus(OH)eCly,
x-(ET),Cun(CN)3, and EtMe3Sb[Pd(dmit);], respectively [36,59-62,64,65]. It is important to explore a
Ce0®~ Mott insulator with » = 9.4-10 A to detect a QSL state neighboring metallic and SC states, as a
decrease in r increases |f1, |J1,and | ©cw | values drastically according to their relations (Equations
(1) and (2)).
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Figure 24. Relation between Curie-Weiss temperature | @cy | and interfullerene center-to-center
distance r for Cgp®~ CT solids in this study. 1: (MDABCO*)(Cs0°* ") (1 Ocw | =118 K, 3D, r =9.91 A
at 100 K), 2: (PhzMeP*)(Cgp*~) (I Ocw | = 60 K, pseudo 3D, coupled double chains, r = 10.08 A at
100 K), 3: (TPC?)(MDABCO*)(C0*~) (1 Ocw | =31 K, 2D layer r = 10.06 A at 300 K, 9.97 A at 185 K), 4:
(TPCO)(MQ*)(Ce0*~) (1 Ocw | =27 K, 2D layer, r = 10.12-10.18 A at 250 K), 5: (PhCNO)(TMP*)(Cgo°* ™)
( I @CW I =11 K, 2D hexagon, r=10.39 A at 120 K), 7:{(Ph3P)3Au+}2(C60.7)z(Ceg)(Phclz) ( | @CW I =5 K,
2D tetragonal, r = 10.37 A at 100 K), 8: (DMI*)3(Cgo® )T )2 (1 Ocw | =9.6 K, 3D triangular bipyramid,
r=11.05 A at 100 K). The blue line is a guide to the eye.
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Abstract: In an isostructural series of anion radical salts 3'-(Mey.,EtyZ)[Pd(dmit),], (Z = D, As, Sb;
x=0,1,2), [Pd(dmit);], ™ units form a two-dimensional Mott insulator layer with a quasi-isosceles
triangular lattice. The anisotropy of the triangular lattice is characterized by a ratio of interdimer
transfer integrals, t' /. The crystal structures of EtMe;Sb, MesSb, MesAs, and Et;Me; As salts were
determined in the range of 5-295 K by the single crystal X-ray diffraction technique. Interdimer
transfer integrals, Fermi surface, and band structures at low temperatures were calculated by the
tight binding method and the first-principles density-functional theory (DFT) method based on
experimentally obtained crystal structures. Interdimer transfer integrals increased with lowering
temperature. At 5 K, the ratio ¢/t decreased by about 15% from the room temperature value in
every salt. The relationship between the transfer integrals and interdimer S- - - S distances indicated
that the change of the '/t value with temperature was due to a thermal contraction, rather than the
arch-shaped molecular distortion of the Pd(dmit), molecule associated with the cation dependence
of t'/t.

Keywords: molecular conductor; quantum spin liquid; geometrical frustration; crystal structure;
band calculation

1. Introduction

The metal dithiolene complex Pd(dmit), (dmit: 1,3-dithiole-2-thione-4,5-dithiolate, Figure 1a)
forms various anion radical salts with closed shell monovalent cations: (Cation)[Pd(dmit),], [1-4].
Many of them are categorized to a two-dimensional (2D) Mott insulator with localized S = 1/2 spin on
a strongly dimerized unit, [Pd(dmit);], . In a series of isostructural salts p’-(MesEt,Z)[Pd(dmit),],
(Z=DP, As, Sb; x =0, 1, 2) with the space group of C2/c, cation and anion layers are repeated alternately
(Figure 1c). The unit cell contains two crystallographically equivalent anion layers interrelated by
the glide plane (Figure 1d). Within the anion layer, the dimer units form a triangular lattice that can
induce geometrical frustration (Figure 1f). The cation is located on the two-fold axis and EtMe3Z-type
cations without the two-fold symmetry show two possible orientations with the occupancy of 50% for
each orientation.

The electronic structure of molecular conductors is simple and can be explained by tight-binding
approximation [1,3-6]. We can describe the band structure of the p/-Pd(dmit); salts using a dimer
model where electrons are considered to move from dimer to dimer [1,3,4]. The metal dithiolene
complex is characterized by a small energy gap between the Highest Occupied Molecular Orbital
(HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO; Ae¢ in Figure 1b). In the dimer, each

Crystals 2018, 8,138; doi:10.3390/ cryst8030138 75 www.mdpi.com/journal/crystals
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HOMO and LUMO in the monomer forms a bonding pair and an anti-bonding pair with a large
energy gap (dimerization gap, Ae; and Aey). The dimerization gap is governed by the intradimer
transfer integral To (Figure 1e). When the dimerization gaps are large enough, the energy level of the
anti-bonding HOMO pair can be located higher than that of the bonding LUMO pair (Figure 1b) [7].
Since the dimer unit has one negative charge, the anti-bonding HOMO pair has one unpaired electron.
When each energy level forms an energy band in the crystal, the conduction band originates from the
HOMO of the monomer. The conduction band is two-dimensional, half-filled, and narrow. Therefore,
most of the 3’-Pd(dmit), salts are Mott insulators at ambient pressure. The interdimer transfer integrals,
tg, ts, and t, (Figure 1f) were obtained by the following equations using the intermolecular transfer
integrals, T, Tr, Tp, and Tq:tg = Tg/2, ts = (Tp + 2Tq)/2, and t; = T, /2 [3]. In the B’-Pd(dmit), salts,
the tg and t; values are nearly the same and the ¢, is smaller, thus, the dimer units form an isosceles
triangular lattice characterized by '/t where t = (tg + £5)/2 and ' = t,..

anti-bonding LUMO

: Ss S]\ /S3 51 LUMOAg[ -Q—IASZ anti-bonding HOMO
Sg | Pd | >:SIO HOMO ] -—0- ‘A& bonding LUMO
7N C-o—e- bonding HOMO
8

( a) monomer  dimer

(b)

Figure 1. (a) Molecular structure of Pd(dmit);. (b) Schematic illustration of orbital levels for
monomer and dimer. (c¢) and (d) Crystal structure of B’-EtMe3Sb[Pd(dmit);],. End-on projections
of the anion layer with notations of (e) intermolecular transfer integrals and (f) interdimer transfer
integrals. (g) An arch-shaped distortion of the Pd(dmit), molecule, The torsion angle of S-Pd-Pd-S, &,
characterizes the degree of the distortion.

Temperature dependence of the magnetic susceptibility for the p'-Pd(dmit), salts can be described
by the model of a spin-1/2 Heisenberg antiferromagnet on the triangular lattice with | = 200-300 K [8].
The magnetic ground state of the B’-Pd(dmit), salts can be classified into three types depending on the
counter cation: antiferromagnetic long-range order (AFLO), quantum spin liquid (QSL), and charge
ordered nonmagnetic state (CO) [8-16]. The CO phase transition in the Et,Me;Sb salt is accompanied
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by a large structural transition [15], where the coupling between the lattice and the electron plays
an important role. The difference in the ground state can be understood by the anisotropy of the
isosceles triangular lattice '/t that can be tuned by the choice of counter cation [1-4]. The QSL
state, where spin fluctuation prevents the spin ordering/freezing and provides liquid-like properties
among the spins even at zero temperature, is realized in the EtMe3Sb salt with '/t = 0.91 (at room
temperature). The AFLO phase is observed in salts with smaller ' /¢, namely closer to the square
lattice. Moreover, the Néel temperature Ty becomes higher with decreasing '/t [1,2,4,8]. The transfer
integrals between dimers are governed mostly by overlaps between m-electrons on sulfur atoms.
The cation dependence of '/t is not simply explained by the cation size, but by a cation-dependent
distortion of the Pd(dmit), molecule [3]. In the dimer unit located at the center of symmetry, the
Pd(dmit), molecules are not completely eclipsed and the Pd(dmit), molecule is slightly arched within
the molecular plane. The degree of the arch-shaped distortion is described by the torsion angle of
S-Pd-Pd-S, @, as shown in Figure 1g. The ¢ value shows a systematic change depending on the
counter cation (from —1.1° for MeyP* to +2.2° for Et;Me;Sb*) and linearly correlates to the three
interdimer transfer integrals, g, fs, and f;.

The triangular lattice of the dimer units is not a result of the crystal symmetry but is formed
through the combination of two larger interdimer transfer integrals along the side-by-side (fs) and
stacking (tg) directions and the one along the diagonal direction (¢;). A classical antiferromagnetic
ordered structure, where two adjacent spins form an antiparallel configuration, is constricted on
a triangular lattice. Such geometrical frustration becomes stronger near the regular triangular
lattice, namely t'/t = 1. The QSL state is realized in some molecular conductors with a slightly
distorted triangular lattice [13,14,17,18] including the EtMe3Sb salt. The reason why the QSL
is observed in the distorted triangular lattice system in molecular conductors remains an open
question. Since molecular conductors are characterized by a soft crystal lattice, intermolecular
distances and molecular arrangement can be largely affected by temperature. Therefore, interdimer
transfer integrals and the anisotropy of the triangular lattice ¢/t also change with temperature.
In the early stage, crystal structures of some p’-Pd(dmit), salts were determined at 8 K [19].
As for the EtMe3Sb salt with the QSL ground state, the detailed temperature dependence of the
geometry of the triangular lattice and interdimer transfer integrals remain unknown, whereas some
calculations of the DFT-derived interdimer transfer integrals for previous structural data at 4.5 K
have been reported [20,21]. The knowledge of crystal and electronic structures at low temperatures is
indispensable for understanding the nature of QSL.

In this study, we investigated low-temperature crystal structures of the QSL material, the EtMe3Sb
salt, and the MeySb, EtpMe;As, and MeyAs salts with the AFLO ground state (Ty = 12-35 K) as
a reference by using the single crystal X-ray diffraction technique down to 5 K from room temperature.
Based on the structural data, we calculated low-temperature electronic structures with the tight binding
method [5,6] and the first principles method [22-25]. We also discuss the temperature dependence of
structural and band parameters including the anisotropy of the triangular lattice ¢ /1.

2. Materials and Methods

Single crystals of all salts were grown by aerial oxidation of (Cation),[Pd(dmit),] in acetone
containing acetic acid [3]. Single crystal x-ray diffraction data were collected by a Rigaku UltraX-6-E
Imaging Plate system with monochromated Mo K« radiation (Rigaku, Akishima-shi, Japan). Low
temperature experiments were carried out in the cryostat, cooled by a GM refrigerator, with a carbon
fiber window down to 5 K. Initial structures were determined by the direct method (SHELXS or
SHELXD) [26], and then were refined on F2 by the full-matrix least-squares method (SHELXL) [26].
Atomic displacements of all non-H atoms were determined with the anisotropic model. The H atom
coordinates were placed on calculated positions and refined with the riding model. The ethyl group in
the EtMe3Sb cation was treated by taking two equivalent positions around the two-fold axis.
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Intermolecular transfer integrals were calculated by using extended Hiickel calculations with
semi-empirical parameters (shown in Table 1) based on the obtained crystal structures.

The first-principles density-functional theory (DFT) calculations were performed using the full
potential linearized augmented plane wave (FLAPW) method as implemented in the QMD-FLAPW12
code [22,23]. Self-consistent-field (SCF) calculations were performed with the scalar-relativistic scheme
and the improved tetrahedron integration method [24] up to 7 x 7 x 2 k-mesh points in the Brillouin
zone (BZ). The exchange correlation contribution to the potential was included using the generalized
gradient approximation (GGA) by Perdew-Burke-Ernzerhof [25]. We used a plane-wave cutoff of

Ik + Gl <45au.~! (~20 Ry) and 11.6 a.u.~! (~135 Ry) for LAPW basis functions, and charge density
and potential, respectively. Muffin-tin sphere radii were assumed to be 1.48 A for Sb, 1.27 A for
Pd, 0.35 A for H, 0.65 A for C, and 0.90 A for S. For the calculations of the Fermi surface, a band
structure for 28 x 28 x 4 k-mesh points (1097 k-points in the irreducible wedge of BZ) was fitted
with symmetrized star functions by a spline method. In the symmetry group of C2/c, cations were
located on the two-fold axis, but the EtMe3Z-type cation did not have a two-fold symmetry. In this
case, the cation was described by a superposition of two possible orientations with an occupancy of 0.5
for each orientation. In this study, the EtMe3Sb cation was replaced by the Et;Me,Sb cation to perform
the DFT calculations.

Table 1. Semi-empirical parameters for Slater-type atomic orbitals.

Atom Orbital I, (Ryd) &1 &)
C 2s 1.573 1.625
2p 0.838 1.625
S 3s 1.620 2122
3p 0.770 1.827
Pd 5s 0.676 2.19
5p 0.390 2.15
4d 0.949 5.98 2.613
(0.5264) * (0.6372) *

* Contraction coefficients used in the double-¢ expansion.

3. Results and Discussions

3.1. Temperature Dependence of Band Parameters

The EtMe3Sb salt showed no structural transition down to 5 K, that is, the space group and
the essential molecular arrangement remained unchanged in the experimental temperature range.
From room temperature to 5 K, the unit cell volume underwent a reduction by 3.2%. The temperature
dependence of lattice parameters of the EtMe3Sb salt is shown in Figure S1. Crystal structures of the
EtMe3Sb salt were determined with the R values of 5-9% at each temperature: 5.6% at 295 K, 5.7% at
232 K, 7.0% at 161 K, 6.4% at 101 K, 7.6% at 53 K, 8.1% at 21 K, and 8.9% at 5 K. Figure 2 shows the
temperature dependence of the intermolecular and interdimer transfer integrals for the EtMe3Sb salt
calculated by the extended Hiickel method using obtained crystal structures. Every transfer integral
increased almost linearly with lowering temperature. The fg, fs, and ¢, values changed similarly to
each other, keeping the triangular lattice down to the lowest temperature. In contrast, the reduction of
the cell volume by the cation effect resulted in a decrease of the ¢, value [3]. This suggested that the
temperature effect on the interdimer transfer integrals differed from the cation effect. Among these
three interdimer transfer integrals, the temperature dependence of t, was more moderate than those of
others, and thus t'/t decreased by about 16% from the room temperature to 5 K (Figure 3a). That is,
the triangular lattice in the EtMe3Sb salt became anisotropic with lowering temperature.

78



Crystals 2018, 8, 138

a0
asf
o t
> Bu
Eof * f
30 L}
TP 25F
i . o
...... Ty
19 100 200 300 200 100 200
T'(K) T (K)
() (b)

Figure 2. Temperature dependence of (a) intermolecular transfer integrals, Tg, T+, Tp, and Tq and (b)
interdimer transfer integrals, tg, t5, and t;, in the EtMe3Sb salt.
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Figure 3. Temperature dependence of (a) t'/t and (b) Ta/W in the MeySb, MeygAs, EtMe,As,
and EtMe3Sb salts.

Intermolecular and interdimer transfer integrals for all salts are shown in Tables S1 and S2. Other
salts with the AFLO ground state also showed no structural transition down to 5 K. The crystal
structures of these salts were determined with R values of 4-7% at each temperature: 5.3% at 295 K and
6.0% at 5 K for the Me4Sb salt; 5.9% at 295 K, 4.0% at 53 K, and 5.7% at 5 K for the Me4As salt; and 5.7%
at 295 K and 7.1% at 5 K for the EtyMe;As salt. Temperature dependences of the fg, fs, and ¢, values in
these salts were similar to the case of the EtMe3Sb salt, and thus, the t'/t value of each salt decreased
by about 15% from room temperature to 5 K (Figure 3a). This was in contrast to the case of another
triangular lattice system based on k-(ET),X (ET = bis(ethylenedithio)tetrathiafulvalene, X = Cuy(CN)3,
B(CN)4, Cu[N(NCS);]), where the '/t values increased with lowering temperatures [27].

The intradimer transfer integral T 5 is associated with the effective on-site Coulomb energy on
the dimer unit as a rough approximation [28]. The ratio Tp /W, where W is a bandwidth, gives an
indication of the strength of the correlation effect. For all salts, the ratio decreased almost linearly with
lowering temperature (Figure 3b), which suggests that the correlation effect in the f’-Pd(dmit), salts
weakened with lowering temperature.

Figure 4 shows the calculated Fermi surface of the EtMe3Sb salt obtained by the tight-binding method
(dimer model) using interdimer transfer integrals determined in this study at 5 K, 101 K, and 295 K [1].
This also shows the enhancement of the anisotropy of the triangular lattice in the low temperature
region. Since the unit cell contains two crystallographically equivalent anion layers with different stacking
directions [110] and [ﬂO] (Figure 1d), the Fermi surface consists of two cylinders associated with these
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two anion layers. The Fermi surface at 295 K shows a nearly isotropic 2D nature represented by mutually
superposed cylinders. As the anisotropy of the triangular lattice is enhanced due to the difference in
the temperature dependence of transfer integrals (1dts/dT | ~Idtg/dT | > Idt./dT)I, the Fermi surface
becomes anisotropic with lowering temperatures as seen from a decrease in the overlapping portion of
the Fermi surface.

(b)

Figure 4. Fermi surface of the EtMe3Sb salt calculated by the extended Hiickel and tight binding
methods at 5 K (a), 101 K (b), and 295 K (c). The C-centered monoclinic cell is reduced to the primitive
one as ap = (a+b)/2, bp =b, cp=c.

We also performed the first-principles DFT calculations. The calculated Fermi surface and band
structure are shown in Figure 5. Calculated band structures and band widths at 5 K, 101 K, and 295 K
are shown in Figure S2 and Table S3. Concerning the Fermi surface, both calculation methods provided
similar temperature dependence. This indicated that the dimer model using only HOMO-HOMO
interactions could be used to describe the low-temperature electric structure of the EtMe3Sb salt
around the Fermi level. On the other hand, since it is difficult to estimate the energy gap between
HOMO and LUMO correctly with the extended Hiickel method, the DFT calculations provided
useful information on the arrangement of the HOMO and LUMO bands. In the tight binding model,
the temperature-dependent interrelation between the HOMO and LUMO bands was explained by the
dimerization gap (associated with the intradimer transfer integrals) and the band width (associated
with the interdimer transfer integrals). The stronger dimerization enlarged the intradimer transfer
integrals and made the anti-bonding HOMO band and the bonding LUMO band separate from
each other. On the other hand, enlargement of the interdimer transfer integrals widened each band,
leading to the band overlapping. The extended Htickel calculations indicated that the lowering of
temperature induced the enlargement of both intra- and interdimer transfer integrals, which provided
contrary effects on the band overlap. The first-principles DFT calculation showed that the Fermi level
crossed the anti-bonding HOMO band that was separated from other bands at 295 K (Figure 5d). This
conduction band becomes wider with lowering temperatures but remains isolated from the other
bands even at the lowest temperature (5 K). That is, no band overlap occurred and the conduction
band remained half-filled down to the lowest temperature. This indicated that the dimer model using
only HOMO-HOMO interactions still worked to describe the electronic structure near the Fermi level
of this system in the low-temperature region.

The DFT calculations provided other useful information. Figure 5e shows the partial density of
states (PDOS) in the conduction band for the d-orbitals of Pd, the p-orbitals of S, and the p-orbitals of
C in the dmit ligand at 5 K. This indicated that the p-orbitals of S played a dominant role in the band
formation around the Fermi level. We also mention the possibility that the cations directly affected
the electronic structure around the Fermi level. The energy levels of s- and p-orbitals of the C atoms
in the EtMe3Sb cation were separated from the Fermi level by more than 3 eV. The PDOS of these C
orbitals in the EtMe3Sb cation was less than 0.015 /eV in Figure 5e. Therefore, it is quite unlikely that
the cation orbitals hybridize to the conduction band.
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Figure 5. Electronic structure of the EtMe3Sb salt calculated by the first-principles DFT method. Fermi
surface at 5 K (a), 101 K (b), and 295 K (c). (d) Band dispersion at 5 K (red) and 295 K (black). (e) Partial
density of states (PDOS) at 5 K in the conduction bands for the d-orbitals of Pd (green), the p-orbitals
of S (blue), the p-orbitals of C in the dmit ligand (black), and the s- and p-orbitals of C in the EtMe3Sb
cation (red). The blue and black lines each show the summation of the PDOS of all the S and C atoms
belonging to the dmit ligand.

3.2. Temperature Dependence of Structural Parameters

We now discuss the temperature dependence of structural parameters associated with the transfer
integrals in the EtMe3Sb salt. As above-mentioned, the p-orbital in S governs the transfer integrals
between HOMOs. Figure 6a,b show the temperature dependence of intradimer S- - -S distances
(da1—das5), and the arch-shaped distortion angle @ that characterizes the dimer structure. The S---S
distances linearly decreased with lowering temperature. The ¢ value did not show any significant
changes. Figure 6c indicates a linear relation between the intradimer transfer integral Ty and S- - -S
distances dax (X = 1-5), which suggests that T is governed simply by the intradimer S- - - S distances.
The arch-shaped molecular distortion plays an important role in the cation dependence of interdimer
transfer integrals, tg, fs, and t; [3]. The linear relationship between & and interdimer transfer integrals
was reported for all salts. Since @ is independent of temperature, the temperature dependence of
interdimer transfer integrals should originate in other mechanisms.
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Figure 6. Temperature dependence of (a) intradimer S- - - S distances, dax (X = 1-5) and (b) ¢, and (c)
relationship between T'p and dax in the EtMe3Sb salt.

To consider the origin of the temperature dependence of the interdimer transfer integrals, tg, ts,
and t; in the EtMe3Sb salt, we examined the intermolecular S- - - S distances, dpx, drx, dpx, and dgx
that contribute to the intermolecular transfer integrals, Tg, Ty, Tp, and Tq, respectively (Figure 7).
Considering that the van der Waals radius of Sis 1.85 A, Tp is associated with longer S- - - S distances
(dBx) when compared with other intermolecular transfer integrals. Nevertheless, Tp is the largest
transfer integral among these four transfer integrals, because Tg consists of mainly po- - - po contacts
that give larger overlap integrals. On the other hand, all S- - - S distances that contribute to T (dyx)
are shorter than the van der Waals distance. Since T; includes the p7t- - - p7 character as well as the
po- - - po character, Ty is the second largest. T, and Tq are associated with long and short S- - - S
distances and exhibit both po- - - po and prmt- - - pricharacters. Therefore, they are smaller than Ty
and T;. The interdimer transfer integral ts, however, is expressed as a summation of Tq and Tp,
ts = (2Tq + Tp)/2, and thus ts is comparable to tg (= T/2). As a result, the triangular lattice with the
relation of fg~tg > t is formed in this system.
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Figure 7. Temperature dependence of intermolecular S- - - S distances associated with Tp (a-1), Ty (b-1),
Tp (c-1), and Tq (d-1) in the EtMe3Sb salt. Relationships between the S- - - S distances and intermolecular
transfer integrals, Tp (a-2), Ty (b-2), Tp (c-2), and Tq (d-2) in the EtMe3Sb salt.

With lowering temperature, all intermolecular S- - - S distances were reduced linearly (Figure 7).
From 295 K to 5 K, the amount of the reduction was about 0.1 A for all cases, suggesting an almost
isotropic thermal contraction of the anion layer. For each transfer integral, there existed a linear
relationship with the corresponding S- - -S distances (Figure 7). Such linear relations for all the
intermolecular S- - - S distances and the intermolecular transfer integrals were not observed in the case
of cation dependence [3]. This also suggests that the temperature dependence of the transfer integrals
was not due to the arch-shape distortion.

Each average of dpy, dpx, qu, and d,x (represented as dg, Ep, Hq, and d,) decreased by 2.2%, 2.7%,
2.3%, and 1.6%, respectively, from room temperature to 5 K. The smallest variation of d, corresponded
to a very moderate temperature dependence of t,. Although the reduction of dg was not so large, the
enlargement of T and thus g was more intensive than those of other transfer integrals due to its
po - - po character. The variation of tg, which is the summation of three transfer integrals, was as large
as that of tg. Consequently, the relationship between the variations, |dts/dT | ~Idtg/dT| > Idt./dTI,
led to the decrease of '/t in the low temperature region.
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Let us move on to the origin of the temperature dependence of To /W (the indication of the
electron correlation). The average of the intradimer S- - - S distances dax (da) decreased by about
1.1% from room temperature to 5 K. This variation was about half as large as those of the interdimer
S. .. S distances, HB, Ep, and Hq. Since the Pd(dmit), molecules are tightly dimerized, the intradimer
S- - - S distances are supposed to change differently from the interdimer S- - - S distances with lowering
temperature. On the other hand, the band width is associated with the interdimer transfer integrals.
From room temperature to 5 K, the T4 value increased by 5%, while the band width W increased
by 17%, which resulted in the decrease of T /W. Strong dimerization is a common feature of the
p’-Pd(dmit), salts, thus, each salt showed a similar temperature dependence of the T, /W value.

Considering the temperature dependence of the structural parameters that related to the band
parameters in the EtMe3Sb salt, we concluded that the temperature dependence of the anisotropy of the
triangular lattice (#' /1), one of the most important parameters in this frustrated Mott system, primarily
originated from the almost isotropic thermal contraction of the anion layer. This is a common feature
of the p/-Pd(dmit); salts. In this frustrated Mott system with the triangular lattice of the strongly
dimerized units, the electronic structure became anisotropic and the electron correlation was reduced
with lowering temperatures.

3.3. Cation-Anion Interactions

In the B’-Pd(dmit), salts, the counter cation strongly affects the anisotropy of the triangular
lattice [3]. In addition, it has been suggested that the cation-anion interaction plays an important role in
realizing the QSL state in the k-type ET salts [29-31]. Therefore, we discuss the cation-anion interaction
in the p/-Pd(dmit), salts, especially the S- - - H-C short contacts between the terminal thioketone group
of the Pd(dmit), molecule and the hydrogen atom in the cation. In this study, the torsion angles of the
-CH3s unit were refined with the AFIX 137 command in the refinement process with SHELX. Refined
torsion angles are those in the staggered conformation except for in the EtMe3Sb salt at 5 K (vide
infra). The number of short S- - - H-C contacts (<3.0 A: sum of the van der Waals radii of S atom and
H atom) in the MeyAs, MeySb, EtyMeyAs, and EtMe3Sb salts are summarized in Table 2. Figure 8
shows the temperature dependence of the short S- - - H-C contacts in the EtMe3Sb salt. Two S- - - H-Cg
contacts were much shorter at 5 K than at other temperatures. These very short contacts are caused by
an anomalous torsion angle of the -CHj3 unit. The refined torsion angle of this -CHjz unit at 5 K was
about 30°, which was far from the angle in the staggered conformation.

Table 2. The number of short S- - - H-C contacts between the cation and terminal thioketone of the
Pd(dmit), molecule at 295 K and 5 K.

MesAs MeySb Et;Me,As EtMe3Sb *
S. .. H distance: d(S- - - H-C)/A 295 K 5K 295 K 5K 295 K 5K 295 K 5K

2.95—3.00 2 4 4 12 8 4 2
2.90—2.95 2 2 2 2 6
2.85—2.90 4
2.80—2.85 2 2 2 2 1 2
2.75—2.80 1 1
2.70—2.75 1
2.65—2.70
2.60—2.65 1
2.55—2.60
2.50—2.55 1

* The number of the short S- - - H-Cg contacts in the EtMe3Sb salt was counted as half of that in Figure 9, considering
the occupancy factor of 0.5 for the ethyl group.
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Figure 8. Temperature dependence of short S- - - H-C distances d (S - - H-C) in the EtMe3Sb salt: the
black dashed line shows the sum of the van der Waals radii of S atom and H atom. The red filled
circles, orange filled squares, and red open diamonds mark the S- - - H-C; contacts. The blue filled
circles and light blue filled squares mark the S- - - H-Cg contacts. The green filled circles, spring green
filled squares, and green open diamonds mark the S- - - H-Cg contacts. See also Figures 1c and 9.

The S - - H-C contacts in the EtMe3Sb salt are shown in Figure 9. Two Pd(dmit), molecules in
the dimer are related by the inversion center, and there are two crystallographically independent
terminal S atoms (Sg and Syg). These S atoms contact three cations (labeled as Figure 9a—c) through
eight S- - - H-C contacts (three S- - - H-Cy contacts, I-7, II-7, and III-7; two S- - - H-Cg contacts, I-8 and
1I-8; three S- - - H-Cg contacts, I-9, II-9, and III-9 in Figure 9) in the EtMe3Sb salt. Cation a contacts two
terminal S atoms (Figure 9), and each of the cations b and ¢ contact one S atom. Such features of the
cation-anion contacts are commonly observed in the B’-Pd(dmit), salts.

(@ ()

Figure 9. Cont.
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Figure 9. Schematic illustration of the short S- - - H-C contacts. (a) Oblique view. (b) End-on projections
of the dimer arrangement. (c) Views along the vector connecting the two Pd atoms in the dimer, (c-1)
shows the short S- - - H-C contacts between the Sg atom in the lower Pd(dmit), molecule in (b) and
cations a and ¢, (c-2) shows the S- - - H-C short contacts between the Sjy atom in the upper Pd(dmit),
molecule in (b) and cations a and b: black arrows indicate the direction of the arch-shaped distortion
with a positive @ value. The red, green and blue arrows indicate the directions of repulsive S- - - H-C7,
S---H-C8, and S- - - H-C9 interactions, respectively.

We discuss how the S- - - H-C contacts affect the arch-shaped distortion of the Pd(dmit), molecule
by considering a contact angle: the S---H-C interaction that can affect the @ angle should have
a component parallel to the displacement of the S atom in the distortion. The S---H-Cq contacts
associated with the ethyl group are rather short in the EtMe3Sb salt. These tight cation-anion
interactions would dominate the arch-shape distortion in the ’-Pd(dmit), salts containing the ethyl
groups. When the S- - - H-C interaction was repulsive/attractive, two S- - - H-Cg contacts (I-9 and II-9
in Figure 9) effectively made the ® angle large/small. As shown in Figure 9b,c-1, the III-9 contact was
almost perpendicular to the displacement of the S atom in the arch-shaped distortion, thus, the effect
of this contact on the ¢ angle was negligible. In the Et,Mey.,Z salts, the @ angle became larger by
increasing the number of the ethyl group x [3]. Accordingly, the S- - - H-Cg contact angle and the x
dependence of @ indicated that the S- - - H-Cg contacts appeared, effectively, repulsive.

In the MeyP and Me4As salts where the cation did not contain the ethyl groups, the ¢ angle was
negative. Assuming that the S- - - H-C7 and S- - - H-Cg interactions were also repulsive, the I-7, 1I-7,
and II-8 contacts decreased the @ angle and the III-7 and I-8 contacts increased the @ angle (Figure 9).
The II-7 and III-7 contacts pushed the Sg atom, and they acted on the & angle oppositely. Thus, the
distortion through the Sg atom was determined by the competition of these two contacts in the Me,Z
salts. The II-7 contact was nearly along the displacement of the S atom, whereas the III-7 contact had
less components parallel to the displacement. This difference in the contact angle was expected to
provide the negative @ value in the MeyP and MeyAs salts. A similar mechanism involving the I-7,
I-8. and II-8 contacts could be applied to the distortion through the Sqg. Note that the I-8 contact that
increased the ¢ angle was longer and the II-8 contact that decreased the ¢ value was shorter in the
Me4As salt than in the MeySb salt. These structural features were consistent with the smaller @ value
in the MeyAs salt than that in the MeySb salt [3].
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4. Conclusions

The crystal structures of quasi-triangular frustrated S = 1/2 system, the 3’-Pd(dmit), salts, were
determined in the range of 5-295 K by the single crystal X-ray diffraction technique. Band parameters,
Fermi surface, and band structures were calculated by the tight binding calculation based on the
extended Hiickel method and the first-principles DFT calculation using the obtained crystal structures.
In the QSL material, the EtMe3Sb salt, every interdimer transfer integral, tg, ts, and t, lineally increased
with lowering temperatures. The change of f, was more moderate than those of fg and fg, thus the
anisotropy of the triangular lattice was enhanced by lowering temperatures. Interdimer transfer
integrals in the Me4Sb, MeyAs and Et;MepAs salts also increased with lowering temperature, and the
triangular lattice became anisotropic in the low temperature region. It was quite interesting that the
QSL state in the EtMe3Sb salt was realized in the rather anisotropic triangular lattice system where the
spin frustration would be reduced. Recently, vibrational spectroscopy has revealed that charge and
lattice fluctuations associated with the formation of closed shell tetramers and octamers can suppress
the magnetic order [32].

At each temperature, the Fermi surface calculated by the tight binding method reproduced
the results of the first-principles DFT calculation. The conduction band, which originated from the
anti-bonding HOMO pair, remained isolated from other bands and half-filled even at 5 K. These results
indicated that the dimer picture based on only HOMO-HOMO interactions was still available down to
the low temperature region.

Since the p-orbitals of the S atom mainly contributed to the formation of the conduction band,
the intermolecular S- - - S contacts were closely related to the band parameters. In the cation effect on
the intermolecular transfer integrals, the arch-shaped distortion of the Pd(dmit), molecule tuned the
intermolecular S- - - S contacts. In the temperature effect, however, the S-Pd-Pd-S torsion angle, @,
which characterizes the arch-shaped molecular distortion, was almost temperature-independent, and
the intermolecular transfer integrals were linearly correlated to the intermolecular S- - - S distances.
All these results suggested that the temperature dependence of the band parameters was mainly
associated with the thermal contraction of the Pd(dmit); layer.

The cation-anion interactions through the short S- - - H-C contacts acted repulsively and induced
the arch-shaped distortion. This was categorized as the steric effect, and we did not detect any
electronic effect of the cation-anion interactions. In this sense, it should be noted that the electronic
fluctuations by the rotations of the methyl and ethyl groups in the cation did not directly induce the
enhancement of the dielectric constant in the EtMe3Sb salt, which was revealed by the recent NMR
measurements [33].

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4352/8/3/138/s1.
Figure S1: Temperature dependence of lattice constants in the EtMe3Sb salt; Figure S2: Band structures of the
EtMe;3Sb salt calculated with the first-principles DFT method; Table S1: Intermolecular transfer integrals in
(Cation)[Pd(dmit);], calculated by using the extended Hiickel method; Table S2: Interdimer transfer integrals,
t'/t, and band widths in (Cation)[Pd(dmit),], calculated by using the extended Hiickel method; Table S3: Band
width of the conduction band, W, in the EtMe3Sb salt calculated with the first-principles DFT method.
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Abstract: We present here the first accurate determination of the exact structure of
k-(BEDT-TTF),Cuy(CN)3. Not only did we show that the room temperature structure used over
the last twenty years was incorrect, but we were also able to correctly and precisely determine
it. The results of our work provide evidence that the structure presents a triclinic symmetry with
two non-equivalent dimers in the unit cell, which implies a charge disproportionation between the
dimers. However, structural refinement shows that the charge disproportionation is quite weak at
room temperature.

Keywords: mott transition; molecular spin liquids; geometrical frustration; X-ray diffraction

1. Introduction

One of the richest subjects of study in condensed matter over the last 30 years concerns Mott
insulators with strong magnetic interactions and antiferromagnetic ground state in whose proximity
unconventional superconductivity can emerge. A more fascinating and fertile situation occurs
when spin frustration comes into play [1]. In such a case, long-range magnetic order can be easily
suppressed by quantum fluctuations, and a quantum spin liquid (QSL) ground state is expected [2].
The strong magnetic frustration is typically achieved for localized S = 1/2 spins antiferromagnetically
(AFM) coupled on a perfect triangular lattice [3]. However, the experimental realization of such a
system turned out to be rare, and few inorganic QSLs with a triangular network of spins have been
discovered [4-7]. Recently, two families of layered (2D) organic salts—k phases of the BEDT-TTF
donors, k-(BEDT-TTEF),X, and 3 phases of the Pd(dmit), acceptor, 3-Y[Pd(dmit);],—have been

Crystals 2018, 8,158; doi:10.3390/ cryst8040158 90 www.mdpi.com/journal/crystals



Crystals 2018, 8, 158

found to present a quasi-ideal triangular lattice of S = 1/2 spins [8,9]. Here, BEDT-TTF stands
for bis-ethylene-dithio-tetrathiafulvalene, and dmit is dimercaptoisotrithione; X and Y are, respectively,
anionic and cationic species. In k-(BEDT-TTF),X salts built with two dimers of BEDTT-TTF and two
anions X per unit cell, half an electron per BEDT-TTF is transferred on average to the anion layer,
leaving one hole per BEDT-TTF dimer and thus one S = 1/2 spin. A 2D array of inter-dimer transfer
integrals (ty, tp") connects the spins 1/2 in a quasi-isotropic triangular lattice with a ratio ty/ty’, which
is in the range 0.6-1.1 [10-12]. Of particular interest is the k-(BEDT-TTF),Cu,(CN)3 compound (here
after named «k-ET-Cu) in which the ty/ty’ ratio and thus J /]’ is very close to 1 and therefore presents
a case of a strong degree of frustration. This property, in the presence of a strong AFM interaction
between spins where J~250 K, has been considered as a necessary ingredient for QSL [13,14]. Indeed,
NMR [13] and heat capacity [15] measurements performed a decade ago have provided evidence of a
spin-liquid ground state in k-ET-Cu.

However, this salt is also a 1 filled 2D electron gas with strong electron—electron interactions: the
onsite Coulomb repulsion U is comparable to the bandwidth U/W ~ 1.8 [10,16]. It can thus stabilize
various competing electronic phases [17], which might strongly impact the QSL. In particular, one expects
bond order waves (BOWs) where holes are localized on intermolecular bonds competing with charge order
(CO) states, where the charge occupancy of the molecules is modulated. Due to the strong dimerization of
the donor layer, k-ET-Cu has one hole with spin 1/2 localized per dimer (i.e., on the intra-dimer bond)
and is thus generally regarded as a Mott-Hubbard localized system. In addition, the possible emergence
of a (polar) CO state in k-ET-Cu is an important issue that should not be neglected since ferroelectricity
induced by an ordering of electric dipoles on the BEDT-TTF molecular dimers has been suggested to drive
the spin-order in the Mott-Hubbard phase of k-(BEDT-TTF),Cu(SCN),Cl [18]. The coupling of the electric
dipoles with the spins could be a possible mechanism for the stabilization of QSL [19-24].

It is now established that k-ET-Cu presents a very rich pressure-temperature phase diagram.
At ambient pressure, this salt exhibits a thermodynamic phase transition around 6 K [25] with
significant lattice [25] and sound velocity [26] anomalies. Interestingly, a recent resonant inelastic X-ray
scattering study has been able to probe in the anion layer the vibration spectra of N atoms sizably
coupled to the donors (see below) and to measure the electron—phonon coupling [27]. Under a low
pressure of 0.4 GPa, the system becomes metallic and superconducting [28].

In k-(BEDT-TTF),X compounds, which all exhibit such a subtle coupling between spin, charge,
and lattice degrees of freedom, it is obvious that the detailed structure and its thermal evolution
has a strong influence on the spin coupling and Mott behavior. Moreover, the crystallographic
structure of k-ET-Cu is not obvious because this salt contains various intrinsic disorders within the
anionic layer as well as in the molecular stack. The room temperature structure of k-ET-Cu has been
intensively studied [29-33]. More recent studies of the thermal evolution of the structure have also
been published [11,12,34].

In all of these previous works, the structure is refined in the monoclinic and centrosymmetric P2; /¢
space group. The structure consists of (b,c) layers of strongly dimerized BEDT-TTF molecules, with
each dimer oriented approximately perpendicularly to its nearest neighbors. The four molecules of the
unit cell are equivalent by the symmetry elements of the space group. BEDT-TTF layers alternate along
the a direction with CuyCN3 anionic layers. The anionic layer is composed of CuCN polymeric-like
chains running along the b axis. There are two chains per unit cell related by the inversion center.
The chains are connected by C-N groups (hereafter labeled C2-N2 and C10-N10). In the P2; /c space
group, the C2-N2 groups are located at the inversion center. These groups are thus expected to be
disordered either dynamically or statistically. Within the molecular layer, the ethylene groups (C;Hy) of
the BEDT-TTF molecules are, depending on the structural refinement, either ordered [29,31] or partially
disordered [11,34] at 300 K. Disorder should be at the origin of the large anisotropic displacement
parameters (ADP) mentioned in [33]. Disorder will be discussed in detail in the present study.

The aim of this work is to accurately re-investigate the structure of k-ET-Cu. We show in particular
that the long-accepted 300 K structure is incorrect. The observation from 300 K down to 3 K of
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Bragg reflections forbidden in the P2; /c space group shows that k-ET-Cu adopts either the P1 or
P1 space groups. This new symmetry definitively proves the existence of the two unequal dimers
per unit cell, which implies the existence of a charge disproportionation between these dimers in
the entire temperature range. However, the structural refinement performed at room temperature
shows that inter-dimer charge disproportionation is quite weak. Such charge disproportionation
theoretically proposed in [19-24], but not detected by optical measurements [35], could help to
understand the relaxor-like dielectric behavior [36,37] and may give a long-awaited experimental
support for the suggested role of spin-dipolar coupling in the establishment of QSL. Additionally,
charge disproportionation not fixed by the crystal symmetry can vary under external constraints such
as temperature or pressure. For example, its enhancement under pressure may favor a transition from
the localized Mott-Hubbard state at ambient pressure to a metallic state that exhibits superconductivity.

2. Materials and Methods

High-quality single crystals of k-ET-Cu were synthesized by electro-crystallization following the
process used in [29,37]. Crystals appear like very thin plate-like samples of less than 1 mm?3. Their
surface corresponds to the (b,c) plane. We have performed preliminary X-ray diffraction measurements
using a Cu K« radiation laboratory source. For this diffraction study, we used a homemade
three-circle diffractometer equipped with a pulse tube cryogenerator allowing measurements from
room temperature down to 3 K. The full data collection has been performed on the synchrotron
radiation facility SOLEIL at the CRISTAL beam line using a Newport four-circle diffractometer
equipped with a Rigaku Oxford Diffraction Atlas CCD detector at a wavelength of 0.6724 A. About
17,000 reflections were collected. Data were processed using the CrysAlis Pro suite [38], taking into
account two components of the likely twinned crystal. The ab initio structure was solved using the
charge flipping algorithm and then refined by full-matrix least squares, using Jana2006 software [39].
Note that the introduction of twins only weakly improved the refinement. The twinning ratio was
found to be around 50%. The twinning (twofold axis along the c direction) relates domains where the
two different dimers of the unit cell are interchanged. It can be a macro- or micro-twinning. However,
the size of the twinned domains cannot be lower than a few microns because all Bragg reflections have
an experimental resolution.

First-principles calculations were carried out using a density functional theory (DFT) approach [40,41],
which was developed for efficient calculations in large systems and implemented in SIESTA
code [42-44]. We used the generalized gradient approximation (GGA) to DFT and, in particular,
the functional of Perdew, Burke, and Ernzerhof [45]. Only the valence electrons are considered in the
calculation, with the core being replaced by norm-conserving scalar relativistic pseudopotentials [46]
factorized in the Kleinman-Bylander form [47]. We have used a split-valence double-( basis set
including polarization orbitals with an energy shift of 10 meV for all atoms [48]. The energy cutoff
of the real space integration mesh was 350 Ry. The Brillouin zone was sampled using a grid of
(5 x 20 x 20) k-points [49]. The crystal structure at room temperature was used for the calculations.

3. Results

3.1. Evidence for a P21/c Symmetry Breaking

In the P21 /c (P 121 /c 1) space group, h0l Bragg reflections are forbidden whenever [ is odd (c glide
mirror extinctions), and the 0kO ones are forbidden for odd k indices (2 helicoidal axis extinctions).
Our structural measurements performed with both synchrotron and laboratory X-ray radiation have
evidenced at 300 K, the presence of the two kinds of forbidden reflections. It is important to notice
that these features were systematically observed for the 15 different crystals measured, except for
2 that were very small (30 x 30 x 30 um3). However, for these two crystals, the intensity of the
Bragg reflections was already not high enough for the detection of weak satellite reflections. It is also
important to mention that, intrinsically, in any X-ray pattern, the number of 0k0 reflections with odd k
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values is small. In the case of k-ET-Cu, we observed only 010 and 030, forbidden by the 27 symmetry
operation, but they were systematically present. Figure 1 displays the reciprocal lattice reconstruction
of the (a*, ¢*) reciprocal plane at 300 K, and the most prominent forbidden reflections are indicated.
Before going any further, we checked the possibilities of different experimental artifacts that could
have been at the origin of these additional intensities. A wavelength harmonic contamination (A/2)
was totally excluded. A twinning effect cannot explain the presence of such forbidden reflections
because no symmetry operation applied to the reciprocal space of one domain without forbidden
reflections can lead to reflections observed at very low angles, such as the one indexed as a 010
reflection. The possibility of a multiple scattering effect was also ruled out due to the weakness of
the scattering factors in organic compounds and the systematic character of the forbidden effects.
Its presence thus cannot be associated with an experimental artifact and since they are observed in
all sizeable single crystals measured, we can conclude that this symmetry breaking is an intrinsic
structural property of k-ET-Cu at 300 K.

Figure 1. (Color online). Reconstruction of the (a*, ¢*) reciprocal plane taking into account the
absorption correction. The thin arrows indicate the directions of the reciprocal lattice parameters,
and the thick arrows show the reflections forbidden in the P2; /c space group.

In addition, all measured reflections, including the reflections forbidden in the P2; /c space group,
had an experimental resolution. Furthermore, no particular diffuse scattering was detected. Finally,
we observed not only low angle forbidden reflections but also high angle ones such as the 5013. All of
these features suggest that the presence of forbidden reflections does not originate from a thermal
effect, nor from a disorder, but rather from an atomic displacement associated with a global symmetry
breaking of the P2; /c structure. The average intensity of the forbidden reflections is 100 times lower
than that of the main authorized Bragg reflections. The weakness of the intensity of the forbidden
reflections indicates that the symmetry breaking is weak and explains that the previous structural
studies have not detected this symmetry breaking with standard collect and refinement procedures.

Regarding the presence on the X-ray pattern of the various forbidden reflections, only the P1 and
P1 sub-groups of P2; /¢ are possible space groups for the real structure of k-ET-Cu at 300 K. One can
note that the triclinic angles « and vy are equal to 90° within error bars. The distinction between the P1
and P1 space groups is very delicate from an experimental point of view. In particular, using X-rays,
it is nearly impossible to differentiate both groups due to the Friedel law, which artificially creates a
center of inversion in the X-ray pattern. We have then tried second harmonic generation measurements.
However, the transmission measurements at the usual wavelength of 1064 nm were not possible due
to the fact that k-ET-Cu is nearly metallic, being very close to the Mott insulator-to-metal transition
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boundary. Namely, no clear-cut optical gap has been observed, while the transport gap is less than
40 meV [16,37,50].

3.2. Structure at 300 K

For our refinements we used the P1 space group as we could not detect the lack of inversion
symmetry leading to P1.

3.2.1. Modeling of the Disorder

We used anisotropic displacement parameters (ADPs) for all the atomic species except for the
hydrogen (H) atoms. Hydrogen atoms were placed at their ideal calculated positions and refined using
ariding model. Each ethylene group of the BEDT-TTF molecule adopts a twist conformation as defined
in Figure 2d. The two ethylene groups per BEDT-TTF molecule were however treated differently:
the best structural model (i.e., the lowest R factors and the lowest electron density residuals) was
obtained when the positions of the carbon atoms of one of the ethylene groups (the one on the left
side of Figure 2a) were split over two symmetrically equivalent positions with respect to the plane of
the molecule (e.g., Ci7-Ci7a and Ci8-Ci8a in Figure 2a), denoted as t and f. The other ethylene group
(the one on the right side of Figure 2a) was not split, and its configuration is t. The C-C distance of the
symmetrically related ethylene groups as well as the carbon ADPs were kept identical. The fractional
occupancy of each configuration was refined. This model led to staggered (S: t,t) (Figure 2b) and
eclipsed (E: t,f) Figure 2c bethylene conformations for each BEDT-TTF molecule, whose fractional
occupancy reached 72% and 28% for the S and E conformations, respectively. These values agree with
those obtained at 300 K in [29,34].

si7 ) _ si6

Sig Si4 Sil Si5

Figure 2. Cont.
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Figure 2. (Color online). (a) Ellipsoid of the ADPs at 300 K and labels for the various C and S atoms
of the BEDT-TTF molecule i (i = 1 for Molecule 1 and i = 2 for Molecule 2). The two ethylene groups
on the left side are in the t and f twist configurations (t and f are twist conformations symmetrically
related with respect to the plane of the molecule). The ethylene group, which is not split, is also
presented and is in the twist configuration. Schematic view of the terminal ethylene groups of the
BEDT-TTF molecule in the (b) staggered (S: t, t) and (c) eclipsed (E: t,f) conformations. The blue plane
is the average molecular plane. Dashed lines represent part of the chemical bond below the average
molecular plane; (d) Schematic representation of the four possible conformations of an ethylene group
in the BEDT-TTF molecule (each ethylene group is represented by two C atoms and viewed along the
long axis of the molecule). The energy of the conformation increases from left to right. Note that, in the
twist conformation, there is a C atom on each side of the molecular plane and that, in the half-twist
conformation, one C atom is in (or very near) the molecular plane. In the more energetic tilted-boat
and boat conformations, the C atoms are on the same side of the molecular plane.

Within the anionic group, we have analyzed the disorder of the C2-N2 and C10-N10 groups
located on the inversion center. We have first fitted the occupancy x of each site by an atom of carbon
C (x) and an atom of nitrogen N (1-x). A total disorder corresponds to x = 0.5 and a total order to
x =0 or 1. However, as the X-ray scattering factors of C and N are nearly identical, we were not able to
detect any reliable improvement of the refinement by varying x. We have thus decided to introduce
an average scattering factor corresponding to 50% of C and 50% of N for each site of the disordered
C-N groups.

3.2.2. Result of the Refinement

The best refinement of the structure at 300 K in the P1 space group was obtained for the atomic
positions and ADPs given in CCDC 1825317 (see details in [51]). The refinement led to R = 5.32%,
WwR = 8.35%, and N = 16338 reflections (14,479 with I > 20) for a total of 388 refined parameters,
184 constraints, and two restraints. The lattice parameters are a = 16.1221(10) A, b =8591(6) A,
c=13.412(8) A, o = 89.99(2)°, p = 113.43(2)°, and y = 90.01(2)°. The structure is shown in Figure 3a—c.
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| |

Figure 3. (a) (color online) Structure of k-ET-Cu at 300 K viewed along the b-axis. For clarity purpose,
only the most probable staggered C,H, group configurations are represented. In the molecular layer,
the first number of the atom labels (1 or 2) refers to the two different types of molecules and are indicated
for the Cil atoms only. The hydrogen bonds (red lines) of the ethylene groups (S conformation) with
the N and disordered N/C atoms in the anionic plane are also shown; (b) View of the anionic plane
parallel to the (b,c) plane: the disordered C-N groups, which are located on the inversion centers
(red circles), are colored in violet; (c) View of the anionic (b,c) plane and the molecular layer below
showing Dimer 1 (green) and Dimer 2 (red).
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The P1 structure obtained is similar to the P2; /c ones previously published in [29-31] and more
recently in [11,34]. In particular, the nearly flat shape of the core of the BEDT-TTF molecules is in
agreement with the one expected theoretically and obtained in [11] and [31-33]. One can notice that,
in the structure of [29], the molecules are more bent than in our structure and in the structures of [11]
and [31-34]. In addition, typical distances of the Cil-Ci2 double bonds (defined in Figure 2a and
given in Table 1) of our structure are consistent with those expected for BEDT-TTF molecules with a
+1/2 charge (half-hole) and those obtained in the refinements of [11] and [31-34], while in [29] these
distances are significantly larger.

Table 1. Relevant interatomic distances for the structure at 300 K. The charge disproportionation 25
defined in the text and calculated from the structural correlation as well as that from DFT calculations
are also given.

Temperature 300 K
di(A) 3.866(20)
da(A) 3.872(20)
C1-C2 Dimer 1 (A) 1.369(20)
C1-C2 Dimer 2 (A) 1.372(20)
2§ (structural correlation) [52] +0.06
25 (DFT) +0.01

Importantly, our density map indicates that, at room temperature, ethylene groups are slightly
disordered. This is particularly the case of the Ci7—Ci8 groups (defined in Figure 2a), which are
the closest ethylene groups to the disordered C-N groups. The ethylene groups of the BEDT-TTF
molecules at 300 K are thus rather in a staggered twist conformation on each side of the molecule.
The twist configuration presents the one of the lowest energy values for an isolated molecule [53,54]
(see Figure 2d) as does that obtained by ab initio calculations in a similar compound [55]. This
finding contrasts with the conclusion of refinements of [29,31] where an ordered configuration of
the BEDT-TTF molecule was found at room temperature. These last refinements give a half-twist
conformation of the ordered ethylene groups (see Figure 2d), which is not a conformation with the
lowest energy. Note that a half-twist conformation was observed in BEDT-TTF molecules of salts
exhibiting structural instabilities, such as a-(BEDT-TTF),I3 and «-(BEDT-TTF),KHg(SCN)y salts [56].
The origin of the half-twist conformation of the ethylene groups in these salts seems to be due to the
presence of constraints exerted by the environment of the BEDT-TTF molecules, i.e., the mechanical
constraints due to the geometry of hydrogen bonds established with the anions.

Concerning the hydrogen bonds between the electropositive H atoms from the ethylene groups
and the electronegative atoms of the anionic stack, their presence in organic systems is very frequent.
It is an important structural effect that controls the packing of the BEDT-TTF layer and which is
essential to stabilize various instabilities such as the CO ground state [57,58]. In the case of k-ET-Cu,
hydrogen bonds between the electropositive H atoms of the ethylene groups and the electronegative
N or C atoms of the anionic stack are shown in Figure 3a. If one analyzes the hydrogen bond network
between the BEDT-TTFs and the atoms of the anionic polymeric network shorter than 2.8 A, it appears
that the BEDT-TTFs of both dimers, when they are staggered, make two hydrogen bonds with N atoms
(2.69 and 2.73 A for Donor 1 and 2.68 and 2.75 A for Donor 2) and another one with one of the atoms
of the disordered CN group (2.74 A for Donor 1 and 2.73 A for Donor 2). When the donors are eclipsed
they make two hydrogen bonds with N atoms (2.69 and 2.70 A for Donor 1 and 2.69 and 2.68 A for
Donor 2) and another one with the C atoms (2.61 A for Donor 1 and 2.55 A for Donor 2). From these
values, it is not clear if there is a net preference for the staggered conformation. The hydrogen bonds
with the N atoms seem to slightly favor the eclipsed conformation. However, when both donors
are staggered, they establish a short contact with the disordered CN group, whereas when they are
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eclipsed they establish a short contact with the less electronegative C atom. It is most likely that the
interaction with the anionic network does not clearly favor one of the two conformations.

In order to progress in the analysis of the origin of the disorder, one must also consider the
interactions within the donor layers. Stabilizing S---H hydrogen bonds and H---H repulsive
interactions have a strong influence on the actual conformation of the donors and hence on the
occurrence of a disorder within the donor layers. When the donors are in the staggered or in the
eclipsed conformations, there are no H- - - H contacts shorter than 2.40 A (this would indicate repulsive
interactions). Consequently, these contacts do not favor any of the two conformations. In contrast,
the intra-dimer S- - - H hydrogen bonds favor an eclipsed conformation. In the eclipsed conformation,
two intra-dimer S- - - H hydrogen bonds of 2.66 A for Donor 1 and 2.60 A for Donor 2 occur, but none of
them is stabilized when the donors are in a staggered conformation. The inter-donor S- - - H interactions
do not distinguish between the two conformations. Thus, as far as the inter-donor interactions within
the BEDT-TTF layers are concerned, there is a preference for the eclipsed conformation.

Taking into account the previous analyses, we must conclude that the preference for a
staggered conformation must originate from intra-BEDT-TTF interactions that must dominate over
the inter-donor S- - - H interactions. In the absence of detailed first-principles calculations, it is not
possible to clearly state whether or not the interaction with the anionic network favors one of the two
conformations. What the present analysis suggests is that the preference for a staggered conformation
originates from a competition between intra- and inter-donor interactions within the donor layers.
Let us note that one reaches exactly the same conclusion when analyzing the P2; /c crystal structure
of k-ET-Cu at 300 K [11]. Thus, k-ET-Cu is clearly different from other kappa salts of BEDT-TTF
as, for instance, k-(BEDT-TTF),Cu[N(CN), X (X = Cl, Br). In these cases, a detailed structural
analysis of the evolution of the crystal structure with temperature [56] clearly shows that the staggered
minority conformation is favored by the interaction with the anionic network, whereas it is strongly
disfavored by very short and repulsive H- - - H interactions within the BEDT-TTF dimer units. When
the temperature is lowered, such repulsive interactions become too strong and all donors exhibit the
eclipsed conformation. Clearly, the conformational preference of BEDT-TTF in kappa salts is a subtle
question worth investigating.

3.3. Evolution of the Structure as a Function of Temperature

We have studied the thermal evolution of the structural properties of k-ET-Cu as a function of
temperature. Importantly, the P1 space group is confirmed in the entire temperature range since
reflections forbidden in the P2 /c space group were observed from 300 to 3 K. Upon cooling to 3 K,
the intensity of these reflections only slightly increased, while the overall X-ray pattern did not change
significantly. In particular, no significant change was detected in the temperature range between
300 and 200 K, where, according to H! NMR measurements [13], the thermally activated jump between
E and S conformations decreases, leading to the stabilization of the S conformation seen in the structural
refinements [11,34]. In addition, no substantial modification in the intensity of the Bragg reflections
was observed in the temperature range between 60 and 3 K where a relaxor-like peak is detected by
dielectric measurements [36,37].

Between «k-ET-Cu, on the one hand, and k-(BEDT-TTF),Cu(SCN), and «-(BEDT-TTF),Cu[N(CN),]X
where X = Br and Cl, on the other, the presence of different majority ethylene conformations (S versus
E respectively) and the presence of a glass transition ascribed to the residual disorder between S and E
ethylene configurations in the latter two salts, is quite noticeable.

Unfortunately, due to technical difficulties (the sample was not exactly on the axis of rotation) and
to intrinsic problems related to the deconvolution of the two domains associated with the twin, which
became impossible at low temperatures, we were not able to refine the low-temperature structures.
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4. Discussion

4.1. Inter-Dimer Charge Disproportionation

The observation of a symmetry breaking from the previously accepted P2; /c space group to P1
(or P1) has important implications. Within the P2; /c space group and consequently in the structures
of references [11,29,31], the two BEDT-TTF molecules of a dimer are related by a center of inversion,
and the two dimers of the unit cell are also related by symmetry. On the other hand, in the P1 space
group, the former symmetry is preserved, while the latter is broken. This should lead to differences
between Dimer 1 and Dimer 2 in the present P1 structure. First, their intra-dimer distance defined by
the distance d between the core carbons of the two different molecules of a given dimer (all but the
C atoms of the ethylene groups) should be different. Second, the slight deformation from the ideal
BEDT-TTF molecular shape should also be different between the two dimers. This is, for instance,
the case of the central Cil-Ci2 bond length in Dimers 1 and 2. Indeed, Table 1 shows that these two
types of distances are not identical, but their difference lies in the error bars.

The internal deformation of the molecules of a dimer can induce a charge deviation from the
0.5 holes per donor theoretically expected from the 2:1 stoichiometry (i.e., the BEDT-TTF charge is
given as 0.5 & 0). We can extract the value of  for a BEDT-TTF molecule from the relationship between
internal structural parameters of the molecule and the associated charge given in [52]. The charges
obtained at 300 K are +0.47 for a single BEDT-TTF in Dimer 1 and +0.53 for a single BEDT-TTF in
Dimer 2, respectively (with a charge accuracy of 5% estimated from the bond length error bars). Note
that this charge is not wholly determined by the central Cil-Ci2 bond length, as is sometimes assumed.
The normalized charge disproportionation thus obtained is 26 = 0.06 & 0.05.

4.2. DFT Electronic Structure Calculation

To put these results on a firm basis, we have also carried out first-principles density functional
theory (DFT) calculations. The temperature dependence of the electronic structure parameters
assuming a P2y /c average structure was the subject of previous DFT studies [11,59]. Here, we
are mostly interested in the magnitude of the charge difference between the two dimers. Because of
the disorder of the C2-N2 and C10-N10 groups, we carried out two different types of calculation,
using in both cases the crystal structure reported in this work. In the first calculation, the original
P1 structure has been converted into a P1 structure by selecting one of the two possible orientations
of the CN pair at the inversion center but leaving the rest of the structure unaltered. In the second
calculation, the anionic layer is completely removed from the calculation and the neutrality of the
system is enforced using a uniform background of charge amounting to two electrons per unit cell.
In that way, the P1 original symmetry is kept. The density of holes per BEDT-TTF donor was calculated
by integration of the density of states of the two upper HOMO bands and the two calculations led to
the same charges. The calculated band structure for the 300 K structure is shown in Figure 4. The two
upper bands are built from the anti-bonding combination of the two highest occupied molecular
orbitals (HOMO) of the BEDT-TTF dimers. Figure 4 shows that these two bands nearly merge together
along the Z-M and M-Y lines (there is degeneracy for the P2; /c space group). The separation between
these two bands along the Z-M and M-Y lines is quite weak (between 3 and 5 meV). As this separation
is proportional to the difference between the two types of dimers (i.e., the difference in energy of the
HOMO's anti-bonding combination of each dimer and the difference in transfer integrals t3 and t4
between dimers of the same type along b), one obtains very similar intra- and inter-donor interactions
for Dimers 1 and 2. This is confirmed by the fact that the DFT electronic structure dispersion of Figure 4
is nearly identical to the one of the P2 /c structure [11]. As expected from these results, despite the
existence of the two different dimers, the holes are calculated to be practically equally shared by the
two dimers (26 = £0.01, which is of the same order of magnitude as the precision of our calculations).
The results of vibrational spectroscopy [35], which do not reveal any charge imbalance larger than
5 = +0.01e, agree with the present results despite the existence of two different dimers.
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Figure 4. (Color online). Calculated band structure for the 300 K crystal structure of k-ET-Cu.
The energy zero corresponds to the Fermi level. I' = (0,0,0), X = (1/2,0,0), Y =(0,1/2,0), Z=(0,0,1/2),
and M = (0,1/2,1/2) in units of the reciprocal lattice vectors.

4.3. Inter-Dimer Charge Pattern

Figure 5a shows the BEDT-TTF pattern, which results from our structural refinements.
The structure is made of rows of BEDT-TTF dimers of one type running along b. Rows of dimers of
this type alternate with rows of dimers of the other type along c. The two types of dimers also alternate
along the diagonal ¢ & b directions. Even if the charge disproportionation that results from the DFT
calculations is small, it is permitted by symmetry of the new structure.

In order to further check the possibility of a sizeable charge disproportionation between dimers,
we studied the hydrogen bond network between the anionic and donor layers. In previous studies
of a-(BEDT-TTF),I3 [58] and 6-(BEDT-TTF),MM'(SCN)j [60], it was shown that the hydrogen bond
distance between the terminal C;Hy groups of BEDT-TTF and the anion reflects the degree of charge
of the donor as a result of a subtle polarization mechanism detailed in [58]. Here, as discussed in
detail above, the BEDT-TTF of Dimer 1 is related to the anionic plane by three short hydrogen bonds,
smaller than 2.73 A as well as the BEDT-TTF of Dimer 2, which is also connected by three hydrogen
bonds shorter than 2.73 A. This confirms that the charge of both dimers is practically equivalent, thus
providing an indication of a weak charge disproportionation between dimers.

The charge disproportionation between dimers at room temperature, even weak, is real from a
symmetry point of view. Thus, one should inquire as to the reasons for such a charge disproportionation
in k-ET-Cu as compared to other k-(BEDT-TTF),X salts. One explanation could be that the charge
disproportionation is due to the presence of stronger inter-site Coulomb repulsions. Such interactions
are invoked to explain low-temperature CO ground states observed in several families of (BEDT-TT),X
salts [17]. However, below the CO transition of such salts as well as of the Fabre salts, one observes
an increase in the amplitude of the charge disproportionation upon cooling [61]. In the absence of
low-temperature structural refinements allowing for the determination of the charge per donor, we
cannot rule out this possibility. Another more likely possibility is that the charge disproportionation
observed at room temperature is due to the presence of different environments of the BEDT-TTF dimers.
The difference in environments is probably set by the anion sub-lattice and its H-bond interactions with
the donors. Note that one of the hydrogen bonds for both types of dimers occurs with the disordered
CN groups. Similar effects are observed in x-(BEDT-TTF),I3 at room temperature and analyzed in [58].
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(b)

Figure 5. (Color online). (a) Molecular stack in the (b,c) plane showing the two types of dimers
(red and green ellipses). The inversion centers remaining in the P1 space group are indicated by black
empty circles; (b) The same molecular stack with the four different transfer integrals (t; with i = 1 to 4)
between dimers represented by black segments.

Let us also remark that the finding of an intra-dimer distance that depends upon the charge of the
dimer shows that the internal degrees of freedom of dimers that describe the physics of k-ET-Cu cannot
be ignored. This shows more generally that one must go beyond the simple dimer approximation
where the electronic structure of k-(BEDT-TTF),X is restricted to a simple set of t; couplings (i=1, 2, 3,
and 4 in Figure 5b) between dimers.

Furthermore, it is important to realize that considering a prototype P2; /c structure containing
two dimers per unit cell implies two possibilities to form charge-rich and charge-poor dimers in the P1
structure. These two possibilities are achieved in different twinned domains whose ratio is estimated
at 50% in our sample (see Section 4). Different twined domains where Dimers 1 and 2 are interchanged
should be separated by polar domain walls where the position of charge-rich and charge-poor dimers
interchanges. The motion of these domain walls should be at the origin of the observed dielectric
response, whose relaxor-like nature also indicates the presence of disorder in k-ET-Cu [37,59].

Although the detailed crystal structure analysis suggests that the main source of disorder may
originate from the competition between intra- and inter-donor interactions in the donor layer, one
must recall that one of the short hydrogen bonds between donor and the anion layers occurs with
the disordered CN group of the anionic network. This CN disorder, which thus affects the whole
(cation and anion) system, arises because of the triangular frustrated environment of Cu, where one
bond links Cu with 50-50% CN (bridging CN), while two bonds link Cu to well-defined 100% CNs
(CN chain). In the present refinement, we assume a complete orientation disorder of the bridging CN,
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as the X-ray investigation is not able to give reliable information on this orientation disorder, as pointed
above. Cu atoms are locally frustrated because they are coordinated either by two C atoms and one N
atom or by one C atom and two N atoms. In that way, different anion—cation couplings/constrains
are created, in particular via the establishment of N ... H bonds with the Ci7—Ci8 ethylene group
(see Figure 2a). In the k-ET-Cu structure, there is thus a robust zigzag chain motif with well-ordered
CN chain groups along the b-axis and different types of disordered C-N bridging groups (C2-N2
and C10-N10) along the c-axis. Such a disorder may arise during the synthesis procedure where
different C-N configurations can be obtained. As the charge redistribution among BEDT-TTF dimers
may be altered by such disorder because the charge depends on the strength of the short donor-anion
hydrogen bonds, the sample-dependent VRH and dielectric response can be explained [37,50].

4.4. Possible Intra-Dimer Charge Disproportionation

As detailed previously, our X-ray measurements are not able to discriminate between the P1
and the P1 space groups. However, in the absence of an inversion symmetry (P1 space group),
the molecules within a dimer are not equivalent. In that case, a charge disproportionation between the
molecules of a dimer should exist and lead to weak electric dipoles. The intra-dimer electric dipoles
have been assumed to theoretically explain the origin of the spin-liquid state via a dipolar-spin model
based on a strong coupling analysis [19-21]. This scenario has been proposed earlier to interpret the
relaxor-like dielectric properties of k-ET-Cu [36] below 60 K. However, more recent results have shown
that dipoles, if any, are weak and thus cannot be at the origin of the dielectric response [35,37,59].

4.5. Bringing Back Together the Puzzling Physical Behaviors

The presence of electric dipoles within the BEDT-TTF dimers has neither been detected
by infrared [35] nor by terahertz [59,62] measurements. In particular, the vy; peak has been
investigated [35] because it is the most charge-sensitive infrared-active intra-molecular vibrational
anti-symmetric mode related to the anti-symmetric ring Ci3—Ci4 and Ci5-Ci6 bonds of the BEDT-TTF
molecules. No splitting of the mode has been detected within the error bars of 1 cm~!, which
corresponds to a charge disproportionation of 0.01e, thus giving evidence that no sizeable static charge
intra-dimer disproportionation takes place.

Several models have been proposed to reconcile dielectric and optical measurements. The main
model involves polar space groups: either P2; [37] or even P1 [59], which have been found energetically
favorable by DFT calculations [59]. In the P2; space group, the C2-N2 and C10-N10 groups can be
ordered because they are no more located on an inversion center. However, a geometrical frustration is
present around a Cu atom bridging either 2N-1C or vice versa. This is expected to create domains and
charge domain walls whose motion generates dielectric response. The latter scenario has also been
investigated theoretically in [63]. Another model that assumes fluctuating intra/inter-dimer electric
dipoles and that well explains the terahertz measurements of [62] has been developed. As argued
in Section 3.3, the present structural investigation brings to light the presence of polar domain walls
separating twin domains of the P1 structure. Their motion could be the origin of the dielectric response.

Finally, it is important to note that preliminary X-ray scattering experiments on k-ET-Ag [64]
show that the same symmetry breaking from P2; /c to P1 or P1 is present. This effect seems to be a
general aspect of k-(BEDT-TTF),M,(CN);3 (k-ET-M), while no crystal lattice symmetry lowering in the
orthorhombic phases of k-(BEDT-TTF),Cu[N(CN),]X with X = Br [65-67] and Cl has been reported
until now. It is important to observe that both k-ET-Cu and k-ET-Ag present a spin liquid state [68-70],
which has not been observed in other k-(BEDT-TTF),Cu[N(CN),] X compounds with X = Br and CL
We can speculate that the structural particularities of k-ET-M are a prerequisite to the emergence of the
spin-liquid state.

An additional remark is that the charge disproportionation of k-ET-Cu, which is not fixed
by the crystal symmetry, can vary under external constraint such as temperature of pressure.
For example if one assumes that with one hole per dimer (which value is confirmed within experimental
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uncertainties by the present study) the insulating properties of k-ET-Cu at ambient pressure arise from
a Mott-Hubbard intra-dimer charge localization, the enhancement of inter-dimer charge disproportion
under pressure should disfavor the localized state in favor of a metallic state, which presence is a
necessary condition to stabilize superconductivity.
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Abstract: The quasi-two-dimensional organic charge-transfer salt x-(BEDT-TTF),Cu,(CN)j3 is one
of the prime candidates for a quantum spin-liquid due the strong spin frustration of its anisotropic
triangular lattice in combination with its proximity to the Mott transition. Despite intensive
investigations of the material’s low-temperature properties, several important questions remain
to be answered. Particularly puzzling are the 6 K anomaly and the enigmatic effects observed in
magnetic fields. Here we report on low-temperature measurements of lattice effects which were
shown to be particularly strongly pronounced in this material (R. S. Manna et al., Phys. Rev. Lett.
2010, 104, 016403)). A special focus of our study lies on sample-to-sample variations of these effects
and their implications on the interpretation of experimental data. By investigating overall nine single
crystals from two different batches, we can state that there are considerable differences in the size
of the second-order phase transition anomaly around 6 K, varying within a factor of 3. In addition,
we find field-induced anomalies giving rise to pronounced features in the sample length for two out
of these nine crystals for temperatures T < 9 K. We tentatively assign the latter effects to B-induced
magnetic clusters suspected to nucleate around crystal imperfections. These B-induced effects are
absent for the crystals where the 6 K anomaly is most strongly pronounced. The large lattice effects
observed at 6 K are consistent with proposed pairing instabilities of fermionic excitations breaking the
lattice symmetry. The strong sample-to-sample variation in the size of the phase transition anomaly
suggests that the conversion of the fermions to bosons at the instability is only partial and to some
extent influenced by not yet identified sample-specific parameters.

Keywords: quantum spin liquids; quantum spin frustration; organic compounds; thermal expansion

1. Introduction

Frustrated magnetism in triangular lattices is one of the growing research interests in condensed
matter physics. One class of materials where this physics can be studied are the quasi-two-dimensional
organic charge-transfer salts [1]. These materials are weak Mott insulators [1,2], which can be
easily converted into a metal, or even a superconductor upon the application of moderate pressure.
One of the prime examples is x-(BEDT-TTF),Cuy(CN)3 where the effect of frustration is strong [3].
This material does not show any long-range magnetic order down to T = 32 mK [4], which is four
orders of magnitude lower than the estimated nearest-neighbor Heisenberg exchange coupling
J/kp =250 K, and has been proposed to be a good candidate for a quantum spin-liquid (QSL) ground
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state. Although this material has been studied extensively in recent years, there are still several
open questions to be answered. A controversial discussion surrounds the nature of the low-lying
spin excitations, particularly with regard to the question whether there is a spin gap [5] or not [6].
Another very puzzling issue relates to the so-called 6 K anomaly. This feature manifests itself in
anomalous behavior in various quantities, including I3C NMR [7], magnetic susceptibility [8], specific
heat [6,8], thermal conductivity [5], ultrasound propagation [9] as well as thermal expansion [8].
From the latter experiments, where the strongest response was found, it was claimed that the 6 K
anomaly marks a second-order phase transition. Therefore it may reflect a QSL instability for which
various scenarios have been suggested. The proposed models include spin-chirality ordering [10], a Z,
vortex formation [11], a pairing of spinons [12-14], or an exciton condensate [15].

Likewise, the influence of a magnetic field on the low-temperature properties of this material
confronts us with open questions. On the one hand this relates to the anomalous field-dependent
spectral broadening observed in 13C NMR measurements, which indicates a spatially non-uniform
magnetization in this material [7] and the importance of disorder [16]. On the other hand,
the enhancement of the thermal conductivity by the application of magnetic field above 4 T, was
assigned to the B-induced closure of a small gap in the magnetic excitation spectrum [5,17]. Moreover,
the existence of a B-induced quantum phase transition at a very small field of about 5 mT was
claimed from results of pSR experiments [18]. It was argued that this quantum phase transition
separates a gapped spin liquid phase, with a tiny spin gap of As/kp ~ 3.5 mK, from a weak-moment
antiferromagnetic phase. According to these studies, a second quantum critical point exists in this
material around 4 T which was assigned to a threshold for deconfinement of spin excitations [18].

In light of these intriguing field-dependent effects, and the puzzling phenomenology in zero field,
with a number of unresolved issues, it is of vital importance to ask about sample-to-sample variations
of the material’s low-temperature properties. In fact, indications for sample dependences were revealed
in thermal conductivity measurements [5]. Moreover, a significant sample dependence was found
in recent microwave measurements [19]. Here, we report an extensive study of sample-to-sample
variations of the low-temperature behavior by focusing on the 6 K phase transition. As a probe we use
thermal expansion measurements, which proved to be particularly sensitive to the 6 K anomaly [8].
This thermodynamic technique directly provides information on the bulk physical properties. We find
large variations of the size of the phase transition anomaly in the coefficient of thermal expansion,
up to a factor of 3, whereas its position varies only slightly around 6 K. In addition, for two crystals out
of nine, we find highly anomalous lattice effects when a magnetic field is applied along the in-plane
b-axis.

2. Experimental

3 were used for

Single crystals with typical dimensions of about 0.1 x 1.0 x 1.2 mm
the experiments. The crystals were grown by following the standard procedure described in
Ref. [20]. An ultrahigh-resolution capacitive dilatometer was employed for the thermal expansion
measurements (built after [21]), enabling the detection of length changes Al > 1072 A, where [ is the
length of the sample. For measurements in a constant magnetic field as a function of temperature and
also for measurements of the magnetostriction at constant temperature, the magnetic field was applied
along the measuring direction of the crystal. Thermal expansion measurements at 0 < B <10 T were
performed upon heating and cooling with a slow sweep rate of £1.5 K/h to ensure thermal equilibrium.
For magnetostriction measurements, the sweep rate of the magnetic field was +120 mT/min. Overall
nine single crystals were studied, five single crystals from batch no. KAF 5078 and four from batch
no. MP 1049.

3. Sample-To-Sample Variations of the 6 K Anomaly

Figure 1 gives an overview of the in-plane thermal expansion coefficients a;(T) = I, 191,(T) /0T
(i = b, c are the in-plane crystallographic axes) for the x-(BEDT-TTF),Cuy(CN)3 single crystal MP 104942
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(symbols) over the whole temperature range investigated. For comparison, we show in Figure 1
corresponding data for the crystals discussed in Ref. [8] (gray line) which were taken from batch
KAF 5078. Besides the sharp peaks in aj, and «, around 6 K, which will be discussed below in more
detail, the data at higher temperatures reveal highly anomalous and strongly anisotropic behavior.
This includes a pronounced maximum of aj, around 80 K which is absent for a.. Instead, a. decreases
almost linearly with decreasing temperatures, becomes negative below about 50 K and passes through
a minimum around 30 K. We stress that, apart form the 6 K anomaly, the &, and «. data are almost
identical, within the experimental resolution, to those revealed for crystals from batch KAF 5078 [8]
(solid gray line in Figure 1). As was discussed in Ref. [8], the anomalies in &}, and a. indicate
that besides phonons, also other excitations contribute substantially to the low-temperature thermal
expansion of this material.

w

% 20

g\ e p-axis
® caxis

—— published data

0 50 100 150 200

T (K)

Figure 1. Overview of the coefficients of thermal expansion for x-(BEDT-TTF),Cu;,(CN)3 single crystal
MP 1049#2 (symbols) measured along the in-plane b- and c-axis for T < 200 K. The solid gray line
corresponds to data for single crystals from batch KAF 5078 reported previously by Manna et al. [8].

The low-temperature thermal expansion coefficients are dominated by the 6 K anomaly yielding
sharp spikes in w, and & with reversed sign. The data for T < 12 K are shown in Figure 2b on enlarged
scales. For comparison, we show in Figure 2a the corresponding data for the single crystals from batch
KAF 5078 reported previously by Manna et al. [8].

Figure 2 discloses a strongly sample-dependent anomaly at 6 K. For crystal MP 1049#2, the size
of the peaks in a; and «, are not only about two times larger than the ones found earlier on single
crystals from batch KAF 5078 [8]. The anomalies are also distinctly sharper and more asymmetric
in temperature with a steeper flank on the low-temperature side of the peak, clearly identifying the
feature as a second-order phase transition. Despite these differences, however, other characteristics
of the transition are retained. This includes the peak position at T, ~ 6 K, the anisotropy ratio
ac(Tp)/ap(Ty) ~ 3, and a crossing point of a; and a. at around 10 K. To illustrate the extent this
sample-to-sample variation can take, we show in Figure 3 a compilation of a; data for five selected
single crystals from two different batches, including the crystals KAF 5078#1 and MP 1049#2 presented
above in Figure 2. Figure 3 discloses a huge variation by a factor of about 3 in the size of the transition,
whereas the position changes only slightly within about 0.5 K. Note that, even though the largest
difference occurs between crystals from the different batches, there are also strong variations for
crystals from the same batch.
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Figure 2. Thermal expansion coefficients for x-(BEDT-TTF),Cuy(CN)3 measured along the in-plane
b- and c-axis around the 6 K phase transition: (a) on single crystal from batch KAF 5078 reported
in [8], (b) on single crystal MP 1049#2 studied in this work, where the anomalies are most strongly
pronounced. For this crystal also data taken in a magnetic field of B = 8 T applied along the measuring
direction are shown.
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Figure 3. Comparison of the in-plane b-axis thermal expansion coefficient of x-(BEDT-TTF),Cu,(CN)3
for a selection of 5 out of 9 single crystals taken from two different batches.

4. Field-Induced Effects

All nine crystals, including the ones shown in Figure 3, were also subject to measurements in
magnetic fields. The following observations were made: (1) as shown in Figure 2, there is no obvious
effect of a magnetic field up to 8 T, the maximum field applied, on the anomaly in «. (B || c-axis). For this
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crystal MP 1049#2, this statement is true also for a; (B || b-axis). In these experiments the field was
applied at a temperature of 12 K, prior to the measurements. (2) In contrast, for two crystals (KAF 5078#1
and KAF 5078#4) out of all nine crystals studied, we find highly anomalous B-induced lattice effects
when B is applied along the b-axis of the crystal. The B-induced anomalous behavior is shown in
the left panel of Figure 4 where we plot the relative length changes Al,(T) /1, = [(To) ~*[I(T) — I(Ty)],
with Ty a reference temperature, along the in-plane b-axis as a function of temperature at different
constant magnetic fields applied parallel to the b-axis, see Ref. [22] for a preliminary report of the
investigations. For comparison, we include in Figure 4a the data taken at zero magnetic field, yielding a
broad minimum at around 8 K, which corresponds to the change of sign of a; =1, 191,/9T (Figure 2).
On the scale of Figure 4, the abrupt change in slope in the Al /I, data at 6 K (indicated by an arrow),
reflecting the pronounced phase transition anomaly in «;, (Figure 2), cannot be seen. The same results,
without any obvious field-induced anomaly, were obtained in a field of B = 0.5 T [22] (not shown).
However, upon increasing the field to B = 1 T, the data reveal a jump-like anomaly at 8.7 K. The anomaly
grows in size and shifts to lower temperatures down to 5.2 K with increasing magnetic fields up to
10 T, the highest field accessible. These results suggest that a field in excess of some threshold value
0.5T < B <1 Tis necessary to trigger this effect. Interestingly, the magnetic field does not affect the 6 K
phase transition anomaly. These measurements were performed upon cooling with a rate —1.5 K/h
and the magnetic field was applied at 12 K. We stress that measurements along the second in-plane
c-axis with field parallel to c [8] and measurements along the out-of-plane a-axis with field parallel
a [23] failed to find any indication for such a field-induced anomaly.

LI | T T

KAF 5078#1

B=6T 1

-a—FC
—e— ZFC
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Figure 4. (a) Temperature-dependent relative length changes, Al /I, for x-(BEDT-TTF);Cu,(CN)3
(KAF 5078#1) along the b-axis for various constant magnetic fields between 0 T to 10 T. The curves
were shifted along the y-axis for clarity. The arrows indicate the phase transition at 6 K for the various
fields, giving rise to a peak in the thermal expansion coefficient, a;. (b) Relative length changes for
zero-field cooling (ZFC) and field cooling (FC) at a constant field value of 6 T. Measurements were
performed with a very slow rate of 1.5 K/h.

Irrespective of the fact that the field-induced anomalies were seen only in two out of nine crystals,
it is enlightening to explore the phenomenology of these anomalies in more detail. At first glance,
one would be inclined to assign the discontinuous length changes revealed in B > 1 T to a first-order
phase transition. However, the absence of any hysteresis in Alj, /[, upon heating and cooling with a
slow rate of +1.5 K/h [23] speaks against such an interpretation. Likewise, changing the heating and
cooling rates (from 0.5 K/h to 5.0 K/h) were found to have no effect on the anomaly (not shown)
which is an indication that there is no spin-glass behavior involved. Furthermore, as was shown in
Ref. [22], a comparison of Alj, /I, data from 4.5 K to 12 K, between zero field and a finite field of 6 T,
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reveals that the data lie on top of each other at the high- and low-temperature end, but significantly
deviate from each other at intermediate temperatures. This suggests that the jump-like anomaly in
the intermediate region indicates a release of a field-induced lattice strain upon cooling [22]. Whereas
there is no hysteresis upon heating and cooling, we do find a significant difference in Al /I, between
zero-field cooling (ZFC) and field cooling (FC) experiments, cf. Figure 4b. In the experiments shown
there, the sample was zero-field cooled down to 4.5 K, a field of 6 T was applied, and then data were
taken upon heating (red circles) at a rate of +1.5 K/h (ZFC). With a delay of one night, the second
data set was taken where the field was applied at 12 K and data were taken upon slowly cooling
(blue triangles) with a rate of —1.5 K/h (FC). In the figure, the data sets were shifted vertically so that
they coincide at the high-temperature end.

In addition to the temperature-dependent investigations in constant fields, we have looked for
corresponding anomalies also in magnetostriction experiments, i.e., measurements of Al /I, upon
varying the magnetic field up to 10 T. The measurements were performed by employing a sweep rate
of 120 mT/min. In the following we discuss a selection of the magnetostriction results. In Figure 5a,
we show the relative length changes along the b-axis as a function of magnetic field (B || b) at
T = 6 K. The data reveal a pronounced step-like anomaly slightly above 8 T which corresponds to the
feature observed in temperature sweeps at B = constant. Interestingly enough, these magnetostriction
measurements reveal yet another anomaly at a lower field around 1.8 T which could not be seen in
temperature sweeps at constant fields. Corresponding data for temperature T = 7.8 K are shown in
Figure 5b. Similar to the data at 6 K, we find two anomalies, a sharp peak-like feature, now located
around 2 T, and a step-like feature at higher fields.
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Figure 5. Relative length changes along the b-axis, Alj,/ 1}, for k-(BEDT-TTF),Cuy(CN); (KAF 5078#1) as
a function of applied magnetic field, B || b, at a temperature (a) T = 6 Kand (b) T =7.8 K. The oscillations
in the data, being periodic in B~!, are due to quantum oscillations of gallium (Ga) used for affixing the
sample in the desired orientation.

Based on results from thermal expansion measurements as a function of temperature (T-sweep) at
constant fields and results from magnetostriction measurements for isothermal field sweeps (B-sweep),
an anomaly diagram can be constructed, as shown in Figure 6. The position of the anomaly at higher
fields, derived from magnetostriction measurements, are fully consistent with those revealed from
measurements as a function of temperature at B = constant. Two distinct magnetic field-induced
features can be identified which are most strongly pronounced and well-separated from each other
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at low temperatures, while the anomalies merge together at around 8.4 K. A finite field above some
threshold value of 0.5 T < B, < 1T is necessary to observe these anomalous field-dependent effects.
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Figure 6. Anomaly diagram for x-(BEDT-TTF),Cu,(CN)3 (KAF 5078#1) based on the position of
the field-induced anomalies in Al /I, as determined from thermal expansion measurements at
B (||b) = constant (T-sweep, blue circles) and magnetostriction at T = constant (B-sweep, magenta
diamonds and yellow triangles). We note that these effects are absent in measurements along both the
in-plane c-axis with B||c and along the out-of-plane a-axis with B||a.

5. Discussion

The phenomenology described above suggests that the field-induced anomalies do not reflect
properties of the hypothetically ideal material. In an attempt to provide an interpretation of these
effects, we recall that (i) there is a significant sample-to-sample variation in the occurrence of the
B-induced anomalies, and (ii) there is no obvious interrelation with the 6 K anomaly. The latter
statement is based on the following two observations: there is a continuous, smooth growth of the
B-induced anomaly on increasing the field from 6 T over 8 T to 10 T (Figure 4), despite crossing
the phase boundary associated to the 6 K anomaly, (cf. Figure 6). In other words, the two effects
interpenetrate each other as a function of field without any mutual influence. In addition, there seems
to be an anticorrelation with the 6 K anomaly: the B-induced effects are absent in those crystals where
the 6 K anomaly is strongest pronounced.

We are inclined to assign these effects to a B-induced formation of local magnetization which may
nucleate around impurities or grain boundaries, as suggested on the basis of NMR measurements [7].
We further suspect that for the two crystals (#1 and #4 from batch KAF 5078) around those sites and
induced by a finite field, some kind of small antiferromagnetic clusters are formed with an easy axis
parallel to the b-axis. We then assign the spike-like feature around B ~ 1.8-2 T to the spin-flop transition
of these antiferromagnetic clusters. In fact, the anomaly diagram presented in Figure 6 bears some
resemblance to that of an uniaxial antiferromagnet with the field applied parallel to the preferred axis
of spin alignment. In those uniaxial antiferromagnets, the transition from the antiferromagnetic phase
to the spin-flop phase is of first order and almost independent of temperature, while the transition
from the spin-flop phase to the fully polarized state at higher fields is of second order, showing a strong
temperature dependence. The fact that we observe jump-like features at higher fields, and a ZFC-FC
hysteresis (cf. Figure 4b), not expected for simple uniaxial antiferromagnets, is presumable due to
the small, very likely nano-scale size of the B-induced magnetic clusters. As known from studies on
magnetic nano-structures, the increased surface contribution of these structures can create irreversible
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contributions to the magnetization, even though the core of these structures is antiferromagnetic, see,
e.g., Ref. [24].

The fact that these B-induced anomalies are absent for the crystals MP 1049#2 and MP 104945 is
consistent with the above interpretation and supports the view that the crystals, where the 6 K anomaly
is most strongly pronounced, have a lower concentration of those defects on which magnetization
can nucleate. Although the present study cannot make a definite statement about the nature of the
6 K transition, it clearly demonstrates that the order parameter strongly couples to the lattice degrees
of freedom. Hence our results are consistent with models [12,14,15] predicting a QSL instability
that breaks the lattice symmetry so that pronounced lattice effects are expected. Note that so far
low-temperature X-ray investigations failed to detect such a symmetry break [3]. The pairing of
fermions (spinons or excitons), considered in these models, giving rise to a conversion to bosons, may
be partial due to intrinsic but also extrinsic reasons. The high sensitivity of the size of the 6 K phase
transition anomaly to some (yet unknown) sample-specific parameters, may then correspond to a
different fraction of the fermions forming bosonic pairs at T, = 6 K. In light of the variation in the size of
the anomaly within a factor of about 3, we expect that there could be a considerable sample-to-sample
variation in this fraction. Depending on the sample investigated and the experimental probe applied,
this may lead to quite different conclusions as for the character of excitations of the low-temperature
state, and therefore could provide a plausible explanation for the ongoing controversy on these issues.

6. Conclusions

In summary, detailed investigations of low-temperature lattice effects have been performed on
the proposed spin-liquid compound x-(BEDT-TTF),Cuy(CN)3. Particular emphasis was placed on
sample-to-sample variations around the mysterious 6 K anomaly and the enigmatic field effects.
By studying overall nine crystals from two different batches we found that the second-order phase
transition at 6 K is strongly sample dependent in its size, varying within a factor of 3, whereas
the position stays constant within 0.5 K. In two out of these nine crystals, we observe pronounced
field-induced effects, which were tentatively assigned to the formation of small antiferromagnetic
clusters suspected to nucleate around some crystal imperfections. These effects are absent for those
crystals where the phase transition anomaly at 6 K is most strongly pronounced. For the latter crystals,
measurements of the specific heat and entropy release associated with the 6 K phase transition would
be of great interest to explore the involvement of charge degrees of freedom. Our results are consistent
with a pairing instability of the quantum spin liquid at 6 K which breaks lattice symmetry. We suspect
that the conversion of fermionic excitations to bosons at this transition is only partial and to some
extent influenced by sample-dependent factors.
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Abstract: Organic layered charge-transfer salts x-(BEDT-TTF),X form highly frustrated lattices
of molecular dimers in which strong correlations give rise to Mott insulating states situated
close to the metal-to-insulator phase boundary. The salts x-(BEDT-TTF);Cux(CN)s; and
x-(BEDT-TTF);Ago(CN)3 have been considered as prime candidates for a quantum spin liquid,
while x-(BEDT-TTF),Cu[N(CN),]Cl has been suggested as a prototypical charge-order-driven
antiferromagnet. In this paper, we summarize and discuss several key results, including some
not reported previously, obtained in search to clarify the competition of these two ground states.
The origin of anomalous dielectric response found at low temperatures in all three salts is also
discussed. We conclude by pointing out the relevant new insights into the role of frustration and
random disorder in the suppression of magnetic ordering and formation of the spin liquid state.

Keywords: strongly correlated systems; mott insulators; quantum spin liquid; dielectric properties;
vibrational properties; density functional theory

1. Introduction

Layered organic solids x-(BEDT-TTF),X (X = Cu[N(CN).]JCl, Cuz(CN); and Agy(CN)3)
are systems in which strong correlations lead to Mott insulating states situated close to the
metal-to-insulator phase boundary [1,2]. These systems are charge-transfer salts, i.e., they consist of
conducting BEDT-TTF layers separated by non-conducting anion layers (Figure 1). Within BEDT-TTF
layers, the triangular lattices of molecular dimers with one hole per dimer are formed with different
degrees of frustration (Figure 2) [3-6]. Moderate pressure in the range of a few hundred bars up to
10 kbar is sufficient to recover metallicity and superconducting ground state. At ambient pressure
in these salts two different ground states can be established. Canted antiferromagnetic, i.e., weak
ferromagnetic, state is formed in x-(BEDT-TTF),Cu[N(CN);]Cl (denoted as x-Cl) [7-9]. On the other
hand, quantum spin liquid (QSL) develops in the two latter salts x-(BEDT-TTF), X, X = Cuz(CN)3
and Agy(CN);3 (denoted as xk-CuCN and x-AgCN, respectively) [10-12]. QSL is commonly considered
as a highly correlated fluctuating quantum spin state expected to appear in geometrically frustrated
systems when quantum fluctuations are strong enough to preclude spin ordering down to zero
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temperature [13,14]. Historically, QSL was predicted theoretically as a resonating valence bond state
to be the ground state of a perfect triangular lattice S = 1/2 spin antiferromagnet instead of the
conventional long-range antiferromagnetic (AF) order [15]. Experimentally, however, few real materials
with triangular lattice, no spontaneously broken symmetry, and emergent fractional excitations have
been discovered. Among them stand out the most recent discoveries of two novel QSL types. First is a
high-temperature QSL in the layered transition metal dichalcogenide 1T-TaS; [16] as a long-awaited
prediction by Anderson. Second is a quantum liquid of magnetic and electric dipoles developed in a

hydrogen-bonded molecular compound x-H3(Cat-EDT-TTF), [17].
T
eottnass,

Figure 1. The crystal structure of the three layered organic charge-transfer salts. The lines mark the
unit cell. Carbon, sulfur and hydrogen atoms of the BEDT-TTF molecule are colored in dark gray,
yellow and light gray, respectively. In the anion network, chlorine, cooper, silver, carbon and nitrogen
are colored in green, red, pink, dark grey and violet, respectively. (Left) Unit cell of x-Cl. The space
group is Pyye. In each of two organic layers, related by mirror symmetry, all four BEDT-TTF molecules
are equivalent. (Middle,Right) Extended unit cell of x-CuCN and x-AgCN, respectively. The space
group is commonly solved in P2; /c in which all four BEDT-TTF molecules are equivalent.

Figure 2. View of BEDT-TTF dimers arranged in anisotropic triangles in the three layered organic
charge-transfer salts: (Left) x-Cl, projection of one of the layers is shown along the [110] direction;
(Middle) x-CuCN, projected along the [100] direction; and (Right) k-AgCN, projected along the [10-1]
direction. Neighboring dimers are rotated by 90° with respect to each other. The interdimer transfer
integrals are denoted by t and #, and the intradimer transfer integral by t4. The ratio '/t measures the
degree of frustration. #'/t ~ 0.5 indicates medium frustration for x-Cl, while ' /¢ ~ 0.85 indicates high
frustration for x-CuCN and x-AgCN.

Common to all three x-(BEDT-TTF), X organic charge-transfer salts is an anomalous dielectric
response [8,18-23], the origin of which remained elusive due to the missing experimental evidence of
any sizeable electric dipoles on molecular dimers [19,23-25] proposed theoretically [26-34]. However,
relying on the theory and based on the observation of Curie-like dielectric peak, hysteresis and
time-dependent phenomena, a dipolar order has been proposed to set in x-Cl acting as a driving
force for the magnetic ground state [18]. Related open issue in this salt is that, instead of Curie-like
peak, in the majority of measured single crystals, a relaxor response has been detected, suggesting
that the dielectric response rather arises from the motion of charge domain walls between insulating
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ferromagnetic domains in the background impurity potential [8,19]. In two salts xk-CuCN and x-AgCN
with quantum spin liquid ground state, dielectric response is consistently found to be of relaxor type in
all measured single crystals. The suppression of magnetic state has been mostly associated with highly
frustrated molecular dimer lattices, but it has been argued that an additional mechanism, such as
an exotic spin-dipolar coupling, is needed to induce quantum fluctuations which are strong enough
to suppress magnetic order [26-34]. The reason for that is twofold. First is the proximity of Mott
insulator-to-metal phase boundary where the charge degrees of freedom start to delocalize and thus
a spin-only description cannot be sufficient. Second is the inability of frustrated triangular lattices
to destroy the long-range magnetic order on their own [35-37]. The role of random disorder in this
competition may also be important, as indicated by an experimental study on x-Cl showing that X-rays
suppress magnetic order and allow a spin liquid to form [38]. Finally, we have recently suggested that
the non-conducting anions which contain frustration and disorder in the organic spin liquids may be a
critical ingredient needed for the prevalence of quantum spin liquid over magnetic ordering [39].

In this paper, we address the issue of anomalous dielectric response and inherent randomness,
and explore its origin and role in the competition between the AF and QSL ground state formation.

2. Antiferromagnet with Ferroelectric Character x-(BEDT-TTF),Cu[N(CN),]Cl

At ambient pressure, x-Cl system behaves as an insulator in dc limit in the whole temperature
range, but, in the infrared range, a large temperature-dependent charge gap (Mott gap) develops only
at temperatures lower than 50 K [19,40]. The system was reported to show zero resistance and weak
superconducting diamagnetic response at pressures as small as 100 bar, and a bulk superconductivity
(SC) below 12.5K at 300 bar [41-43]. On cooling, dc resistivity increases only weakly down to about
100 K. This behavior is observed for majority of measured samples; the behavior of three single crystals
is displayed in Figure 3, Inset in Left panel.

On further cooling below 100K, the dc resistivity increases steeply, indicating an insulator-to-
insulator phase transition, right in the temperature range where the Mott gap develops. Interestingly,
the rate by which dc resistivity rises seems to be much larger perpendicular to the dimer planes
(i.e., along the b-axis) than within them [18,44]. Overall, dc resistivity data accumulated by us and the
other authors however indicates that the phase transition temperature and the width of the transition
extracted from the logarithmic resistivity derivative differ for different single crystals. Figure 3 shows
distinct behaviors of the dc resistivity along the b-axis for three single crystals of x-Cl. The resistivity
derivative of S2, as well as of the sample in Ref. [19] (see Figure 3 in [19]), shows a broad maximum
centered at about 30K, indicative of the formation of a low-temperature phase at short-range scales.
Conversely, samples S1 and S3 present a peak that is twice as narrow, higher, and positioned at a
slightly lower temperature of 27 K. However, the full width at half maximum is ten times larger than
what is typical for the phase transition developed at the long-range scales, indicating a certain amount
of disorder even in the crystals S1 and S3.

The nature of phase transition, based on dielectric data displaying a peak in the same temperature
range (Figure 4, Right), was proposed to be ferroelectric and ascribed to the ordering of electric dipoles
on BEDT-TTF dimers [18]. Moreover, it was argued that the dipolar ordering releases the frustration
of dimers’ spins on the triangular lattice and in this way drives the magnetic ordering which sets in
at same temperatures. The exciting proposal of multiferroicity awaits for its final confirmation due
to missing evidence for inversion symmetry breaking [19,25]. Thus, the nature of phase transitions
detected in dc resistivity and dielectric response, and the origin of disorder in x-Cl are still a mystery.
We come back to this issue at the end of this section. An additional broad feature, situated at about
50K, is detected only for sample S3 (Figure 3, Right), right in the temperature range where the Mott
gap opens.

Further, the most intriguing behavior is found for sample S2. Upon reducing temperature the
resistivity rises with a much smaller rate, reaches maximum at about 12K and falls down rapidly.
Note that 12K is the temperature below which bulk SC sets in at 300bar. Notably, a similar drop
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of resistivity measured in dc limit, as well as at 35 GHz, has been reported before independently
by Sushko et al. [45] and one of us [44], and attributed to SC islands growing within the insulating
sample bulk. The suggestion has been supported by magnetization measurements indicating that
the low temperature state of k-Cl below critical pressure of 300 bar is an inhomogeneous mixture of
SC and insulating magnetic phases [45]. Indeed, for sample S2, we do find evidence for the presence
of SC domains at T < Tsc =~ 12K. These domains do not percolate down to 5K since the resistivity
remains finite (Figure 3). At these low temperatures only, a non-linear decrease of the low-frequency
conductivity is found when increasing ac voltage (not shown) or applying magnetic field (Figure 5, Left).
At zero magnetic field, there is a rise in conductivity below about 12K, as observed in dc resistivity
measurements. Increasing the magnetic field shifts the SC phase transition to lower temperatures. For
magnetic field of 5T the SC phase transition is suppressed down to 5 K.
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Figure 3. (Left) Distinct behaviors of the resistivity along the b axis below 100 K for three single crystals
of k-Cl: S1 (red), S2 (blue) and S3 (black). Data for S3 are after [18]. The inset displays the resistivity
behavior in the whole temperature range demonstrating a weak activated behavior similar for all three
samples. (Right) Logarithmic resistivity derivative versus temperature.
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Figure 4. Real part of the dielectric function ¢ as a function of temperature with the ac electric field
applied E || b for three representative single crystals of x-Cl: S1 (Left); S2 (Middle); and S3, after [18]
(Right panel) The full lines in (Right) are guides for the eye.

Next, we address the dielectric function measured as a function of temperature and frequency
along the E || b i.e., perpendicular to the BEDT-TTF dimer layers. Figure 4 presents the real part of
dielectric function ¢’ of three representative samples of x-Cl. Common to all of them is that below 40K,
¢’ features a pronounced peak, the high-temperature shoulders of which align to follow the same curve.
Conversely, the peak’s amplitudes and the positions in temperature strongly differ between them.
The former seem to correlate with the magnitude of dc conductivity, but might also be influenced by
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different levels of disorder present in the three samples. The ¢’ peaks of sample S1 and S3 are situated
at about 25 K, showing a weak relaxor and a Curie-like behavior i.e., nearly frequency independent
position of the peak, and reach similar values <100 for frequencies >200 Hz. A remarkably distinct
result is observed for sample S2: the € peak is shifted to lower temperatures and centered at T, ~
9K for all applied frequencies attaining a value as high as 1800 at 200 Hz. Notably, T, seems to
coincide with Tsc. Applied magnetic field reduces the onset of conductivity rise (Figure 5, Left)
and concomitantly smooths the low-temperatures sides of the ¢ peak and lowers its amplitude, the
effect showing up only at temperatures below Tsc =~ 12K (Figure 5, Right). Finally, the susceptibility
behavior observed for sample S2 shows an increase, albeit rather broad, below about 22K (Figure 6),
as expected for the intra-layer antiferromagnetic ordering documented previously [7-9].
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Figure 5. Magnetic field influence on sample S2 of x-Cl. (Left) Conductivity o measured at 500 Hz
for E || b versus temperature measured at different magnetic field strengths (H || b). AtH=0T
there is a rise in conductivity below 12K, while the application of magnetic field shifts the onset
of conductivity rise to lower temperatures, thus indicating a superconducting phase transition at
Tsc ~ 12K. (Right) Real part of the dielectric function ¢ as a function of temperature with the ac
electric field applied E || b, and measured at different magnetic field strengths (H || b). The effect of the
magnetic field can be seen only below 12 K. Increasing magnetic field lowers the peak amplitude.
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Figure 6. Susceptibility x of sample S2 of x-Cl as a function of temperature measured in a magnetic
field of 500 Oe applied H || ac-plane.

Importantly, for sample S2 both the magnetic phase transition and the insulator-to-insulator
phase transition seem to be developed only at short-length scales, however they appear within the
same temperature range as commonly observed in x-Cl samples. On the other hand, the dielectric
peak if taken as an indication of a ferroelectric-like ordering reveals itself as a feature separated from
the phase transitions visible in dc transport and in susceptibility. Moreover, it is shifted to lower
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temperatures and appears concomitantly with the superconducting phase transition indicating the
coexistence of ferroelectric-like order and SC. Thus, despite ferroelectricity being expected only in
insulating systems, here it seems to coexist with dilute metallicity, indicating that ferroelectricity,
together with magnetism, shares a common boundary with SC in the phase diagram. However, note
that, while magnetic and SC are competing phases, the observed data suggest that ferroelectricity
and SC support each other. Remarkably, Clay and Mazumdar recently developed a valence-bond
theory of SC within which the SC state is reached by the destabilization of the molecular dimer
order called paired-electron crystal (PEC) [31,32,46]. According to their theory, the low-temperature
phase in sample S2 might be considered as consisting of segregated magnetic, PEC and SC phases.
This outstanding result in organics bears similarities to the superconducting high-T. cuprates, where
the proximity of a charge-ordered state to the AF and the SC state has been established.

It is challenging to reconcile this exciting proposal with the missing experimental evidence
of structural inversion symmetry breaking needed for formation of ferroelectricity. Namely, X-ray
diffraction measurements have shown that the space group of x-Cl is Py, implying that all eight
BEDT-TTF molecules and all four dimers in the unit cell are crystallographically equivalent [47].
Interestingly, NMR data reported in [9] seem to indicate four nonequivalent spin dimers sites
present already at room temperature, but remarkably the nonequivalence disappeared once the
magnetic state was established. The experimentally evidenced absence of any considerable electric
dipoles on BEDT-TTF dimer sites [25] has promoted an alternative interpretation for the relaxor-like
dielectric response observed in the most number of x-Cl samples. This scenario, backed up by the
generally observed tendency to phase segregation, invokes charged domain-walls between insulating
ferromagnetic domains in the disordered background of the canted AF i.e., weak ferromagnetic
phase [8,19,22].

Here, we present vibrational spectroscopy data performed on sample S2 of x-Cl. Figure 7
displays the most charge-sensitive intramolecular vibrational mode 177 centered at 1469 cm™! at
5K, which involves the anti-symmetric C=C stretching of the rings within BEDT-TTF molecules, as
a function of temperature [48-50]. The side band at 1473 cm ™! is present at all temperatures due to
inequivalent lattice sites [25] and becomes visible at low temperatures as the modes become more
~1 involves ethylene motions and is not related to the v,y
mode [50]. A possible charge inequality among the donor molecules can be quantitatively estimated
from the well-known linear frequency-charge relation concluded by Yamamoto et al. [49]. The charge
disproportionation can be directly determined from the frequency separation of the respective v,7
peaks via 28, = 6vp7/(140cm ™! /e). In the case of x-Cl, however, no splitting of the mode occurs on
lowering the temperature down to 5K, providing clear evidence that, even in sample S2 of x-CI, no
sizeable static charge redistribution exceeding the limit of 25, ~ 4-0.01e takes place. The observation is
in full accord with previous reports on x-Cl [19,25]. Given the estimated extremely small upper bound
of charge imbalance and fast rate of charge oscillations within the dimer [25], such static or fluctuating
electric dipoles associated with BEDT-TTF dimers can hardly explain the low-frequency dielectric
response, in particular the one showing a sizeable Curie-like anomaly, as observed for sample S2 of x-Cl.
Importantly, in sample S2 the magnetic and dielectric anomaly, setting in at separated temperatures of
25K and 9K, seem to suggest that it is a ferroelectricity which is driven by the magnetism, and not
vice versa as proposed in [18].

Finally, origin of disorder in single crystals of x-Cl is a very intriguing issue. The presence of
disorder is suggested by the broadness of phase transition anomalies seen in dc transport and in
susceptibility, as well as relaxor-like dielectric anomalies [51]. However, here the possibility that
disorder originates in the anion layer, as suggested in the case of x-CuCN and x-AgCN [21,23,24],
must be discarded since all cyanide (CN) groups positioned between the copper (Cu) atoms are ordered
in a zigzag line along the a-axis so that the anion layer consists of one-dimensional chains (Figure 8).
Alternatively, disorder may arise in the organic dimer layers due to the formation of segregated phases
of similar energy [46]. This possibility should be explored further.

narrow. The small satellite at 1478 cm
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Figure 7. (Left) Temperature evolution of the intramolecular vibration v,7 in sample S2 of x-Cl.
(Right) Temperature dependence of the resonance frequency and damping obtained by Fano function
fit of the mode.

Figure 8. View of the anion layer of x-Cl in the ac plane projected along the b-axis. Copper is colored in
red, and chlorine in green. Carbon and nitrogen are colored in blue and orange, respectively. The unit
cell is marked as a rectangle.

3. Quantum Spin Liquids in Disordered x-(BEDT-TTF),Cu,(CN)3 and x-(BEDT-TTF),Ag>(CN);3

xk-CuCN and x-AgCN are Mott-Anderson insulators in which combined effects of strong
Coulomb interaction and randomness have been well documented, experimentally and theoretically.
dc charge transport within dimer planes happens via two-dimensional variable-range hopping
in a wide low-temperature range. At elevated temperatures, it crosses-over to nearest-neighbor
hopping [21,23,52,53]. Anomalously broad anisotropic dielectric response exhibits the relaxor-like
ferroelectric behavior: with lower frequencies the magnitude of peak increases and its position
shifts to lower temperature indicating a gradual freezing out [20,21,23]. Figure 9 displays the
temperature-dependent real part of the dielectric function at selected frequencies along the a*
direction where dimer and anion layers alternate. Notably, the out-of-plane response is one
to three orders of magnitude weaker in strength, which correlates with the anisotropy of dc
conductivity. Extensive study on different single crystals from different syntheses have revealed
strong sample dependence of the dc transport and the dielectric response parameters [21]. Dielectric
peak becomes smaller for larger disorder and the difference becomes more pronounced upon
reducing temperatures. Similar effects due to disorder have been found previously in the dielectric
response of the charge-density wave and ferroelectric charge ordered states in quasi-one-dimensional
inorganic and organic compounds [22,54,55]. Disorder also affects the width of dielectric spectrum the
broadening of which decreases implying a lower degree of cooperativity, the effect typically occurring
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in glassy systems [56]. Cooperativity appears well established within the dimer planes, while it
develops gradually upon decreasing temperature along the out-of-plane direction [21,23]. In addition,
for k-CuCN, sample-dependent dielectric and lattice anomalies were also detected in microwave [57]
and thermal expansion measurements [58], respectively.

Dielectric response observed in x-CuCN and x-AgCN thus bears typical fingerprints of cooperative
motion and glassy freezing in relaxor ferroelectrics [59]. Relaxor phenomenology assumes the existence
of polar domains of low-symmetry and anticipates basically two mechanisms of dielectric response.
It can be either due to the thermally activated reorientation of dipole moments within the domain,
or to the motion of the interphase boundaries of the polar regions.
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Figure 9. Real part of the dielectric function ¢ as a function of temperature with the ac electric field
applied E || a* for single crystals of: x-CuCN (Left); and x-AgCN (Right).

To examine if dipole moments emerge upon lowering the temperature in xk-CuCN and x-AgCN,
vibrational spectroscopy was employed to probe the most charge-sensitive intramolecular vibrational
mode 177, which involves the anti-symmetric ring C=C stretching of the BEDT-TTF molecule [23,25].
In Figures 10 and 11, the 1,7 is shown for various temperatures in k-CuCN and x-AgCN, respectively.
In contrast to x-Cl, the side band at 1473 cm ™! is absent in different lattice symmetry; the satellite
slightly below 1480 cm ! is similar for all compounds discussed here. At 300K the 1,7 shows as a very
strong peak centered at 1460 cm ™!, as expected for half a hole per BEDT-TTF molecule. The mode is
rather broad indicating the presence of fast charge fluctuations. Upon cooling no splitting of the mode
occurs down to 10K, providing clear evidence that no sizeable static charge redistribution takes place
in both x-CuCN and x-AgCN. However, there is a slight difference. In x-CuCN, only one Fano mode
was sufficient to describe the 1,7 allowing only to conclude that there is no static charge imbalance
larger than 26, ~ +0.01e (Figure 10). For x-AgCN, two Fano functions were required to fit the spectra,
revealing the two maxima which indicate that two unequal crystallographic sites exist in the unit cell
of x-AgCN (Figure 11) [23]. With a linear shift of 140 cm ™! per unit charge, the charge imbalance 25, is
calculated by 25, = dva7/ (140 cm~1/ e), where dvyy is the difference in frequency positions between
two maxima associated with two non-equal molecular or dimer sites. The two maxima are separated
by 6 cm~! which would correspond to an average charge imbalance of 25, ~ £0.05e.

Given that vibrational spectroscopy detects only a tiny charge imbalance and fast rate of
oscillations, such dipoles cannot be invoked to explain the dielectric response at low frequencies.
These fluctuating dipoles may show up in the microwave [57] and terahertz response [60]; however,
the latter has been shown to involve coupled anion—-dimer vibrations instead [24]. Alternatively,
the collective motion of interphase boundaries of polar regions has to be considered as the pertinent
mechanism in these systems. Therefore, the clue to understand relaxor properties of dielectric response
lies in identifying the randomness and domain structure in x-CuCN and x-AgCN. The structure of
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these salts is commonly solved within P2;/c symmetry implying that all four molecules and two
dimers within the unit cell are equivalent [4,6,61]. This means that any charge disproportionation
between molecular and/or dimer sites is excluded.

However, randomness is revealed by X-ray diffraction data already at 300 K which show that,
in addition to ordered CN groups (chain CN) between Cu/Ag atoms in the chains along the b-axis,
there are CN groups (bridging CN) located at the inversion centers. These bridging CN groups
connect Cu/Ag atoms along the c-axis so that the anion network is formed in two-dimensions
(Figure 12). The triangular coordination of Cu and Ag implies frustration since each Cu/Ag atom can
be linked either to two N and one C atom, or to one N atom and two C atoms introducing intrinsic
disorder. This disorder is extended via hydrogen bonds connecting CN and ethylene groups onto the
molecular dimers where it alters the charge distribution, and thus can cause anti-phase boundaries
separating frustration-limited domains [21]. The perturbation of BEDT-TTF layers is expected to
be stronger in k-CuCN, than in x-AgCN, since in the former all contacts between bridging CN and
the terminal ethylene groups of the BEDT-TTF molecule are shorter than the sum of van der Waals

radii [23]. Note that the disorder level in x-CuCN and x-AgCN represents an intrinsic property of
these charge-transfer salts.
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Figure 10. (Left) Temperature evolution of the intramolecular vibration vo7 of x-CuCN. (Right) Temperature
dependence of the resonance frequency and damping obtained by Fano function fit of the mode.
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Figure 11. (Left) Temperature evolution of the intramolecular vibration 157 of x-AgCN. The two Fano
functions required to fit the spectra indicate two crystallographically distinct sites. (Right) Temperature
dependence of the resonance frequency and damping obtained by the fit using two Fano functions.
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TN YN Ce_ o

Figure 12. View of the anion network of x-CuCN (Left) and x-AgCN (Right) in the bc plane projected
along the a*-axis. Cooper and silver are colored in red and violet, respectively. Carbon and nitrogen of
ordered CN™ groups are colored in blue and orange, while they are colored in black for CN™ groups
located at inversion centers. The unit cell is marked as a rectangle.

To get an insight as how such a disorder affects the electronic ground state, ab initio density
functional theory (DFT) calculations have been carried out on x-CuCN and x-AgCN [23,24]. Since two
CN bridging groups in the unit cell occupy one of the two equally probable orientations, four different
crystallographic configurations were constructed, based on experimental X-ray data, for x-CuCN and
x-AgCN. In each configuration, the entire system, with atomic positions and unit cell parameters,
was allowed to relax resulting in electronic states with reduced symmetry as compared to P2; /c and
quasi-degenerate in energy; all states lie only 5-25meV above the relaxed state with minimum energy.
Reduced symmetry implies that non-equivalent crystallographic sites (BEDT-TTF molecules and/or
dimers) exist in the unit cell. In xk-CuCN, the space group of all four states was reduced to P1, while, in
x-AgCN, the energy states were associated with the configurations of higher symmetry P2; and P..
These results indicate a higher level of disorder in x-CuCN than in x-AgCN, which explains why it
was possible to resolve two Fano modes in the 157 mode in the x-AgCN system.

Importantly, the quasi-degenerate electronic ground state implies a random domain structure in
the real space of xk-CuCN and x-AgCN at all temperatures. It thus supports the consideration of relaxor
dielectric response explained above: low-energy excitations are caused by charged domain walls rather
than by static or fluctuating electric dipoles. Upon cooling, screening gets gradually weaker due to
the reduced number of charge carriers. This allows domains to be more “visible”, the number of
domain walls increases, and concomitantly the motion of domain walls become increasingly correlated.
The detailed description of how and why the dielectric response evolve in temperature can be found
in Refs. [21,23]. In closing, we note that the dielectric response scenario presented in this section,
was recently backed up by the theoretical approach developed to explain anomalous dielectric response
in strongly correlated molecular solids [62]. Most importantly, in-depth X-ray diffraction measurements
of k-CuCN in the wide temperature range and refinements, complemented by DFT calculations, have
demonstrated that two nonequivalent dimers exist in the unit cell due to the reduced symmetry of the
whole crystal [63].

4. Van de Waals Interactions in x-(BEDT-TTF)2X; X = Cu[N(CN)2ICl, Cu2(CN)3; and Ag>(CN)3

While there exists a general consent in the community of organic crystals on the importance of
vdW interaction in their formation, its importance has never been clearly evidenced and quantified in
the organic materials x-(BEDT-TTF), X with X = Cu[N(CN),]Cl, Cuy(CN)3 and Ag>(CN)3. These three
kappa-BEDT-TTF materials, as well as other BEDT-TTF compounds are not simple molecular crystals,
rather they should be classified as complex chemically bound charge transfer or cation—-anion bulk
solids. The previous DFT studies on different organic charge-transfer salts have neither included
nor discussed the van der Waals (vdW) interactions at all [64-70]. The only exception is found in
our work [23,24,39].
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In the present DFT calculations, the experimental structure obtained from X-ray diffraction
measurements at 100 K, 150K and 100 K was used for the atomic coordinates of x-CuCN, x-AgCN and
x-Cl, respectively [23,24,47]. Two types of DFT functionals have been used: the standard semilocal
PBE functional and nonlocal vdW-DF functional. The structure was relaxed to allow for the change of
volume and shape of the unit cell together with the atomic positions. The parameters of the resulting
relaxed state structures with minimum energy are displayed in Table 1 (xk-CuCN), Table 2 (x-AgCN)
and Table 3 (x-Cl).

Table 1. Unit cell parameters of x-CuCN obtained from X-ray diffraction measurements at 100 K
(left column), ab initio calculations based solely on PBE functional (central column) and on vdW-DF

functional (right column). Relative deviations from experimental values are given in parentheses.

Unit Cell Parameters Exp Calc:PBE Calc:vdW-DF
a 159644 A 169706 A (+6.3%)  16.1809 A (+1.4%)
b 85618 A 8.75745A (+2.3%)  8.62586 A (+0.8%)
c 132662 A 13.6497 A (+2.9%)  13.3523 A (+0.7%)
w 90.000° 89.9968° 90.0037°
B 114.067° 116.409° 114.088°
¥ 90.000° 90.0037° 89.9994°
1% 1655.65A3  1816.90 A3 (+9.7%)  1701.35 A3 (+2.8%)

Table 2. Unit cell parameters of xk-AgCN obtained from X-ray diffraction measurements at 150 K
(left column), ab initio calculations based solely on PBE functional (central column) and on vdW-DF

functional (right column). Relative deviations from experimental values are given in parentheses.

Unit Cell Parameters Exp Calc:PBE Calc:vdW-DF

a 14.969900 A 15.6693 A (+4.7%)  15.1161 A (+0.98%)
b 8.656500 A  9.04653 A (+4.5%)  8.72513 A (+0.79%)
c 13216900 A 13.8238 A (+4.6%)  13.3487 A (+1.0%)
« 90.000000° 90.0000° 90.0000°

B 91.389000° 94.6823° 91.3952°

¥ 90.000000° 90.0000° 90.0000°

v 171223 A3 1953.03 A% (+14.1%)  1760.03 A3 (+2.8%)

Table 3. Unit cell parameters of x-Cl obtained from X-ray diffraction measurements at 100K
(left column), ab initio calculations based solely on PBE functional (central column) and on vdW-DF

functional (right column). Relative deviations from experimental values are given in parentheses.

Unit Cell Parameters Exp Calc:PBE Calc:vdW-DF
a 12.885200A  12.9769 A (+0.7%) 12.8334 A (—0.4%)
b 29.575899 A 29.6637 A (+0.3%) 29.5323 A (—0.2%)
c 8416100 A 845028 A (+0.4%) 823316 A (—2.2%)
o 90.000000° 90.0000° 90.0000°
B 90.000000° 90.0000° 90.0000°
¥ 90.000000° 90.0000° 90.0000°
1% 3207.303A%  3252.875A3 (+1.4%)  3120.366 A3(—2.7%)

The inadequacy of DFT calculations without the vdW interactions is found in x-CuCN and
x-AgCN for which the absence of vdW interaction produces deviations of the computed unit cell
parameters from the experimental ones at the level of 10% and 14%, respectively (Tables 1 and 2).
Hence, only the DFT calculations with the non-local vdW-DF functional can clarify the impact of
disorder on the electronic ground state (see Section 3). Intriguingly enough, the vdW forces are almost
irrelevant in x-Cl (Table 3) thereby indicating that the latter structure is dominantly determined by the
one-dimensional chains of anion Cu[N(CN);]Cl chemically bonded to the organic dimers.
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5. Materials and Methods

All measurements were performed on high-quality single crystals grown by J. A. Schlueter,
Argonne (x-(BEDT-TTF),Cu[N(CN),|Cl); K. Miyagawa and K. Kanoda, Tokyo University
(k-(BEDT-TTF),Cuy(CN)3); and T. Hiramatsu, Y. Yoshida and G. Saito, Meijo University
(x-(BEDT-TTF),Ago(CN)3). Sample S1 of x-Cl was of cube-like shape with an area of 0.4 x 0.5 mm?,
and a thickness of 0.6 mm. Sample S2 of k-Cl was plate-like with an ac-plane area of 0.8 x 0.9 mm?.
and a thickness of 0.4mm. Contacts for dc and dielectric measurements along the out-of-plane
direction were made by applying conductive carbon paint directly to the surface of the sample [21,23].
DC resistivity was measured by a standard four contact technique. Temperature-dependent dielectric
measurements were performed from room temperature down to 4.2 K (crystals S1 and S2 of x-Cl) and
1.8K (crystal of x-CuCN) in the frequency range 40 Hz-10 MHz using Agilent 4294A and Keysight
E4980AL-102 precision impedance analyzers. Care was taken to subtract the background capacitance
of the set-up and sample holder, as well as to exclude any possible extrinsic effects due to sample
preparation. Magnetic-field-dependent dielectric measurements of sample S2 of x-Cl were performed
in the magnetic field up to 5T aligned along the out-of-plane crystallographic axis. Vibrational
spectroscopy measurements were made on the thin side of the crystals by an IR microscope attached
to a Bruker Vertex 80v Fourier-transform spectrometer with 1cm ™! resolution. Magnetic susceptibility
of sample S2 of x-Cl was performed by using a superconducting quantum interference device (SQUID)
magnetometer and the data were corrected for the contribution of sample holder.

First principles calculations of the electronic structure was carried out by using the self-consistently
implemented nonlocal van der Waals density functional (vdW-DF) [71-73] for correlation with optB88
for exchange [74]. The expansion in the plane waves was done with a cutoff energy of 700eV.
The Brillouin zone was sampled by 1 x 2 x 2 Monkhorst-Pack choice of k-points [75]. For the
atomic coordinates, the experimental structure obtained by X-ray diffraction measurements was
used. The structure was relaxed allowing for change of the volume and the shape of the unit cell
together with atomic positions within, until the forces on atoms dropped below 1 meV/ A.

To ensure the chemical composition and exclude presence of any bromine in sample S2 of x-Cl,
we examined the crystal symmetry and composition [76]. The X-ray data were collected at 300 K with
graphite monochromated Mo-Ka radiation by w-scans on an Oxford Diffraction KM4 XCALIBUR2
CCD diffractometer. Data acquisition and reduction was performed using the CrysAlisPro software
package. The structure was solved by direct methods using SHELXS and the refinement was performed
using SHELXL [77]. Energy Dispersive X-ray Spectra (EDXS) of sample S2 of x-Cl, were acquired using
Bruker detector within Tescan Vega III Easyprobe Scanning Electron Microscope (SEM).

Figure 13 shows the result of structural refinements of X-ray data within models containing either
Cl (Figure 13, Left) or Br (Figure 13, Right). All atoms are drawn with 50% probability ellipsoids of
thermal displacement. Importantly, the size of ellipsoids is convincingly small for Cl, while their size
is unrealistically inflated if the presence of Br is assumed. In addition, the distance of 2.22 A between
Cu and neighboring Cl atom (represented by lines) is close to 2.26 A which is typical for Cu-Cl bond,
thus confirming the presence of Cl in the structure. Finally, the presence of Br larger than a few percent
can be rejected since the corresponding bond in the case of Br would be longer and amount to 2.42 A.
Therefore, overall results of the structural refinements strongly indicate that the measured single
crystal is x-Cl and not x-Br.

Figure 14 shows EDXS recorder at 300 K. Characteristic lines for C, N, S and Cu were observed
with intensities that correspond to the x-Cl material. On the other hand, no significant intensity of Br
lines, expected if trace amount of Br is present, were observed.
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Figure 13. Perspective view of zigzag polymeric anion chains as obtained by structural refinements of

X-ray data assuming either: x-Cl (Left); or x-Br (Right). View shows the ac plane. Copper, carbon and

nitrogen are shown in red, blue and orange, respectively. Chlorine and bromine ligands on each copper
atom are colored in dark and light green, respectively. All atoms are drawn with 50% probability
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Figure 14. Energy Dispersive X-ray Spectra (EDXS) recorded at 300 K. Only characteristic lines for
C, N, S and Cu, and in particular for CIKa at 2.59 keV and for CIKp at 2.83 keV were observed with
intensities that correspond to the chemical formula of x-Cl. On the other hand, no significant intensity
for lines BrKa1 and BrKa2 at 11.92keV, for BrKp at 13.29 keV, and for BrLa at 1.49 keV were observed,
which would be expected in the presence of Br.

6. Conclusions

Mott insulators x-CuCN and x-AgCN with the quantum spin liquid ground state exhibit high
geometrical frustration in the organic dimers and in the non-conducting anions. Frustration in the
anions arises as a combined effect due to the triangular coordination of copper/silver atoms and
the bridging cyanide groups sitting in the inversion centers. The resulting disorder is mapped via
anion-cation coupling onto the organic dimers. It gives rise to charge redistribution and a ground state
which consists of several quasi-degenerate electronic states with reduced symmetry.

Remarkably, QSL is replaced by the antiferromagnetic ground state in x-Cl where disorder due to
inherent randomness in the anions and related symmetry reduction are absent. This result strongly
suggests that the inherent randomness may be of a crucial importance for the prevalence of QSL over
the antiferromagnetic ordering. In addition, van der Waals forces are found to contribute to inter-dimer
interactions and the ground state structure in xk-CuCN and x-AgCN, whereas their role appears
insignificant in x-Cl where chemical bonding dominantly determines the inter-dimer interactions
besides the cation-anion coupling.

Anomalous dielectric peak shows up as an ubiquitous property independent on the nature of the
ground state in the spin sector. It is now well established that, in x-CuCN and x-AgCN, this arises due
to the cooperative motion of charged domain walls. On the other hand, in x-Cl, some mysteries remain
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unresolved. The charged domain wall motion might also be in action in x-Cl if the tendency to phase
segregation is invoked due to canted spins in the antiferromagnetic state. Further experimental efforts
are vital in search for structural inversion symmetry breaking in order to clarify the ferroelectricity in
x-Cl. The possibility that ferroelectricity is proximate to the magnetic and superconducting phases is
most exciting and deserves more attention in future studies. Experiments such as X-ray diffraction
and dielectric spectroscopy under pressure, on irradiated samples and in magnetic field are envisaged
as tools to elucidate respective roles of correlations, randomness and charge-spin coupling in the
phase diagram.
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Abstract: Fluctuation spectroscopy measurements of quasi-two-dimensional organic charge-transfer
salts (BEDT-TTF),X are reviewed. In the past decade, the method has served as a new approach
for studying the low-frequency dynamics of strongly correlated charge carriers in these materials.
We review some basic aspects of electronic fluctuations in solids, and give an overview of selected
problems where the analysis of 1/ f-type fluctuations and the corresponding slow dynamics provide a
better understanding of the underlying physics. These examples are related to (1) an inhomogeneous
current distribution due to phase separation and/or a percolative transition; (2) slow dynamics due to
a glassy freezing either of structural degrees of freedom coupling to the electronic properties or (3) of
the electrons themselves, e.g., when residing on a highly-frustrated crystal lattice, where slow and
heterogeneous dynamics are key experimental properties for the vitrification process of a supercooled
charge-liquid. Another example is (4), the near divergence and critical slowing down of charge
carrier fluctuations at the finite-temperature critical endpoint of the Mott metal-insulator transition.
Here also indications for a glassy freezing and temporal and spatial correlated dynamics are found.
Mapping out the region of ergodicity breaking and understanding the influence of disorder on the
temporal and spatial correlated fluctuations will be an important realm of future studies, as well as
the fluctuation properties deep in the Mott or charge-ordered insulating states providing a connection
to relaxor or ordered ferroelectric states studied by dielectric spectroscopy.

Keywords: fluctuation spectroscopy; organic charge-transfer salts; Mott metal-insulator transition;
glass-like structural ordering; charge-cluster glass; percolation

1. Introduction

The quasi-two-dimensional organic charge-transfer salts (BEDT-TTF), X (where BEDT-TTF stands
for bis-ethylenedithio-tetrathiafulvalene, representing CSg[CoHalo, often abbreviated as ET, and X is a
monovalent anion) in the last few decades have been viewed as model systems for investigating the
physics of strongly correlated electrons in reduced dimensions [1-4]. The model character becomes
manifest in (i) the rich phase diagrams sustaining a wealth of interesting ground states; and (ii) the
possibility of fine-tuning the materials” properties using subtle physical or chemical means. Therefore,
these materials are a test ground for studying the fundamental properties of novel electronic ground
states that emerge from the mutual interaction of electron charges or spins in reduced dimensions,
and the interaction of electrons with the underlying crystal lattice.

In the x-phase materials with polymeric anions, two ET molecules form a dimer, which results
in an effectively half-filled conduction band, and charge carriers reside on a more or less frustrated
triangular lattice, giving rise to a possible spin-liquid ground state in systems with a high degree
of frustration. Further prominent research topics in the past several years have been the nature
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of superconductivity and the unconventional normal conducting metallic phase displaying a
pseudogap behavior, as well as the Mott metal-insulator transition where a charge gap opens due to
electron—electron interactions, and its universal critical properties. Finally, the intra-dimer degrees
of freedom recently have been considered to play an important role for ferroelectric ordering and
relaxation phenomena, and charge-order driven formation of electric dipoles that exhibit ferroelectricity,
thereby enabling magnetic order has been suggested [5].

A second example of substantial recent research activities, which will be addressed in this review,
are quarter-filled f-phase systems with large, discrete anion structures that are unstable against
a charge-ordering metal-insulator transition. This transition from a charge-liquid to an ordered
charge-crystal state sometimes can be kinetically avoided, depending on the degree of geometric
frustration of the underlying crystal lattice, and a new charge-glass state occurs without long-range
order of the localized charges on the triangular lattice. Non-volatile switching operation between the
charge-order and charge-glass states has been demonstrated and the vitrification and crystallization of
electrons currently are being intensively investigated.

These two examples have been chosen because both the critical properties of the Mott transition
and the glassy freezing of charge carriers on a frustrated lattice involve slow dynamics of charge
carriers, and it is therefore important and desirable to study the dynamics of the electrons not only
with optical techniques but also at very low frequencies.

Dynamical properties of the correlated charge carriers in organic charge-transfer salts have
been extensively and successfully studied, e.g., by optical conductivity measurements and dielectric
spectroscopy. The former method utilizes the interaction of matter with light covering a wide range
of energies in order to study not only basic electronic but also magnetic and vibrational excitations
as well as fundamental interaction effects (see, e.g., [6]). The accessible frequencies in microwave to
infrared spectroscopy are in the GHz-10'® Hz regime.

The ultrafast dynamics in photoinduced phase transitions can be studied with fs light pulses
(see, e.g., [7]). Insulating (low-conductance) samples of organic charge-transfer salts have been
investigated by dielectric spectroscopy covering the Hz-MHz regime, which allows for addressing
numerous physical phenomena, as, e.g., dielectric relaxation, charge transport of localized carriers
(through hopping of electrons) and ferroelectricity [8].

The aim of our complementary approach of investigating the time-dependent fluctuations of
a sample’s resistance or conductance (i.e., the measured “noise”) over a certain time interval is to
spectroscopically access the charge carrier dynamics without injecting additional electrons into the
system at relatively low frequencies covering the mHz-kHz regime. We will give an overview of
physical phenomena—specific for the present materials—causing such slow excitations. The time scale
involved in excitations of clusters of electronic systems usually increases with increasing volume of
the fluctuation object. Therefore, the method proves beneficial when nano- or microscopic objects are
subject to fluctuations, as, e.g., for electronic phase separation caused by competing order parameters
or interactions, a scenario frequently found in low-dimensional molecular metals. Likewise, the charge
carrier dynamics strongly slow down at a critical point or line of a phase transition, as, e.g., the Mott
metal-insulator transition, and localization of charge carriers can be investigated here. The particular
scaling behavior at critical points involving power-law divergence of relaxation time and length
results in temporal and spatial correlations (a dynamic phase separation), which can lead to very slow
fluctuations of large magnitude. Another origin of slow dynamics, even of individual fluctuating
objects, is a sufficiently high energy barrier that must be overcome in a thermally-activated trapping
or tunneling excitation process, e.g., of electrons in hopping transport or molecules changing their
relative orientation. Finally, both percolative phase transitions and a collective glassy freezing of either
structural or electronic degrees of freedom result in strong low-frequency fluctuations.

This review is organized as follows. In Section2, first we will give a brief description of
the electronic and structural peculiarities of the investigated materials and discuss the phase
diagram of the x-(BEDT-TTF),X salts with polymeric anions. Second, we will discuss the basics
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of fluctuation spectroscopy and fundamental models to understand 1/ f-type electronic noise, which
is ubiquitous in condensed matter systems. In Section3, we will review a collection of specific
problems, where fluctuation spectroscopy in recent years has provided new information and has
helped to better understand the underlying physics. Finally, we will give an outlook to possible future
fields of applications.

Noise experiments and the theoretical treatment of fluctuation processes is a wide field of research
and spans from the need to understand the fluctuations in order to be able to optimize the performance
of sensors and devices by increasing their signal-to-noise ratio to the quest for regarding the noise as
the signal in order to gain information on the dynamics of charge carriers and the kinetics of their
fluctuations. After we have introduced the method as a new approach for studying the charge carrier
dynamics in low-dimensional molecular metals about a decade ago, we have reviewed the technique
and first results [9]. Since then, the spectrum of applications of the technique and the physical problems
to be studied have considerably broadened, and the method has developed into a powerful tool now
applied by various experimental groups.

2. Materials and Methods

2.1. Organic Charge-Transfer Salts—Quasi Two-Dimensional Molecular Metals

In contrast to ordinary metals like sodium, potassium or aluminum, where the basic units are
nearly point-like atoms, the building blocks of organic charge-transfer salts consist of extended
molecules, and the materials’ unit cells contain a few hundred atoms. This leads not only to challenges
in determining the electronic band structure, being addressed by the molecular orbital approximation,
but also to multiple excitations, as e.g., a large spectrum of vibrational degrees of freedom due
to intra-molecular excitations, i.e., the displacement of atoms within the molecules, in addition to
inter-molecular motions and rotations. By combining two sorts of molecules, one with a high electron
affinity and the other with a low ionization energy, a charge-transfer process takes place, where charge is
transferred from the donor D to the acceptor molecule X with a charge-transfer ratio ¢ [2]. This oxidation
process results in a molecular compound D, X;;, where m and n quantify the stoichiometry, with
partially-filled molecular orbitals on the donor (cation) site and a closed-shell configuration on the
acceptor (anion) site. When the donor molecules are stacked rather densely, the orbitals of adjacent
molecules overlap and an electronic band structure forms, allowing the generated charge carriers to
delocalize along the stacking axis. As the acceptor molecules often adopt a closed-shell configuration,
they do not contribute to the conduction process. For theoretical calculations, the relevant molecular
orbitals are either the highest occupied molecular orbitals (HOMO) or the lowest unoccupied molecular
orbitals (LUMO) of the 7r-electrons, which can be further used for a tight-binding approach to calculate
the electronic band structure [1,2,10,11].

The existence of complex building-blocks leads to a large structural variety, where, for instance,
the shape and coordination of the cation and anion decide about the system’s dimensionality. For the
BEDT-TTF molecules, specific steric effects prevent an infinite face-to-face stacking and a relatively
strong side-by-side overlap of the rr-orbitals of adjacent molecules results in a quasi-two-dimensional
electronic structure of the ET salts. A linear combination of the atomic s- and p-orbitals leads to 77- and
o-orbitals, which have a perpendicular and parallel orientation to the bonding axis, respectively. Due to
the lower binding energy of the 7-electrons, they can easily delocalize, so that the free charge carriers
have mainly 77-hole character. Besides this, different spatial arrangements of the donor molecules, the
so-called packing motifs, result in variations of the physical properties due to changes in the molecular
overlap and hence the transfer integrals. These packing types are labeled with Greek letters, such as a-,
B-, k-, 6- and A-phases, and characterize the ET molecules’ relative orientation, often visualized when
viewed along the long axis of the donor molecules (see Figure 1b).

The crystal structure of the most intensively studied quasi-two-dimensional x-(BEDT-TTF),X
salts can be simply considered as alternating thick conducting layers with the ET molecules (blue
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color) and thin insulating layers with the anions X (red color), as shown in Figure 1a, for polymeric
anions X = Cu[N(CN),]Z with Z = Cl, Br, where the direction perpendicular to the conducting
plane is along the crystallographic b-axis. Characteristic for the x-phase packing motif is a strong
structural dimerization indicated by the shaded ellipses in Figure1b, which—despite the 2:1
stoichiometry—results in the opening of a dimerization gap in the nominally three-quarter-filled
band structure leading to an effectively half-filled conduction band [2]. The charge carriers then
reside on the ET dimers, which form a triangular lattice, as shown in Figure 1b, with the relevant
transfer integrals f and #' in a minimal model [10,12]. The degree of frustration ¢t/+ depends on and
varies with the structure of the anion X [11]. This effective dimer model, however, recently has been
challenged, since the intra-dimer electronic degrees of freedom seem to play an important role in
understanding dielectric relaxation and ordering phenomena. For instance, in [5], it is argued that the
localization (charge-order) of holes on one of the molecules within the dimers results in the formation
and subsequent ferroelectric ordering of electric dipoles in x-(ET),Cu[N(CN),]Cl, thereby lifting the
frustration and enabling antiferromagnetic order of the localized spins [5,13].

BEDT-TTF

anion

BEDT-TTF

anion

BEDT-TTF

b
]4-‘%*&‘"

Figure 1. (a) crystal structure (left) of x-(BEDT-TTF),Cu[N(CN);]Z with Z = Br, Cl, which can be
simply viewed as alternating blocks (right) of conducting and insulating layers with the donor ET and

polymeric chain-forming acceptor Cu[N(CN);]Z molecules, respectively. The box represents the unit
cell hosting four formular units; (b) spatial arrangement of the ET molecules in the x-phase viewed
along the long axis of the molecules. Two ET molecules form a dimer (shaded ellipse), whereas two
dimers are arranged almost orthogonal to each other. Considering the dimers as the basic structural
units, the conduction band is effectively half-filled and the charger carriers reside on a triangular lattice
with two transfer integrals t and t'.

Compared to ordinary inorganic metals, the organic compounds are characterized by low charge
carrier densities of order n ~ 102! cm~3, since the volume of the molecules providing the free charge
carriers is considerably large. This, in combination with the relatively narrow bandwidth (due to the
weak overlap of neighboring molecular orbitals) and the reduced dimensionality of the electronic
system resulting in a reduced screening of the charge carriers, leads to strong electron-electron
correlations quantified by a ratio of bandwidth W ~ 0.5eV to on-site Coulomb repulsion U ~ 0.5eV,
which is close to unity. Experimentally, this results in enhanced effective masses seen in experiments
of quantum oscillations [14,15] and specific heat [16], where %, = (1.5 — 7)me. Importantly, however,
part of the mass renormalization is due to the strong electron-phonon coupling involving both
high-frequency intra- and low-frequency intermolecular vibrations.
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Due to relatively weak bonding energies, the materials” properties can be easily affected by
changing external parameters like temperature, pressure, chemical substitution, cooling rate, etc.
Thus, the temperature—pressure phase diagram of the x-(BEDT-TTF),X salts, depicted in Figure 2,
displays a variety of different ground states and transition lines [17-21]. Whereas the system
with X = Cu[N(CN)]ClI (in short x-Cl) has an insulating ground state with antiferromagnetic and
ferroelectric ordering at Ty = Trg = 27K, the compound X = Cu[N(CN),]Br (in short x-Br) with the
slightly larger Br atom in the anion complex is located on the metallic side of the phase diagram with a
superconducting transition at T, = 11.6 K. Thus, the salts x-Cl and x-Br at ambient pressure are located
on opposite sides of the first-order Mott metal-insulator transition (red line in Figure 2). The universality
of the phase diagram (see also Figures 5a and 10b below) is seen by the fact that applying a moderate
hydrostatic pressure of only 300 bar shifts x-Cl to the metallic side and a superconducting ground state
with T, = 12.8 K. Since hydrostatic pressure increases the molecular overlap of adjacent molecules, the
pressure axis can be mapped to the ratio W /U of bandwidth to on-site Coulomb repulsion [17], i.e.,
the Mott transition is a bandwidth-controlled transition not affecting the bandfilling. Another possible
tuning mechanism is the substitution of atoms, mostly in the ET donors by different isotopes. Most
effective and controllable is either the successive replacement of one to eight of the hydrogen atoms in
the ET molecules’ terminal ethylene groups [CoHa ], by deuterium atoms or the successive replacement
of the conventional hydrogenated ET molecules Hg-ET in the crystal structure by the fully-deuterated
analogue Dg-ET, which in both cases results in a chemically-induced shift (negative pressure) from
the metallic towards the Mott insulating state [22]. Thus, the partial substitution with deuterated
molecules in systems «-[(Hg-ET);_(Dg-ET),],Cu[N(CN),]Br (in short: x-Hg/Dg-Br) allows for tuning
the ambient-pressure position in the phase diagram in fine steps across the metal-insulator transition
and critical region of the phase diagram. These systems are ideal to study the critical properties of the
Mott transition at ambient pressure.

As is schematically shown in Figures 2, 5a and 10b, at a critical ratio (W/U), the first-order
Mott metal-insulator transition occurs, illustrated as a red line in Figure 2, which terminates in
a finite-temperature second-order critical endpoint at (po, Typ) ~ (230-250bar, 3640K). At lower
temperatures, an inhomogeneous region (blue/green shaded area in Figure2), where the
antiferromagnetic insulating and superconducting grounds states coexist, is found close to the
transition line [18].

After the charge-transfer is completed in the crystallization process of (ET),X, the ET molecules
are essentially planar, except the ethylene endgroups (EEG in short), which are the most deformable
parts of the molecule and for which the relative orientation of the outer C—C bonds can be either
parallel (eclipsed, E) or canted (staggered, S). At high temperatures, the EEG are disordered due to
strong thermal vibrations, and, upon cooling to low temperatures, the EEG adopt one of the two
possible conformations (E in the case of x-Cl and x-Br) depending on the anion and crystal structure [1].
For kinetic reasons (see Section 3.2), however, an ordered state cannot be achieved in some compounds
x-(ET)2X and the EEG freeze in a glassy fashion at temperatures of Ty ~ 75K, below which thermal
equilibrium cannot be reached such that a part of the EEG remains locked (frozen) in the energetically
unfavorable non-equilibrium configuration [19]. Hence, the glass-like transition temperature T,
depends on the cooling rate ¢ = dT/dt, which therefore determines the degree of intrinsic structural
disorder that becomes frozen [23]. Since the latter degree of non-equilibrium occupation determines
W/U [24], a varying cooling rate can be used as yet another powerful tuning parameter in the
phase diagram [25], such that more rapid cooling decreases W /U and shifts the systems towards the
insulating side of the phase diagram.
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Figure 2. Schematic temperature-pressure phase diagram of the x-(BEDT-TTF),X salts with polymeric
anions, after Refs. [17-21]. Indicated is the position of systems with different anions X at ambient
pressure. Hydrostatic pressure can be mapped on an increasing ratio of W/U (see text). PI, PM,
AFIL, FE and SC stand for the paramagnetic insulating, paramagnetic metallic, antiferromagnetic
insulating, ferroelectric and superconducting phase, respectively. The red line marks the first-order
Mott metal-insulator transition, which terminates in a finite-temperature critical point. At elevated
temperatures, a structural glass-like transition of the ET molecules’ ethylene endgroup rotational
degrees of freedom occurs (dashed yellow line). The green dotted line marks the crossover to an
anomalous metallic ('bad metal’) phase above the Fermi liquid.

2.2. Fluctuation ("Noise’) Spectroscopy

2.2.1. Definitions and Basic Relations

In a usual electronic transport measurement, in order to increase the sensitivity or signal-to-noise
ratio, the mean value of an otherwise more-or-less randomly fluctuating quantity (voltage or current)
is used to calculate the sample’s resistance or conductance. This is achieved by averaging over a certain
time interval, e.g., determined by the frequency-bandwidth (time-constant) of a lock-in amplifier in an
AC-measurement.

Naturally, large fluctuations about the mean value are unwanted and therefore are sought to be
suppressed or largely eliminated. Fluctuation spectroscopy is a time-resolved electronic transport
measurement, either of a sample’s resistance (preferred for conducting metallic samples) or its
conductance (preferred for semiconducting/insulating samples), where the fluctuations are amplified
instead by a suitable measurement system and analyzed in the time and frequency domain by means of
simple Fourier analysis, i.e., here “the noise is the signal” [26,27]. The basics of noise and fluctuations
are described in many textbooks on (non-equilibrium) statistical physics and time-dependent statistical
mechanics, as well as in review articles on noise in condensed matter systems (see e.g., [9,28-34] and
references therein). Therefore, in the following, we will only give a brief account of the important
definitions, relevant relations and simple models.

In order to gain information from the fluctuations in a quantity x(t), it is useful to ask how
much power is associated with different parts of the frequency spectrum of the random signal.
Mathematically, this means calculating the noise power spectral density (PSD) of the signal, S¢(f),
by considering the modulus square of the Fourier-transformed noisy signal and taking an average over
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a suitable time interval. If the fluctuating part of the signal is dx(t) = x(t) — (x(t)), where (x(t)) is the
time-averaged mean value that may be considered equal to zero [35], and the noise PSD is given by:

L] T 2
Su(f) =2 Jim = / Sx(te 2ftde| (1)
—T/2

This is the standard engineering definition, where the variance (6x(t)?) of the random signal is
normalized by:

(@x(0) = [ S(f)af. @

Next, we ask for a connection relating the power spectrum Sy (f) to some time-like property of
the statistically varying function éx(t) (which equals x(t) for (x(t)) = 0 without loss of generality).
This time-like behavior is given by the autocorrelation function

Yux(7) = (x(t) - x(t+ 7)), ®)

which, for statistically stationary processes, is only a function of T (and f is unimportant) and is
symmetric in T [36].
The Wiener—Khintchine theorem states that

Se(f) =4 / Yoo(t)cos 2nfr)dr  and  ¥yy(T) = / S(f) cos (2 f)df. )
0 0

Equation (4) is the most informative way to express the time dependence of a random variable
and, specifically, kinetic processes of electrons in condensed matter. The fluctuations of a system
are determined by the temporal (and sometimes also spatial) correlations, which are quantified by
a suitable correlation function, where the variable x is either the measured voltage V or current I.
It describes the ‘memory’ of the system, i.e., what remains of a fluctuation at a later time. Whereas
dx(t) is of course random, the correlation function ¥ (7) is a non-random characteristic of the kinetics
of these random fluctuations, describing how the fluctuations evolve in time on average [33].

The Wiener-Khintchine theorem describes the equivalence of the standard engineering definition
of noise, Equation (1), and the definition of noise as the Fourier transform of the autocorrelation
function (Equation (3)). A third definition, which is essentially realized by calculating noise spectra
in the experiment, i.e., either by a software or by using a spectrum analyzer, involves passing the
time signal through a ‘realizable filter” of finite bandwidth, squaring it, and averaging it over some
large finite time. For the bandwidth approaching zero, e.g., by realizing a sufficiently sharp filter in an
R-L-C-circuit with a large quality factor, the result will (aside from a normalization factor) approach
the ideal value of the two preceding definitions [37].

In general, the time dependence of the fluctuations’ correlation function (or, equivalently, the
frequency dependence of the power spectral density) and the response of the system to external
perturbations are governed by the same kinetic processes. In thermal equilibrium, there is an
exact relation between Sy (f) and the dissipative part of the system’s linear response to an external
perturbation, which is described by the fluctuation—dissipation theorem (FDT), which in the quasi-classical
limit reads:

Se(f) = 2kﬂ#, ()

where w = 27tf. Here, X (w) is the imaginary part of the complex susceptibility and the real function
X (t) is the response function of the system [38].
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Obviously, the autocorrelation function (Equation (3)) without a temporal delay (7 = 0) equals
the statistical variance:

‘YXX(O) = <6x(t)2>' Q)

If the correlation time T of a fluctuation is very short, and ¥ (7) decays to zero very fast (and
therefore before, in an experiment, the next data point is taken), the system appears totally random
(and, in fact, infinitely ‘choppy’), and the corresponding PSD is frequency independent (sometimes
referred to as ‘white’ noise). An example is thermal noise (first measured by Johnson for a variety of
materials as a function of their resistance [39]) of a resistor, where the noise PSD of the fluctuating
voltage drop across the resistor in thermal equilibrium is given by:

Sy = 4kpTR. 7)

Equation (7) is known as Nyquist theorem [40] expressing a special formulation of the FDT in
Equation (5), which describes the spontaneous voltage fluctuations arising from an ideal passive
resistance, i.e., the electrical Brownian Movement [28,41]. Integrating Equation (7) reveals that the
variance of thermal (white) noise (see Equation (2)) converges at low frequencies but diverges at high
frequencies, i.e., the mean value converges as one averages over longer and longer time intervals, but
the instantaneous value of the signal is undefined.

The mathematical counterpart extreme of such a totally random signal is a random walk noise,
which is an integral of white noise resulting in a PSD « 1/f2, where the integration brings in a
factor 1/ f in the Fourier transform, which becomes a factor 1/ f2 in its square, the power spectrum.
Opposite to white noise, the random walk noise contains an infinite power at low frequencies, but the
spectrum is convergent when integrated in frequency from some constant to infinity. Thus, a random
walk has a well-defined value at each point, whereas the divergence of the spectrum when integrating
down to zero frequency means that this noise has no well-defined mean value over long times [42,43].

In between thermal noise (PSD « 1/ fo) and random walk noise (PSD « 1/ fz) is1/f Lnoise,
which is the most interesting noise being ubiquitous in nature and abundant in condensed matter
physics. It may be described as the accumulative effect of ‘something happening sometimes’ o all time
scales. Figure 3a shows the time train of a voltage (i.e., resistance) measurement typical for many
condensed matter systems, which neither appears totally random nor fully correlated (from time
step to time step) or—to put it the other way around—it shows both rapid fluctuations down to the
resolution limit of the instrument (e.g., a lock-in amplifier with a wide bandpass filter of time constant
T = 1ms) as well as general long-term up and down trends, resulting in clearly visible maxima and
minima. The noise is Gaussian and the spectrum varies as o 1/ f (see the histogram Figure 3b and the
power spectral density (c), respectively, which is half way between white and random walk noise).
Perfect 1/ f-noise is self similar, i.e., scale invariant, since S(qf) = g~'S(f) (each logarithmic frequency
interval contributes the same power) and diverges both at the high and low frequency end, i.e., there
is neither a well-defined value at a single point, nor a well-defined long-term mean. The divergence
on both ends, however, is only logarithmic, i.e., so slow that even absurdly high and low values for
frequency cutoffs hardly change the noise at all [9]. Experimentally, the high-frequency cutoff often
naturally is given by the frequency, where the 1/ f-type noise drops below the thermal noise, which is
always present, and the low-frequency cutoff is determined by the experimentalist’s patience [44].

141



Crystals 2018, 8, 166

V(t)

T T

time signal
fluctuation spectrum 3

Sy /"

<v> i ”VW \mwm bl i ’W \HUu‘\‘ I

measured
—fit

@

T T

0.1 1
Frequency (Hz)

t =t +r t

Figure 3. Schematics of a voltage (resistance) noise measurement. (a) time-train of the voltage signal
and (b) histogram of the voltage distribution fitted by a Gaussian function; (c) noise power spectral
density (PSD) of the signal in (a) fitted by a power law with frequency exponent & ~ 1. Reprinted with
permission from [9]. Copyright (2011) John Wiley and Sons.

A simple model to understand 1/ f-noise in solids is the superposition of many independent
two-level fluctuators with a characteristic distribution of time constants/energies. We assume for
simplicity a symmetric double-well potential with a thermally activated characteristic time-constant
T = 1pexp (E;/kpT) for overcoming the energy barrier E, as sketched in Figure 6 below. This may
be viewed as an idealized model to describe the emission of an electron from a donor state in the
band gap of a semiconductor into the conduction band (detrapping), thereby contributing to the total
conductance of the system, and subsequent capture by the donor (trapping). Considering only this
one electron, the conductance (or resistance) will switch randomly between two distinct states leading
to so-called random telegraph noise (generation—recombination noise). The current—current correlation
function of this process decays exponentially as has been calculated by S. Machlup [45]:

Yir(t) = (I() - (t + 1)) = ((81)?) exp (—|t|/ 7). ®)

Employing the Wiener-Khintchine theorem (Equation (4)), one finds for the current noise PSD (the
equations for the voltage autocorrelation function ¥y (7) and voltage noise PSD Sy (f) are analogous):

7 4t
_ _ 2
1() =4 [ () cos (2rfr)dr = (1) ©)
i.e., a Lorentzian spectrum. It has been recognized [29,30,46] that a superposition of Lorentzians
D 1
0/ 1+ 4712 f 212 (10)

results in 1/ f-noise for a certain distribution of relaxation times D(7) o 1/7 [47] in the experimentally
accessible range between 11 and 1:

©
arctan (27tfT)
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Likewise, writing T = 19 exp (E/kpT) the integration in Equation (10) can be carried out over

energy E resulting in S;(f) o 1/f for a distribution of activation energies D(E) = const. in an

energy interval [Ej, E;| for f, < f < f; with f1, = foexp (—E12/kpT) and an attempt frequency
fo=1/2nw).
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A constant distribution of activation energies, however, is a strong constraint that is usually not
fulfilled, which results in deviations from "perfect’ 1/ f-noise, i.e., Sy o< 1/ f* with & = 0.8 — 1.4 [34].
A model where the energy distribution D(E) captures the often observed changes of the frequency
exponent « with temperature is described in Section 3.2 (see Equations (15) and (16) below).

Finally, we like to mention that for a random process dx(t) the so-called second spectrum Sf) (f)
accesses the higher-order correlation function ‘F(2Y> (1) = (x*(t) - ¥*(t + 7)) and describes the power
spectrum of the fluctuations of Sy(f) with time, i.e., the Fourier transform of the autocorrelation
function of the time series of Sx(f). In the experiment, an additional frequency f, related to the
time over which S,(f) fluctuates is thereby introduced. The second spectrum Siz) (f2, f) probes a
fourth-order noise statistics and therefore deviations from Gaussian behavior [33,48]: it is independent
of the frequency f; if the fluctuations are uncorrelated, e.g., caused by independent two-level systems.
However, a distinct frequency dependence, often Siz) 1/ ff with g & 1, is observed for correlated
(interacting) fluctuators. A frequency-dependent second noise spectrum is important in spin glass
physics [49] and is often observed accompanying the sudden slowing down of the charge carrier
dynamics at a metal-insulator transition and is interpreted as glass-like freezing of the electrons
undergoing correlated transitions over a large number of metastable states [50-53].

2.2.2. Measuring Resistance Fluctuations and Hooge’s Law for Organic Charge-Transfer Salts

What is fascinating about 1/ f-noise is that it is ubiquitous in nature and can be found for
example in melody and loudness fluctuations of classical music [54], fluctuations of a traffic current
on expressways [55], the light emission of astronomical objects [42], or the dynamics of human
heart rate [56-58] to give only very few examples. This has raised the question of whether a
universal theory for 1/ f-type fluctuations exists. However, considering such different complex
systems, it is fair to say that commonalities likely result from mathematical coincidence rather than a
fundamental underlying principle. The same is possibly true for condensed matter, where 1/ f-noise
is found in such different systems as semiconductors and devices, metals and insulators, granular
systems, magnetic thin films and sensors, tunnel junctions, spin glasses, superconductors, colossal
magnetoresistance materials, etc., where it is assumed that resistance fluctuations dR(t) are the intrinsic
cause of the 1/ f-noise, which upon application of a driving current I lead to a fluctuating voltage drop
SV (t) = I6R(t). Likewise, the intrinsic conductance fluctuations 6G(t) result in a fluctuating current,
when a source voltage is applied across the sample 61(t) = V4G(t). In other words, in a resistance
measurement, say, the applied current merely probes the fluctuations and facilitates the detection
of 1/ f-type voltage fluctuations rather than causing them. This intrinsic nature of 1/ f-noise was
experimentally demonstrated in [59], where fluctuations in the mean-square Johnson-Nyquist-noise
exhibit 1/ f-type spectra.

As mentioned above, the fluctuations are measured by employing the definition of the noise
spectrum using realizable filters [37], where the fluctuating signal is processed either by a software or
a spectrum analyzer consisting of a bandpass filter with adjustable frequency and a narrow bandwidth
around a central frequency, and an output detector that responds to the mean square of the signal [33]
(see [9,60] for a more detailed description of the five-terminal bridge setup and AC frequency-shift
method [61] mainly used for obtaining the noise spectra presented in this review).

An important test regarding the intrinsic nature of the measured 1/f-noise in a four-terminal
configuration, which to a large part eliminates the contribution of the electric contacts, or five-terminal
bridge, which in addition makes the setup insensitive to fluctuations of the source current/voltage
or the bath temperature, is the scaling Sy o I% and the observation of a flat (‘white’) spectrum in the
limit of vanishing current I — 0. For AC lock-in measurements, often a voltage-divider circuit is
used. Another stringent test, discussed, e.g., in [60], of the intrinsic nature of the observed 1/ f-noise is
the independence of the Sy « I? scaling of the limiting resistor in the circuit determining the sample
current. For metallic samples, a five-terminal AC setup [61] with a driving current I(t) = Iy sin (27t fot)
is preferred, where the sample is placed in a Wheatstone bridge in order to suppress the DC offset.
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The resistance fluctuations are pre-amplified and modulate the sinusoidally excited carriers to produce
noise sidebands, which can be demodulated by a phase-sensitive detector in a lock-in amplifier.
The advantage of an AC current is that the pre-amplifier, the internal semiconductor components
of which often contribute a large spurious (extrinsic) 1/ f-noise, can be operated close to its optimal
frequency, ideally in the eye of its noise figure [61]. Then, the background noise merely consists of
the thermal noise of the resistive components of the experimental setup and all spurious 1/ f-noise
is eliminated. Suitable impedance matching and choice of f; therefore allows for measurements
from fy/2 down to 1073 Hz. The output signal of the lock-in amplifier is then processed by the
spectrum analyzer. As elegantly formulated in [33], this spectrum analyzer, which also includes an
amplifier, plays the role of a magnifying glass, which enables us to visualize the microscopic motion
and transition of particles.

Figure 4a shows typical 1/ f-type noise spectra representative for organic charge-transfer salts
(taken from [60]), and (b) a typical spectrum where a Lorentzian contribution is superimposed on
the 1/ f background. The latter spectrum can be well described by these two separate contributions,
which allows for determining both the magnitude of the 1/ f-noise level and the magnitude and
characteristic frequency of the Lorentzian two-level switching, cf. Equation (14) below. The meaning of
the fluctuating resistance (or voltage) as a statistically stationary variable is nicely visualized by the
reproducibility of the 1/ f-spectra taken at T = 60K (see Figure 4a), showing that, while the noise is
random, its PSD is not. The black spectrum has been taken during cool-down of the sample in discrete
steps and the light-gray colored spectrum several days later during warm-up. At all temperatures, very
clean 1/ f*-spectra with & around 1 are observed. One then evaluates the temperature dependence of
the slope, a(T) (see Section 3.2 below), and the temperature dependence of the noise magnitude where
often the value at 1 Hz, Sg(f = 1Hz) conveniently is considered or the spectral weight in some finite
frequency interval is calculated.
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Figure 4. Typical noise spectra. (a) representative resistance noise PSD of an organic charge transfer
salt measured at different temperatures. Lines are fits to Sg « 1/f*. Reprinted with permission
from [60]. Copyright (2009) by the American Physical Society; (b) voltage noise PSD with a Lorentzian
contribution superimposed in the 1/ f-type background.

Empirically, for a large variety of semiconductors, it was found by F. N. Hooge (1969) that the
normalized noise magnitudes S (f)/x2 = Cy, 7/ f are identical for x representing current I, voltage
V or conductance G and resistance R, i.e., Sg/RZ = S /G? = Sy /V? = §;/I2. (The amplitude Cy /¢
was originally thought to be a constant that could be theoretically justified, which, however, failed.)
Therefore, the measured voltage noise power spectral density Sy o V2, and for ohmic behavior V = RI
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one has Sg = Sy /I?. From the comparison of various semiconducting samples, a normalization with
respect to the number of free charge carriers in the system, N;, was suggested [62]:
V2

Sv(f) = TH L OF 12)
with the charge carrier density 1, the sample’s 'noisy volume” () and therefore N; = n(), and
the Hooge parameter -y, which for clean and homogeneous semiconductors often is found to be
yu ~ 1073 —1072. (Note that only for pure 1/ f-noise, i.e., for frequency exponents a = 1, vy is
a dimensionless quantity.) The assumption that 1/ f-noise is composed of independent fluctuation
processes of individual mobile charge carriers is of course in many cases a crude oversimplification [63].
However, as already mentioned, vy is useful to compare the relative noise level of different compounds
or different samples of the same compound and Equation (12) may serve as a guide to optimize the
shape of a metallic sample for noise measurements [64].

Early 1/ f-noise measurements on organic charge-transfer salts have been reported for conducting
Langmuir-Blodgett thin films based on the molecules C14H33-TCNQ and C;7H35-DMTTF as well as
prototypical TTE-TCNQ single crystals [65]. It was found that the room-temperature Hooge parameter
7w of the thin films is enhanced about three orders of magnitude as compared to the values of clean
semiconductors and even seven to eight orders of magnitude for the TTF-TCNQ crystals. This is worth
mentioning, since a simple geometrical model has been proposed related to the quasi-one-dimensional
nature of these systems, where crystal imperfections force the charge carriers to hop from stack to stack
in the process of propagation along the molecular stacking axis and a fluctuating number of charge
propagation paths is suggested to account for the strongly enhanced 1/ f-noise [65].

Indeed, also the quasi-two-dimensional organic charge-transfer salts (BEDT-TTF),X discussed in
this review exhibit very large Hooge parameters of order 7y ~ 10° — 107 [66], which is certainly
on the higher end of the range of values of vy ~ 107 — 107 found for different classes of
materials [33,34], whereas vy in many systems strongly varies with temperature. In the picture of
Hooge’s model—despite being empirical and oversimplified—the large values of vy for organic
charge-transfer salts may result from an overestimation of the noisy volume (), e.g., due to
inhomogeneous current paths in the sample related to the specific conduction mechanism, in particular
when measured perpendicular to the highly conductive layers.

3. Results

In the following, we review selected problems related to the rich physics of quasi-two-dimensional
organic charge-transfer salts (BEDT-TTF),X, which have been addressed and better understood
by fluctuation spectroscopy measurements. These physical phenomena resulting in characteristic
fluctuation properties are related to (1) spatial electronic inhomogeneities, i.e., electronic phase
separation and percolation in the coexisting region of competing ground states; (2) glass-like structural
excitations, involving the coupling of molecular degrees of freedom to the electronic transport;
(3) charge crystallization and vitrification leading to heterogeneous slow dynamics; and (4) charge
carrier dynamics at the Mott metal-insulator transition leading to critical slowing down of the charge
fluctuations and ergodicity breaking.

In an outlook, we will briefly mention future efforts to investigate the low-frequency charge
carrier dynamics deep in the insulating phase of dimer Mott systems exhibiting interesting dielectric
relaxation or ferroelectricity.

3.1. Example (1): Superconducting Percolation in Phase Coexistence Regions

The first example deals with the fluctuation properties of an inhomogeneous state caused by the
close vicinity of two phases with competing order parameters. In the phase diagram of x-(BEDT-TTF), X,
Figure2, the phase boundary of the first-order Mott MIT separates an antiferromagnetic
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insulating/ferroelectric ground state (for low pressure, small W/U, X = Cu[N(CN),]Cl) from a
superconducting one (for high pressure, large W/U, X = Cu[N(CN);]Br). Tuning an insulating sample
x-Cl by physical or chemical-induced pressure to a position close to the phase boundary results
in a region of inhomogeneous phase coexistence [18], where superconductivity was believed to be
percolative [67]. From resistance measurements alone, however, conclusive evidence for percolation
and information on the mechanism of percolation have not been drawn. In [68], we report on
measurements of the intrinsic 1/ f-noise, namely Sg(f, T, B), in the superconducting percolation
regime of pressurized x-(ET),Cu[N(CN),]Cl (in short: x-Cl*), an ambient pressure Mott insulator
exhibiting antiferromagnetic and ferroelectric ordering being shifted to the inhomogeneous coexistence
region in the phase diagram. This is seen by comparing the resistance curves shown in Figure 5a.
At ambient pressure, R(T) of x-Cl shows the familiar semiconducting behavior with a strong increase
below about 50K (black curve), where the charge gap opens due to the localization of the charge carriers
on the (ET), dimers [69]. In contrast, pressurized x-C1* shows the typical dip in the resistance upon
cooling when entering the metallic phase and re-entering the insulating Mott phase due to crossing
the S-shaped MIT line twice. A sudden drop of the resistivity at T, ~ 13 K indicates superconductivity.
Surprisingly, for the so-prepared material, we observe a strong increase of the resistance noise PSD,
Sr/R*(f = 1Hz), for T < T, =~ 13K, i.e., upon entering the superconducting phase (see Figure 5b).
A similar behavior has been observed for strongly disordered high-T, cuprates [70-72]. Whereas
for homogeneous superconductors both the resistance and the 1/ f-type resistance fluctuations are
expected to vanish in the superconducting phase, basic percolation theory of a random resistor
network (RRN), with a portion p(T, B) of resistor elements in the lattice being short-circuited, predicts
a power-law growth of the relative resistance fluctuations Sg/R? « (p — p.) ¥, with the percolation
threshold p,, as the portion of the superconductor increases and approaches the critical value at which
an infinite superconductive cluster appears, see [33] and references therein.
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Figure 5. Noise at the percolative superconducting transition. (a) resistance of two samples of
x-(ET)2Cu[N(CN),]CL. Inset shows a schematic phase diagram, cf. Figures 2 and 10b. Arrows indicate
the positions of the samples measured at ambient conditions (k-Cl) and at a finite pressure (x-C1*);
(b) normalized resistance noise PSD Sg /R?(T, f = 1Hz) of x-Cl*. Arrow indicates the superconducting
transition (onset of T¢). Inset: PSD of the resistance noise at 90 K in a log-log plot revealing a clean
Sg « 1/ f* spectrum with « = 1.09. Reprinted with permission from [68]. Copyright (2009) by the
American Physical Society.

The strong increase of the low-frequency fluctuations observed when entering the
superconducting phase and approaching the superconductor-insulator transition can therefore be
explained by the decrease of the number of effective current paths such that the fluctuations of R in
this disordered conductor are determined only by a small volume in the sample. This—in agreement
with the simple Hooge-model (Equation (12))—leads to a high noise level, whereas, far from the
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superconductor-insulator transition, the large number of effective current paths in the RRN results in
a cancellation of the fluctuations of R along the different uncorrelated paths and a lower total noise
level [33]. Under the simplifying assumption of uncorrelated resistance fluctuations in an RRN, the
resistance noise is given by:
SR(f) _ §(f) Y l%rln

R? (Eon 1)
where i, is the local current passing through the resistance r,, divided by the total current I, that
passes through the sample [33,73,74]. The function 3(f) describes the mechanism of fluctuations in the
local resistances r;;, which usually is of 1/ f* type with a ~ 1. Hence, in a simple percolative phase
separation scenario, the magnitude of the noise varies depending on the fourth moment of the current
distribution, whereas the frequency exponent «(T, B) in first approximation remains unchanged [75].

In general, since in percolation problems the measure of the vicinity to the percolation
threshold (p — p.) is a microscopic quantity that usually is experimentally accessible only in rather
specially-constructed cases [76], it is convenient to evaluate the variation of the resistance noise with
respect to the actual resistance value for which a scaling behavior R o« (p — p.) ™! is predicted, resulting
in Sg/R? o« R™"= [77,78]. The scaling exponent I,s = x/t then can be compared to the predictions
of theoretical calculations in order to clarify the mechanism of the underlying percolation process.
Figure 6a shows a scaling plot of log Sg / R? vs. log R of the pressurized x-Cl* sample shown in Figure 5
at a fixed temperature of T = 5K, where the magnetic field is the implicit parameter driving the system
from the superconducting to the normal conducting state as shown in Figure 6¢c. From the slope of
the data in Figure 6a yielding the scaling exponent /s of the resistor-superconductor network [79], we
infer a change of the percolation mechanism occurring just below the midpoint of the superconducting
transition. A small exponent [,s = 0.9 = 0.3 at low fields (see that the light gray region in Figure 6¢ is in
agreement with a ‘classical’ percolation model [78]), where the 1/ f-noise is generated by fluctuating
resistor elements dr;(t) that may be identified with the portion of p resistive junctions. For larger
fields, i.e., when approaching the normal conducting state, the scaling exponent becomes significantly
larger and is close to the value of ;s ~ 2.74 that is found for the so-called p-model of percolation,
first discussed for disordered high-T, cuprate superconductors [78,80]. The difference between these
two mechanisms of percolation is schematically sketched in Figure 6b, where p-noise leads to a new
class of scaling exponents and describes a random on/off switching of superconducting links w;(t)
in the resistor network resulting in spontaneous fluctuations ép(t). These may be identified with
dynamic perturbations of the Josephson coupling energy between superconducting clusters, resulting
in a stronger power-law increase of the macroscopic resistance fluctuations.

Besides these insights in the microscopic dynamics of the inhomogeneous state in the coexistence
region of the generalized phase diagram, noise measurements provide information on the characteristic
length scales of phase separation. This becomes possible through a dominating two-level process in a
narrow field range around the crossover from ’classical’ to p-type percolation (see the white region in
Figure 6¢). In this particular noise window, the action of a single fluctuator is enhanced and Lorentzian
spectra, the characteristic energies of which depend on the applied magnetic field, can be resolved
superimposed on the underlying 1/ f-type noise. Figure 6d shows such spectra in a representation
f x Sr(f) vs. f, where the 1/ f* 'background’ is nearly a constant for « ~ 1. Clearly, the additional
contribution of the observed spectra can be fitted by a single two-level process with a characteristic
time constant 7. = 1/ (1, Ty T, 1), cf. Equation (9):

(13)

4(6R)?
(a+)[(q ' +1 )2+ )2

Sr(f) = (14)
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Figure 6. Percolation models in superconductors. (a) scaling of the normalized noise Sg / R? o Rl
of x-CI* in a representation log Sg / R? vs. log R, where the slope reveals the power-law exponent I,
for data taken at T = 5K and different magnetic fields up to 4T as an implicite tuning parameter
of the sample resistance (see (c)); (b) schematics of classical (bottom) and novel (top) percolation
noise. In the former case (I;s = 0.9), the noise originates from the resistor elements, where the
short-circuits represent superconducting subvolumes. The latter case of p-noise (I;s = 2.74) originates
from switching elements controlled by random processes w;(t) representing subvolumes with unstable
superconductivity, after [72]. Reprinted with permission from [9]. Copyright (2011) John Wiley
and Sons; (c) magnetoresistance R(B) at T = 5K. Light and dark gray areas denote different
percolation regimes characterized by the scaling exponent /,5. In the white area, Lorentzian spectra
are superimposed on the 1/ f background noise (see (d)), where the inset shows the shift of the
corner frequency fc(B). (a,d) reprinted with permission from [68]. Copyright (2009) by the American
Physical Society.

In the time domain, Equation (14) corresponds to a random telegraph signal, i.e., a switching
between a high- and low resistance state that may be caused by a cluster that switches
between the superconducting and normal conducting state. The observed shift of the corner
frequency f. = 1/(271.) [81] with magnetic field shown in the inset of Figure 6d and assuming
fe = foexp [—(Es + mB)/kpT], where fj is an attempt frequency typically related to the characteristic
phonon frequencies and E, the energy barrier for the switching process at B = 0, allow to determine the
energy mB. Considering the fluctuating entity as a cluster that switches between the superconducting
and normal conducting state, and comparing this energy to the condensation energy VsBih /20,
where B, is the thermodynamic critical field and y the free space permeability, allows for a rough
estimate of the fluctuating sample volume yielding Vs ~ (7nm)3 [68], therefore providing evidence
for a nano-scale phase separation. We note that for the high-T, cuprates vortex dynamics is discussed
as a source of p-fluctuations [72,80], in which case we may compare mB to the pinning energy ne* Vs,
where 7 is the number of flux lines per unit area and ¢ = B., ®(/ jio the energy per unit length of a
vortex (P is the flux quantum and B, the lower critical field) leading to a volume Vs ~ (5nm)? of the
same order. In order to distinguish between both scenarios, direct measurements of the magnetic flux
noise are desirable.
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To summarize, the intrinsic 1/ f-noise in the superconducting state revealed microscopic
information on (i) the mechanism of percolation and (ii) the size of the fluctuating entities and
thus the characteristic scale of phase separation in the inhomogeneous coexistence region of the
phase diagram. It is interesting to note that real-space imaging by means of scanning micro-region
infrared spectroscopy of partially-deuterated x-(ET),Cu[N(CN),|Br revealed a static phase separation
and coexisting metallic and insulating domains also on a larger length scale of 50-100 um and at
all temperatures along the first-order Mott MIT line below the critical endpoint Ty ~ 35K [21,82].
This suggests volume fractionalization on a wide range of length scales, which, in turn, results in
fluctuations with a hierarchy of corresponding time scales, a prerequisite of the widely observed
enhanced 1/ f-type noise in the critical region of the phase diagram (see Section 3.4 below).

3.2. Example (2): Glass-Like Structural Ordering

In this section, we exemplarily discuss the coupling of the charge fluctuations to slow structural
dynamics in x-(ET),X with polymeric anions X = Cu[N(CN);]Cl, Cu[N(CN);]Br, or Cu(SCN)s,.
From thermodynamic measurements, a glass-like freezing of the ET molecules’ terminal ethylene
groups (EEG) was identified [19,83-86]. The dynamical properties at low frequencies—a characteristic
fingerprint of all glass transitions, however—had not been studied due to the lack of dielectric
spectroscopy, which cannot be applied in the relevant temperature range around 100K, where
the conductivity—even of the Mott insulating samples—is still too high. An understanding of
the slow dynamics, however, is of paramount importance in these materials, since the degree of
frozen EEG entities depends on the cooling rate and affects the electronic ground state properties
through (i) the degree of quenched disorder and (ii) the lattice contraction occurring upon cooling
through Ty ~ 75K, which strongly influences the bandwidth W and on-site Coulomb repulsion U,
and therefore the sample’s position in the phase diagram (see e.g., [21-25,87-91]). In this context,
fluctuation spectroscopy served as a method complementary to dielectric spectroscopy allowing for a
comprehensive study of the low-frequency glassy dynamics and a systematic understanding of the
glassy properties. These findings (i) revealed the phenomenology of the glassy transition in these
materials [60,92,93]; (ii) allowed for controlling the glassy freezing in the critical region of the phase
diagram by varying the cooling rate or applying heat pulses, thereby enabling non-volatile switching
functions between metallic and Mott insulating phases and establishing a protocol for fine-tuning
through the phase diagram with unprecedented precision [23,25]; and (iii)—in combination with ab
initio quantum chemical calculations—now allow to predict whether a certain crystal structure favors
a glassy freezing of the EEG orientational degrees of freedom or not [93]. Based on this, the specifics of
the glass-like transition in the system x-(ET),Hg(SCN),Cl have been correctly predicted [94].

Figure 7a shows the temperature dependence of the resistance and the resistance fluctuations
for deuterated x-(Dg-ET),Cu[N(CN);]Br, which—regarding the structural glassy properties discussed
here—is representative for the x-(ET), X family with polymeric anions [93]. After the sample’s resistance
has been measured during continuous cool down (black line), resistance values (blue squares) and noise
spectra (red circles) have been taken in discrete steps while warming up the sample. The resistance
shows the typical behavior for samples located close to the critical region of the phase diagram but still
away from the critical point at (pg, Ty), cf. Figure 10b below [95]. The observed noise was of generic
1/ f-type at all temperatures, i.e., Sg « 1/f*, and the data in Figure 7a represent the spectral weight
calculated as [ il(? &HZZ Sr(f)/R?df, which represents the variance of the fluctuating resistance in the
measured frequency range. Strikingly, the resistance fluctuations behave markedly different than the
resistance (i.e., the mean value): a pronounced broad maximum of the normalized resistance noise
Sr(f, T)/R? at about 100K has almost no corresponding feature in R(T), and so does the sharp peak
in the noise at about 35-36 K. The latter feature marks a sudden slowing down of the charge carrier
dynamics, see the strong increase of the relative noise level ag(f, T) = f x Sg/R?>—a dimensionless
quantity characterizing the strength of the fluctuations—at low frequencies shown in the contour
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plot Figure 7d, due to the near vicinity of the critical endpoint of the Mott transition and this will be
discussed in detail in Section 3.4 below.

(@) : € ——

1000 4 R m generalized
S8 DDH model
E 1 —fit J
= 10° &
a @ —_
3 I )
1004 g 2
S @ g
g § &
J4) A m)
r 104 B )
1010 3{ o
v
P continuous cooldown 3
"0 m —e— discrete warmu "
1 4 p
10 100 0.0 01 02 03 04 05 06
Temperature (K) E (eV)

(b) 14 .

e

aR = f X Sr/R2

frequency exponent o
log [Frequency (Hz)|

—@— noise spectra

—— model calculation

10 100
Temperature (K) 1000/T (1/K)

Figure 7. Noise spectroscopy and DDH analysis (see text) on fully-deuterated x-(Dg-ET),Cu[N(CN),]Br.
(a) resistance (blue squares) and integrated noise PSD (red circles) of a fully-deuterated sample
#-(Dg-ET),Cu[N(CN), |Br; (b) corresponding frequency exponent a(T) (green circles) and model
calculation within the generalized DDH model (Equation (16)) (red line); (c) distribution of activation
energies D(E) at f = 1Hz calculated using Equation (18). Arrows indicate the two strongest maxima
at 260 meV and 90 meV; (d) contour plot of the relative noise level ag = f x Sg/R? vs. frequency f and
temperature T in an Arrhenius representation. The slope of the white line corresponds to an activation
energy of E; = 260 meV, corresponding to the maximum in D(E) in (c) as extracted from the DDH
model. Reproduced from [92,93]. Copyright IOP Publishing.

In order to understand the origin of the 1/ f*-noise, we apply the phenomenological model of
Dutta, Dimon and Horn (DDH) [31,96], which describes non-exponential kinetics [97] caused by a
superposition of individual, thermally activated fluctuators—not specified a priori—with characteristic
relaxation times T = Ty exp (E/kpT), where 1y ~ (10714-107!1) s corresponding to typical inverse
phonon frequencies. The individual fluctuators are presumed to be independent (Gaussian) and
linearly coupled to the resistance (or conductance) of the sample. Although these assumptions are
quite general, the strength of the model is that a distribution (or weighting function) of activation
energies D(E) determines both the temperature dependence of the 1/ f* noise (i.e., its deviations from
a linear-in-T behavior) [98]
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and the deviations of its frequency dependence from a pure 1/ f law (i.e., deviations from a = 1) via
the connection

C 1 [ amg(r) »
In27f1 dlnT dlnT '

appH(T) =1

The logarithmic factor in E,, = —kgT In (271f1p) ensures that at the temperatures and frequencies,
where 1/ f-noise is usually observed, the characteristic energies E,, ~ 0.1 —1eV are of the same
order as ordinary activation energies in solids [33]. The frequency exponent appy calculated with
Equation (16) can then be compared to the measured slope of the spectra

S
aln S (T)

‘1) ==y

17)
If this consistency check proves successful, then the assumptions of the DDH model [99] are
fulfilled, and the distribution function D(E) = D(E,,) can be determined from the relation

() = g(TTD(E) .

Introducing the function g(T) in Equations (15) and (16) is a generalization of the original DDH
model [100-102]. The function g(T) accounts for an explicit temperature dependence of the distribution
of activation energies. The physical meaning is that the coupling constant between the random
processes and the resistance, and hence the total noise magnitude, may not be independent of
temperature. As described in detail in [93], we have assumed the simplest case of a power law
g(T) = aT?, where b describes a constant vertical shift of appy(T) as compared to the measured
«(T). For the measurements in Figure 7b, the best description of the data is found for g(T) = const.
for T < Ty (no offset) and b = —3/2 for T > T, resulting in a vertical offset. As for the physical
meaning of the function g(T), a temperature dependence of the number and/or coupling strength
of the fluctuators is discussed [102,103]. Figure 7b shows that, for the deuterated x-Dg-Br system, an
excellent agreement is observed between the calculated and measured frequency exponent, where
nearly every feature of the non-monotonic temperature dependence is quantitatively reproduced.
This justifies the conversion of the temperature axis using E,, = —kgT In (271f 1)) and determining
D(E) from Equation (18) shown in Figure 7c. The broad noise peak at about 100K in Figure 7a therefore
corresponds to a peak in D(E) centered around E ~ 260meV (E/kp =~ 3020K). (Note that the
contour plot Figure7d of the relative noise level ag(f, T) in an Arrhenius plot consistently reveals
a slope of the noise maximum corresponding to the same energy.) Energy of this order is well
known in x-(ET),;X as the activation energy of structural, orientational degrees of freedom of the
ET molecules” EEG undergoing a glass-like freezing at Ty ~ 75K and has been determined, e.g., in
NMR [104,105], and thermal expansion and specific heat measurements [19,84] for the thermodynamic
glass transition (see also [2]). Therefore, the fluctuators causing the enhanced noise at elevated
temperatures can be assigned a posteriori to the thermal motion of the EEG, emphasizing the strong
coupling of lattice vibrations to the electronic system.

Here, the non-monotonic behavior of a(T) shown in Figure 7b reflects the shape of the distribution
of the activation energies, i.e., « > 1 and a < 1 corresponds to dD(E)/dE > 0 and 0D(E)/dE < 0,
respectively. The corresponding shift of spectral weight to lower frequencies is related to the expected
slowing down of molecular dynamics when approaching the glass transition. In [93], we argue that the
observed charge carrier dynamics is caused by the slow, so-called a-process of the glass-forming EEG
rotations embedded in the anion structure forming a ‘cage’ environment through short C—H.: - - anion
contacts [106]. In dielectric spectroscopy, the a-relaxation peak of the frequency-dependent dielectric
loss shifts with decreasing temperature to lower frequencies in a similar way [107], which is expected

(18)
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from the fluctuation—dissipation theorem connecting S(f) with the imaginary part of the dynamic
susceptibility, cf. Equation (5).

This a posteriori assignment provides a spectroscopic tool to investigate the slow dynamics of the
EEG, which undergo a glassy freezing at a characteristic temperature T,. Figure 8a,b show the position
of the peak in Sg /R?(T) of the same sample x-Dg-Br discussed in Figure 7a—c for different frequencies
in our measurement window of 1 mHz-100 Hz. (Note that in Figure 7a the spectral weight over the full
frequency range is shown.) As seen in Figure 8b for x-Dg-Br, the data at higher frequencies show an
Arrhenius behavior, where the slope corresponds to an activation energy of 260 meV corresponding to
the maximum in D(E) shown in Figure 7c. At lower frequencies towards the glassy freezing transition
(which may be defined by a characteristic relaxation time of 7(T;) = 100s), however, the slowing
down of the molecular motions coupled to the resistance fluctuations is much stronger, resulting in a
curvature that can be described by the empirical Vogel-Fulcher-Tammann law

T = Tpexp <TD—T7¥€TFT>' (19)

where D is a strength parameter and Tyt the Vogel-Fulcher-Tammann temperature. The observed
slowing down of the structural units’” motion stronger than given by an Arrhenius law may be
interpreted as an increase of the effective energy barrier for decreasing temperatures approaching T,.
A possible origin is an increasingly cooperative character of the molecular motions, i.e., a larger number
of correlated molecules and an increase in correlation length [108]. The strength parameter D describes
the deviations from a thermally activated behavior, whereas the glass-forming system is characterized
as ‘fragile’ for small values of D (typically D < 10) with large deviations from an Arrhenius behavior
and as ‘strong’ for D > 10 following an Arrhenius law more closely. Many properties of glass-forming
materials are correlated with their strength (fragility). For the different systems, we consistently find
that the present charge-transfer salts are rather fragile glasses, which may be explained by a growing
number of correlated molecules moving cooperatively, which leads to an increase of the apparent
activation energy for decreasing temperatures.

Finally, we note that the cooling-rate dependence of the VFT behavior, observed for x-Dg-Br
shown in Figure 8b, is unusual since, for classical glass-forming systems, the curves for different q
should coincide for T > T,. Rather than being a purely dynamical effect, we have speculated that,
for the present glass-like materials, different cooling rates produce different glass-forming molecular
environments formed by the anion structure through short C—H- - - anion contacts, resulting in a
varying fragility and therefore different values of T.
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Figure 8. Glass-like structural EEG ordering in x-(ET),X. (a) normalized resistance noise PSD of
x-Dg-Br for different frequencies. Lines are fits to a Gaussian function. Black circles connect the
maxima at each frequency; (b) Arrhenius plot of the noise peak frequency for selected systems of
k-(ET),X (see legend). Light grey lines are fits of thermally activated (Arrhenius) behavior to the
high-frequency data, whereas dark grey lines are Vogel-Fulcher-Tammann (VFT) fits after Equation (19)
to the low-frequency data. The horizontal line equals T = 100s and may be used to define the
dynamic glass-transition temperature; (c) occupation probability p(E) of the eclipsed (E) ground state
conformation (see right inset) calculated from a simple two-level model (left inset) for various cooling
rates. 'Pulse rate’ refers to cooling after a heat pulse is applied resulting in cooling rates of order
1000 K/min. Reprinted with permission from [23]. Copyright (2014) by the American Physical Society;
(d) preferred conformations of the EEGs for x-Br in relation to the nearby anion layer. Dashed lines
indicate close EEG: - - Br contacts, while blue arrows indicate soft vibrational degrees of freedom of the
terminal Br ligands suggested to couple to the EEG rotation. In x-Br, all EEGs are crystallographically
equivalent. (a,b,d) reproduced from [93]. Copyright IOP Publishing.

Ab initio quantum chemical calculations provide an explanation for the origin and
phenomenology of the glassy dynamics in different systems in terms of a simple two-level model
(see Figure 8c) where the relevant energy scales are determined by the coupling of the EEG to the
anions [93]. For x-Br, the EEGs are all crystallographically equivalent and were computationally
found to prefer the E conformation by 2AE/kg ~ 520 K per ET molecule, which is of the same
order although somewhat larger than the value of 2AE /kg ~ 210 K estimated from the temperature
dependence of the relative E/S occupancy of x-Br for fixed cooling rate [23]. The computed E; = 2200K,
however, lies well within the range of values found in various experiments of E;/kg = 1900-3100 K
as determined e.g., by NMR, specific heat, thermal expansion, resistivity measurements and noise
spectroscopy [19,84,104,105]. Strikingly, more than half of the computed energy difference 2AE results
from strong van der Waals coupling between the EEG and anion layers, which is dominated by close
Br - - - H (or D) contacts between each EEG and two terminal ligands in adjacent anionic chains
(see Figure 8d). The coupling of the terminal ligands’ thermal motion with the EEG rotation in nearby
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ET molecules provides a possible mechanism for the cooperative behavior implied by the observed
deviations from the Arrhenius law in Figure 8b, i.e., it is the collective motion of EEG and anions that
freezes out at T, instead of being simply a property of the vibrational degrees of freedom of the EEG
within each individual, separated ET layer [93,94].

It is interesting to consider the suggestion [109,110] that the arrangement of the ET molecules and
conformational preferences in x-(ET),X salts with polymeric anions result from a particular pattern of
empty spaces in the anion layers, allowing the donor molecules to fit in between, thus minimizing the
van der Waals interactions. From this perspective, glassy freezing of the EEG rotation requires that
the EEG-anion interaction is relatively ineffective at distinguishing the E and S states, allowing for
similar energies of both states, and thus metastability. Indeed, in our simple model of Figure 8¢, it can
be shown that the degree of frozen-in disorder is determined by the ratio of E 4 /AE (at fixed 1), with
increasing occupancy of the minor conformation below Tg with increasing ratio. We have suggested an
empirical threshold of E 4 /AE ~ 5 for the occurrence of a glass transition in (BEDT-TTF),X. Recently,
this has led to the successful prediction of glass-like EEG freezing in the salt x-(ET),Hg(SCN),Cl,
where—as opposed to x-Cl and x-Br—a peculiar EEG ordering occurs, in which only one of the two
crystallographically inequivalent EEG is subject to glass-like ordering [94].

3.3. Example (3): Charge-Cluster Glass

In the previous section, we have shown exemplarily for the x-phase (ET),X salts with polymeric
anions that noise measurements allow for a spectroscopic study of glassy structural phenomena,
where dielectric spectroscopy fails due to the high conductivity of the samples. Naturally, fluctuation
spectroscopy is not only sensitive to electronic fluctuations coupled to a structural dynamic
glass transition, but also to glassy phenomena of the electronic system itself. Here, the systems
6-(ET),MM/(SCN); with M = TI, Rb, Cs and M’ = Co, Zn recently have attracted considerable
attention [111,112]. In these materials, the BEDT-TTF molecules form a triangular lattice and the
charge transfer leads to a quasi-two-dimensional quarter-filled hole band system (that is, one hole
per two BEDT-TTF molecules), in which the inter-site Coulomb repulsions give rise to an instability
towards charge ordering (CO). The system 6-(ET),RbZn(SCN)4 undergoes a CO transition at 190K,
where the charge carriers are localized periodically with a horizontal stripe pattern (see Figure 9a),
which is regarded as a ‘charge-crystal’ state in contrast to the ‘charge-liquid’ state above the CO
transition temperature, where the charge of 4-0.5 per one BEDT-TTF molecule is distributed uniformly
in space. Geometrical frustration leads to an unconventional electronic ‘charge-glass’ state without
long-range order, when the system is cooled faster than a critical rate 4., which depends on the
degree of geometric frustration. As first discussed in [113], a combination of noise measurements
and X-ray diffraction reveals that the charge-liquid phase hosts two-dimensional charge clusters that
fluctuate extremely slowly and heterogeneously. On further cooling, the cluster dynamics freezes, and
a charge-cluster glass is formed.

Since slow dynamics accompanied by dynamic heterogeneities are known to be key experimental
properties for the vitrification process in supercooled conventional liquids, resistance noise
spectroscopy has been applied in order to detect the expected slow charge carrier dynamics in these
materials upon approaching the glassy freezing of the electrons [111,113-115]. Figure 9b shows the
resistance noise PSD in a representation f* x Sg/R? vs. f [113], which highlights the superposition of
two-level fluctuations on top of a 1/ f* background noise, cf. Figure 6b above. The important point
here is that the two-level switching cannot be described by a single Lorentzian contribution but rather
is modeled by a superposition of continuously distributed Lorentzians with high-frequency (f.,) and
low-frequency (fc,) cutoffs. Thereby, the authors of [113] assume a density of states (distribution of
relaxation times) D(7) o 1/7 in between the related cutoff lifetimes 77 < T < 1, in Equation (10) with
fo, =1/(2n1) and f., = 1/(271). The integration in Equation (11) then yields curves of the spectral
form shown in Figure 9b, which fit the data very well. In this scheme, the extracted values for f;, and
fe, (see Figure 9¢) reflect the fastest and slowest fluctuators, respectively, from which a centre frequency
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fo=/fer - fo; and alinewidth f;, / f., can be defined (see Figure 9d,e, respectively). The temperature
profiles of these quantities show a slowing down of the center frequency fy by several orders of
magnitude (see Figure 9d), before, at approximately 200K a frustration-relaxing structural transition
occurs. A strong increase of the ratio f, / fc, for decreasing temperature (see Figure 9e) indicates a
more heterogeneous dynamics [113]. Thus, the key experimental properties for the vitrification process
in conventional supercooled liquids, namely slow and heterogeneous dynamics, are observed for the
freezing of electric charges on a frustrated lattice.
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Figure 9. Charge-cluster glass in 6-(ET);RbZn(SCN);. (a) temperature dependence of the
resistivity during cooling for different sweeping rates .. Insets indicate the crystal structures
and charge distribution of the high-temperature (charge-liquid) phase (lower inset) and the slowly
cooled low-temperature (charge-ordered) phase (upper inset); (b) resistance noise PSD for various
temperatures as f* x Sg/R? vs. f with fits (red lines) to the distributed Lorentzian model (see text);
(c) temperature profiles of the fitting parameters f;, and f,; (d) slowing of the centre frequency
and (e) concomitant growth of the dynamic heterogeneity, respectively. Reprinted with permission
from [113]. Copyright (2013) Springer Nature.

This notion of an unconventional electronic state without long-range order as inferred from the
observed heterogeneous slow dynamics is corroborated by X-ray diffusive scattering revealing that
the charge-liquid phase above 200 K is transforming into a charge-cluster glass. This glass transition
of the charge clusters formed in the charge-frustrated triangular lattice is expected to occur only
if the frustration-relaxing transition at 200K is kinetically avoided by rapid cooling and occurs at
Ty ~ 160-170K.

Further detailed resistance noise, time-dependent resistance and X-ray diffusive scattering
experiments have been performed on the related system 6-(ET),CsZn(SCN),, which does not exhibit
long-range charge order at usual laboratory time scales but always shows a charge-glass state,
i.e., the critical cooling rate is very slow due to the higher degree of geometrical frustration [114].
Again, cooling-rate dependent charge vitrification and nonequilibrium aging behavior are successfully
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demonstrated. The temperature evolution of the relaxation time is found to obey an Arrhenius law
T o exp (—A/kgT), indicating that the glass-forming charge liquid can be classified as a ’strong’
liquid in the scheme of canonical structural-glass formers (see Section 3.2 above). The activation
energy A/kp = 224meV is ascribed to the energy related to the rearrangement of the charge
configurations, which may be accompanied by a distortion of the local lattice/molecules [114]. Finally,
the characteristics of the charge-glass are summarized as follows (see [116] and references therein):
(i) the valence of BEDT-TTF appears to be spatially inhomogeneous; (ii) short-range order or charge
clusters, with distinct symmetry from that of the charge-ordered state, develops as the temperature
decreases, where below the charge-glass transition temperature, the characteristic size of the charge
clusters saturates (iii) the time scale of charge fluctuations is slower than the laboratory time scale; and
(iv) aging behavior is observed in resistivity, analogous to the dielectric aging in structural glasses.

Finally, in a recent work on monoclinic 6,,-(ET), T1Zn(SCN)4—a material where the electron-lattice
coupling and lattice distortion are weak and which is believed to approximate a system where the
observed effects are purely electronic in nature—similar noise measurements as discussed above reveal
an Arrhenius law of the Lorentzians’ corner frequencies and confirm the emergence of slow dynamics
accompanied by increasing dynamic heterogeneity upon approaching the charge-glass transition [111].
Here, it is important to note that the charge vitrification in the present case is distinctly different
from the drastic slowing down of charge carrier dynamics and onset of non-Gaussian fluctuations
observed in noise measurements as a precursor of metal-insulator transitions (MITs) [50-53] (see the
discussion in the following Section 3.4). The electronic glassiness in MIT systems seemingly only
becomes stabilized by disorder in the presence of strong electronic correlations and may not be
observed for ‘clean’ samples.

3.4. Example (4): Mott Metal-Insulator Transition

In pressure-tuned x-(BEDT-TTF),Cu[N(CN),]Cl, unconventional critical exponents at the
finite-temperature second-order critical endpoint (po, Ty) of the Mott metal-insulator transition have
been reported from DC electronic transport measurements [20]: the power-law exponents of the
measured conductance upon approaching the critical point on the temperature and pressure axes
seem to be inconsistent with any known universality classes (mean-field, 3D XY, Heisenberg and
Ising). Since then, the critical properties have been a matter of controversial debate [117-120]. Recently,
in [121], a breakdown of Hooke’s law of elasticity has been observed at the critical endpoint of the
Mott transition. These nonlinear strain-stress relations are assigned to an intimate, nonperturbative
coupling of the critical electronic system to the lattice degrees of freedom. The authors point out that
their results are fully consistent with mean-field criticality, predicted for electrons in a compressible
lattice with finite shear moduli and argue that the Mott transition for all systems that are amenable
to pressure tuning shows the universal properties of an isostructural solid-solid transition [121].
In contrast to these static properties of the Mott critical endpoint, dynamical critical phenomena are
related to the existence of very long time scales known as critical slowing down of the order parameter
relaxation rate, where the length and time scales that measure the correlations of the order parameter
become infinite upon approaching a second-order phase transition. Therefore, the kinetics of the order
parameter near a critical point causes a slow dynamics of correlated regions in a macroscopic system,
and diverging resistance or conductance fluctuations are expected. However, this critical slowing
down of the order-parameter fluctuations had not been observed for the Mott transition before.

In Section 3.2, we have mentioned that the cooling-rate dependence of the glass-like EEG ordering
can be used to fine-tune systems through the critical region of the Mott transition. The effect originates
in an anisotropic change of the in-plane lattice parameters at T, [19,86], which changes the relevant
transfer integrals such that more rapid cooling leads to slightly smaller bandwidth (and W /U ratio)
(see discussion in [21,23]). In particular, in [24], it has been shown that the molecular conformations of
the EEG are intimately connected to the electronic structure and significantly influence not only the
transfer integrals and therefore W but also the Hubbard repulsion parameter U. These results place
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x-(BEDT-TTF),Cu[N(CN),]Br in eclipsed (E) and staggered (S) configurations on opposite sides of the
metal-insulator transition [24].

For our study of the dynamic criticality, we therefore have chosen a partially-deuterated system
-[(Hg-ET)2(Ds-ET) 8]12Cu[N(CN);]Br (in short: x-Hg/Dg-Br), where the partial substitution of the
ET molecules with their deuterated analogues places the sample on the high-pressure (metallic) side of
the phase diagram very close to the critical pressure pg of the MIT [21]. Figure 10a shows the sample
resistance for different cooling rates g representing different positions of the sample in the generalized
phase diagram, schematically indicated in Figure 10b [53]. Clearly, the slowly cooled (annealed)
sample is located on the metallic/superconducting side of the phase diagram, whereas increasing q
shifts the sample to the left (low pressure, small W/U) towards the insulating side, where the typical
re-entrant behavior, when crossing the first-order Mott transition line twice, is observed. We assume
that the critical point is crossed by one of the curves taken in between the slowest and fastest cooling
rate (colors from black to dark red). Blue color denotes the position of the fully-deuterated sample
shown in Figure 7 above. The superconducting transition observed at low temperatures for all cooling
rates is of inhomogeneous, percolating type due to the coexistence of metallic (superconducting) and
insulating (antiferromagnetic) phases as discussed in Section 3.1 above. We note that the fine-tuning
of the electronic bandwidth by controlling the cooling rate is reversible; i.e., upon warming above
T, = 75-80K, the frozen EEG glass melts and the lattice relaxes and the pristine state and position in
the phase diagram is recovered.
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Figure 10. Tuning a partially-deuterated sample x-[(Hg-ET);_(Dg-ET)x]oCu[N(CN),]Br with x = 0.8
through the Mott transition. (a) resistance measurements for various cooling rates g; (b) generic phase
diagram after [21]. Open circles indicate values taken from the literature of the second-order critical
end point of the first-order Mott MIT (thick solid curve). The arrow indicates the position of the slowly
cooled, pristine sample in the generic phase diagram. The change of the sample position with g is
schematically indicated by the colored lines. For comparison, the blue color represents fully-deuterated
x-Dg-Br shown in Figure 7. Reprinted with permission from [53]. Copyright (2015) by the American
Physical Society.

The comparison of x-Dg-Br (same sample as shown in Figure 7a, blue curve) with slowly-cooled
x-Hg/Dg-Br (yellow) is displayed in Figure 11a, where the normalized resistance noise PSD, Sg/R?,
taken at 1Hz is shown. Measurements have been performed in a five-point AC bridge setup
perpendicular to the conductive planes, i.e., along the crystallographic b-axis. In order to highlight
the drastic changes of the fluctuation properties originating from different positions in the phase
diagram tuned by the cooling rate g, i.e., the effects of electronic origin, the data are normalized to
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the broad maximum at around 100 K, which we have shown in Section 3.2 to be of structural origin.
Strikingly, the two samples behave similarly for temperatures above the glass-like transition Tg, where
the resistance fluctuations are dominated by the EEG structural excitations. However, the x-Hg/Dg-Br
sample exhibits a considerably higher noise level below Tg, which may be caused by the higher degree
of structural disorder due to the random distribution of Hg and Dg molecules, resulting in a tendency
for the charge carriers to localize and/or electronic phase separation. Most strikingly, however, is the
sharp peak in the noise at Ty ~ 36 K, which we attribute to the near vicinity of the critical endpoint of
the Mott transition. Note that an increase of the noise accompanied by a shift of spectral weight to low
frequencies is seen also for x-Dg-Br (see the arrow in Figure 11a as well as Figure 7a,d). This sudden
slowing down of the charge carrier dynamics due to critical fluctuations, however, for this sample
remains a small effect as compared to the effect of the structural EEG fluctuations. This is not the
case for xk-Hg/Dg-Br, where upon increasing g, the peak in the noise initially increases (Figure 11b,
orange squares) and becomes very pronounced and sharp (note the rescaled axis) for 4 = 5K/min,
red circles in Figure 11c¢, before it starts decreasing again for a larger cooling rate (dark red triangles).
We therefore assume the sample’s state at ¢ = 5 K/min as being closest to the critical point [122] and
now evaluate the fluctuations in the whole accessible frequency range. The frequency exponent a(T),
shown in Figure 11d, exhibits a monotonic increase from about « = 0.8 (at T ~ 47K) to a very large
value of about &« = 1.6 (at T ~ 32K) upon approaching the critical region from high temperatures.
This corresponds to a drastic shift of spectral weight to low frequencies. This behavior is highlighted
in Figure 11d, where the relative noise level ag = f x Sg/R? is shown, a dimensionless quantity
characterizing the strength of fluctuations. We interpret the incipient power-law divergence of ay at
very low (approaching mHz) frequencies in a narrow temperature interval as critical slowing down of
doublon density (two electrons sitting on the same atomic orbitals) fluctuations [118,123,124], since the
measured resistance (conductance) noise PSD is proportional to the Fourier transform of the voltage
(current) autocorrelation function (Section 2.2), which couples to the kinetics of the order parameter of
the Mott MIT [20,125]. Near a critical point, the latter is dominated by slow dynamics of correlated
regions in a macroscopic system.

Whereas the strong increase of slow fluctuations in x-Hg /Dg-Br is observed at a finite-temperature
critical point, a similar behavior has been reported for metal-insulator transitions occurring only in
the zero temperature limit, namely a disorder-driven Anderson transition in P-doped Si [52] and
electron-density driven MIT in Si inversion layers (Si-MOSFET) [50,51,126]. It is interesting to consider
if there is a connection to the notion of the quantum-critical nature of the Mott instability [125].
In both cases, the onset of non-Gaussian fluctuations resulting in a frequency-dependent second
spectrum S@)(f,, f,T) « 1/ ff (see Section2.2.1) have been reported. If = 0, the statistics of
the system is fully determined by the first spectrum Sg(f, T) and the fluctuations are Gaussian.
Slow dynamics and deviations from a ‘'white’ second spectrum, i.e., B ~ 1 are an indication for
correlated (interacting) fluctuators [48,49] and have been observed for the abovementioned P-doped Si
and the Si inversion layers systematically as a precursor of the MIT. A possible interpretation is a glassy
freezing of the electrons preceding their localization, and it is suggested that such correlated dynamics
may be a universal feature of MITs, irrespective of the systems” dimensionality [52]. In the present
case of a finite-temperature critical endpoint, the deviations of the measured frequency exponent
from a(T) calculated within the DDH model (assuming independent fluctuators) shown in Figure 11d
for ¢ = 5K/min and a frequency-dependent second spectrum with = 1.35 for 4 = 10K/min
indicate a finite region in the phase diagram, where the fluctuations are correlated and deviate from
Gaussian behavior.
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Figure 11. Critical slowing down of charge fluctuations. (a) resistance noise PSD Sg /R?(T, f = 1Hz)
of slowly-cooled x-Hg/Dg-Br (yellow triangles) in comparison to the data of x-Dg-Br (blue circles)
normalized to the value of the local maximum around 100 K. The black arrow indicates a peak in the
noise level, cf. data of the same sample shown in Figure 7a. (b,c) measurements for increasing cooling
rates 4. Note the rescaling of the ordinate in (c); (d) frequency exponent a(T) for 4 = 5K/min, where
the noise level shown in (c) is largest. The line represents the DDH model calculation; (e) relative
noise level ag = f x Sg/R? vs. f vs. T for the same cooling rate. Reprinted with permission from [53].
Copyright (2015) by the American Physical Society.

Here, a residual structural disorder potential and/or the inherent frustration of the triangular
lattice geometry of the ET molecules forming dimers could result in a large number of metastable
states, which the strongly interacting electrons have to overcome. General models for such correlated
dynamics applied to spin glasses are often invoked also for the charge degrees of freedom [51,126]. In a
model of interacting droplets or clusters, $©2)(f,, f, T) should be a decreasing function of f for constant
f2/ f [49]. For the present system, however, we observe a scale invariance in f pointing to a hierarchical
picture, where the system wanders collectively between metastable states related by a kinetic hierarchy.
The large exponent of B = 1.35 found in our experiment for the sample cooled with 4 = 10 K/min
indicates that only few such states are visited during the time of measurement. From the theoretical
point of view, a Coulomb glass behavior in the vicinity of the Mott transition remains controversial.
For example, a self-generated glass transition caused by the frustrated nature of the interactions
(and not related to the presence of quenched disorder) is predicted in doped Mott insulators [127].
In [128], however, the metallic glassy phase is suggested to be suppressed for Mott localization and to
become stabilized only for increasing disorder, in apparent agreement with experimental results on Si
inversion layers with different degrees of disorder.

A systematic mapping of the region of ergodicity breaking for samples at different positions in the
phase diagram (i.e., varying distance to the critical endpoint) and with different degrees of quenched
disorder (random lattice potential) may help to answer these fundamental questions and will be an
elaborate but worthwhile future effort.

Sample Dependences

Instead of using different cooling rates, an alternative way to tune through the phase
diagram in even finer, in principle arbitrarily small steps is to apply different thermal relaxation
protocols in the vicinity of the transition temperature T, for glass-like EEG ordering [25]. Again,
we choose a partially-deuterated compound, which is located very close to the Mott transition,
x-[(Hg-ET)g25(Dg-ET)g.75]»Cu[N(CN), |Br with a deuteration degree of x = 0.75. Depending on the
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initial more or less rapid cooling, a certain amount of the EEGs energetically unfavored staggered (S)
conformation is frozen, which results in a reduced ratio of bandwidth to on-site Coulomb repulsion
W/U [24] and thus in a state further on the insulating side of the phase diagram than the pristine,
slowly-cooled condition. The so-prepared initial state, which is referred to as warming cycle 1, is
characterized by a resistance showing the typical re-entrance behavior (see the red curve in Figure 12a,
where the Mott transition line is crossed twice).

2
(@) (b R[] 109(S,(1Hz)/R") [1/Hz]
T T T T T T T
j—— Cycle 01
j—— Cycle 04 154 88
10000 I— Cyele 07|
Cycle 11 a7
T T
Mreent ~ Ment < fval
— 1 ' X <
8 g g 69
8 2 E
g S 1E3 S
4 1000 o) ] 101
B [= % o
] £ £
o O [
[ -
-103
1E2 204 -10.8
100 o
T T T T T
10 20 30 40 15 5 10 15
Temperature [K] Warming cycle Warming cycle

Figure 12. Resistance and noise measurements at the Mott transition in partially-deuterated
k-[(Hg-ET)1_y(Dg-ET)x]oCu[N(CN), |Br with x = 0.75. (a) resistance measurements of some selected
warming cycles generated by using different thermal relaxation protocols described in the text.
The black points mark the temperatures of the entrance and re-entrance half-maximum resistance jump,
indicating the crossing of the Mott transition line; (b) contour plot of the resistance vs. temperature and
warming cycle. The grey area marks the region where the DDH model shows strong deviations; the
white circle indicates the critical point; (¢) contour plot of the normalized resistance noise PSD taken at
1Hz in dependence of temperature and warming cycle (note different scales).

After the initial cool down with a rate of g = 2.5 K/min, the sample is warmed up to a temperature
close to the glass transition at about Tg ~ 75K. After a specific waiting time on the order of a few
minutes, which relaxes the EEG occupation to the energetically favored eclipsed orientation, and
thus the structural distortion, the sample is slowly cooled down again while measuring the resistance
yielding a new state with a larger ratio of W /U, and therefore located further on the metallic side of
the phase diagram. By repeating this relaxation protocol several times (and by adjusting the relaxation
time), the sample can be tuned—in principle in arbitrarily small steps—through the Mott critical
endpoint. Some selected resistance measurements of the generated states (warming cycles 1-17) are
shown in Figure 12a, where the higher warming cycles are characterized by a lower resistance value
and—due to the S shape of the transition line—a broader region in the metallic phase. From the
temperature values of the entrance and re-entrance half-maximum resistance jump, Ta ent and T reent,
respectively, marked by black points in the resistance measurements, it is possible to reproduce the
Mott transition line in dependence of the warming cycle. A contour plot of the resistance as a function
of temperature and warming cycle is shown in Figure 12b where the blue color corresponds to a
low-resistance metallic state and the red color to the high-resistance insulating state. Hence, at the
warming cycle for which the corresponding resistance curve turns into a continuous course without
clear discontinuities, the critical endpoint is expected and is visualized as a white circle at Ty ~ 36 K in
Figures 12b,c.

In order to analyze the charge carrier dynamics at the Mott transition in comparison to the sample
with a deuteration degree of x = 0.8 discussed above, we employ fluctuation spectroscopy in a
four-terminal AC configuration, where the resistance fluctuations are again measured out-of-plane,
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i.e., along the crystallographic b-axis. For each warming cycle, the resistance noise PSD was measured
during cooling down the sample (in discrete temperatures steps AT = 1K) starting at T = 50K
sufficiently far below the glass-like transition so that the EEG configuration is frozen. The results of the
normalized resistance noise PSD taken at 1 Hz for different warming cycles are shown in Figure 12¢
as a contour plot vs. temperature vs. warming cycle. Similar as for the sample x = 0.8 shown in
Figures 10 and 11, the noise level increases when approaching the Mott MIT. However, instead of a
large peak indicating diverging low-frequency fluctuations in the vicinity of the critical point, for the
present sample x = 0.75m, we observe a one-order-of-magnitude, step-like increase of the normalized
resistance noise PSD when crossing the Mott transition line, which shifts to higher temperatures for
higher warming cycles coinciding with the development of the metallic phase. Even for warming
cycles beyond the critical point (the white circle in Figure 12b,c), this behavior is observed at the
crossover from the ‘bad metal” to the Fermi liquid region. One possible explanation for the higher
noise level in the metallic phase is electronic phase separation into insulating and metallic domains
due to the competing interactions in the vicinity of the Mott transition [21,82,129]. Since electronic
inhomogeneities are accompanied by a smaller noisy volume, the formation of domains on the
micrometer to nanometer scale close to the Mott transition might cause a larger noise PSD in the
metallic region.

In addition to the absolute noise level at 1 Hz, the frequency exponent a(T) gives information
about the distribution of activation energies within the DDH model and is shown in Figure 13 for
selected warming cycles to be compared with Figure7b for x-Dg-Br (x = 1) and Figure 11d for
x-Hg/Dg-Br (x = 0.8). Whereas for higher temperatures below 50 K a weak temperature dependence
with a slightly larger than 1 is observed, for all warming cycles, a peak in a(T) is found with values of
1.2-1.4 occurs around the temperature of the Mott MIT. Although this shift of spectral weight to low
frequencies is not as pronounced and the noise does not peak as is observed for the x = 0.8 sample,
there is a consistent slowing down of the charge carrier dynamics at the transition. Strikingly, there is
also a distinct region around the Mott MIT, where the DDH model fails to describe the low-frequency
fluctuations. The black line in Figure 13 shows the values obtained from the DDH model (Equation (16)),
where a power-law function g(T) has been used in order to take an explicit temperature dependence
of the resistance fluctuations into account, with different exponents for the low and high temperature
regions indicating a change in the fluctuating properties, their number or their coupling to the resistance
and/or the electronic transport mechanism. Strikingly, outside the transition region the DDH model
agrees very well with the experimental a(T), i.e., the energy distribution of independent fluctuators
can be determined rather accurately (not shown) [130]. However, in the transition region—marked by
the gray shaded area in Figures 12 and 13—there is a strong deviation of the measured «(T) and the
DDH calculation implying that the assumption of independent fluctuating entities loses its validity in
the region close the Mott transition and non-Gaussian, possibly spatially-correlated fluctuations are
dominating. This again is similar to the x = 0.8 sample discussed above, where this phenomenon was
also observed and confirmed by measurements of the second spectrum $2)( f,, f, T), which revealed a
frequency dependence for the curve with ¢ = 10 K/min resulting in a state close but on the insulating
side beyond the critical point [53]. The measurements on the present x = 0.75 sample, although not
showing a divergent increase of the noise around the critical endpoint, exhibit a rather wide region of
non-Gaussian noise and possibly ergodicity breaking around the Mott MIT. Besides these similarities,
the differences demonstrate strong sample dependences of the investigated compounds, which in part
may be related to different degrees of disorder. Measurements of different samples with nominally
the same degree of deuteration are desirable. In addition, a systematic investigation of the interplay
of disorder and strong electron-electron correlations is possible. To that end, samples with different
degrees of deuteration and therefore pristine starting position in the phase diagram could be tuned
through the phase diagram by applying warming cycles. This would result in a varying degree of
intrinsic frozen EEG disorder at the critical endpoint of the Mott transition allowing for studying the
influence of a random lattice portential on the critical slowing down of the charge carrier dynamics.
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Figure 13. Temperature dependent frequency exponent « for some selected warming cycles. The black
line corresponds to the values determined with the DDH model; the grey shaded area emphasizes the
temperature region where the DDH model deviates from the experimental data.

4. Conclusions

To summarize, the fascinating electronic, magnetic and structural properties of
quasi-two-dimensional strongly-correlated molecular metals (BEDT-TTF),X have been introduced and
the need for studying the charge carrier dynamics at low frequencies—complementary to optical and
dielectric spectroscopy—has been motivated. We have given an overview of the definitions and basic
relations of the statistical properties of physical quantities with the focus on time-resolved electronic
transport measurements. At the heart of noise spectroscopy measuring the resistance (or conductance)
noise power spectral density Sg (Sg) is a time-like property, namely the voltage (or current)
autocorrelation function ¥ (yy(7), which is a non-random characteristic of the microscopic kinetics
of the charge fluctuations. The fluctuation spectrum and the autocorrelation function are related via
the Wiener—Khintchine theorem. The fluctuation—dissipation theorem makes an exact connection
between the autocorrelation function and the imaginary part of the frequency-dependent response
function associated with dissipation in thermal equilibrium.

The examples selected for this review demonstrate where studying low-frequency charge carrier
dynamics via the electronic noise provides information on the underlying physics that cannot be easily
(or at all) gained otherwise. In general, noise is a sensitive probe, when the electronic transport
(the current distribution in a sample) is inhomogeneous, which is the case for electronic phase
separation and at percolative transitions (1). Another important example, where slow dynamics
dominates the physics of the system, is a glassy freezing either of structural degrees of freedom
coupling to the electronic properties (2) or of the electrons themselves, either when residing on a
highly-frustrated crystal lattice (3) or due to correlated transitions of electrons over a large number
of metastable states, leading to glassy relaxation as a precursor of a metal-insulator transition
(4). Indications for such an emerging behavior, like diverging low-frequency fluctuations and
critical slowing down of the order parameter fluctuations, for the first time have been observed
at the finite-temperature critical endpoint of the Mott transition. Here, mapping out the region of
ergodicity breaking and understanding the influence of disorder on the temporal and spatial correlated
fluctuations will be an important realm of future studies.

Combining different experimental techniques from four-point and five-point AC or DC resistance
fluctuation measurements to two-terminal DC conductance noise measurements, an impressive span
of sample impedances from mQ-G() can be covered. This allows for extending the applications of
noise studies to samples, also non-ET-based compounds [131,132], deep in the Mott or charge-ordered
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insulating phase, where spin-liquid behavior is observed and the intra-dimer degrees of freedom often
cause intriguing dielectric relaxation phenomena or ferroelectric ordering. First measurements of such
insulating samples, e.g., of the dimer-Mott insulators x-(ET),Cuz(CN); and p/-(ET),ICl,, are underway.
They will focus on the origin of relaxor ferroelectricity and make a connection between the concepts of
conductance fluctuation spectroscopy and dielectric spectroscopy.
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Abbreviations

The following abbreviations are used in this manuscript:

co charge ordering

DDH model model by Dutta, Dimon and Horn for 1/ f-type noise in metals
EEG ethylene endgroups

ET BEDT-TTF (bis-ethylenedithio-tetrathiafulvalene)
FDT fluctuation-dissipation theorem

x-Br #x-(BEDT-TTF),Cu[N(CN),]Br

x-Cl x-(BEDT-TTF),Cu[N(CN),]Cl1

MIT metal-insulator transition

NMR nuclear magnetic resonance

PSD power spectral density

RRN random resistor network

VFT Vogel-Fulcher-Tammann
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Abstract: This article reviews and discusses the thermodynamic properties of dimer-Mott-type
molecular superconductive compounds with (BEDT-TTF),X composition, where BEDT-TTF is
bis(ethylenedithio)tetrathiafulvalene and X denotes counter-anions, respectively. We focus mainly
on the features occurring in the k-type structure in which the d-wave superconductive phase
appears depending on the Coulomb repulsion U and the bandwidth W, which is tunable by external
and chemical pressures. First, we report the high-pressure ac (alternating current) calorimetry
technique and experimental system constructed to measure single-crystal samples of molecule-based
compounds to derive low-temperature thermodynamic parameters. Using extremely small resistance
chips as a heater and a thermometer allows four-terminal detection of an accurate temperature and
its oscillation in the sample part with sufficient sensitivity. From the analyses of the temperature
dependence of the ac heat capacity of k-(BEDT-TTF),Cu(NCS), under external pressures, we discuss
the changes in the peak shape of the thermal anomaly at the superconductive transition temperature
T¢ at various external pressures p. The rather sharp peak in C, T~! at T, =9.1 K with a strong coupling
character at ambient pressure is gradually reduced to weaker coupling as the pressure increases to
0.45 GPa concomitant with suppression of the transition temperature. This feature is compared with
the systematic argument of the chemical-pressure effect on the basis of thermal anomalies around
the superconductive transition of k-(BEDT-TTF),X compounds and other previously studied typical
dimer-Mott 2:1 compounds. Finally, the discussion is extended to the chemical pressure effect on
the normal state electronic heat capacity coefficient y obtained by applying magnetic fields higher
than H and the residual 7%, which remains in the superconductive state due to the induced electron
density of states around the node structure. From the overall arguments with respect to both chemical
and external pressures, we suggest that a crossover of the electronic state inside the superconductive
phase occurs and the coupling strength of electron pairs varies from the electron correlation region
near the metal-insulator boundary to the band picture region.

Keywords: organic superconductor; dimer-Mott system; heat capacity; electron correlations;
d-wave; pressure

1. Introduction

Molecule-based superconductors are attracting much attention in condensed matter science because
they provide a platform to discuss the physics related to the electron correlations in low-dimensional
and relatively soft lattice systems [1-4]. Although there are several types of superconductive compounds
in molecule-based systems, such as doped fullerene, graphite, polymers, and the recently observed
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picene [5-8], most are categorized as charge transfer complexes of organic donor/acceptor molecules
with counter-ions. Electron pairs are formed by the attractive force in itinerant m-electrons released from
frontier orbitals such as the HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital) to form electron bands. The band structure is determined by the molecular arrangement
where the condensation energies are dominated by relatively weak van der Waals interactions.

Since a variety of molecular packings are possible in these charge transfer complexes, even in
the same combination of donor/acceptor and counter-ions, the development of new superconductors
and investigations of their physical properties have been extensively performed over the past
four decades, as summarized in the literature [1-4,9-13]. To date, the most widely studied
are the 2:1 complexes consisting of TMTSF (tetramethyltetraselenafulvalene), BEDT-TTF, BETS
(bis(ethylenedithio)tetraselenafulvalene), and M(dmit), (dmit is 1,3-dithiole-2-thione-4,5-dithiolate)
with their counter-ions. Due to the segregated stacking of organic donor/acceptor molecules and
counter-ion molecules, they show a layered structure of organic molecules and counter-ions to form
quasi-one-dimensional and two-dimensional electronic systems [1-4,9-17]. Complexes of BEDT-TTF
and BETS with monovalence counter-anions give numerous superconductive materials.

Among the various superconductive complexes, we have focused mainly on the k-type
dimer-Mott systems of BEDT-TTF and analogous molecules, which are extensively studied as a
prototype of effective half-filling compounds. They sometimes show antiferromagnetic insulating
states due to the electron correlation mechanism. The antiferromagnetic spin correlation due to
the on-site Coulomb repulsion in the half-filled state plays a dominant role in determining the
low-temperature electronic states. The electronic features of the dimer-Mott systems are summarized
as a pressure—temperature phase diagram (Figure 1) where the ratio of the band energy W and the
electron correlation in the dimer unit U are the essential parameters controlling the ground state
features [14,15]. The antiferromagnetic Mott insulating phase changes the superconductive phase by
applying pressure due to the decrease in the U/W ratio. Kanoda et al. mapped several compounds with
rigidly dimerized BEDT-TTF compounds in the phase diagram and discussed the relation between
the chemical and the external pressure effects in [11,14,15]. A superconductivity where T, exceeds
10 K appears near the metal-insulator boundary, which is known as the Mott boundary. The diagram
in Figure 1 is recognized as a typical bandwidth control of a two-dimensional electron correlation
system in two-dimensional (2D) half-filling state [14,15,18-20]. It is known that the phase diagram
dominated by the parameter V/t, where V is the intermolecular Coulomb and f the intermolecular
transfer—discussed experimentally by Mori et al. [21] and theoretically by McKenzie et al. [22]—gives
a pressure-sensitive feature. This phase diagram is realized in non-dimeric arrangements, such
as 0-type BEDT-TTF systems. In the case of the dimer-Mott system, the pair symmetry of the
superconductivity and the possibility of unconventional pairings with a nodal gap feature through
NMR [23], STM [24], and thermodynamic [25,26] experiments have been discussed, although the
electron—phonon interactions are considered to be relatively large in organic systems [27].

To investigate the relationship between superconductivity and electron correlation physics, which
peculiarly appears in 2D dimer-Mott systems especially for k-type compounds, and to discuss the
mechanism of superconductivity, the characteristic features occurring inside the superconductive
phase, as well as the features of the phase transition, must be pursued. Thermodynamic information
from heat capacity measurements can provide quantitative information via the analysis of entropic
information of the superconductivity [28-31]. By analyzing the features of the thermal anomalies at
the transitions and low energy excitations simultaneously, it is possible to grasp systematic changes in
the superconductive phase where the quantum mechanical crossover is observed. For this purpose,
pressure-controlled thermodynamic measurements to tune the U/W ratio and systematic arguments
with the parameter of this ratio are required [32,33]. In this article, we summarize the thermodynamic
features in the superconductive phase of dimer-Mott compounds from heat capacity measurements
under pressure. We also discuss the results by comparing with the features observed in the chemical
pressure effects produced by changing the anions (X) in the k-(BEDT-TTF) ,X system.
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Figure 1. Electronic phase diagram of dimer-Mott compounds with a DX composition. Diagram is
constructed based on the chemical and external pressure dependences of the physical properties of
k-(BEDT-TTF),X compounds by Kanoda in Refs. [14,15]. Position of several compounds with different
counter-anions are shown by dashed lines. Horizontal axis is the U/W ratio, which is tunable by an
external pressure.

2. Calorimetry Apparatus to Measure the Heat Capacity under Pressure

To measure the heat capacity of single-crystalline samples of organic superconductors at ambient
pressure, we used the thermal relaxation calorimetry technique developed by Bachmann et al. [34,35].
We constructed and modified our original apparatus—that aimed to measure the heat capacity of
molecule-based compounds—to realize accurate measurements for 80 ug—1 mg single crystals. Figure 2
shows a schematic drawing and photograph of the sample cell. Developments of the apparatus
focusing on the technique to measure single crystals are reported in the literature [36-38].

Heater
Strain gauge

o
812345678918
TA2 [K~2)

Thermometer RuOx chip

(a)

Figure 2. Schematic (a) and photograph (b) of the relaxation calorimetry cell used to measure the
heat capacity of small amounts of samples of molecule-based compounds. Photograph (c) shows the
relaxation curvature in the measurement.

The application of external pressure reduces the inter-atomic or inter-molecular distance in
crystal lattices, inducing various structural transformations due to molecular or atomic arrangements,
dielectric, magnetic, and transport properties, which are dominated by the orbital overlap between
neighboring atoms and molecules. It also induces an increase in bandwidth W, which directly affects
the U/W ratio. To measure the heat capacity while varying the external pressure, both the temperature
and magnetic fields are important to realize new functionalities and to understand the mechanism of
pressure-induced phase transitions. For heat capacity measurements of molecular compounds under
pressure, we used the ac calorimetry technique. The adiabatic technique and the relaxation technique
for heat capacity measurements are quite difficult because they usually require a substantial amount
of sample and semi-adiabatic conditions around the sample from the surroundings. Such conditions
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cannot be realized when the crystal and the thermometer are in direct contact with the pressure medium.
Therefore, the ac technique [39], which separates the difference of the temperature relaxation rates
inside the sample parts from that of the surroundings, is the best way to detect precise thermodynamic
information, as suggested by Eicher and Gey [40]. The detection of temperature oscillations using the
frequencies in the range between Text L < W < Ting !, where Text and Tin are the internal and external
temperature relaxation rates, respectively, can give an accurate heat capacity of the sample parts.

We constructed an ac heat capacity measurement apparatus for single-crystalline samples of
molecular compounds. Measurements are available over a wide temperature range from a low
temperature of about 0.7 K up to about 20 K while reducing the sample amount to 200 pg—2 mg [41-45].
The construction details are reported elsewhere [33,41,42]. The adoption of extremely small chips
as the thermometer and the accurate detection using the four-terminal method have worked well to
achieve high-resolution detection for organic superconductors, providing heat capacity measurements
in the low-temperature region. Figure 3 shows a schematic view of the apparatus where the sample
part and pressure cell are set with CuBe and NiCrAl. We utilized a ruthenium oxide tiny chip sensor
with a room temperature resistance of 102 O, dimensions of 0.6 x 0.3 mm?Z, and a thickness of 0.2 mm.
We also used another small-sized chip sensor with a resistance of 1 k() at room temperature. The GE
(General Electric) vanish confirms good contact between the sample and the sensor and the sample
parts were also coated by a small amount of epoxy (Stycast 1266, 2850FT, and 2850GT etc.) before
being sealed inside a Teflon capsule with a pressure medium (Daphne 7373 oil, Idemitsu). The sample
cell was set in the CuBe piston cylinder and clamped using CuBe screws on both sides.

"""""" Pressurecell ~====% V,/2%
= 5 o
4 .
3 ¢ )
2 e
1 e
0
Stycast 0 10 20 30
Sample w/2n [Hz]
(@) (b)

Figure 3. (a) Schematic of the ac calorimetry system in the hybrid pressure cell of CuBe and NiCrAl.
Sample part consists of a single crystal sample and two chip sensors working as a thermometer and
a heater; (b) a typical curve of the frequency dependence of the ac amplitude voltage to evaluate the
measurement validity. In the plateau region, which is marked by the arrow, the oscillation frequency
satisfies the appropriate conditions for the measurements.

The temperature modulation excited by the ON/OFF current of the heater was detected by the
thermometer using an ac resistance bridge. The modulation occurs more rapidly than the relation of
heat to the surroundings expressed by text. Since the sensitivity of the ruthenium oxide chip increases
in the low-temperature region, this technique is available even in the low-temperature region where
thermocouples are not very sensitive. Furthermore, the ruthenium oxide chip sensor has a variable
range hopping-type transport feature and can be utilized in extremely low-temperature regions with
small magnet resistance.

The frequency dependence of the oscillation amplitude for typical organic crystals is shown in
Figure 3b. Although this system is constructed for low-temperature experiments, the use of a tiny Pt
chip thermometer and a Cernox thermometer make it possible to detect heat capacity measurements
between 20 K and 300 K, as reported by Danda [45] and Konoike [46]. Danda et al. reported the Verwey

174



Crystals 2018, 8, 143

transition of iron oxide (Fe3Oy) in a higher temperature system [45]. The sharp peak due to magnetic and
charge-ordering transition at 124 K is broadened by pressures up to 1 GPa without significantly changing
the transition temperature. The most serious problem is to separate the background contribution since the
extra contribution of the addenda, which consists of the chips, the lead wires, and the Stycast, is included.

3. Heat Capacity of k-(BEDT-TTF),X under Pressure

In this section, we review the calorimetry results of dimer-Mott compounds under pressure.
Figure 4 shows the temperature dependence of the heat capacities of four charge transfer complexes,
including k-(BEDT-TTF),Cu(NCS),, obtained by relaxation calorimetry. The details are reported in the
published literature [47-51]. Compared with other compounds in the figure, k-(BEDT-TTF),Cu(NCS),
exhibits a rather sharp peak as shown in Figure 4c [49,50]. The thermodynamics of this compound and
k-(BEDT-TTF),Cu[N(CN),]Br, which has a similar transition temperature, have already been thoroughly
discussed. Several groups have analyzed the peak shape and the magnitude of the heat capacity jump
at T, for k-(BEDT-TTF),Cu(NCS); [49,50,52-57]. In the initial investigation stage of this material, the
heat capacity jump is reported as evidence of the bulk nature of the superconductivity, as reported by
Katsumoto et al. [52] and Andraka et al. [53]. Additionally, Graebner et al. [54] measured the ac heat
capacity with an absolute precision around the peak and suggested, for the first time, a strong coupling
nature with a larger condensation energy. More recently, Miiller et al. [55] reported a detailed analysis of
the peak shape. They showed the data over a wide temperature range to determine the « value of the
coupling strength. The data are shown in Figure 4c where the magnitude of CpT ! ~ 60 mJ] K2 mol ! is
consistent with the strong coupling picture in Refs [26,49,50,54-56]. A similar thermodynamic feature has
also been reported for k-(BEDT-TTF),Cu[N(CN),],Br, which shows a stronger coupling peak shape [57].
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Figure 4. CVT’] vs. T? plot of superconductive compounds (a) «-(BEDT-TTF)yHg;_ 5Brg
(Refs. [47,48]); (b) k-(MDT-TTF),Aul, (Ref. [49]); (c) k-(BEDT-TTF),Cu(NCS), (Refs. [49,50]); and
(d) (MDT-TSF)(Auly) 436 (Ref. [51]) obtained under 0 T and with magnetic fields.

To confirm the thermodynamic peak in the ac heat capacity data obtained by the high-pressure
calorimetric system, we have analyzed the data at ambient pressure and compared them with the
relaxation calorimetry data. Figure 5a shows the ac heat capacity measurement results at ambient
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pressure obtained using a high-pressure calorimeter as a C,T~! vs. T2 plot [32]. A thermal anomaly is
detected as a hump structure around 9 K in this plot, although there is a rather large background due
to the addenda heat capacity in the pressure cell. This anomaly is associated with the superconductive
transition since the peak temperature and the peak shape resemble the preceding data obtained by the
thermal relaxation technique in Figure 4c. Upon applying magnetic fields almost parallel to the plane
in the present pressure calorimetry set up, the anomaly is suppressed through comparative analyses of
the magnetic field dependence, as already reported [32]. The data obtained up to 7 T has a constant
shift of C},T*1 values at different magnetic fields (Figure 5a).

C, T (arbit. unit)
AC,T! (a‘lrbit. unit)

1 1 1 1

5 30 55 80 105 130 6 7 8 9 10 11 12
T2/ K2 T/K
(a) (b)

Figure 5. (a) CVT’l vs. T? plot of the ac heat capacity of k-(BEDT-TTF),Cu(NCS), at ambient pressure
with magnetic fields of 0 T, 2 T, and 7 T applied parallel to the conducting layer. The values of CpT’1
under magnetic fields are plotted with constant offsets in the vertical axis. The arrow shows the
superconductive transition temperature. (b) Temperature dependence of the AC,T~! obtained by
subtracting the 7-T data as the background (AC,,T’](H) = C,,,T’l(H) — C,,T’](7 T)) to evaluate the
anomaly in the temperature dependence due to the electronic heat capacity around the transition
(details are reported in Ref. [32]).

Usually, in quasi-2D superconductors, an increase in the magnetic field applied parallel to the
plane drastically suppresses and broadens the thermal anomaly. To analyze the peak shape around
T. in detail, Figure 5b plots AC,T~! as the electronic heat capacity around the transition temperature.
Here, AC; is determined as the discrepancy of the heat capacity values in the 0-T and 7-T data assuming
that the thermal anomaly due to superconductive transition is almost reduced in a magnetic field
of 7 T. The analytic details were reported in Ref. [32]. The peak resembles the typical shape of the
superconductive transition with a strong coupling feature. ACp at 2 T is also evaluated and plotted
as the discrepancy from the 7-T data. A slight downward shift in the transition temperature and
suppression of the magnitude of heat capacity jump are observed.

Figure 6a shows the temperature dependence of the ac heat capacity at 0.15 GPa and Figure 6b
shows the result of the similar analysis as was performed for ambient pressure data in Figure 5b.
The transition temperature is reduced to about 5-6 K, which is consistent with the results of the
proceeding work [44]. Subtracting the 7-T data also gives the relative change of the electronic heat
capacity contribution AC, for each field, which is shown in the AC,T~! vs. T plot in Figure 6b. It is
difficult to see a distinct peak structure even for the data of 0 T; however, the magnetic field seems to
suppress the peak and the transition temperature systematically. We can mention that the peak shape
broadens compared with that at ambient pressure. The suppression of the peak structure becomes
more remarkable in the case of 0.30 GPa and 0.45 GPa. Since the sensitivity of the resistance sensor
increases in the lower temperature region, small anomalies, if any exist, can be more easily detected in
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the lower T, cases. In fact, several compounds with a magnetic or superconductive transition around
2-4 K have been detected in a high-pressure calorimeter [41,42].
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Figure 6. (a) C,[,T’1 vs. T2 plot of the ac heat capacity of k-(BEDT-TTF),Cu(NCS), at 0.15 GPa with
magnetic fields of 0 T, 1 T, 2 T, and 7 T. The values of CpT’1 under magnetic fields are plotted with
constant offsets in the vertical axis. The arrow indicates the superconductive transition temperature at
0T; (b) temperature dependence of the AC,T~! at 0.15 GPa obtained by subtracting the 7-T data as the
background (details are reported in Ref. [32]).

To compare the relative change in the broadness and the magnitude of the heat capacity jump
induced by the pressure in the same figure, Figure 7 plots the overall feature in the peak shape
of AC,,T’1 obtained at ambient pressure, 0.15 GPa, and 0.30 GPa, where the temperature in the
horizontal axis is the relative temperature normalized by the transition temperature (T.) of each
pressure. A qualitative comparison of the peak shape for the superconductive transition indicates
that the reduction in the transition temperature is accompanied by a systematic change in the peak
structure. As T. decreases due to the increase in pressure, the magnitude of the peak of AC,T~!
becomes smaller and the peak shape broadens gradually. This is explained by the continuous
reduction in the coupling strength of the superconductivity in a dimer-Mott system. The sharp
peak with a relatively high T. means the coupling strength is strong and is almost as large as the
condensation energy of the electron pairs. In contrast, broadening is considered to be the suppression
of such pairing forces as the system becomes more metallic. k-(BEDT-TTF),Cu[N(CN);]Br and
k-[(BEDT-TTF);_,(BEDSe-TTF)],Cu[N(CN);]Br compounds also show a broadening in the peak
shape and a decrease in the heat capacity jump AC,T~! as the transition temperature is suppressed.
However, the latter may have some extra effects related to the frustration due to the increase in the
triangularity in the molecular arrangement of the dimer units. We have also reported the suppression
of the peak by pressure in k-(BEDT-TTF),Ag(CN);H,O [44]. These features are consistent with
k-(BEDT-TTF),Cu(NCS),, as summarized in Figure 7.
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Figure 7. Systematic changes in the peak shape of k-(BEDT-TTF),Cu(NCS); as the pressure increases up
to0 0.30 GPa. (See details in Ref. [32].) Temperature in the horizontal axis is scaled by T to qualitatively
evaluate the sharpness of the thermal anomaly. Correspondence of the data in each pressure is shown
in the schematic phase diagram of the dimer-Mott system.

4. Chemical Pressure Effect on Dimer-Mott Organic Compounds

The systematic change in the peak shape in the k-(BEDT-TTF),Cu(NCS), and similar features
observed in other k-(BEDT-TTF),X compounds under pressures can be compared with the chemical
pressure effects of the dimer-Mott system induced by varying the counter-anions. It is well known that the
counter-anion size of organic charge transfer complexes induces a kind of pressure effect in the molecular
arrangement, causing systematic changes in the physical properties. According to transport and NMR
studies of the dimer-Mott phase diagram, the external pressure effects in 10 K class compounds with
X = Cu(NCS); and Cu[N(CN),]Br are consistent with the chemical pressure effects. Similar to the case
where the external pressure increases, counter-ions with smaller volumes change the features from a
strong correlation system to a normal metallic system. Many thermodynamic studies by heat capacity
measurements of several k-type compounds with different counter-ions have been performed up to
now [49-60]. As mentioned in the previous section, the strong coupling nature of k-(BEDT-TTF),Cu(NCS),
has been observed in 10 K class superconductors (Figures 4c and 8). The values of AC, /7T, of two typical
compounds k-(BEDT-TTF),;Cu(NCS); and k-(BEDT-TTF),Cu[N(CN),Br—which were obtained using
the normal state heat capacities obtained under strong magnetic fields above H, as the background heat
capacity of exceed 2.0—are much larger than that of the BCS (Bardeen Cooper Schrieffer) weak coupling
theory [54,55,57]. As compared with these higher T. compounds, the heat capacity jump of middle-class
(about 4-5 K) superconductors, such as k-(BEDT-TTF), Ag(CN),H,O (T = 5 K) [58], gives a AC, /T
value of 1.1. Although k-(MDT-TTF), Aul, consists of a different asymmetric donor molecule, its T is
45K [49] and it has a AC, /T value of 1.4. These values are within the weak coupling region.

The plot in Figure 8 shows the systematic change in the peak shape for several superconductive
compounds with the k-type structure using the scaled temperature of t = T /T, for each compound.
We also include the AC, /T, data of mixed crystals of k-[(BEDT-TTF); _x(BEDSe-TTF)x]oCu[N(CN),]Br
compounds with x = 0.10. A clear tendency is observed; 10 K class superconductors have a sharper
peak with a large ACprl. This is typical for strong coupling systems, but 4-5 K class compounds have
a smaller mean field type peak. The systematic change in the peak shape indicates a gradual crossover
from a strong coupling region near the boundary to a weak coupling region in the superconductive
phase, as shown schematically in Figure 8 (right) [32,33]. Although some exceptions exist, such as
k-(BEDT-TTF),I3 being reported to have strong coupling features [59], the overall tendency seems to
be consistent with the external pressure controlled effects. This feature is reasonably consistent with
our observations of k-(BEDT-TTF),Cu(NCS), under pressure, as summarized in Figure 7.
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Figure 8. Shape of the thermal anomalies at the superconductive transitions of several compounds
with the k-D,;X composition. ET is an abbreviation of BEDT-TTF molecules. BEDSe-TTF10% means
that a solid solution system of BEDT-TTF(90%) and BEDSe-TTF(10%) molecules. Cg in this plot is
determined as the difference of the 0 T data and the heat capacity data obtained under magnetic fields
higher than H, for each compound. (The data are from Ref. [33].) The dashed curves in the figure are
a guide for the eyes to see temperature dependencies. The temperature in the horizontal axis is scaled
by the transition temperature of each compound to compare the peak shape changes. The right part of
the figure shows qualitatively the variation in the peak shapes in the dimer-Mott phase diagram.

The similar tendency observed between the data of the external and the chemical pressure-controlled
experiments demonstrates that a crossover occurs inside the superconductive phase due to variations in
the coupling strength of the superconductive electrons. A similar situation may occur in high T cuprates
or heavy electron systems in which the quantum mechanical features produce a crossover in the ground
state, giving complicated phase diagrams.

It is important to mention that although the peak shape of AC,/T. varies with the decrease in
U/W, the temperature dependence of the heat capacity in the low-temperature region gives a quadratic
temperature-dependent term, as suggested by the nodal feature of the d-wave formation [60]. Figure 9a,b
compares the temperature dependence of the low-temperature heat capacity of two k-type compounds
with a high T, (10 K) class and a middle T class. The existence of the quadratic temperature dependence
in the electronic heat capacity clearly shows the difference in the BCS characters, even though the
peak shapes are quite different, as we discussed in Figure 8. Since the large lattice contribution in
the heat capacity creates ambiguity in background subtraction in such organic systems, the recovery
of the y by magnetic fields of both compounds also shows an (H/H)'/>-dependence characteristic
of d-wave pairings. The change in the nodal direction, even in the same k-type structure, has been
suggested theoretically, depending on the balance of the transfer integral inside the dimer and the ratio
between the transfer integrals in the rectangle and the diagonal directions of the superconductivity. It is
emphasized, however, that the electron correlations still seem to be an important mechanism for realizing
superconductivity in this system. The existence of the nodes is also consistent with other experiments,
such as the thermal conductivity, NMR, and STM experiments [23-26].
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Figure 9. Temperature dependence of the electronic heat capacity determined as the difference
of the 0-T data and the normal state data obtained under magnetic fields higher than H., for
(a) k-(BEDT-TTF),Cu[N(CN);]Br and (b) k-(BEDT-TTF), Ag(CN),H,O below the transition temperatures.
(Ref. [60].) The lines and the curve shown in the figure denote T linear, T?, T?, and T3/ 2exp(—A/kgT)
temperature dependence.

5. Normal State Electronic Heat Capacity Coefficient v and the Residual *

A quantitative comparison and the overall discussion of the coupling strength observed in the peak
shape of the heat capacity and magnitude of the electronic heat capacity coefficient y of the normal state
should reveal a more profound understanding of the superconductive state of the dimer-Mott system.
For this purpose, low-temperature heat capacity data should be discussed systematically throughout
the superconductive phase. In this section, we survey the normal state o and the residual 7* in the
superconductive state observed from the data of the low-temperature heat capacity, which reflects the
low energy excitations in the superconductive phase. We discuss the peculiar feature and stability of the
superconductive states in terms of the competition between the stability of the Fermi liquid nature and
the magnitude of the electron correlations. Since the ground state of the k-(BEDT-TTF),X compounds in
question is superconductive with electron pairs, the heat capacity measurements with magnetic fields
higher than H, should be performed to evaluate the electron density of state of the Fermi surface.
The electronic heat capacity coefficient obtained under a magnetic field is defined as the normal state ¢
and is proportional to the electron density of states D(er) in the band theory.

To discuss the systematic changes of <y in the dimer-Mott-type superconductive phase, Figure 10b
plots the -y values of several compounds with the conceptual phase diagram (Figure 10a). We use the
values of the dimerized compounds of k-(BEDT-TTF),X and some other compounds also considered
as dimer-based systems. The data are taken from Table 9 in Ref. [28] and the low-temperature heat
capacity results reported in Refs. [42,59-63]. In this plot, we also included B-(BEDT-TTF),I; in a
well-annealed case according to the proposed phase diagram in Refs. [11,14,15]. The two arrows show
that the systematic tendency occurs in the superconductive phase. Complexes of partially deuterated
BEDT-TTF molecules with X = Cu[N(CN),|Br were used to systematically investigate the change in
the normal state y near the boundary region [62,63]. The normal state < drastically decreases around
the boundary despite the fact that T maintains a relatively high value around 10 K, indicating that the
Mott boundary occurs as a first-order transition in the dimer-Mott system. The change in y occurs in a
region far away from the boundary, suggesting that the band-like feature reflecting in the electronic
density of states systematically varies. In the discussion on this region, we include data of solid
solution compounds of BEDT-TTF and BEDSe-TTF with X = Cu[N(CN);]Br since light doping (less
than 10%) of BEDSe-TTF tends to reduce the T. by keeping the bulk superconductive feature [33].
The arrow on the left side of the figure clearly indicates that the 7y values increase as the U/W ratio
increases. This is considered as a kind of Brinkman—Rice enhancement. It predicts that the increase in
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the electron correlation of the parameter U/W leads to an increase in the density of states similar to that
observed in correlated metallic systems with a distinct band structure [63—-65]. The normal state <y value
gives a maximum around k-(BEDT-TTF),Cu(NCS),, which shows a stable bulk superconductivity
with a transition temperature of 9.1 K. In this compound, the cooling rate does not affect the transition
temperature located close to the boundary, which differs from the case of X = Cu[N(CN);]Br (both
deuterated and non-deuterated cases).
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Figure 10. Systematic variations of the low-temperature thermodynamic parameters in the compounds
mapped in the dimer-Mott phase diagram (a). Changes in (b) the normal states electronic heat capacity
coefficient o obtained by heat capacity data above H., and (c) the residual electronic heat capacity
coefficient * in the superconductive state at 0 T are plotted in accordance with the position in the phase
diagram. The position of each compound is determined in reference to Refs [11,14,15]. The data are
taken from Table 9 in Ref. [28] and the reported results data in Refs [42,59-63]. Systematic change of the
thermodynamic parameters occurring with the change in chemical pressure, namely the change in the
parameter of the U/W ratio, suggests that a kind of crossover exists inside the superconductive phase.
Compounds shown as the name of the counter-anions are BEDT-TTF(ET) complexes. BEDSe-TTF 5%,
10% mean the solid solution systems of BEDT-TTF and BEDSe-TTE. (See text.) d[n,n]-Cu[N(CN),]Br
denotes a Cu[N(CN), |Br compound with BEDT-TTF of which ethylene groups are partially deuterated
(Ref. [61,62]) to tune the chemical pressure. Arrows show the characteristic tendency reflecting the
physical properties.

The Brinkman-Rice-type enhancement is due to the increase in the enhanced correlation U
in the region where the Fermi liquid picture holds. The increase in the correlation influences
the effective mass of the normal electrons within the band picture and, therefore, it leads to an
increase in 7y values. The compounds in the left arrow region are considered to have a Fermi liquid
character with a well-defined electron band. However, increasing U further leads the system to an
anomalous metallic state where the picture with a gap-like structure between the upper and the
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lower Hubbard bands become dominant if the Mott boundary is approached. The relatively smaller
normal state y value despite the higher transition temperature and the stronger coupling character in
the superconductivity in k-(BEDT-TTF),Cu[(N(CN);]Br than Cu(NCS), can be explained from this
perspective. The decrease in 7 in the partially deuterated compound denoted by d[1,1]-Cu[N(CN);]Br
is considered as evidence of further opening of the Hubbard gap, leading to a decreased electron
density of state as a band picture. On the other hand, the smaller y values in the middle-class T,
compounds of k-(BEDT-TTF), Ag(CN),H,0 and k-(MDT-TTF),Aul, located in the band region can be
explained in the frame of the Brinkman-Rice picture. Recently, Imajo et al. studied A-(BETS),GaCly,
which is also classified as a dimer-Mott-type superconductor and has a T. of about 5.2 K. It shows
a similar normal state y = 22.9 mJK~?mol ! [66]. This result is consistent with this picture. We also
include the 7 values of k-(BEDT-TTF),I3 [59] and B-(BEDT-TTF),X (X = I3, Auly) [67,68], which are
also consistent with the above feature. Not only is the coupling strength reflected in the heat capacity
jump but the feature of the normal state -y value also suggests that the electron correlations become
stronger by approaching the boundary and are important for stabilizing the bulk superconductivity.
When the transition temperature decreases with a decrease in the U/W ratio, the Mott-Hubbard
picture is gradually suppressed and the Fermi liquid nature is enhanced. The change from strong
coupling to weak coupling observed by pressure calorimetry is related to this crossover from the
electron correlation region to the band-like region.

The crossover in the coupling nature originating from the magnitude of the electron correlation
is also reflected in the low-temperature residual 7* in the superconductive state (Figure 10c).
The superconductivity of the dimer-Mott system is a d-wave with a nodal gap with four-fold symmetry
around the two-dimensional Fermi surface, as detected by the magnetic angle-resolved heat capacity
measurements. In such nodal gap superconductors, normal electrons inevitably remain due to the
residual disorder in the crystals even without an external magnetic field. The effects of disorder and
impurities can induce normal electrons around the nodal position with a very small gap. Figure 10c
also shows the data for 7*. As previously reported, the y* value shows a sample dependence
but the value is about several percent of the normal state y and less than 1-2 mJK~?mol~! in the
cases of k-(BEDT-TTF),Cu[N(CN),]Br and «-(BEDT-TTF),Cu(NCS),. However, those with lower
T. compounds tend to have larger * values despite the heat capacity giving a distinct peak at
the transition. In the cases of k-(BEDT-TTF),Ag(CN),H,0 and k-(MDT-TTF),Auly, the reported *
values are 5.1 mJK2mol~! and 5.9 mJK2mol 7, respectively [33,49]. A more recent experiment on
k-(BEDT-TTF); Ag(CN),H,O claims a smaller * value (less than 2 mJK~2mol 1) using the fitting
of the d-wave model [60]. This seems to be larger than those of k-(BEDT-TTF),Cu[N(CN),]Br, and
k-(BEDT-TTF),Cu(NCS),. A-(BETS),GaCly also gives a relatively large value of 3.2 mJK~2mol~! [66].

Although the bulk nature of the superconductivity is retained in these compounds, pair breaking
due to suppression of the electron correlation and the increase in the stability of Fermi liquid nature
occurs in the superconductive phase. The competition of the band picture, which just enhances the
electron density of state and the Mott-Hubbard picture, should exist in the superconductive phase;
however, a gradual crossover occurs inside the superconductive phase. These characters can be
considered to have similar physics in the over-doped region of high T. cuprates. The heat capacity
peak around the transition becomes much broader and the bulk nature of the superconductivity is
suppressed in the over-doped region due to the Fermi liquid character, which stabilizes the band nature.
This character is in contrast with the under-doped and optimal-doped regions [69]. Considering the
overall thermodynamic features of dimer-Mott systems, the mechanism to produce a d-wave type
superconductor is quite reasonably related to the electron correlations U, and the superconductivity
is stabilized in the anomalous metallic region near the Mott boundary. Here, we discussed mainly
k-type compounds with a dimer lattice. More detailed thermodynamic information for other types of
dimer-Mott structures with -, 3’-, and A-type compounds is necessary in the future.
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6. Conclusions

We systematically discuss the thermodynamic parameters to quantitatively evaluate the
superconductive characters of the dimer-Mott system, which appear as tuning of the U/W ratio.
The calorimetric information of k-(BEDT-TTF),Cu(NCS), and other counter-anion compounds reveals
that the magnitude of the coupling strength is suppressed from the high T. region to lower T,
region. The chemical pressures also confirm the changes in the peak shape of this thermal anomaly.
A comparative discussion of the electronic heat capacity coefficients in the low-temperature heat
capacity in both the superconductive state at 0 T and the normal state demonstrates that a crossover
from the band character region to the strong electron correlation region exists in the superconductive
phase. Such a crossover may support the unconventional nature of the superconductivity in dimer-Mott
superconductors since the superconducting character near the strong correlation region provides
stability compared with the lower T, region where the band character becomes dominant. This feature
resembles cuprate superconductors in which the electron correlations and band character compete with
each other, yielding complicated electronic features in the optimal doping region. More systematic
thermodynamic experiments with a parameter of pressure are required to further investigate the system.

Acknowledgments: This work is partly supported by CREST, JST Program in the area of “Establishment of
Molecular Technology towards the Creation of New Functions”.

Author Contributions: Yasuhiro Nakazawa conceived and designed the experiments; Hiroki Akutsu performed
crystal syntheses and structure analyses; Shusaku Imajo, Yuki Matsumura, and Satoshi Yamashita performed the
experiments and analyzed the data.

Conflicts of Interest: The authors declare no conflict of interests.

References

1. Ishiguro, T.; Yamaji, K; Saito, G. Organic Superconductors; Springer: Heidelberg, Germany, 1998; pp. 1-245.

2. Williams, ].M.; Ferraro, J.R.; Thorn, R.J.; Carlson, K.D.; Geiser, U.; Wang, H.-H.; Kini, A.M.; Whangbo, M.-H.
Organic Superconductors; Prentice-Hall, Inc.: Upper Saddle River, NJ, USA, 1992; pp. 65-179.

3. Lebet, A. The Physics of Organic Superconductors and Conductors; Springer: Berlin, Germany, 2008; pp. 1-704.

4. Uji, S.; Mori, T.; Takahashi, T. Focus on Organic Conductors. Sci. Technol. Adv. Mater. 2009, 10, 020301.
[CrossRef] [PubMed]

5. Haddon, R.C.; Hebard, A.F,; Rosseinsky, M.].; Murphy, D.W. Conducting films of C¢y and Cy( by alkali-metal
doping. Nature 1991, 350, 320-322. [CrossRef]

6.  Palstra, T.T.M.; Zhou, O.; Iwasa, Y.; Sulewski, PE.; Flemming, R.M.; Zegarski, B.R. Superconductivity at 40K
in cesium doped Cg. Solid State Commun. 1995, 93, 327-330. [CrossRef]

7. Greene, R.L.; Street, G.B.; Suter, L.J. Superconductivity in Polysulfur Nitride (SN)x. Phys. Rev. Lett. 1975,
34,577-579. [CrossRef]

8.  Kubozono, Y.; Mitamura, H.; Lee, X.; He, X.; Yamanari, Y.; Takahashi, Y.; Suzuki, Y.; Kaji, Y.; Eguchi, R;
Akaike, K.; et al. Metal-intercalated aromatic hydrocarbons: A new class of carbon-based superconductors.
Phys. Chem. Chem. Phys. 2011, 13, 16476-16493. [CrossRef] [PubMed]

9.  Kagoshima, S.; Kato, R.; Fukuyama, H.; Seo, H.; Kino, H. Interplay of Structural and Electronic Properties.
In Advances in Synthetic Metals Twenty Years of Progress in Science and Technology; Chapter 4; Elsevier: Lausanne,
Switzerland, 1999; pp. 262-316.

10.  Mori, H. Materials Viewpoint of Organic Superconductors. J. Phys. Soc. Jpn. 2006, 75,051003. [CrossRef]

11. Kanoda, K. Metal-Insulator Transition in k-(ET);X and (DCNQI);M: Two Contrasting Manifestation of
Electron Correlation. J. Phys. Soc. Jpn. 2006, 75, 051007. [CrossRef]

12. Kato, R. Development of m-Electron Systems Based on [M(dmit),] (M = Ni and Pd; dmit:
1,3-dithiole-2-thione-4,5-dithiolate) Anion Radicals. Bull. Chem. Soc. Jpn. 2014, 87, 355-374. [CrossRef]

13.  Kino, H.; Fukuyama, H. Phase Diagram of Two-Dimensional Organic Conductors: (BEDT-TTF),X. J. Phys.
Soc. Jpn. 1996, 65, 2158-2169. [CrossRef]

14. Kanoda, K. Recent progress in NMR studies on organic conductors. Hyperfine Interact. 1997, 104, 235-249.
[CrossRef]

183



Crystals 2018, 8, 143

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Kanoda, K. Electron correlation, metal-insulator transition and superconductivity in quasi-2D organic
systems, (ET),X. Phys. C Superconduct. 1997, 287,299-302. [CrossRef]

Kobayashi, H.; Cui, H.; Kobayashi, A. Organic metals and superconductors based on BETS (BETS =
bis(ethylenedithio)tetraselenafulvalene). Chem. Rev. 2004, 104, 5265-5288. [CrossRef] [PubMed]

Fujiwara, H.; Kobayashi, H.; Fujiwara, E.; Kobayashi, A. An Indication of Magnetic-Field-Induced
Superconductivity in a Bifunctional Layered Organic Conductor, k-(BETS),FeBry. J. Am. Chem. Soc. 2002,
124, 6816-6817. [CrossRef] [PubMed]

Kagawa, F.; Miyagawa, K.; Kanoda, K. Unconventional critical behaviour in a quasi-two-dimensional organic
conductor. Nature 2005, 436, 534-537. [CrossRef] [PubMed]

Gati, E.; Garst, M.; Manna, R.S.; Tutsch, U.; Wolf, B.; Bartosch, L.; Schubert, H.; Sasaki, T.; Schlueter, J.A.;
Lang, M. Breakdown of Hooke’s law of elasticity at the Mott critical endpoint in an organic conductor.
Sci. Adv. 2016, 2, e1601646. [CrossRef] [PubMed]

Matsumura, Y.; Imajo, S.; Yamashita, S.; Akutsu, H.; Nakazawa, Y. Thermodynamic Investigation by Heat
Capacity Measurements of k-type Dimer-Mott Organic Compounds with Chemical Pressure Tuning. Int. J.
Mod. Phys. B 2018, 32, 1840024. [CrossRef]

Mori, H.; Tanaka, S.; Mori, T. Systematic study of the electronic state in 6-type BEDT-TTF organic conductors
by changing the electronic correlation. Phys. Rev. B 1998, 57, 12023-12029. [CrossRef]

McKenzie, R.H.; Merino, J.; Marston, J.B.; Sushkov, O.P. Charge ordering and antiferromagnetic exchange in
layered molecular crystals of the © type. Phys. Rev. B 2001, 64, 085109. [CrossRef]

Miyagawa, K.; Kanoda, K.; Kawamoto, A. NMR Studies on Two-Dimensional Molecular Conductors and
Superconductors: Mott Transition in k-(BEDT-TTF),X. Chem. Rev. 2004, 104, 5635-5654. [CrossRef] [PubMed]
Arai, T; Ichimura, K.; Nomura, K.; Takasaki, S.; Yamada, J.; Nakatsuji, S.; Anzai, H. Tunneling spectroscopy
on the organic superconductor k-(BEDT-TTF), Cu(NCS); using STM. Phys. Rev. B 2001, 63, 104518. [CrossRef]
Nakazawa, Y.; Kanoda, K. Low-temperature specific heat of k-(BEDT-TTF);Cu[N(CN);]Br in the
superconducting state. Phys. Rev. B 1997, 55, R8670-R8673. [CrossRef]

Taylor, O.].; Carrington, A.; Schlueter, J.A. Specific-Heat Measurements of the Gap Structure of the Organic
Superconductors k-(ET),Cu[N(CN);]Br and k-(ET),Cu(NCS),. Phys. Rev. Lett. 2007, 99, 057001. [CrossRef]
[PubMed]

Girlando, A.; Masino, M.; Brillante, A.; Valle, R.G.D.; Venuti, E. BEDT-TTF organic superconductors: The role
of phonons. Phys. Rev. B 2002, 66, 100507. [CrossRef]

Sorai, M.; Nakazawa, Y.; Nakano, M.; Miyazaki, Y. Calorimetric Investigation of Phase Transitions Occurring
in Molecule-Based Magnets. Chem. Rev. 2013, 113, PR41-122. [CrossRef] [PubMed]

Gopal, E.S.R. Specific Heats at Low Temperature; Heywood Books: London, UK, 1966.

Wosnitza, J. Quasi-Two-Dimensional Organic Superconductors. J. Low Temp. Phys. 2007, 146, 641-667.
[CrossRef]

Wosnitza, J. Superconductivity in Layered Organic Metals. Crystals 2012, 2, 248-265. [CrossRef]

Muraoka, Y.; Imajo, S;; Yamashita, S.; Akutsu, H.; Nakazawa, Y. Thermal Anomaly around the
Superconductive Transition of k-(BEDT-TTF),Cu(NCS), with External Pressure and Magnetic Field Control.
J. Therm. Anal. Calorim. 2016, 123, 1891-1897. [CrossRef]

Nakazawa, Y.; Yoshimoto, R.; Fukuoka, S.; Yamashita, S. Investigation on Electronic States of Molecule-Based
Compounds by High-Pressure AC Calorimetry. Curr. Inorg. Chem. 2014, 4, 122-134. [CrossRef]

Bachmann, R.; DiSalvo, EJ., Jr.; Geballe, T.H.; Greene, R.L.; Howard, R.E.; King, C.N.; Kirsch, H.C.; Lee, KN.;
Schwall, R.E.; Thomas, H.-U.; et al. Heat Capacity Measurements on Small Samples at Low Temperatures.
Rev. Sci. Instrum. 1972, 43, 205-214. [CrossRef]

Stewart, G.R. Measurement of low-temperature specific heat. Rev. Sci. Instrum. 1983, 54, 1-11. [CrossRef]
Sorai, M. Comprehensive Handbook of Calorimetry and Thermal Analysis; Wiley: New York, NY, USA, 2004.
Imajo, S.; Fukuoka, S.; Yamashita, S.; Nakazawa, Y. Construction of Relaxation Calorimetry for 1012
Micro-gram Samples and Heat Capacity Measurements of Organic Complexes. J. Therm. Anal. Calorin. 2016,
123, 1871-1876. [CrossRef]

Fukuoka, S.; Horie, Y.; Yamashita, S.; Nakazawa, Y. Development of Heat Capacity Measurement System for
Single Crystals of Molecule-Based Compounds. J. Therm. Anal. Calorim. 2013, 113, 1303-1308. [CrossRef]
Sullivan, PFE; Seidel, G. Steady-State, ac-Temperature Calorimetry. Phys. Rev. 1968, 173, 679-685. [CrossRef]

184



Crystals 2018, 8, 143

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Eichler, A.; Gey, W. Method for the determination of the specific heat of metals at low temperatures under
high pressures. Rev. Sci. Instrum. 1979, 50, 1445-1452. [CrossRef] [PubMed]

Kubota, O.; Nakazawa, Y. Construction of a low-temperature thermodynamic measurement system. Rev. Sci.
Instrum. 2008, 79, 053901. [CrossRef] [PubMed]

Kubota, O.; Fukuoka, S.; Nakazawa, Y.; Nakata, K.; Yamashita, S.; Miyasaka, H. Thermodynamic
Investigation of Coordination-Networked Systems of [Mny] Single-Molecule Magnets under Pressure.
J. Phys. Condens. Matter 2010, 22, 026007. [CrossRef] [PubMed]

Tokoro, N.; Kubota, O.; Yamashita, S.; Kawamoto, A.; Nakazawa, Y. Thermodynamic Study of
k-(BEDT-TTF), Ag(CN),H,O under Pressures and with Magnetic Fields. ]. Phys. Conf. Ser. 2008, 132, 012010.
[CrossRef]

Tokoro, N.; Fukuoka, S.; Kubota, O.; Nakazawa, Y. Low-temperature heat capacity measurements of k-type
organic superconductors under pressure. Phys. B Condens. Matter 2010, 405, S273-5276. [CrossRef]

Danda, M.; Muraoka, Y.; Yamamoto, T.; Nakazawa, Y. High-Pressure AC Calorimetry System Using Pt Chip
Thermometer. Netsu Sokutei 2012, W39, 29-32.

Konoike, T.; Uchida, K.; Osada, T. Specific Heat of the Multilayered Massless Dirac Fermion System. J. Phys.
Soc. Jpn. 2013, 81, 043601. [CrossRef]

Naito, A.; Nakazawa, Y.; Saito, K.; Taniguchi, H.; Kanoda, K.; Sorai, M. Anomalous enhancement of electronic
heat capacity in the organic conductors k-(BEDT-TTF),Hgs_ 5Xg (X = Br, Cl). Phys. Rev. B 2005, 71, 054514.
[CrossRef]

Yamashita, S.; Naito, A.; Nakazawa, Y.; Saito, K.; Taniguchi, H.; Kanoda, K.; Oguni, M. Drastic cooling rate
dependence of thermal anomaly associated with the superconducting transition in k-(BEDT-TTF),Hgp g9Brg.
J. Therm. Anal. Calorim. 2005, 81, 591-594. [CrossRef]

Nakazawa, Y.; Yamashita, S. Thermodynamic Properties of k-(BEDT-TTF),X Salts: Electron Correlations and
Superconductivity. Crystals 2012, 2, 741-761. [CrossRef]

Yamashita, S.; Ishikawa, T.; Fujisaki, T.; Naito, A.; Nakazawa, Y.; Oguni, M. Thermodynamic behavior of the 10
K class organic superconductor k-(BEDT-TTF),Cu(NCS); studied by relaxation calorimetry. Thermochin. Acta
2005, 431, 123-126. [CrossRef]

Ishikawa, T.; Nakazawa, Y.; Ymashita, S.; Oguni, M.; Saito, K.; Takimiya, K.; Otsubo, T. Thermodynamic Study
of an Incommensurate Organic Superconductor. (MDT-TSF)(Auly)g 436- ]. Phys. Soc. Jpn. 2006, 75, 074606.
[CrossRef]

Katsumoto, S.; Kobayashi, S.; Urayama, H.; Yamochi, H.; Saito, G. Low-Temperature Specific Heat of Organic
Superconductor k-(BEDT-TTF),Cu(NCS),. J. Phys. Soc. Jpn. 1988, 57, 3672-3673. [CrossRef]

Andraka, B.; Kim, J.S.; Stewart, G.R.; Calson, K.D.; Wang, H.H.; Williams, ].M. Specific heat in high magnetic
field of k-di[bis(ethylenedithio)tetrathiafulvalene]-di(thiocyano)cuprate [k-(ET),Cu(NCS),]: Evidence for
strong-coupling superconductivity. Phys. Rev. B 1989, 40, 11345-11347. [CrossRef]

Graebner, J.E.; Haddon, R.C.; Chichester, S.V.; Glarum, S.H. Specific heat of superconducting
k-(BEDT-TTF),Cu(NCS); near T, [where BEDT-TTF is bis(ethylenedithio)tetrathiafulvalene]. Phys. Rev. B
1990, 41, 4808-4810. [CrossRef]

Miiller, J.; Lang, M.; Helfrich, R.; Steglich, F.; Sasaki, T. High-resolution ac-calorimetry studies of the
quasi-two-dimensional organic superconductor k-(BEDT-TTF),Cu(NCS),. Phys. Rev. B 2002, 65, 140509.
[CrossRef]

Lortz, R.; Wang, Y.; Demuer, A.; Bottger, PH.M.; Bergk, B.; Zwicknagl, G.; Nakazawa, Y.; Wosnitza, ].
Calorimetric Evidence for a Fulde-Ferrell-Larkin-Ovchinnikov Superconducting State in the Layered Organic
Superconductor k-(BEDT-TTF),Cu(NCS),. Phys. Rev. Lett. 2007, 99, 187002. [CrossRef] [PubMed]

Elsinger, H.; Wosnizta, J.; Wanka, S.; Hagel, J.; Schweitzer, D.; Strunz, W. k-(BEDT-TTF),Cu[N(CN);]Br:
A Fully Gapped Strong-Coupling Superconductor. Phys. Rev. Lett. 2000, 84, 6098-6101. [CrossRef] [PubMed]
Ishikawa, T.; Yamashita, S.; Nakazawa, Y.; Kawamoto, A.; Oguni, M. Calorimetric study of molecular
superconductor k-(BEDT-TTF), Ag(CN),H,O which contains water in the anion layers. ]. Therm. Anal. Calorim.
2008, 92, 435-438. [CrossRef]

Wosnitza, J.; Liu, X.; Schweitzer, D.; Keller, H.J. Specific heat of the organic superconductor k-(BEDT-TTF),I3.
Phys. Rev. B 1994, 50, 12747-12751. [CrossRef]

Imajo, S.; Yamashita, S.; Akutsu, H.; Nakazawa, Y. Quadratic Temperature Dependence of Electronic Heat
Capacities in the k-Type Organic Superconductors. Int. J. Mod. Phys. B 2016, 30, 1642014. [CrossRef]

185



Crystals 2018, 8, 143

61.

62.

63.

64.

65.

66.

67.

68.

69.

Nakazawa, Y.; Taniguchi, H.; Kawamoto, A.; Kanoda, K. Electronic specific heat at the boundary region of
the metal-insulator transition in the two-dimensional electronic system of k—(BEDT-TTF),Cu[N(CN);]Br.
Phys. Rev. B 2000, 61, R16295-R16298. [CrossRef]

Nakazawa, Y.; Taniguchi, H.; Kawamoto, A.; Kanoda, K. Electronic specific heat of BEDT-TTF-based organic
conductors. Phys. B Condens. Matter 2000, 281-282, 899-900. [CrossRef]

Brinkman, W.E,; Rice, T.M. Application of Gutzwiller’s Variational Method to the Metal-Insulator Transition.
Phys. Rev. B 1970, 2, 4302-4304. [CrossRef]

McWhan, D.B.; Remeika, J.P.,; Rice, T.M.; Brinkman, W.E,; Maita, ].P.; Menth, A. Electronic Specific Heat of
Metallic Ti-Doped V;03. Phys. Rev. Lett. 1971, 27, 941-943. [CrossRef]

Tokura, Y.; Taguchi, Y.; Okada, Y.; Fujishima, Y.; Arima, A.; Kumagai, K.; Iye, Y. Filling dependence of
electronic properties on the verge of metal-Mott-insulator transition in Sry_,La,TiO3. Phys. Rev. Lett. 1993,
70,2126-2129. [CrossRef] [PubMed]

Imajo, S.; Kanda, N.; Yamashita, S.; Akutsu, H.; Nakazawa, Y.; Kumagai, H.; Kobayashi, T.; Kawamoto, A.
Thermodynamic Evidence of d-Wave Superconductivity of the Organic Superconductor A-(BETS),GaCly.
J. Phys. Soc. Jpn. 2016, 85, 043705. [CrossRef]

Stewart, G.R.; Williams, ].M.; Wang, H.-H.; Hall, L.N.; Perozzo, M.T.; Carlson, K.D. Bulk superconducting
specific-heat anomaly in B-di[bis (ethylenedithio) tetrathiafulvalene] diiodoaurate [3-(ET),Auly]. Phys. Rev. B
1986, 34, 6509-6510. [CrossRef]

Andres, K.; Schwenk, H.; Veith, H. Peculiarities of Organic Superconductors of the (BEDT-TTF),X Family.
Phys. B+C 1986, 143, 334-337. [CrossRef]

Matsuzaki, T.; Momono, N.; Oda, M.; Ido, M. Electronic specific heat of Lay.SryCuO4: Pseudogap formation
and reduction of the superconducting condensation energy. J. Phys. Soc. Jpn. 2004, 73, 2232-2238. [CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

186



crystals MBPY

Article
Effects of Disorder on the Pressure-Induced Mott

Transition in x-(BEDT-TTF),Cu[N(CN),]|Cl1

Elena Gati *, Ulrich Tutsch !, Ammar Naji !, Markus Garst ?, Sebastian Kohler !,
Harald Schubert !, Takahiko Sasaki 3 and Michael Lang !

L Institute of Physics, SFB/TR49, Goethe University Frankfurt, Max-von-Laue-StrafSe 1, 60438 Frankfurt am Main,
Germany; tutsch@physik.uni-frankfurt.de (U.T.); Naji@physik.uni-frankfurt.de (A.N.);
s.koehler@physik.uni-frankfurt.de (S.K.); h.schubert@physik.uni-frankfurt.de (H.S.);
michael.lang@physik.uni-frankfurt.de (M.L.)

2 Institute for Theoretical Physics, Technical University Dresden, Zellescher Weg 17, 01062 Dresden, Germany;
markus.garst@tu-dresden.de

3 Institute for Materials Research, Tohoku University, Katahira 2-1-1, Sendai 980-8577, Japan;
takahiko@imr.tohoku.ac.jp

*  Correspondence: gati@physik.uni-frankfurt.de; Tel.: +49-69-798-47240

Received: 14 December 2017; Accepted: 11 January 2018; Published: 16 January 2018

Abstract: We present a study of the influence of disorder on the Mott metal-insulator transition for
the organic charge-transfer salt x-(BEDT-TTF),Cu[N(CN),]Cl. To this end, disorder was introduced
into the system in a controlled way by exposing the single crystals to X-ray irradiation. The crystals
were then fine-tuned across the Mott transition by the application of continuously controllable He-gas
pressure at low temperatures. Measurements of the thermal expansion and resistance show that the
first-order character of the Mott transition prevails for low irradiation doses achieved by irradiation
times up to 100 h. For these crystals with a moderate degree of disorder, we find a first-order transition
line which ends in a second-order critical endpoint, akin to the pristine crystals. Compared to the
latter, however, we observe a significant reduction of both, the critical pressure p. and the critical
temperature T,. This result is consistent with the theoretically-predicted formation of a soft Coulomb
gap in the presence of strong correlations and small disorder. Furthermore, we demonstrate, similar to
the observation for the pristine sample, that the Mott transition after 50 h of irradiation is accompanied
by sizable lattice effects, the critical behavior of which can be well described by mean-field theory.
Our results demonstrate that the character of the Mott transition remains essentially unchanged at a
low disorder level. However, after an irradiation time of 150 h, no clear signatures of a discontinuous
metal-insulator transition could be revealed anymore. These results suggest that, above a certain
disorder level, the metal-insulator transition becomes a smeared first-order transition with some
residual hysteresis.

Keywords: organic conductor; Mott transition; pressure; disorder; X-ray irradiation

1. Introduction

Organic charge-transfer salts of type DA, consisting of donor molecules D and acceptor
molecules A, have been established as model systems to explore the physics of strong electron
correlations [1,2]. The role of Coulomb correlations is particularly enhanced in this material class
due to weak intermolecular interactions, giving rise to a small bandwidth W, in combination with a
low charge-carrier concentration and an electronic structure with reduced dimensionality. The latter
two aspects render the screening of the long-range part of the Coulomb interaction less effective.
A prominent manifestation of strong correlation effects is the Mott metal-insulator transition [3].
The notion is that the itinerant electrons in an approximately half-filled conduction band localize,
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once the mutual Coulomb repulsion for two electrons on the same site, U, exceeds the band
width W. Although the above-sketched simple picture describes the basics of the Mott transition,
the understanding of the rich phenomenology of correlated electrons close to the Mott transition
continues to pose major challenges [4-6]. In particular, salts of the x-(BEDT-TTF),X family, with
BEDT-TTF = bis(ethylenedithio)-tetrathiafulvalene and X a monovalent anion, have attracted high
attention as prime examples of a bandwidth-tuned Mott transition [7,8] at fixed band filling. In these
materials, which are considered to exhibit an effectively half-filled conduction band due to the strong
dimerization of the BEDT-TTF molecules, the bandwidth can be controlled via the application of
pressure p. In this way, a transition from a Mott insulating to a metallic state can be induced with
increasing pressure through the accompanying decrease in the correlation strength U /W. Notably,
already a weak pressure of p ~ 30 MPa is sufficient to induce the Mott metal-insulator transition
in the system x-(BEDT-TTF),Cu[N(CN),]Cl (abbreviated as x-Cl hereafter) at low temperatures
T < 35K [9,10]. This p- and T-range is very convenient for experiments aiming at fine tuning a
material around the Mott transition under well-controlled conditions. Our present understanding
of the Mott transition has benefited significantly from a number of detailed experimental studies on
x-Cl [11-14] and some transition-metal oxides, see, e.g., [15,16], together with advances from theoretical
side through dynamical mean-field theory calculations [17]. It is by now well established that the Mott
transition is of first order which terminates in a second-order critical endpoint at (T¢, p.) as there is no
symmetry breaking accompanying the transition. However, the critical behavior and the underlying
universality class have been a matter of debate. These aspects have been discussed intensively
for x-Cl1 [18-25], where the second-order critical end-point is located at (T¢, p.) ~ (36.5K, 23.4 MPa).
Recently, based on a careful study of the lattice effects, it has been argued in Ref. [25] that the coupling
of the correlated electrons to the lattice degrees of freedom is of crucial importance for understanding
the Mott transition whenever the transition is amenable to pressure tuning. It has been found that
this coupling alters the critical behavior from Ising criticality, for the purely-electronic Mott system, to
mean-field criticality of an isostructural solid-solid endpoint in the presence of a compressible lattice,
in accordance with the theoretical predictions [26,27]. It is worth noting that also the high-temperature
behavior at T >> T, has attracted considerable interest recently, as it shows characteristic signatures of
a hidden quantum-critical point [28-30]. It has been suggested that quantum criticality is responsible
for the unusual transport properties in the incoherent regime close to the Mott transition.

Another aspect of ongoing interest relates to the effects of disorder in strongly correlated electron
systems. Actually, the questions surrounding the interplay of disorder and correlation [31-33] trace
back to the different mechanisms for metal-insulator transitions in solids: Whereas the Mott transition
is driven by electronic correlations, backscattering of non-interacting electronic waves from disorder,
i.e., randomly distributed impurities, can induce the so-called Anderson insulating state [34,35]. In a
naive picture, one would assume that the simultaneous action of disorder and correlations stabilizes
the insulating phase. However, it has been found that disorder and correlations combine in a highly
non-trivial way and can compete with each other [31,33]. Current research [36—41] addresses the
following aspects: Do characteristic properties of the Mott insulator survive when introducing disorder
in the strongly correlated system? Or, alternatively, how stable is the Anderson insulator when the
correlations in such a disordered system become strong? Understanding this subtle interplay at the
so-called Mott-Anderson-transition is of fundamental importance for a more realistic modeling of the
behavior of real materials where disorder is inevitable. For advancing our understanding in this field,
materials which allow for a control of both the strength of correlations as well as the level of disorder
are required. Both aspects are met favorably in the family of organic charge-transfer salts.

Approaches to intentionally introduce disorder in a well-controlled manner in the x-(BEDT-TTF), X
salts are manifold [42-51]. Among these, X-ray irradiation with typical irradiation times Oh < t;,, <600h
has been widely used to control disorder in a non-reversible manner (see Ref. [48] for a review). It
was demonstrated that X-ray irradiation mainly creates molecular defects in the anion layer, whereas
it leaves the conducting BEDT-TTF layer intact. The defects in the anion layer thereby create a
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random potential for the hole carriers in the BEDT-TTF layer. The power of this technique was
demonstrated for k-(BEDT-TTF),Cu[N(CN);]Br in which a transition from a correlated metal to an
Anderson insulator [50] accompanied by a suppression of superconductivity [49] was observed. In
addition, long-range antiferromagnetic order [52] in the Mott insulator x-Cl, which is understood as
an effect of strong U, was suppressed [53,54] by long irradiation t;, = 500h. It was argued that these
results [53] highlight the role of disorder in forming a spin liquid close to the Mott transition.

Here, we focus on yet another aspect of the Mott transition in the presence of disorder by
asking the questions: (i) How does quenched disorder influence the location of the Mott transition,
i.e., the first-order transition line and its second-order critical endpoint in the T — p phase diagram;
and (ii) Is there any influence of disorder on the Mott criticality? To this end, we present a study of
the combined effects of X-ray-induced disorder and pressure on the Mott insulator x-Cl by means
of thermodynamic and transport probes. Importantly, the use of He-gas pressure allows us to
fine-tune the system across the Mott transition so that the critical regime in the phase diagram can be
accessed experimentally.

The paper is organized as follows: In Sections 3.1-3.3, we present a detailed comparison of thermal
expansion data around the Mott transition of a x-Cl crystal in its pristine (non-irradiated) form with
those of a crystal from the same batch after an exposure to X-ray irradiation for 50 h. For tracing the
Mott transition and its critical endpoint in the T — p phase diagram to higher disorder levels, i.e.,
irradiation doses up to 150h, we present in Sections 3.4 and 3.5 the results of electrical resistance
measurements on one single crystal at various disorder levels obtained after 50h, 100h and 150 h
irradiation time. The results will be discussed in the context of available theoretical results in Section 4.

2. Materials and Methods

Single crystals of x-(BEDT-TTF),Cu[N(CN),|Cl were grown by electrochemical crystallization
following the standard procedure [55]. For the present study, crystals from two different batches
#AF063 and #5-7 were used. The dimensions of the crystals are typically 0.3 x 0.6 x 0.7mm? for
#AF063 and 0.5 x 0.3 x 0.3mm?3 for #5-7, respectively.

Samples were X-ray irradiated [48] at 300 K by using a non-filtered tungsten tube with 40 kV and
20mA. The corresponding dose rate was estimated to be about 0.5MGy/h. During the irradiation,
the resistance was monitored. The plate-like crystals were irradiated from both sides. The irradiation
time ¢;,» denotes the overall exposure time.

Thermal expansion and resistance measurements were performed under variable He-gas
pressure p. To this end, a copper beryllium (CuBe) pressure cell was used which was connected
to a large-volume (50L) helium gas bottle for thermal expansion measurements at p < 30MPa
or a helium-gas compressor for resistance measurements at p < 100 MPa. This technique enables
measurements to be performed as a function of T at constant p. In combination with the use of a
He-gas bottle, the thermal expansion can also be measured as a function of p at constant T. Pressure
was determined by a pressure sensor (InSb) in the pressure cell and a manometer situated close to the
high-temperature reservoir.

Thermal expansion measurements were performed using an ultra-high resolution dilatometer
with AL/L > 5 x 10710, The setup was described in detail in Ref. [56]. The data analysis was performed
in an identical procedure as described in Ref. [25].

The resistance was measured by an AC resistance bridge (LR 700, Linear Research, San Diego,
CA, USA) in a standard four-terminal configuration. The current was applied perpendicular to
the conducting layer. Contacts were made by graphite paste and 20 um gold wires on which the
sample was suspended. The temperature was controlled by a LakeShore 340 Temperature Controller
(Lake Shore Cryotronics Inc., Westerville, OH, USA). Slow warming and cooling rates of +-0.2 K/min
were used to ensure thermal equilibrium at all T and p.
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3. Results

3.1. Effects of Irradiation on the Lattice Effects at the Mott Transition in x-CI

Figure 1 shows data of the relative length change AL}, /L,, measured along the b axis, as a function
of pressure p in the temperature range 30 K < T <40K for x-Cl in its pristine form [25] (a) and after
exposure to 50 h X-ray irradiation (b) (see Section 2 for a description of the methods used, including
details of the irradiation procedure). The displayed data represent only the singular contribution to the
relative length change which was obtained by subtraction of an in-p linear background contribution
from the AL, (p) /L, data. We start by recalling some basic notations from the study of the pristine
sample in Ref.[25]. At the lowest temperature T = 30K, a slightly broadened jump of the sample
length as a function of pressure was observed at py;; ~ 22.5MPa at which the length decreases
on going from the low-pressure insulating side to the high-pressure metallic side of the transition.
The observation of a discontinuity in AL, /Ly is consistent with the fact that a first-order transition line
is passed as a function of p. Upon increasing the temperature T, the discontinuity decreases in size and
evolves into a continuous crossover behavior for T > 37 K. This data set discloses a strong coupling of
the electronic degrees of freedom to the lattice close to the Mott transition. It manifests itself in strong
non-linear variations of AL,(p)/Ly—a breakdown of Hooke’s law—which can be observed in a wide
range of critical elasticity of AT./T. = 20 % above the critical endpoint. It was demonstrated in Ref. [25]
that these lattice effects can be modeled by mean-field criticality. The important implication of this
finding was that, although the Mott transition is driven by strong electron correlations, the coupling of
the electrons to the lattice degrees of freedom eventually alters the Mott critical behavior to that of an
isostructural solid-solid endpoint with mean-field criticality [26,27].
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Figure 1. Singular part of the relative length change (ALy/ Ly)sing of x-(BEDT-TTF),Cu[N(CN),]Cl
(batch #AF063) in its pristine form (data taken from Ref. [25]) (a) and after exposure to X-ray irradiation
for 50h (b). Data were taken along the out-of-plane b axis as a function of pressure p at constant
temperatures between 30 K and 40 K.

A lattice response of similar strength around the Mott transition can also be inferred from the
ALy /Ly data set in Figure 1b taken on a crystal which was exposed to X-ray for 50h. At the lowest
temperature of T = 30K, we find a strong decrease of the length upon going from the low-pressure
insulating side to the high-pressure metallic side at pjs; ~ 20.2 MPa. Note that this pys; value is smaller
by ~1.8 MPa than the corresponding value for the pristine sample at 30 K. This shift of the transition to
lower pressure upon increasing the degree of disorder is one of the central results of the present work
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and will be discussed below in more detail. Concerning the character of the transition for the irradiated
crystal, we observe an even more broadened jump-like feature as compared to the pristine crystal
where a small broadening is visible. Yet, the data of the irradiated crystal still reveal a discontinuous
change of the lattice parameter, i.e., a first-order phase transition (see below for a detailed discussion
of the determination of T; and p.). In the pristine sample, the finite width of the transition is likely
associated with a small amount of disorder that leads to a spatial variation of internal stress induced
by impurities and/or other crystal defects. In order to account quantitatively for this broadening
effect, we assumed in Ref. [25] a multi-domain state, caused by extrinsic defects, where each domain
contributes independently to the mean strain. Experimentally, the broadening manifests itself in a
peak of finite width in the compressibility x,(p) = —d(ALy/Ly)/dp, ie., in the derivative of the
present data sets with respect to p. In order to quantify the increase in broadening upon irradiation, we
determine the width Ap of the peak in x; at T = 30 K by its full width at half maximum. This procedure
yields Apsg, = (0.81 %+ 0.05) MPa for the irradiated sample and Apy = (0.38 £ 0.01) MPa for the
pristine sample. This implies that the distribution of internal stress in the 50 h-irradiated sample is
about twice as wide as in the pristine sample, giving rise to a larger disorder-affected pressure regime.
By lacking a microscopic characterization of the defect structure in the irradiated samples, we can
only speculate that the defect sites, created by irradiation in the anion layer, may cause an increased
number of domains. We suspect that this also affects the internal stress of each domain which in
turn leads to an overall wider stress distribution in such a crystal. As the technique of dilatometry is
unable to reveal the required spatially-resolved information on the formation of domains, we omit
a detailed discussion of the role of domain formation at the first-order transition here and treat
this broadening on a phenomenological level, whenever necessary. In addition to an enhanced
broadening, we find a significant reduction of the size of the discontinuity at T = 30K at py;; from
(ALy/Lp)|ppy = (23 £ 0.1) x 10~* in the pristine case to (ALy/Ly)|p,, = (1.5 £ 0.1) x 10~% in the
irradiated case. Apart from these small quantitative changes in the size and width of the anomalous
length changes, we find that the evolution of the feature in ALj,/Lj, to higher T is qualitatively similar
to the above-described pristine case: The size of the discontinuity becomes reduced with increasing T
until it is replaced by a continuous change of AL,(p)/Ly, for T > T, =~ 34K. Importantly, also for the
irradiated sample, we find highly non-linear variations of the length as a function of pressure, even at
temperatures way above T, see, e.g., the data at T = 38K, where kp(p = pmi), i-e., the slope of the
ALy /Ly curves at pypy, exceeds k,(p < pupy) by at least a factor of two. This behavior is distinctly
different from the usual elastic behavior which is characterized by an in-first approximation linear
change of AL,/L; vs.p, i.e., k = const., in accordance with Hooke’s law of elasticity. The observed
breakdown of Hooke’s law here reflects the strong coupling between the critical electronic system and
the underlying crystal lattice at the Mott transition, also in the presence of increased disorder.

3.2. T-p Phase Diagram for Weak Disorder

In the following, we analyze the effects of disorder by focusing on certain characteristics of the
Mott transition. This includes the precise location of the critical endpoint and the critical behavior in
its surrounding. In order to determine the location of the critical endpoint (T, p.) for the irradiated
crystal with high accuracy from measurements of the relative length change AL,/L;, we take two
complementary approaches, similar to the procedure applied to the pristine sample in Ref. [25]. In our
first approach, we determine (T, p.) from the intersection of the first-order transition line with
crossover lines which emanate from the critical endpoint. To this end, we combine results from
p-dependent measurements, which allow a precise determination of the first-order transition line
(see below), with those performed as a function of T. The latter measurements provide insight into
the crossover lines by analyzing the maximum response ;4 in the coefficient of thermal expansion
ap(T) = L;ldLb/ dT for T > T, as proposed in Ref.[23]. Moreover, due to the finite slope of the
first-order transition line at (T¢, p.), these measurements as a function of temperature at different
p =const. provide not only information on the crossover line for T > T, and p > p.. In addition,
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these T-dependent experiments allow us to cross the first-order transition line for T < T, and
p < pe. As the crossing of the first-order transition is expected to manifest itself in a discontinuity in
ALy(T) /Ly, corresponding to a divergent behavior in ay,(T), the observation of such discontinuities
can serve as a criterion for localizing T,. Figure 2 shows a;(T), measured along the out-of-plane b axis,
of 50 h-irradiated x-Cl at several constant p values around p,. Starting at low p = 16.5 MPa, we observe
the usual increase of aj, with increasing T without any signatures for anomalous behavior. As we
approach the endpoint from the low-p side, however, we observe sharp and pronounced anomalies in
ay(T) with the tendency to diverge in a narrow pressure range 20.3MPa < p <21.0 MPa. We assign
these features to signatures of the first-order phase transition. Note that for the data set taken at
p = 20.5MPa, the first-order transition line is crossed twice as a function of T due to its S-shaped form.
As a result, we find two successive sharp anomalies of opposite sign, the latter one corresponding
to the reentrance from the intermediate-T metallic state to the low-T insulating state. In contrast, for
p > 21.0MPa, the divergent features in a;(T) are absent and instead, «},(T) shows a smooth anomaly
at slightly higher T. These features can be assigned to signatures of a crossover line, as predicted
theoretically in Ref. [23].
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Figure 2. Thermal expansion coefficient along the out-of-plane b axis, &, of xk-(BEDT-TTF),Cu[N(CN),]Cl
(batch #AF063) after exposure to X-ray for 50 h as a function of temperature T at constant pressures
16.5MPa < p <27.5MPa.

In Figure 3, we compile in a T-p phase diagram the position of the sharp peaks in w),
for p <21MPa, reflecting the first-order transition temperatures, and the positions of &, for
p >21.0MPa indicating crossover temperatures. In addition, we also include the positions of the
inflection points in the p-dependent AL, /L, data sets at different constant T. These inflection points
correspond to either the first-order transition for T < T or to the so-called Widom line for T > T, i.e.,
the extension of the first-order transition line to higher T. From the intersection point of the first-order
transition line determined from p-dependent measurements, and the crossover line determined
from T-dependent measurements, we find T, = (34.0 £ 0.5) K and p. = (21.0 £ 0.2) MPa for the
50 h-irradiated sample.

An alternative approach to determine (T, p.) is provided by analyzing the width of the features
observed in AL, (p)/Ly. As mentioned above, the width of the discontinuity in AL,/L, for T < T,
is governed by extrinsic effects. This gives rise to an in first approximation T-independent width for
low T, as already visible in the bare data in Figure 1b. In contrast, for T > T, the width is strongly
T-dependent and can therefore be assigned to the effects of criticality. For a quantification of the
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increase in the width upon increasing T, we determine the width of our experimental data by the full
width at half maximum of the peak in x;(p), as described above. We include the information of the
width in the phase diagram, shown in Figure 3, by red-broken lines for the disorder-dominated regime
at T < T and blue-broken lines for the criticality-dominated regime at T > T.. We find a significant
increase in the width for T > 36 K. An extrapolation of the lines in the criticality-dominated regime
from high T > 36K, where disorder effects play only a minor role, to lower T yields an alternative
estimate of T, = (33.5 + 0.5) K. Note that the two different approaches yield an identical position of
the critical endpoint within the error bars.

Now we can compare the so-derived phase diagram for the irradiated crystal with the one of the
pristine sample. To this end, we include the position of the first-order line, the Widom line and the
critical endpoint of the pristine sample in the phase diagram in Figure 3. We find that central properties
of the Mott transition, i.e., the first-order character at low T and the second-order critical endpoint,
survive at the level of disorder introduced by 50h of irradiation. However, this irradiation leads to
a significant reduction of T; as well as p.. Here, the exposure to X-ray for 50 h causes a decrease of
T. by ~2.5K (AT./T. =~ 7%) and of p. by ~2.4MPa (Ap./p: ~ 10 %). This finding demonstrates a
high sensitivity of the Mott transition line on the degree of disorder. We stress that the Mott transition
lines for x-Cl reported in the studies by Kagawa et al. [18] and Gati et al. [25], practically coincide,
indicating a similar low level of disorder in the pristine crystals studied there. In addition, a study of
pristine crystals from batch #AF063 (not shown) discloses that T, of two different crystals varies up to
1K and p. up to 0.5MPa. Thus, the variations in the disorder level of pristine samples are distinctly
smaller than the one introduced by exposure to X-ray for 50 h.
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Figure 3. Experimentally determined temperature-pressure phase diagram of x-(BEDT-TTF),Cu[N(CN),]CI
(batch #AF063) after exposure to X-ray for 50 h. Red full squares correspond to the first-order Mott
transition line extracted from the inflection point of AL,(p)/Ly. Cyan full circles correspond to
the first-order transition line extracted from temperature-dependent measurements. The latter data
points were determined by the position of the maximum a4, of the thermal expansion coefficient
ay(T) = L;l dL,/dT for p < pc. Red open symbols correspond to the Widom line. Open cyan
symbols correspond to a crossover line, determined by the position of a4y for p > pc. Red- and
blue-shaded areas delimited by the broken lines in the same color code indicate the experimentally
determined width of the features along the b axis and can be assigned to the disorder-related (red)
and the criticality-related (blue) crossover regimes, respectively. The broken lines represent, within
the error margins, the full width at half maximum of the peaks in dL/dP. The brown dashed line
corresponds to the p.(T) curve extracted from a fit of the data, presented in Figure 1 to the mean-field
model of Equation (1) (see text for details). The first-order transition line (dark grey line), the Widom line
(light grey line) and the critical endpoint (black open circle) for a pristine crystal of batch #AF063 [25]
are given for comparison.
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3.3. Critical Behavior for Weak Disorder

After having determined the location of the critical endpoint (T¢, p.) for the irradiated crystal,
we can proceed by analyzing the observed lattice effects in terms of the critical behavior. For pristine
x-Cl [25], the anomalous lattice effects could be well described by a mean-field critical model of
an isostructural solid-solid endpoint. In fact, this type of criticality was predicted theoretically for
the critical electronic Mott system that is coupled to a compressible lattice as a consequence of the
long-ranged shear forces of the lattice [26,27]. In light of the strong lattice response revealed for the
irradiated system, we employ the same mean-field critical model to the present AL,(p)/L; data set,
presented in Figure 1b. The model reads, as follows,

ALy/Ly = = Ap(e((T = Tc) / Te, = (p — pe(T)) / pe(Te), ) )w + (ALb/Lb)fo~ (1)

Here, Ay is the proportionality constant between the relative length change AL,/ Lj, and the critical
strain singlet e which represents the order parameter of an isostructural solid-solid transition. The strain
singlet obeys the mean-field equation re + ue®> = —¢, with r = (T — T.)/T. the reduced temperature,
0 = (p—pe(T))/pc the reduced pressure and u a parameter, which quantifies non-linearities in the
mean-field potential, and AL,/ L; an offset contribution, see below. Note that the first two parameters
are determined by our experiment, whereas the latter one enters as a free parameter. This model
can be extended to account for the disorder broadening. To this end, we average the mean-field
solution (r, o, u) with a Gaussian stress distribution Py, (s) = 1/+/27tw exp (—s2/(2w)) with variance
w, ie., (e(r,o,u))y = f dsPy(s)e(r, 0 +s,1). The details of this model are given in the Supplementary
Information of Ref.[25]. In order to eliminate the temperature-dependent expansion effects, we
normalized all data sets (see Figure 1) to the inflection points of AL, (p) /Ly at pin, i.e., ALy(pin)/ Ly = 0.
The increase in the broadening of the first-order transition upon irradiation is accompanied by an
increasing asymmetry of the AL,/ Ly(p, T = const.) curves in Figure 1b with respect to the midpoint
of the discontinuity. To account for this effect, which is not understood at present and which is also not
covered by the above model, we proceed as follows: we use the experimentally determined inflection
point of the AL,(p)/Lj data for a first iteration for p.(T) in the fitting procedure, and then refined the
fit by allowing for a small variation of p.(T) of the order of 0.1 MPa. The resulting optimized p.(T)
values are included as a brown broken line in the phase diagram in Figure 3. As a consequence of
the small adjustment of p.(T), we have to accept a small offset in ALy /Ly of (ALy/Ly)ofs = 0(107%).
The variance w of the stress distribution can be determined from the experiment at lowest temperature
of T = 30K from a Gaussian fit to the x;,(p) data, which results in w = 2.5 x 107 for the data
set of the irradiated sample. Note that this value of w in its dimensionless form corresponds to the
above-determined broadening of APsy, = 0.81 MPa.

Figure 4 demonstrates that the data set of the irradiated crystal is in very good agreement with
the mean-field critical model, given in Equation (1), in the full T range 30K < T <40K investigated.
As a result of the fit, we obtain values for the parameters u and Aj. The fit yields u = 0.18, which is the
parameter characterizing the non-linearity of the length change. We stress that the fit to the data set
on the pristine sample [25], which is included in Figure 4 for comparison, yielded the identical value
of u. The extracted values A, are slightly different for the various T = const. scans. However, they
follow to a good approximation a T-linear behavior described by A, = (6.5 —9.3(T — T.)/T.)) x 1075.
The fits for the data set of the pristine sample resulted in a similar small T-linear variation of A;. In the
model for an isostructural solid-solid endpoint, the value of A is given by the eigenvalues and the
eigenvectors of the elastic constant matrix (see Ref. [25] for details) which is likely subject to a small
T-dependent variation.

As demonstrated in Figure 4, the mean-field fits provide an excellent description of the
experimental data not only for the pristine sample (see Figure 4), but also for the irradiated sample.
These results show that the character of the Mott transition remains essentially unchanged for the
two different disorder levels. This relates to the first-order character of the transition and the strong
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coupling to the lattice with the concomitant change of universality class to mean-field criticality around
the second-order critical endpoint.

—o— pristine fit pristine  —o—50 h irradiated —— fit 50 h irradiated
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Figure 4. Singular part of the relative length change of x-(BEDT-TTF),Cu[N(CN),]|Cl along the
out-of-plane b axis, (ALy/ Ly )sing, (0pen symbols) as a function of pressure p at various temperatures
30K < T <43K, together with a fit (straight lines) based on the mean-field solution, given by
Equation (1). Black open symbols and red straight lines represent results on a pristine sample of
batch #AF063, which were published in Ref. [25]. Blue open symbols and orange lines represent results
on a crystal of batch #AF063 which was exposed to X-ray for 50 h.

3.4. T-p Phase Diagrams of the Metal-Insulator Transition for Higher Irradiation Doses Based on
Resistance Measurements

In the following, we discuss how the characteristic features of the Mott transition for x-Cl evolve
upon further increasing the level of disorder. Instead of using measurements of the relative length
change on one single crystal at varying irradiation levels, which is a very time consuming experiment,
we employ measurements of the resistance R. Importantly, all of the presented data were taken on the
same x-Cl single crystal from batch #5-7 which was exposed to a three-step irradiation process (50 h,
100h, and 150 h) and which was measured after each step.

Figure 5 shows the out-of-plane resistance R as a function of T at varying p=const. for a x-Cl crystal
from batch #5-7 after exposure to X-ray for 50 h (a), for 100 h (b) and 150 h (c). For all three irradiation
levels, x-Cl exhibits a non-metallic behavior at ambient pressure characterized by an increasing R with
decreasing T, consistent with literature results [48]. The R(T, p = const.) curves at different irradiation
doses show the same general trend upon increasing p as observed for pristine samples [13,14]: Low
p reduces the resistance at a fixed temperature, however, the resistance at a fixed, low p value still
shows a non-metallic behavior with dR/dT < 0. At intermediate p, the system is non-metallic at low
T and undergoes a transition into a metallic state, characterized by dR/dT > 0, upon increasing T
and enters an anomalous transport regime at higher T, characterized by dR/dT ~ 0. This reentrant
behavior, visible in the range 18 MPa < p < 30MPa after 50 h irradiation time, reflects the S-shape of
the first-order transition line and the Widom line in the T-p phase diagram. At high p > 30MPa, all data
sets reveal a metallic behavior in the full T range investigated with a transition into a superconducting
state at low T ~ 12K.
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Figure 5. Out-of-plane resistance R of xk-(BEDT-TTF),Cu[N(CN),]Cl (crystal #5-7), which was exposed
to X-ray irradiation for 50h (a); 100h (b) and 150h (c), as a function of temperature T at various
constant pressure values 0 MPa < p <100 MPa upon warming and upon cooling.

Despite these similarities in the overall behavior of R(T,p = const.) after different irradiation
times, a closer inspection of the data in Figure 5 discloses significant differences in the location and
character of the metal-insulator transition. These irradiation-induced changes can be illustrated clearly
by comparing data sets taken at the same p values, e.g., p = 20 MPa. In the data at 50 h irradiation time,
we find a kink in the R(T, p = 20MPa) data with an abrupt sign change of dR/dT at T ~ 12K which
interrupts the increase in R upon cooling, reflecting insulating behavior. This kink marks the entrance
into a spurious superconducting phase at T < 12 K which is known to exist close to the first-order Mott
metal-insulator boundary on the insulating side in pristine x-CI [11] and is likely responsible for the
increased noise in R(T,p = 20MPa) at low T. Upon increasing the temperature, we find a pronounced
jump-like suppression of R(T) at T ~ 20.5K. Importantly, the jump in R(T, p = 20 MPa) is accompanied
by a significant thermal hysteresis of AT ~ 0.7 K, reflecting the first-order nature of this phase transition.
We assign this discontinuity in R(T, p) to the signature of the first-order metal-insulator transition,
in accordance with the approach taken in literature [13,18,22]. The fact that the resistance jump
remains sharp in the presence of some disorder is a consequence of percolation, i.e., a current that runs
through low-resistance domains. This contrasts with the broadening observed in the discontinuities of
thermodynamic quantities, such as the lattice effects, which average over all domains in the crystal.
Even though the jump in R(T) occurs at T ~ 20.5K, we stress that the hysteresis and the insulating
character are visible up to a slightly higher temperature of T ~ 26.5K where R(T, p = 20 MPa) exhibits
a local minimum. Above the temperature of the local minimum in R(T, p = 20MPa), i.e,, T ~ 265K,
the system shows metallic behavior with dR/dT >0. Upon further increasing the temperature, the
system gradually changes from a metal into an anomalous transport regime, as indicated by an
almost flat R(T, p = 20 MPa) behavior at T ~ 38 K. This change is not accompanied by any hysteresis,
indicating that this temperature corresponds to a crossover temperature.

At a higher irradiation time of 100h, cf. Figure 5b, the spurious superconducting phase at low
T and p = 20MPa is replaced by percolative or even bulk superconductivity with T, s ~ 12.6K,
characterized by R(T) < 1072 at T ~ 10.5K. With increasing temperature, we observe the same
characteristics as in the case of 50 h irradiation, i.e., a jump-like reduction of the resistance at low T,
accompanied by thermal hysteresis, and thus indicative of a first-order phase transition, and a crossover
at high T. However, the jump in R(T, p = 20 MPa) is significantly reduced in size and occurs in two
concomitant steps at T ~ 15.5K and T ~ 17.5K. The fact that the transition takes place in several
steps is likely of extrinsic nature and possibly associated with the formation of several domains in
the presence of disorder. Therefore, we assign the metal-insulator transition to the larger jump at
T ~ 15.5K. The minimum in R(T), which marks the onset of hysteresis, and the change from low-T
insulating to high-T metallic behavior, is observed at T' ~ 22 K. The crossover from the metallic behavior
to the R(T,p = 20MPa) ~ const. behavior is found at T ~ 43 K. Apparently, these characteristic
temperatures react differently on increasing the irradiation dose from 50h to 100h: Whereas the
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position of the jump and the minimum in R(T, p = 20 MPa) are shifted to lower temperatures, the
position of the crossover is shifted to higher T. This peculiar behavior can be related to the S-shaped
form of the first-order transition line and the crossover lines (see e.g., Ref. [23,25]). In pristine x-Cl,
the temperature of the first-order transition decreases with increasing pressure distance to the critical
point, whereas the crossover temperature increases. Thus, the present observation of a decrease in the
first-order transition temperature and an increase in the crossover temperature at the same p value
upon irradiation can be considered as an indication that the critical endpoint of the irradiated sample
is located lower in pressure than the pristine one.

Upon further increasing the irradiation time to 150 h, (cf. Figure 5¢), we do not find any indications
for a jump-like change of R(T, p =20 MPa) at intermediate temperatures. Instead, the resistance changes
smoothly yielding a minimum at T = 16 K. We note that despite the disappearance of a jump-like
change of R(T, p = 20 MPa), we still find a small hysteresis at low T in the insulating regime which
prevails until the resistance reaches its minimum. Apparently, at this irradiation level, the character
of the phase transition has changed. Based on the present transport data, we cannot discriminate
between a transition of weak first order, or a smeared first-order transition with residual hysteresis.

In order to illustrate the change of the first-order metal-insulator transition line upon irradiation,
we compile the position of the jump for all investigated p values in a T-p phase diagram in
Figure 6. For comparison, we included the transition temperatures of the first-order transition line
extracted from T-dependent resistance measurements on a pristine crystal of batch #AF063 (not
shown) which are in good agreement with published data [11,14,22,25]. As already indicated by
our thermodynamic measurements, we find a significant shift of the first-order transition line to
lower p upon irradiation for 50h and 100h. The shift of the phase transition line at T = 20K,
amounts to about —(0.07 £ 0.01) MPa per hour of irradiation time. In addition, we find that the
position of the critical endpoint (T;,p.) becomes significantly reduced in temperature as well as in
pressure: Our analysis yields (T, pc) ~ ((29 £ 1)K, (17.5 & 0.5) MPa) and (T,,p.) ~ ((27 £ 1)K,
(15.0 £ 0.5) MPa) after irradiating x-Cl for 50 h and 100 h, respectively. We stress that the slightly
different results of (T¢,p.) after 50 h of irradiation, inferred from the resistance measurements on a
crystal of batch #5-7, as compared to those of our thermodynamic measurements on a crystal of batch
#AFO063 (see Section 3.2), might be related to details of our experiments. First, we cannot rule out small
sample-to-sample variations of crystals from different batches. More importantly, however, the crystals
involved had different surface-to-thickness ratios, implying that a different distribution of disorder
was introduced within the same irradiation time. At even higher irradiation time of 150 h, we cannot
find any discontinuous feature in the full T-p range investigated. Therefore, we cannot draw a phase
transition line for this case.

To quantify the range of hysteretic behavior and to follow its evolution upon irradiation, we define
the onset of hysteresis by Ruoorm (1)~ Reoor (T) > 0.025 with Ryarm (Reoor) denoting the resistance taken
upon warming (cooling). The onset temperatures together with the previously determined first-order
transition lines (green symbols) and the second-order critical endpoint (thick green circle) are compiled
in the contour plots in Figure 7 which will be discussed below in more detail. For the 50 h irradiated
crystal, we find clear signatures for thermal hysteresis in the pressure range ~15MPa < p <~30MPa
and up to T ~ 29 K. The width of the hysteresis range (hatched area in Figure 7) on the pressure axis is
similar to the one found for a pristine crystal in Ref. [13]. However, upon irradiation, the hysteresis
regime is shifted to lower pressures and suppressed in temperature, consistent with the shift of the
Mott transition line to lower p and the reduction of (T, p.), discussed above. Upon further increasing
the irradiation to 100 h, the hysteresis regime is shifted to even lower pressures and further reduced in
temperature. Importantly, even after 150 h of irradiation thermal hysteresis occurs in a similarly wide
pressure range ~10 MPa < p <~30MPa and up to T ~ 20K. This result speaks in favor of the notion
of a smeared first-order transition after 150 h of irradiation where disorder causes the suppression of
signatures, and therefore can no longer be discerned from a crossover. We stress that for a detailed
analysis of the hysteresis range, measurements as a function of increasing and decreasing pressure, not
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possible with the available set-up, are much better suited for the following reasons: First, these organic
charge-transfer salts tend to form small cracks due to their large thermal expansion, particularly when
sweeping the temperature over a wide range, as done in the present work. These small cracks lead
to small offset contributions in R(T, p) which strongly hamper the analysis of the thermal hysteresis.
This effect is avoided in pressure sweeps performed at low temperatures. Second, due to the almost
vertical alignment of the metal-insulator transition line in the T-p phase diagram, the signatures in p
sweeps are more clearly pronounced as compared to T sweeps.

50 u T u T u T u T u
o #AF063
o #5-7
w0l o #5-7 i
Linsulator "
30 50 h i
< 100 h metal
~
20 B
150 h?
10 —
1 L 1 L 1 L 1
0 10 20 30 40 50
p (MPa)
Figure 6. T-p phase diagram of the first-order Mott metal-insulator transition line of

x-(BEDT-TTF),Cu[N(CN),]Cl upon increasing disorder which was intentionally introduced by X-ray
irradiation. Black circles correspond to the phase transition line obtained from measurements (not
shown) on a pristine sample of batch #AF063. Dark blue and light blue circles correspond to the
phase transition line obtained from measurements on the same sample of batch #5-7 after exposure to
X-ray for 50 h and 100 h, respectively (see Figure 5). Note that pairs of data points taken at the same p
value correspond to the position of the jump upon warming and cooling. The lines are guides to the
eyes. In case of 150 h no discontinuities in R(T, p) could be resolved signaling the absence of a strong
first-order phase transition.

3.5. Influence of Disorder on the Metallic and Insulating States Nearby the Mott Transition

Next, we focus on the influence of disorder on the range close to the first-order Mott
metal-insulator transition. To this end, we include in Figure 7 contour plots of the resistance in a wide
T-p range for all three investigated irradiation times. The plots also contain the transition temperatures
into spurious (dark grey symbols) or bulk (light grey symbols) superconductivity. The colors represent
the absolute value of R on a logarithmic scale. This presentation of the data highlights two remarkable
aspects. First, the diagram shows how the superconducting state, observed in the immediate vicinity
of the metal-insulator transition in the pristine case, is affected by irradiation. Second, it discloses
a striking mirror symmetry along the Widom line (see below for detailed definition) for T > T,
which has been known from the pristine case [29]. In the latter case, this mirror symmetry has been
interpreted in terms of a quantum-critical scaling [28].
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insulator

log R (R)
6

p (MPa)

Figure 7. Experimentally determined T-p phase diagrams for a k-(BEDT-TTF),Cu[N(CN),]Cl crystal
of batch #5-7 after exposure to X-ray for 50h (a); 100h (b) and 150h (c). Data were extracted from
the resistance R measurements presented in Figure 5. Green symbols in (a,b) represent the first-order
transition line extracted from cooling as well as warming experiments, the black-edged big green
circle marks the second-order critical endpoint. After exposure to X-ray for 150 h (c) no discontinuities
in R(T,p) indicating a first-order phase transition could be resolved. White circles indicate the
temperature, below which a sizable hysteresis between warming and cooling was observed. White
hatched area is a guide to the eye for the hysteresis region, delimited by the white circles. Dark grey
symbols mark the entrance into a spurious superconducting (sp-sc) state. Light grey symbols indicate
the transition into a bulk superconducting (sc) state. Lines are guide to the eyes. The background
shows a contour plot of log(R(T, p)/Q). Dashed lines indicate three constant-resistance lines with
log(R/Q) =250, log(R/Q) =3Q and log(R/Q) =3.5Q.
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Concerning the superconducting properties of irradiated x-Cl, we find signatures for a bulk
superconducting dome as well as a range of spurious superconductivity in the T-p phase diagram for
all three irradiation doses. We use the term bulk superconductivity in cases where there is a sharp
drop of R at T sc below which the out-of-plane resistance reaches values R(T, p) < 1Qfor T < T
This contrasts with spurious superconductivity which manifests itself in a broad kink in R(T, p) at
low T without reaching a low resistance value, i.e., R(T, p) > 10 Q. After 50h (100h) of irradiation,
we find spurious superconductivity in the range 18 MPa < p <24MPa (10MPa < p <20MPa)
and bulk superconductivity in the range p > 25MPa (p >22MPa). Compared to the range of
spurious superconductivity of 20 MPa < p <28 MPa and bulk superconductivity of p > 30 MPa in
pristine x-CI [11], we find a significant shift of superconductivity to lower pressures upon increasing
irradiation dose. We note that the shift of the superconducting dome on the pressure axis is similar to
the shift of the first-order Mott metal-insulator transition line: The spurious superconducting phase
occurs in all cases on the insulating side of the Mott transition, whereas the bulk superconducting
phase can be found right on the metallic side. The fact that bulk superconductivity emerges as soon as
the insulator is suppressed by pressure indicates the strong connection between the metal-insulator
transition and superconductivity, also in disordered x-Cl. Surprisingly, even after 150 h of irradiation,
bulk superconductivity is observed in a wide p range despite the lack of clear signatures of a first-order
phase transition. However, superconductivity starts to occur in the regime where the resistance at
T > T,sc changes strongly in a narrow pressure regime. This result suggests that the existence of
superconductivity does not require a nearby strong first-order metal-insulator transition.

Besides the irradiation-induced shift of the superconducting dome on the pressure axis, the critical
temperature T, . is also affected by irradiation. By using the onset temperature of the drop in R(T) as a
measure of T¢sc, we find that the maximum T, s is reduced from 13K after 50 h of irradiation, to 12.7K
after 100 h and 12.2K after 150 h. At p = 100 MPa, the highest pressure of the present experiment, T s
is reduced from 12.3 K to 12.0K to 11.8 K upon increasing irradiation time from 50 h to 100 h to 150 h.
A similar reduction of T, s, upon irradiation was found also for x-(BEDT-TTF),Cu(NCS); [49,51], and
x-(BEDT-TTF),Cu[N(CN),]Br [50], both of which are located at ambient pressure on the metallic side
of the Mott metal-insulator transition. In the latter cases, this shift was interpreted to be incompatible
with a superconducting order parameter with one single component. This conclusion is consistent with
the result of a recent combined theoretical and experimental scanning tunneling microscopy study [57]
which found strong indications for an extended s + d,>_,» symmetry of the superconducting order
parameter in k-(BEDT-TTF),Cu[N(CN),]Br.

Now we turn to the analysis of resistance behavior in the high-T regime T >> T.. To this end,
we included in the contour plots in Figure 7 three dotted lines which represent constant R lines in
the phase diagram with log(R/Q) = 3.5, log(R/Q) = 3 and log(R/Q) = 2.5. The log(R/Q) = 3is
chosen such that it is very close to the resistance value along the Widom line which is determined
according to Refs.[28,29] as the inflection points of logR vs.p at T = const. For all three
irradiation doses, we find an extended range at T > T. where log R shows a mirror symmetry
along the Widom line. The notation of mirror symmetry here implies that the normalized resistance
log Ruorm (6p, T = const.) = |log R(p, T = const.) — 10g R(Puyigom, T = const.)|/ 10g R(Pepidom, T = const.)
with 6p = p — pwidom, 1-€., the resistance normalized to the value at the Widom line at pz,,,, are
identical on the low-pressure side of the Widom line (6p < 0) and the high-pressure side (6p > 0) for
a given pressure distance dp to the Widom line (10g Ryorm(—0p) = 10g Ruorm(dp)). The temperature
range of this symmetric log R(T, p) behavior is extended to lower T upon increasing irradiation:
After 150 h of irradiation this symmetry is visible down to T ~20K. As this mirror symmetry was
associated with signatures of quantum criticality for pristine x-Cl [29], the present data indicate
that irradiation can be an appropriate parameter to further suppress T, thereby expanding the
quantum-critical regime to somewhat lower temperatures. However, even after 150 h of irradiation,
it appears that T; is not fully suppressed to zero (see discussion of hysteresis above), so that more
disorder is required to fully suppress the second-order critical endpoint in x-Cl. In this situation, it is
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possible that quantum-critical signatures of the Mott transition can develop. However, it may well
be that in this case, the material’s properties are governed by disorder effects rather than quantum
criticality. For a detailed investigation of the potential quantum-critical scaling around the Widom line
and of the role of disorder on this scaling (see Ref. [58]), in-plane resistance measurements up to higher
T, as well as measurements of R as a function of p, similar to Ref. [29], are required.

4. Discussion

In the following, we discuss our experimental observations on the metal-insulator transition
for irradiated x-Cl in the context of theoretical results on the Mott-Anderson transition,
obtained from combining dynamic mean-field theory with different numerical implementations
of disorder [36,37,41,59].

One of the central results of the present work is the observation that the character of the Mott
metal-insulator transition remains essentially unchanged when disorder is introduced to a moderate
extent, corresponding to an irradiation time of about 100 h. This relates to the first-order character of the
phase transition, as revealed by thermal expansion and resistance measurements, and the second-order
critical endpoint of this line at (T;,p.). We showed that after 50 h of irradiation, strong lattice effects
dominate the critical behavior around (T, p.), similar to the pristine case [25]. Thus, we conclude that
exposure to X-ray for 50 h and 100 h induces a degree of disorder which is small enough to conserve
essential Mott properties. This interpretation is supported by theoretical results [37,41,59] which
indicate a sharp metal-insulator transition, accompanied by a sizable coexistence regime, at a critical
interaction strength U, at T = 0, similar to the clean Mott system.

However, even though retaining its first-order character, we find that the transition becomes
distinctly weaker upon irradiation, as evidenced by a significant shrinkage of the discontinuities in
the length change and resistance in the 50 h and 100 h irradiated samples, as compared to the pristine
ones. Moreover, after 150 h of irradiation, no discontinuity could be resolved in R(T, P) anymore,
implying a significant change of the character of the Mott transition. These observations are in line
with theoretical predictions: The calculations reveal a sizable reduction of the size of the coexistence
region upon an initial increase in disorder [37], reflecting the weakening of the first-order transition.
In addition, recent finite-temperature calculations suggest a sudden drop of T. to zero [41] and a
continuous change from a metal to an insulator above some critical value of the degree of disorder.
The present data do not allow to conclude that the character of the transition changes from first to
second order. However, it seems likely that a critical level of disorder, above which the discontinuous
first-order character of the Mott transition is suppressed, is attained in x-Cl between 100 h and 150 h of
irradiation. To investigate the character of the phase transition above 100 h of irradiation, a detailed
study of the size of the coexistence region for different disorder levels can be helpful. Such a study
has to include pressure-dependent hysteresis measurements around the metal-insulator transition,
as explained in detail above.

Furthermore, we find a continuous shift of the first-order Mott transition line to lower pressures
on going from the pristine sample to the ones with 50 h and 100 h irradiation time. This decrease of
pe corresponds to an increase of the critical correlation strength (U/W),. Theoretically, it has been
predicted that disorder widens the Hubbard bands which causes an increase of spectral weight at
the Fermi level [37]. As a result, a larger U is required for opening the Mott gap, equivalent to the
experimentally-observed increase in (U/W).. This situation, where disorder induces a finite spectral
weight in the clean Mott gap, has been labeled as the soft Coulomb gap scenario [38,60]. Thus, the present
results are consistent with the scenario that disorder changes the fully-gapped Mott insulator x-Cl to a
Mott insulator with a soft Coulomb gap. We note that a similar conclusion was drawn from the analysis
of optical conductivity data on the same compound after irradiation [48] as well as from scanning
tunneling microscopy studies of the normal-state density of states in x-(BEDT-TTF),Cu[N(CN),]Br
even in its pristine form [61]. At the same time, our finding points towards a possibility to estimate the
degree of disorder for a given sample of x-Cl by measuring the position of the first-order transition line
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in the T-p phase diagram. However, as this approach is unable to provide an absolute measure of the
degree of disorder, it allows only to compare the relative disorder level of different crystals. Concerning
the effect of disorder on the critical temperature T of the second-order critical endpoint of the Mott
transition, we observe a significant suppression of T, by a few Kelvin upon increasing the irradiation
up to 100 h. Also this trend is consistent with the results of finite-temperature calculations [41,59] on a
strongly correlated electron system with weak disorder.

On a qualitative level, the experimental results agree well with all presently available theoretical
predictions for the metal-insulator transitions within the Mott-Anderson model. For a more
quantitative comparison, which is required to distinguish between the different theoretical calculations,
however, a detailed characterization of the disorder is required. This includes information on the
nature, the concentration and spatial distribution of the disorder [62]. According to infrared absorption
measurements on x-(BEDT-TTF),Cu[N(CN),|Br (see Figure 2 in Ref. [48]), exposure to X-ray with a
dose rate of 0.5MGy/h, as used in the present work (see Methods Section 2), destroys C-N bonds in
the anion layer at a rate of ~10-20 % per 50 h of irradiation. Another sensitive probe on the degree
of disorder is the residual resistivity ratio (RRR). Our data of the resistivity reveal a decrease of the
RRR = R(65K)/R(12K) in the metallic phase at 100 MPa upon irradiation from RRR = 41 after 50 h
irradiation to ~24 after 100 h and ~18 after 150 h. This observation is fully consistent with an increase
of disorder upon irradiation. Open questions relate on the one hand to the penetration depth of the
X-ray photons and the resulting spatial distribution of the introduced disorder. Besides that, a deeper
understanding of the interaction between the disorder in the anion layers and the delocalized electrons
in the BEDT-TTF layers seems necessary for a comparison with theoretical results which consider
disorder embedded directly in the electronic system.

Finally, we would like to point the attention towards interesting future research directions
in the field of correlated electrons in the presence of disorder. As mentioned above, the present
data suggest the possibility to suppress the critical endpoint significantly after 150 h of irradiation
suggesting the possibility to fully suppress T, to zero at even higher irradiation. In this situation,
it would be of high interest to investigate how the quantum-critical signatures, observed in the
pristine case only at higher T, evolve towards lower temperatures [58]. In addition, the interplay
of charge- with spin- degrees of freedom in the limit of strong disorder and strong correlations [39],
as represented by the data set taken after 150 h irradiation, hold promise for interesting new physics.
This is demonstrated, e.g., in experiments on «x-Cl after 500 h of irradiation where long-range magnetic
order is replaced by a state with spin-liquid properties [53]. In the present study, we did not investigate
the magnetic properties of the irradiated samples. However, it has been known that the inflection
point of the first-order transition line Tys;(p) at T ~ 27K in the pristine case is connected to the
occurrence of long-range magnetic ordering due to entropy reasons [63,64]. As demonstrated in
Figure 6, the inflection point of Ty (p) shifts to lower temperatures upon increasing irradiation up to
1001, indicating a lowering of the magnetic ordering temperature. This is consistent with previous
reports of the decreased magnetic ordering temperature in irradiated samples of x-Cl at ambient
pressure [65]. To investigate this ordering at higher irradiation, where disorder causes a change of the
character of the Mott transition, and its interplay with the metal-insulator transition, we suggest to
study the magnetic properties of strongly irradiated x-Cl under pressure.

5. Conclusions

In summary, we have studied the effect of X-ray-induced disorder on the Mott metal-insulator
transition for the organic charge-transfer salt x-(BEDT-TTF),Cu[N(CN);]Cl. The application of
hydrostatic He-gas pressure allowed us to fine-tune the system across the Mott transition. Our main
findings, based on thermal expansion and resistance measurements, include (i) strong lattice effects
around the Mott transition after irradiating the system for 50 h;, (ii) a line of first-order transitions which
ends in a second-order critical endpoint after 50 h and 100 h irradiation with a significant lowering of
the critical temperature T, and the critical pressure p. upon increasing irradiation and (iii) a change
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of the character of the Mott transition for 150 h irradiation where no discontinuous signatures of
a first-order phase transition could be detected despite the presence of a small thermal hysteresis.
The results (i) and (ii) reveal a very similar behavior of the irradiated samples to the pristine case,
i.e,, a strong coupling of the lattice to the electronic degrees of freedom close to the second-order
critical endpoint. This observation speaks in favor of a dominant Mott character even after 50 h
and 100 h of irradiation indicating that the Mott transition in x-(BEDT-TTF),Cu[N(CN);]Cl is stable
against the introduction of a small degree of disorder. The reduction in p. and T, after irradiation is
fully compatible with theoretical predictions of the phase diagram for the Mott-Anderson transition.
The latter indicate a larger critical U to open the Mott gap due to a disorder-induced increase of spectral
weight at the Fermi level, corresponding to a smaller p.. Thus, our experimental results are fully
consistent with the theoretically predicted soft Coulomb gap scenario for a strongly correlated electron
system with small amount of disorder. In addition, result (iii) reflects the strong weakening of the
first-order character of the metal-insulator transition upon increasing irradiation which eventually
may turn the transition into a crossover between the insulator and the metal. For future investigations
and a more quantitative comparison between theory and experiment, a detailed knowledge of the
spatial distribution of X-ray-induced disorder in the anion layer and its interplay with the electrons in
the BEDT-TTF layer is necessary.

Besides the investigation of the metal-insulator transition at low T, we were able to show that
superconductivity close to the metal-insulator transition prevails for all investigated disorder levels.
The superconducting dome shifts similarly to the first-order metal-insulator transition to lower p
upon irradiation. Future studies on the interplay of the charge with spin degrees of freedom, and the
potential quantum-critical signatures when T, is further suppressed, hold promise for interesting new
physics in the field of strongly correlated electrons in the presence of disorder.
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Abstract: Quasi-two-dimensional Mott insulators based on BEDT-TTF molecules have recently
demonstrated a variety of exotic states, which originate from electron—electron correlations and
geometrical frustration of the lattice. Among those states are a triangular S = 1/2 spin liquid
and quantum dipole liquid. In this article, we show the power of Raman scattering technique to
characterize magnetic and electronic excitations of these states. Our results demonstrate a distinction
between a spectrum of magnetic excitations in a simple Mott insulator with antiferromagnetic
interactions, and a spectrum of an insulator with an additional on-site charge degree of freedom.

Keywords: spin liquid; Raman scattering; BEDT-TTF

1. Introduction

In recent years, a number of materials with very interesting properties produced by electronic
correlations have been found among organic conductors and insulators. For example, they present a
model to study a bandwidth-controlled transition from Mott insulator to a metal and superconductor,
which can be tuned by hydrostatic or chemical pressure in these materials [1,2]. An importance of
these studies outside of the community working directly on organic conductors is demonstrated,
for example, by the fact that this bandwidth-controlled phase diagram shows a lot of similarity to a
doping-dependent phase diagram of electron-doped cuprate superconductors [3].

Recently, much attention was focused on magnetic properties of organic-based Mott insulators
on frustrated square and triangular lattices [4]. The number of spin liquid candidates [5-12] with
S =1/2 on a triangular lattice found among these materials is larger than among inorganic compounds.
Moreover, intriguing ferroelectric properties of spin liquid candidates [13-16], and recently a quantum
dipole liquid state [17] were observed for the x-phase BEDT-TTF-based compounds, where BEDT-TTF
stands for bis(ethylenedithio)tetrathiafulvalene. These results suggest an importance of a charge
degree of freedom in the Mott insulator state. Theoretical models [18,19] go beyond the simple Mott
insulator model that was previously used to describe these materials, and discuss coupling of the
charge degree of freedom to spins. In some of the theoretical work, this charge degree of freedom and
related effects were discussed within the Kugel-Khomskii model, suggesting a similarity to an orbital
liquid [20]. Some of the results still present a conflicting picture; for example, while ferroelectricity

Crystals 2018, 8, 233; doi:10.3390/ cryst8060233 207 www.mdpi.com/journal/crystals



Crystals 2018, 8, 233

was detected for x-(BEDT-TTF),Cuy(CN)3, no evidence of charge disproportionation which would
lead to electric dipoles was found [21].

Despite their complicated crystal structure, the electronic structure of these compounds is
relatively simple. The layers of the positively charged BEDT-TTF molecules are sandwiched between
layers of anions. The anion layers serve as charge reservoirs, but their geometry also influences
the structure of the conducting BEDT-TTF layers to some extent. Most of the models which discuss
properties of these systems work in an approximation in which electronic and magnetic properties of a
material are basically defined by the properties of the BEDT-TTF-based cation layers, the interactions
between these layers are very weak if present. These layers can be approximated by a two-dimensional
arrangement of “sites”. For x-phase materials discussed in this paper, the cation layer can be mapped
on a lattice of molecular dimer sites (BEDT-TTF); ! carrying charge 1le and spin 1/2. With high values of
electronic correlations U /t, where U is on-cite repulsion and ¢ is transfer integral, these compounds are
Mott insulators, and their properties are described by the Hubbard model on 2D square or triangular
lattice at half-filling [4,22]. The latter model ignores a possibility of an active intra-dimer degree
of freedom, which recently has been found important in some cases [17,18,20]. In a limiting case,
the presence of the intra-dimer charge degree of freedom breaks the half-filled model, and a system
has to be regarded as 1/4-filled [19].

In general, much information about a state of matter comes from a knowledge of its excitation
spectrum. For example, a lot of our understanding of charge degrees of freedom in organic conductors
and insulators is based on the studies of their spectrum of charge excitations. This information was
obtained by optical spectroscopy and compared to the calculations on the Hubbard model [2,23].
Measurements of a spectrum of magnetic excitations for organic materials showing interesting
magnetic properties present more challenges. A characterization of a spin state by neutron scattering,
which by now became a standard tool to study magnetic systems, still has not been performed
for these materials due to complicity of the measurements. Until recently, conclusions on the spin
liquid behavior in organic Mott insulators on triangular lattice [12] were based on measurements of
magnetization, which would suggest | of about 250 K for spin liquid candidates but no magnetic
order [24], thermoelectric transport [25] which reveals the presence of mobile excitations assigned
to spinons, heat capacity [12], and NMR [26]. However, it is important to directly probe magnetic
excitations and obtain the value of ]. Also, itis necessary to show that a description of these complicated
molecular-based compounds by a simple model of 2D triangular lattice of sites with S = 1/2 is valid.
Inelastic light scattering technique, so-called Raman scattering, is able to provide this information.
This technique is widely used to study magnetic excitations in inorganic systems [27,28]. For example,
Raman scattering experiments were a source of information about values of exchange interactions | in
cuprate superconductors [29]. Additionally, polarization dependence of magnetic Raman response is a
probe of dimensionality and symmetry of a spin system [28,30].

While few different processes can be excited by light in a magnetic system, here we will focus
on so-called “exchange Raman scattering” [31], expected in all Heisenberg antiferromegnets (AF).
A schematic illustration of this process is presented in Figure 1 for an antiferromagnetically ordered
chain. An excitation light of a laser with a frequency w;, induces an exchange of electrons with opposite
spins between the neighboring sites i and j of the two different magnetic sublattices. As a result, a pair
of magnons with energies Ej; = fiwps and wavevectors g and g’ so that g 4+ ¢’ = 0 is excited. The total
energy costs of this process is Expr = fiwop, thus inelastically scattered light with frequency wy, — wom
is emitted and collected by a spectrometer. The presented picture describes local excitations and
explains sensitivity of the method to short range magnetic correlations. All pairs of magnons with
g+ ¢ = 0 can be excited, as a result for a system with a long range order the two-magnon Raman
spectrum presents a weighted integration of magnon excitations over a Brillouin zone and reflects the
renormalized magnon density of states. The position of a two-magnon peak is a direct measure of a
magnetic exchange | [29,31]. In the absence of geometrical frustration the peak appears approximately
at energy Exy= J25(z — 1), where S is a spin value, and z is a number of nearest neighbors. Epps can
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be re-normalized by magnon-magnon interactions. Importantly, a polarization of light in which the
excitations are observed is not defined by an easy axis, but by a vector ¢; ; connecting sites i and j of
the two different sublattices between which the exchange excitation occurs. Nevertheless, polarization
dependence of a two-magnon band in an ordered state reveals the symmetry and dimensionality of
the order [28,29].

(b)

“h N :
Vo) d
Nty @

creation of two magnons Jy .,
with frequency o,,
P TR
light with frequency ®,-2wy,
is emitted

\Ni%

Figure 1. (a) A scheme of excitation of pairs of magnons in an antiferromagnetic chain; (b) A schematic
view of a structure of BEDT-TTF-layer of a x-phase crystal as a model of S = 1/2 sites on a frustrated
square lattice.

Theoretical calculations of a magnetic Raman response relevant to organic conductors describe
two-magnon excitations on a square and triangular lattice [32,33]. These calculations suggest that as a
result of a geometrical frustration, the two-magnon Raman response on a triangular lattice is shifted to
lower frequencies compared to the square lattice and looses the distinct polarization dependence of a
square lattice, where it is observed only in By, scattering channel. Both mentioned calculations for
a triangular lattice are relevant to a situation where a ground state of an isotropic triangular lattice
system is a classical 120° order. Spin excitations spectra were calculated for a model of a triangular
lattice with a ring exchange, which actually can produce a spin liquid behavior [34]. While specifically
Raman response was not yet calculated, it is clear that in this case, Raman scattering would show a
continuum below approximately 4].

Publications presenting magnetic Raman scattering in organic conductors started to appear only
recently. In this paper, we would like to give an overview of our results on the Raman spectra of
magnetic excitations which we observed in a number of x-phase organic conductors. They demonstrate
a striking difference between materials which can be described by a model of a Mott insulator on
a frustrated square or triangular lattices with S = 1/2 per lattice site, and a more complicated
situation, when the intra-dimer charge degree of freedom becomes active, resulting in a quantum
dipole liquid [17]. In Section 4 we will compare our results to the existing literature data on other
organic spin liquid candidates.

2. Materials and Methods

Raman scattering spectra of single crystals of x-(BEDT-TTF),Cu[N(CN),]Cl, x-(BEDT-TTF),
Cu[N(CN),]Br, and x-(BEDT-TTF),Hg(SCN),Br were measured from the plane parallel to BEDT-
TTF layers in pseudo-Brewster angle geometry. Measurements were done using T64000 triple
monochromator spectrometer equipped with the liquid N; cooled CCD detector. For the measurements
in the 10400 cm~! range T64000 in triple monochromator configuration was used. The low
frequency cut off was determined by the excitation used and a size of a measured crystal. Crystals of
x-(BEDT-TTF),Hg(SCN),Br were not larger than 1 mm by Imm in the (b, ¢) plane, the lowest measured
frequency for these crystals was 20 cm™!. For the measurements in the range 100-2000 cm ™! single
monochromator configuration with the edge filter option was used. Spectral resolution was 2 cm ™.
Lines of Ar"-Kr* Coherent laser at 514.5 nm and 647 nm where used for excitation. Laser power
was kept at 2 mW for the laser probe size of approximately 50 by 100 um. This ensured that the
laser heating of the sample was kept below 2 K. Measurements at temperatures down to 10 K were
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performed using Janis ST500 cold finger cryostat. Cooling rates used were between 0.2 and 0.5 K/min.
The samples were glued on the cold finger of the cryostat using GE varnish. The experiments were
performed on at least 6 samples to ensure reproducibility of the results. The crystals were oriented
using polarization-dependent Raman scattering measurements.

For the measurements, electrical vector of excitation e;, and scattered eg light were polarized along the
in-plane crystallographic axes (2 and ¢ for x-(BEDT-TTF);Cu[N(CN),]Cl and x-(BEDT-TTF),Cu[N(CN),]Br,
and b and c axes for x-(BEDT-TTF);Hg(SCN),Br). Our notations of polarizations refer to the structure and
symmetry of the BEDT-TTF layer, to make an easy comparison to the calculations which refer to Dy, [29]
without loosing the information about the symmetry of the real crystal. Thus A, symmetry corresponds
to measurements in (b, b) and (c, c) geometries, and By, corresponds to (b, c) and (c, b) geometries (xy).
All spectra were corrected by the Bose-Einstein thermal factor.

Raman spectra of organic conductors are a complicated spectra with an overlap of molecular
vibrations, lattice phonons, some effect of electron-molecular vibrational coupling, electronic
and magnetic excitations, and luminescence. At this point vibrational contributions [35,36] and
luminescence [37] are well understood and can be subtracted from the spectra. In order to do so
we fitted the phonons with the Lorentz functions, and luminescence with broad Lorentz bands
located at 5000 cm ™! for all materials, and additionally a weaker band located at 3000 cm ™~ for Mott
insulators, basing on the results of Ref. [38]. For the materials of x-Cu family, the identical luminescence
contribution, normalized on the phonons intensity, was subtracted from all the spectra.

3. Results

An overview of the Raman spectra of the four discussed x-phase compounds x-(BEDT-TTF),
Cu[N(CN),]Cl, k<(BEDT-TTF), Cu[N(CN),]Br, x-(BEDT-TTF),Cu,(CN)3, and x-(BEDT-TTF),Hg(SCN),Br
is presented in Figure 2. We show the data obtained at low temperatures around 10 K for two
polarizations which would correspond to Ajg and By, scattering channels in a square magnetic
unit cell of k-(BEDT-TTF);Cu[N(CN),]Cl (Figure 1b). The range from 100 to 1600 cm~! covers the
frequency range where we can observe two-magnon continuum for a square lattice with | of around a
few hundred kelvin.

The insets in Figure 2 show original data, and reveal a complicated picture. Multiple narrow bands
observed in the spectra belong to molecular vibrations of BEDT-TTF and lattice vibrations [35,36]. They
are superimposed on a background which consist of luminescence [38], possible electronic excitations,
and magnetic excitations. A spectrum of phonons which do not interact with electronic and magnetic
degrees of freedom is easy to interpret and subtract from the original data. While a maximum of
luminescence is observed at much higher frequencies of 3000 cm~! for all the compounds, it does
appear in the spectra as a nearly linear background with different intensity for these four materials.
Luminescence shows the larger intensity in polarizations, where electrical vector ey of the excitation
light is parallel to the crystallograpic direction which has a projection of the long axis of BEDT-TTF
molecule, thus we always selected polarizations with the smaller luminescence intensity. An additional
luminescence signal comes from a maximum at around 5000 cm ™! [38], and apparently belongs to the
response of an anion layer. It is much stronger in x-(BEDT-TTF),Hg(SCN),Br spectra.

In cross-polarization (B, scattering channel) we could successfully disentangle luminescence
and the electronic or magnetic background, but in Aj¢ scattering channel of x-Cu-family materials
some higher-frequency component is left. This can be an electronic response of a system, for example
transitions between Hubbard bands. For Dy, symmetry which we use to approximate the structure
of k-phase BEDT-TTF layer, electronic contribution would be present in both A and By, channels,
while absent in By, [29,38]. Since electronic response in Ay, scattering channel is proportional to
the intensity of electronic transitions integrated over the whole BZ [29], the electronic contunuum is
typically more intense in Ay, channel [39].
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In most cases, a distinct polarization dependence and frequency range of magnetic excitations
allow to separate them from other contributions. In the relevant section, we will discuss a particular
difficulty of the analysis of the data in Ay scattering channel for x-(BEDT-TTF);Cua(CN);.
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Figure 2. Low temperature Raman spectra for the discussed x phase materials in the spectral
range between 100 and 1600 cm ™! in polarizations corresponding to Ajg and Byg in Dy, symmetry.
The insets show original data, the main figures show data with phonons and luminescence contribution
subtracted. The resulting spectra, containing magnetic and, possibly, electronic contributions are
plotted (a) Spectra of x-(BEDT-TTF),Cu[N(CN),]|Cl at 7 K. Note the broad maximum in B;; symmetry
between 100 and 700 cm™!; (b) Spectra of x-(BEDT-TTF),Cu[N(CN),]Br at 10 K. Note the broad
maximum in Byy symmetry between 100 and 700 cm !, similar to x-(BEDT-TTF),Cu[N(CN),]Cl;
(c) Spectra of x-(BEDT-TTF),Cuy(CN)3 at 6 K. The continuum extends from about 600 em~! to
the lowest measured frequencies, no gap in magnetic spectrum can be identified, in contrast
to x-(BEDT-TTF);Cu[N(CN)>]Cl and x-(BEDT-TTF);Cu[N(CN);]Br. The dashed line shows A,
contribution of x-(BEDT-TTF),Cu[N(CN),]Br for comparison, which makes clear the presence of
an additional intensity below 600 cm™! in A4 ¢ for k-(BEDT-TTF);Cup(CN)3, which we attribute to
magnetic excitations; (d) Spectra of x-(BEDT-TTF),Hg(SCN),Br at 10 K, the spectra do not show major
differences between Aj¢ and By channels in the discussed range, no continuum of magnetic excitations
is observed.

3.1. Magnetic Excitations on a Frustrated Square Lattice: From a Mott Insulator with an Antiferromagnetic
Order to a Metal with Antiferromagnetic Fluctuations

A simple and well-understood example of magnetic excitations in an organic Mott insulator
are spectra of an AF state for x-(BEDT-TTF),Cu[N(CN),]Cl (Ty = 27 K). In the Raman
response of this compound (see Figure 2a) we observe a broad maximum between 200 and
700 cm~! only in (a,c) polarization, which corresponds to By symmetry of the magnetic unit
cell in k-(BEDT-TTF),Cu[N(CN),]Cl (see Figure 1b). This maximum is absent in (c,c) spectra,
which correspond to Aj, symmetry (Figure 2a), as well as in Byg [38]. This polarization dependence
coincides with the theoretical expectations for a two-magnon response of AF order on a square
lattice. Any electronic excitations due to correlation effects would be observed both in Aj, and
By, channels [29] and are expected at higher frequencies [2]. The contribution observed in (c,c)
polarization is a good candidate for the electronic contribution to the spectra. In Ref. [32] two-magnon
Raman response of an AF on a frustrated square lattice described by a Hubbard model was calculated
depending on the frustration parameter J'/J. For J'/] = 0.22 [38] a two-magnon excitation would be
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observed in By, polarization only, with a maximum at about 2.5]. This provides us an estimate of
] =250 K, close to that obtained from the fit of magnetization [24].

The x-(BEDT-TTF),Cu[N(CN);]Br metal with superconducting transition below T = 11.5 K
demonstrates electronic parameters very similar to that of x-(BEDT-TTF),Cu[N(CN),]Cl. Only a
small decrease in U/t value is responsible for tuning this material into metallic and superconducting
states [4]. While electronic spectra of these compounds are very different, reflecting the difference in
the charge ground states [2], k-(BEDT-TTF),Cu[N(CN),]Cl and «-(BEDT-TTF),Cu[N(CN),|Br show
an amazing similarity in the spectrum of magnetic excitations (see Figure 2b), which has a similar
position, shape, and polarization dependence. It is therefore natural to assign the maximum present in
the spectra of x-(BEDT-TTF),Cu[N(CN),]Br between 200 and 700 cm ™~ only in By ¢ scattering channel,
to magnetic excitations due to local AF correlations. The presence of AF fluctuations below 200 K in
x-(BEDT-TTF),Cu[N(CN),|Br was observed also by other methods [40].
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Figure 3. (a,b) Temperature dependence of Raman spectra of x-(BEDT-TTF), Hg(SCN),Br in the range
below 300 cm~ ! in (a) Ag ¢ scattering channel; and (b) By, scattering channel, intensity is multiplied by
the factor of 4; (c) Polarization dependence of the low-frequency spectra for x-(BEDT-TTF),Hg(SCN),Br
at 4 K; (d) Polarization dependence of low frequency spectra of k-(BEDT-TTF),Cu[N(CN),]Br at 14 K.
Note the absence of the broad mode with the maximum at about 40 cm ™.

To summarize, as a whole, Raman spectra of magnetic excitations in x-(BEDT-TTF),Cu[N(CN),]Cl
and x-(BEDT-TTF),Cu[N(CN);]Br are in agreement with the calculations for an AF on a frustrated
square lattice with S = 1/2, and reproduce the value of | received from magnetization measurements.
Some details of temperature and U/t dependence of the spectra are unconventional. (i) An extreme
similarity between magnetic excitations of an AF ordered x-(BEDT-TTF),Cu[N(CN),]Cl and metallic
x-(BEDT-TTF),Cu[N(CN);]Br with AF fluctuations is unexpected. Typically, in a metallic state next to
a Mott insulator, where AF fluctuations survive, a two-magnon peak is broadened and shifted down
in frequencies due to the interactions with charge carriers [29]; (ii) As we have shown in Ref. [38],
the two-magnon peak fully forms in x-(BEDT-TTF),Cu[N(CN),]Cl at around 50 K, and does not
change when the material is cooled through the ordering transition at Ty = 27 K. This is in contrast to
the majority of magnetic materials, where the two-magnon peak would shift to higher frequencies
and become more narrow below Ty [27]. While the details of this behavior still need an explanation,
it is clear that two-dimensional magnetic interactions, and high energy scale of | compared to the
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temperature of ordering and to the energy scale where charge carriers are observed, lie at the origin of
these effects.

3.2. Mott Insulator on a Triangular Lattice: x-(BEDT-TTF),Cup(CN)3

The overall spectra of k-(BEDT-TTF);Cu,(CN)3 are similar to that of the two materials discussed
above, but show a difference in the position of the band assigned to the two-magnon excitations.
In the spectra of x-(BEDT-TTF),Cuy(CN); in (a,c). polarization (Figure 2c) we observe a broad
feature below approximately 600 cm~! which we assign to magnetic excitations. Interestingly,
the band of magnetic excitations is extended to much lower frequencies than in the less frustrated
materials x-(BEDT-TTF),Cu[N(CN);]Cl and x-(BEDT-TTF),Cu[N(CN),|Br, and is still present at the
lowest measured frequency of 50 cm~!. The low frequency shift of the two-magnon peak is in
a good agreement with a calculation of the two-magnon peak position for a model of S = 1/2
on frustrated square lattice with frustration value of J'/] = 0.64 [32,41]. Assuming the value of
| value of k-(BEDT-TTF);Cuy(CN)s close to that of x-(BEDT-TTF),Cu[N(CN),]Cl, the center of
two-magnon peak should shift to about 230 cm~!. However, this calculation discusses a classical
picture of 120° order as a ground state of an AF on an isotropic triangular lattice, which is not the
case for x-(BEDT-TTF),Cuy(CN)3z. Another recently discussed explanation of a spin liquid state in
x-(BEDT-TTF);Cuy(CN)3 is a model of a triangular lattice with a ring exchange [34]. Ring exchange is
suggested as the largest exchange of the next order beyond a nearest neighbor exchange | and destroys
the ordered ground state. A spectrum of magnetic excitations of this spin liquid state is discussed in
Ref. [34], and would produce a continuum of excitations below about 4]. We observe a continuum of
excitations in x-(BEDT-TTF),Cuy(CN)3 spectra below 600 cm~1, which gives an estimate of ] of about
215 K, in a good agreement with other measurements. While producing different low temperature
states, these two models agree on a starting model of a S = 1/2 AF on triangular lattice, with no active
charge degree of freedom.

Calculations [32,33] predict a loss of anisotropy between the two-magnon continuum in By,
and A, scattering channels for an isotropic triangular lattice. We find that this loss of polarization
dependence makes it more challenging to separate magnetic excitations from possible electronic and
luminescence background in Ajg scattering channel. A work of Nakamura et al. [41] suggest small
intensity of magnetic Raman scattering in this channel. Indeed, using a fit of luminescence background,
parameters for which is very difficult to restrict, one receives a very low intensity of magnetic scattering
in Ajq. On the other hand, a comparison of (¢, c) spectra with that of x-(BEDT-TTF),Cu[N(CN),]Br
and x-(BEDT-TTF),Cu[N(CN),]Cl suggest an additional intensity in x-(BEDT-TTF),Cuy(CN);3 spectra
at low frequencies (see Figure 2), which we assign to magnetic excitations. At this point, the error bars
for the intensity of magnetic excitations in A, g scattering channel are large, but the presence of these
excitations is in agreement with the symmetry of the lattice.

3.3. Charge Degree of Freedom in a Mott Insulator: k-(BEDT-TTF),Hg(SCN),Br

x-(BEDT-TTF),Hg(SCN),Br shows x-phase structure, where the layer formed by the
(BEDT—TTF);r 1 dimers is well approximated by an anisotropic triangular lattice with the ratio of
t'/t at least as high as for x-(BEDT-TTF),Cuy(CN)s. In a Mott insulator, where | is estimated as
J = 412 /U, this would result in a similarly high magnetic frustration. Calculations carried out for an
iso-structural x-(BEDT-TTF),Hg(SCN),Cl compound suggest values of ¢ and ' similar to Cu-based
x-phases, but a slightly lower degree of dimerisation [37,42]. Contrary to the expectation based on a
model of a Mott insulator with S = 1/2 on a triangular lattice, no continuum of magnetic excitations
in the range between 100 and 700 cm ! is observed in the spectra (see Figure 2d).

The reason for this difference is an “active” intra-dimer degree of freedom. Indeed, in contrast
to the compounds discussed in the previous section, x-(BEDT-TTF),Hg(SCN),Br shows an evidence
of fluctuating intra-dimer charge detected by vibrational spectroscopy [17]. Respectively, a different
collective excitation with a maximum at around 40 cm ! is found in the spectra of this compound.
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It appears in both polarizations at temperatures below the Mott transition [43] at 80 K (Figure 3a,b).
This excitation is attributed [17] to a collective excitation of dipoles fluctuating on (BEDT-TTF); !
dimers in the insulating state of x-(BEDT-TTF),Hg(SCN),Bz, forming “quantum dipole liquid”.

Additional understanding of the low frequency region of the spectra comes from a comparison
of spectra of x-(BEDT-TTF),Cu[N(CN),|Br at 14 K with the spectra of x-(BEDT-TTF),Hg(SCN),Br in
this range (Figure 3¢,d) at the lowest measured temperature of 4 K. For x-(BEDT-TTF),Cu[N(CN),]Br
this frequency range is below the range where magnetic excitations are observed, but above spectral
range where the superconducting gap can appear [29], thus we do not expect any electronic or
magnetic excitations. In the Raman spectra at low frequencies of BEDT-TTF-based compounds we
typically observe bands of vibrations of the BEDT-TTF molecule down to approximately 100 cm ™! [35].
They are found at similar frequencies for various BEDT-TTF-based crystals, for example bands at
around 250 cm~! and a phonon at 125 cm~!, observed for both x-(BEDT-TTF),Hg(SCN),Br and
x-(BEDT-TTF),Cu[N(CN);]Br (Figure 3c,d). The phonons in the range below approximately 100 cm
are lattice vibrations [36]. Their frequency depends on the details of the structure of the crystals,
including that of the anion. For x-phase BEDT-TTF-based crystals similar modes exist, for example
modes at about 50 and 75 cm ™!

For x-(BEDT-TTF),Hg(SCN),Br in Ay, , the intense low frequency phonons are superimposed
on a broad background mode of dipole fluctuations [17]. The collective excitation is not coupled
to the Ay, phonons. This fact allows us to subtract the phonons from the original spectra in
order to extract the information about the mode itself [17]. In Bjg polarization, the spectrum of
k-(BEDT-TTF),Cu[N(CN),Br is overall flat with weak phonon bands below 40 cm~ L. In contrast,
the spectra of x-(BEDT-TTF),Hg(SCN),Br show the background mode, and asymmetric bands of
phonons at about 40 and 80 cm ™. These asymmetric Fano shape of the phonons evidences for the
coupling of these phonons with the underlying continuum, which makes it challenging to separate the
phonons and the collective mode contributions.

At this point, there are no calculations which address the origin of the excitation observed in the
low-frequency spectra of xk-(BEDT-TTF),Hg(SCN),Br, and its assignment to the collective excitation
of dipoles localised on (BEDT—TTF);rl dimers is based on experimental data. Thus, the symmetry
of this excitations, and the involvement of spin excitations are not yet understood. However,
an identification of the phonons which are coupled to this excitation are important. Lattice phonons
can define the formation of a low-temperature state by modulation of transfer integrals which define
magnetic exchange |, as well as the U/t and V /t correlation values which are important for electric
dipole formation.

are present in the Aj¢ scattering channel for both compounds.

4. Discussion

We present our results on the Raman spectra of four x-phase BEDT-TTF-based compounds.
While Raman spectra of these materials are very rich, our discussion focuses on magnetic
Raman excitations. These x-phase materials have very similar structures of BEDT-TTF layers,
with well-defined dimers of (BEDT-TTF); ! molecules forming frustrated square or anisotropic
triangular lattices. Our data reveal a presence of magnetic Raman excitations in the frequency
range of 50-700 cm~! in the spectra of AF ordered x-(BEDT-TTF),Cu[N(CN),]Cl, metal with
AF fluctuations x-(BEDT-TTF),Cu[N(CN);]Br, and spin liquid candidate x-(BEDT-TTF),Cuy(CN)s.
These excitations can be understood within a model of an AF Mott insulator with S = 1/2.
For x-(BEDT-TTEF),Cu[N(CN);]Cl and x-(BEDT-TTF),Cu[N(CN),]Br polarization dependence
supports an approximation of the magnetic structure by a weakly frustrated square lattice. Position of
the continuum of magnetic excitations in the spectral region of around 200-700 cm ™~ is in agreement
with the estimate of | of about 250 K. Excitations in x-(BEDT-TTF),Cuy(CN)3 spectra are shifted down
in frequency, as expected for a triangular lattice, and are observed down to the lowest measured
frequencies, suggesting a broader continuum than for the other two materials. In addition to a simple
model of S = 1/2 on a triangular lattice with AF nearest neighbor interactions, and a triangular lattice
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with nearest neighbor and ring exchange, a recent work [44] suggested a dynamic low-dimensionality
of the magnetic interactions in x-(BEDT-TTF),Cuy(CN); as an alternative explanation for the spin
liquid behaviour. One of the ways to distinguish which model describes well x-(BEDT-TTF),Cu,(CN)3
is to reproduce the Raman spectra of magnetic excitations for this system. Importantly, all these models
developed for x-(BEDT-TTF),Cu,(CN)3 do not include an on-site charge degree of freedom.

Another recently suggested spin liquid candidate which belongs to the family of organic Mott
insulators on a triangular lattice is k-(BEDT-TTF), Agy(CN)3. Magnetic Raman scattering spectra of
this material are presented in Ref. [45], and show a lot of similarity to x-(BEDT-TTF),Cuy(CN)3, with a
continuum of magnetic excitations found below about 600 cm~!. These data suggest that this system
also fits into the model of (BEDT—TTF);r T dimer sites with S =1/2 on a triangular lattice.

Unexpectedly, x-(BEDT-TTF),Hg(SCN),Br shows a completely different spectrum of excitations.
The fact that no continuum of magnetic excitations was found in the spectral range 50-600 cm ™! in its
Raman spectra immediately suggested that a simple description of a Mott insulator with a triangular
lattice of dimer sites with S = 1/2 and | of about 250 K fails in this case. Instead, a collective mode
at much lower energies below 100 cm~! appears in the low temperature spectra, with polarization
dependence suggesting an electronic origin of the mode. We have shown in Ref. [17] that this mode
is a collective excitation of dipoles fluctuating on (BEDT-TTF); ! dimer sites. An absence of the
two-magnon band is also recorded for x-(BEDT-TTF),Hg(SCN),Cl, a compound basically isostructural
to x-(BEDT-TTF), Hg(SCN),Br but showing a charge ordered state below T = 30 K [17].

A similar picture was observed in the spectra of B’ materials based on the Pd(dmit), molecule [46].
While an AF ordered MeyP[Pd(dmit);], and a spin liquid candidate EtMe3Sb[Pd(dmit),], show a
continuum of magnetic excitations in their Raman spectra, it is absent in the spectra of a charge ordered
analog Et)Me;Sb[Pd(dmit); 5.

To summarize, we demonstrate that magnetic Raman response provides a unique direct measure of
a value of the magnetic exchange | for a number of BEDT-TTF-based materials, and the understanding
of an origin of magnetic excitations in these compounds. It shows that xk-(BEDT-TTF),Cu[N(CN),]Cl,
k-(BEDT-TTF),Cu[N(CN),]Br, k-(BEDT-TTF),Cu(CN)3, k-(BEDT-TTF);Ag,(CN)3, MeyP[Pd(dmit),],,
and EtMe3Sb[Pd(dmit);], are well described by a model of S = 1/2 spins on a square or triangular
lattice. In contrast, x-(BEDT-TTF),Hg(SCN),Br, x-(BEDT-TTF),Hg(SCN),Cl, and Et;Me;Sb[Pd(dmit);]>
posses an active intra-dimer charge degree of freedom, the presence of which completely changes the
magnetic excitation spectra. The fluctuating charge degree of freedom in a quantum spin liquid is
suggested to produce a new kind of spin liquid in a presence of charge-spin coupling [18,20].
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Abstract: The charge transfer salts x-DT-TTF[Au(dcdmp),] (1), BET-TTF[Au(dcdmp);] (2M and 2T),
a-DT-TTF[Cu(dcdmp);] (3), ET[Cu(dcdmp),] (4), (BET-TTF);[Cu(dedmp),] (5), (ET)2[Ni(dcdmp),]
(6), and a-mtdt[Cu(dedmp);] (7) were obtained by electrocrystallization of different electron
donor molecules derived from TTF («x-DT-TTF alpha-dithiophene-tetrathiafulvalene;
BET-TTF = (bis(ethylenethio)tetrathiafulvalene; ET = bis(ethylenedithio)-tetrathiafulvalene;
a-mtdt = alpha-methylthiophenetetrathiafulvalene) in the presence of transition metal complex
[M(dedmp);] (M = Au (III), Cu (III) and Ni (II)) (dedmp = 2,3-dicyano-5,6-dimercaptopyrazine).
Compounds 1 and 2 (2M and 2T) have a similar packing pattern composed of mixed stacks of
alternating donor-acceptor molecules. For (BET-TTF)[Au(dcdmp),] two different crystal structures
(2M and 2T) were obtained indicating polymorphism. Compounds 3 and 4 are isostructural being
composed of zigzag chains of alternating donor and acceptor molecules. The salts with a 2:1
stoichiometry, (BET-TTF);[Cu(decdmp);] (5), and (ET),[Ni(dcdmp);] (6) present the donor molecules
fully oxidized and [M(dcdmp),] (M = Ni and Cu) in a dianionic state. The salt of the dissymmetric
donor a-mtdt with [Cu(dedmp);], a-mtdt[Cu(decdmp);] (7) has a crystal structure composed of
segregated donor stacks that are positioned in a head-to-head fashion and alternate with the anion
stacks. All charge transfer salts (1-7) are modest semiconductors with conductivities in the range
107121075 S/cm, with the highest values obtained in «-DT-TTF salts, compounds 1 and 3.

Keywords: charge transfer salts; TTF donors; dimercaptopyrazine bisdithiolate complexes;
crystal engineering

1. Introduction

After about 50 years of intensive studies, transition metal bisdithiolene complexes still continue
to be actively explored as building blocks for molecular conducting and magnetic materials due to
their interesting and unique structural and electronic properties [1]. Some attractive features of these
types of complexes are the diversity of coordination geometries that metal centres can adopt, as well
as, depending on the transition metal or the oxidation state, the accessibility to several oxidation states
and different magnetic moments [2]. The square planar coordination geometry and the delocalised
m-nature of the ligands favour, in the solid state, the formation of extended networks of 7t-7 interactions,
which can give rise to interesting properties such as ferromagnetism [3], spin-ladder behaviour [4,5],
and metallic [6,7], or even superconducting, properties [8,9].
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Extended dithiolene 7-ligands containing N atoms are significantly less explored when compared
to sulphur rich ligands, which have been favoured to build intermolecular S---S contacts with improved
dimensionality in the solid state [10]. However, the N atoms in dithiolene ligands are now known
to act as an extra coordinating site that can provide an additional degree of freedom in the crystal
engineering of these solids [11].

[M(dedmp);] complexes based on extended dithiolene 7t-ligand-containing N atoms (Scheme 1a)
are, in this context, attractive anions. The dedmp ligand as an extended 7t-system is expected to be able
to increase the electronic delocalization, and the pyrazine nitrogen atoms can lead to an increase of
intermolecular interactions [11-14] when compared with complexes based on other ligands such as mnt
(mnt = maleonitriledithiolate) (Scheme 1a). The Au, Ni, and Cu complexes were previously combined
with TTF-type donors, resulting in salts of different stoichiometries, including (DT-TTF),[Cu(dedmp);]
(DT-TTF = dithiophene-tetrathiafulvalene) with a ladder-like structure [15,16]. In order to further
explore [M(dedmp);] anions as possible building blocks for molecular materials, these complexes with
M = Au, Cu, and Ni were combined with different donors related to DT-TTF; the aromatic «-DT-TTF,
the non-aromatic BET-TTE, the disymmetric thiophenic derivative a-mtdt, and the well-known ET
donor (Scheme 1b). The electrical transport properties of salts will critically depend on the relative
oxidation state of the molecular building blocks and their capability to establish extended networks of
regular interactions. Salts in 1:1 stoichiometry, with full charge transfer between donor and acceptor,
lead to half-filled bands, which, in molecular systems with narrow bands, will invariably behave as
Mott insulators. Therefore, partial oxidation of the molecular building blocks in a regular network
of strong interactions is usually a condition for high electrical conductivity. However, in spite of
recent progresses in crystal engineering, both the stoichiometry and crystal structure of molecular salts
remain largely unpredictable [1,4].

b s s CN NC N s s N._ _CN
X LI X
]
N N\ =
s/ \s NC N s s N cN
NC CcN

[M(mnt),]™ [M(dcdmp),]™
(a)
S S S \ S S S S
=T (=T
s s s 7 s s Ng
o-DT-TTF ET
s s s J s S~ e
L=~
S e s s ST NN
(b)

Scheme 1. Molecular diagram of transition metal bisdithiolene complexes (a) and of TTF type donors (b).

2. Materials and Methods

2.1. General Information

The donors BET-TTF [17], x-DT-TTF [18], and «-mtdt [19] were prepared as previously described,
while ET was commercially obtained (Sigma-Aldrich, Darmstadt, Germany) and used without
further purification. (n-BuyN)[M(dcdmp);] (M = Au and Cu) [20,21] and (7-BusN),[Ni(dedmp),] [22]
were prepared and purified by recrystallization following previously described procedures.
Electrocrystallization was carried out in H-shaped two-compartment cells separated by frit glass
with Pt electrodes and under galvanostatic conditions. All solvents were purified using standard
procedures and freshly distilled immediately before its use [23].
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2.2. Synthesis

a-DT-TTF[Au(dcdmp),] (1). Crystals were obtained by electrocrystallization from a dichloromethane
solution of BET-TTF and (n-BuyN)[Au(dcdmp),]~, both 1 x 103 M. The system was sealed under
nitrogen and after 10 days by applying a current density of 1.0 pA-cm™~2; brown plate crystals were
collected and washed with dichloromethane.

BET-TTF[Au(dcdmp),] (2M and 2T). Crystals were obtained by electrocrystallization from a
dichloromethane solution of BET-TTF and (n-BusN)[Au(dcdmp),]~, following the same procedure
as described for compound 1. Brown plate crystals were collected after 9 days by applying a current
density of 1.0 pA-cm 2.

«-DT-TTF[Cu(dcdmp),] (3). Crystals were obtained by electrocrystallization from a dichloromethane
solution of BET-TTF and (n-BuyN)[Cu(dcdmp),]™, following the same procedure as described for
compound 1. Brown plate crystals were collected after 10 days by applying a current density
of 1.0 pA-em™2.

ET[Cu(dcdmp),] (4). Crystals were obtained by electrocrystallization from an acetonitrile solution
of the ET donor (2 x 102 mmol) and copper acceptor salt (5 x 1072 mmol). The system was sealed
under nitrogen and after 18 days, with a current density of 1.0 pA-cm~2; black prism shape crystals
were collected and washed with acetonitrile.

(BET-TTF),[Cu(dcdmp);] (5). Crystals were obtained by electrocrystallization of BET-TTF donor
and tetrabutylammonium salt of [Cu(dcdmp),]~ as electrolyte, following the same procedure as
described for compound 1. Brown plate crystals were collected after 12 days by applying a current
density of 1.0 pA-cm 2.

(ET),[Ni(dcdmp),] (6). Crystals were obtained by electrocrystallization from a dichloromethane
solution of the donor and nickel acceptor salt in approximately stoichiometric amounts. The system
was sealed under nitrogen and after 18 days, with a current density of 0.5 pA-cm~2; brown plate shape
crystals were collected and washed with dichloromethane.

a-mtdt[Cu(dedmp),] (7). Crystals were obtained by electrocrystallization of BET-TTF donor and
tetrabutylammonium salt of [Cu(dcdmp),] ™ as electrolyte, following the same procedure as described
for compound 1. Small black needle crystals were collected after 18 days by applying a current density
of 1.0 pA-cm 2.

2.3. X-ray Crystallography

X-ray diffraction studies were performed with a Bruker APEX-II CCD detector diffractometer
using graphite monochromated Mo-Ka radiation (A = 0.71073 A), in the ¢ and w scans mode.
A semi empirical absorption correction was carried out using SADABS [24]. Data collection,
cell refinement, and data reduction were done with the SMART and SAINT programs [25]. X-ray data
for the (ET);[Ni(dcdmp),] compound were collected at room temperature on an Enraf-Nonius
CAD-4 (Enraf-nonius, 1989) automatic diffractometer using graphite monochromated Mo-Ka
(A =0.71069 A,50kV, 26 mA) radiation. Unit-cell dimensions and the orientation matrix were obtained
from least-squares refinement of the setting angles of 25 reflections in the range 14° < 20 < 24°.
The data set was collected in the w-20 scan mode. The intensities were corrected for Lorentz,
polarisation, and absorption effects by empirical corrections based on psi-scans using the Enraf-Nonius
reduction program, MolEN [26]. The structures were solved by direct methods using SIR97 [27]
and refined by fullmatrix least-squares methods using the program SHELXL97 [28] using the winGX
software package [29]. Non-hydrogen atoms were refined with anisotropic thermal parameters,
whereas H-atoms were placed in idealised positions and allowed to refine riding on the parent C atom.
Molecular graphics were prepared using Mercury [30]. The positional disorder of S and C atoms in
the thiophenic rings (compounds 1, 2T, 3, 4, and 5) was refined by the SHELXL instruction PART
(PART 1 and PART 2), and the occupancies of disordered atoms were allowed to refine freely and
possess any ratio.
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Crystallographic data for a-DT-TTF[Au(dcdmp)z] (1): CopHiAuNgS;g, M = 897.90 g-mol~},
monoclinic, space group P21, a = 8.1542(4) A, b = 5.7520(3) A, ¢ = 28.1086(13) A, B = 96.347(2)°,
V =1310.06(11) A3, Z = 2, 0ca1c = 2.276 g-cm 3, (Mo K«) = 6.447 mm~, 9917 reflections measured,
4581 unique [Ript = 0.0469], Omax = 25.67°, Flack Parameter = 0.06, R1 = 0.0465 using 4338 Refl.>20(I),
wR2 =0.1101, T = 150(2) K. CCDC 1826111.

Crystallographic data for BET-TTF[Au(dcdmp);]: (2M), CpoHgAuNgS1p, M = 901.93 g-molfl,
monoclinic, space group P21/c, a = 8.2518(4) A, b = 5.7193(3) A, ¢ = 56.611(3) A, B = 92.724(3)°,
V =2668.7(2) A3, Z = 4, gcq1c = 2.245 g-em 3, u(Mo K«) = 6.330 mm ™1, 22517 reflections measured,
4253 unique [Rint = 0.0508], Omax = 25.02°, R1 = 0.0430 using 3868 Refl.>20(I), wR2 =0.0809, T = 150(2) K.
CCDC 1826306; (2T), CooHgAuNgS19, M = 901.93 g-molfl, triclinic, space group P-1, a = 5.7058(3) A,
b=9.6338(5) A, c = 12.8817(6) A, « = 106.388(2)°, B = 96.438(2)°, v = 95.743(2)°, V = 668.56(6) A3, Z =1,
Ocalc = 2.240 g-cm*3, (Mo Ket) = 6.317 mm ™1, 5613 reflections measured, 2288 unique [Rjn¢ = 0.0359],
Omax = 25.03°, R1 = 0.0260 using 2232 Refl.>20(I), wR2 = 0.0574, T = 150(2) K. CCDC 1826112.

Crystallographic data for a-DT-TTF[Cu(dcdmp)z] (3): CpHiCuNgSip, M = 764.47 g-molfl,
monoclinic, space group P2;/c, a = 15.224(2) A, b = 7.3004(11) A, ¢ = 23.933(2) A, B = 97.901(5)°,
V =2634.7(6) A3, Z = 4, 0ca1c = 1.927 g-em~3, p(Mo Ka) = 1.657 mm™!, 10849 reflections measured,
4870 unique [Rin; = 0.0976], may = 25.68%, R1 = 0.0729 using 2303 Refl.>20(I), wR2 = 0.1426, T = 150(2) K.
CCDC 1826109.

Crystallographic data for ET[Cu(dcdmp),] (4): CpoHgCuNgSyy, M = 832.62 g~m01*1, monoclinic,
space group P2;/c, a = 16.1566(4) A, b = 7.4009(2) A, ¢ = 24.6178(5) A, p = 100.2440(10)°,
V =2896.71(12) A3, Z = 4, Ocale = 1.909 g-em~3, (Mo Ka) = 1.654 mm ™!, 22645 reflections measured,
5475 unique [Rjn; = 0.0505], Omax = 25.68°, R1 = 0.0291 using 4591 Refl.>20(I), wR2 = 0.0732,
T =150(2) K. CCDC 1826113.

Crystallographic data for (BET-TTF);[Cu(dcdmp),] (5): C3pH1sCuNgSis, M = 1089.03 g-mol’l,
triclinic, space group P-1,a = 8.2678(5) A, b = 8.5858(6) A, c = 14.3566(9) A, & = 93.248(3)°, p = 92.743(3)°,
v =108.548(4)°, V =962.29(11) A3,z =1, Ocalc = 1.879 g-cm*3, (Mo Ka) = 1.478 mm !, 6512 reflections
measured, 3432 unique [Rint = 0.0371], Omax = 25.35°, R1 = 0.0444 using 2595 Refl.>20(I), wR2 = 0.0956,
T =150(2) K. CCDC 1826110.

Crystallographic data for (ET),[Ni(dedmp)] (6): C3Hi6NiNgSy, M = 1212.42 g-mol~}, triclinic,
space group P-1, a = 7.732(5) A, b = 9.554(5) A, ¢ = 15.254(5) A, « = 87.990(5)°, p = 89.440(5)°,
v =72.200(5)°, V = 1072.2(10) A3, Z =1, 0catc = 1.878 g-em 2, (Mo Kex) = 1.468 mm~!, 4818 reflections
measured, 4643 unique [Rint = 0.0277], Omax = 27.04°, R1 = 0.0589 using 2950 Refl.>20(I), wR2 = 0.0841,
T =293(2) K. CCDC 1826114.

Crystallographic data for a-mtdt[Cu(dcdmp),] (7): Cp7H12CuNy¢S11, M = 892.67 g~molf1, triclinic,
space group P-1, a = 5.8868(6) A, b =157339(17) A, ¢ = 18.3950(19) A, o = 83.38°, B = 89.590(4)°,
v =86.603(5)°, V = 1689.4(3) A%, Z = 2, 0ca1e = 1.755 g-cm 3, p(Mo Ka) = 1.367 mm 1, 12286 reflections
measured, 5180 unique [Rint = 0.0834], Omax = 25.68°, R1 = 0.0671 using 2629 Refl.>20(I), wR2 = 0.1370,
T =150(2) K. CCDC 1826115.

2.4. Electric Transport Properties

Electrical conductivity measurements were made in single crystals along their long axis using
a closed cycle helium refrigerator in the temperature range of 50-320 K and a four-in-line contact
configuration by attaching four @ = 25 um Au wires to the single crystals with Pt paint (Demetron 308A).
The measurement cell [31] is controlled by a computer [32]. In the case of more conducting samples a
low-frequency four-probe AC method (77 Hz) was used [33], with a SRS Model SR83 Lock-in Amplifier
while applying a 5 pA current; for the more resistive samples, a four-probe DC method was used
instead, using a Keithley 224 current source to apply both direct and reverse DC currents, well below
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0.1 pA, through the sample and a Keithley 619 electrometer to measure the corresponding DC voltage.
Sample electrodes configuration was checked for unnested to nested voltage ratio, as defined by
Schaffer et al. [34].

3. Results

Electrocrystallization of the donor molecules ET, BET-TTF, x-DT-TTF, and «-mtdt (Scheme 1b)
with tetrabutylammonium salts of [M(dedmp),]~ (M = Au (1) and Cu (II1)) or [Ni(dedmp),]>~ resulted
in crystals of eight new charge transfer salts, x-DT-TTF[Au(dcdmp),] (1), BET-TTF[Au(dcdmp)]
in two polymorphs (2M and 2T), «-DT-TTF[Cu(dcdmp),] (3), ET[Cu(dedmp),] (4),
(BET-TTF);[Cu(dedmp);] (5), (ET)2[Ni(dedmp),] (6), and x-mtdt[Cu(dedmp);] (7). These compounds
were obtained as single crystals with size and quality suitable for X-ray diffraction and electrical
transport properties measurements.

3.1. Single Crystal X-ray Diffraction Analysis

When combining the thiophenic-TTF donors, «-DT-TTF and BET-TTE, with [Au(dcdmp),]™
monoanion, similar crystal structure patterns were obtained, based on mixed donor-acceptor stacks.
This pattern had already been observed in the related DT-TTF salts with [M(dedmp),;] (M = Au,
Cu and Ni) [15,16].

«-DT-TTF[Au(dedmp);] (1) crystallizes in the monoclinic system, space group P2;.
The asymmetric unit cell contains one [Au(dcdmp);]~ anion and one x-DT-TTF donor molecule,
both at general positions (Figure 1a, Table S1). The donor molecule presents a slight boat type
distortion, while the [Au(dcdmp),]~ anion is essentially planar, within the range of experimental error
(Figure 1a). The donor molecule presents a disorder in the sulphur atom S10 in one of the thiophenic
rings with an occupation factor of 59—-41% (510/C21-510A/C21A).

Figure 1. ORTEP and atomic numbering schemes (top and side views) of (a) x-DT-TTF donor molecule
and acceptor [Au(dedmp); ] molecule in the crystal structure of 1; and (b,c) BET-TTF donor molecule and
acceptor [Au(dcdmp); ] molecule in the crystal structure of 2: (b) structure M (2M) and (c) structure T
(2T)). Thermal ellipsoids drawn at 70% probability level.
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The crystal structure of 1 is composed of mixed stacks of alternating donor-acceptor molecules
(D*A"D*A~D*A") along the a axis (Figure 2a). Along the stacks there are no short contacts below
the sum of van der Waals radii, although the average molecular plane distances between the donor
and acceptor molecules of 3.47 A suggest significant 7— interactions. By contrast, the molecules in
neighbouring stacks are connected through a 2D network of short contacts. Along b, the molecules
short axis, the stacks are in registry, and several S---S interactions between D*/D*, A~ /A~ and D* /A~
are observed (Figure 2a,, Table S2). Along c, the molecules longest axis, the stacks are out-of-registry
and D* /A~ interactions observed are mediated through the nitrile group of the acceptor and the
thiophenic sulphur or the hydrogen atoms of the donor molecule (Table S2). Along c, the stacks are
related by a 2-fold screw axis, and molecules in nearby stacks have a dihedral angle of ~60°. This kind
of pattern is very similar to those found in the salts family of DT-TTFy,[M(dedmp)z]n (M = Ni, Au and
Cu) [15,16].

(as) . (b2) (bs)

Figure 2. Crystal structure of compound 1 (a) and compound 2T (b): (a;,b1) view along the stacking
axis; (az,by) partial view along the long axis of molecules of neighbouring stacks in the same layer;
(a3, b3z) overlap mode of the mixed stacks. Thin lines represent relevant short contacts.

In the case of BET-TTF[Au(dedmp);] (2), two different crystal structures with a 1:1 stoichiometry
were obtained from the same preparation by electrocrystallization, with one crystallizing in the
monoclinic system space group P2;/c (2M) and the other in the triclinic system space group
P-1 (2T). In both crystal structures, the [Au(dcdmp);] acceptor presents bond lengths typical
of a monoanion [20,35] and therefore BET-TTF donor molecules must be in a fully oxidized
monocationic state.

Although not isostructural, the 2M salt resembles the crystal structure of 1. Its asymmetric unit
cell contains one independent (BET-TTF)* molecule and one [Au(dcdmp),]™ anion, with both at
general positions (Figure 1b, Table S3). The BET-TTF molecule presents a slight boat type distortion,
whilst the [Au(dedmp),] has a very small chair-type distortion (Figure 1b). With a similar packing
pattern to 1, the crystal structure is composed of mixed stacks of alternating donor-acceptor molecules
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(D*ATD*A~D"*A™) along the a axis (Figure S1). As in 1, there are no short contacts between molecules
along the stacks. Between molecules in neighbouring stacks, the same type of short contacts as in 1 are
observed (Table S4).

In the case of 2T, the unit cell contains one independent BET-TTF* cation and one independent
[Au(dcdmp),]~ anion, both in an inversion centre (Figure 1c, Table S5). The BET-TTF* molecule is
essentially planar, within experimental error, whilst the [Au(dcdmp),]~ monoanionic complex presents
a slight chair-type distortion (Figure 1c). Unlike in 2M, in the crystal structure of 2T, the BET-TTF
molecule shows disorder in the thiophenic sulphur atoms S3 with two positions with occupation
factors of 79-21% (S3/C10-S3A/C10A). The crystal structure of 2T is also composed of mixed stacks of
alternating donor-acceptor molecules (D*A~D*A~D*"A ™), along the b axis (Figure 2b), in the same
fashion found in 1 and 2M. The main difference in 2T is the relative arrangement between layers,
which in this case is “in line” and not related by a dihedral angle of ~60° and the displaced overlapping
mode between molecules along the stacks (Figure 2a3,bz). Polymorph 2T has a short hydrogen bond
(N3---H10C-C10A) along the stacks, which is inexistent in the 2M structure, probably due to the
slightly shorter interplanar distances (Figure 2by). Apart from these differences, the observed pattern
of short contacts between molecules in neighbouring stacks is similar to the observed in compounds 1
and 2M (Table S6).

In the previously reported salts of [M(dcdmp),] with DT-TTF [15], the change of the central
transition metal of [M(dedmp),]™ anion, from gold to copper, did not introduce considerable changes
in the crystal structure. Nevertheless, in the case of the copper salts an unusual richness of different
stoichiometries, 1:1, 2:1, and 3:2 stoichiometries were found, with the crystal structures being arranged
both in segregated and mixed stacks of donors and acceptors [15]. «-DT-TTF[Cu(dcdmp),] (3)
was found to be isostructural to the previously reported ET[Au(dcdmp),] [35], crystallizing in the
monoclinic system, space group P2;/c. The asymmetric unit contains one [Cu(dedmp);]™ anion
and one donor molecule, both at general positions (Figure 3, Table S7). The donor molecules
are planar within experimental error, whereas [Cu(dcdmp),]™ anions present a slight boat type
distortion (Figure 3). The o-DT-TTF donor molecule in compound 3 presents a disorder in the
thiophenic sulphur atoms S7 and S10 over two possible positions with occupation factors of 66-34%
(57/C16-S7A/C16A) and 59-41% (S10/C21-S10A /C21A). The bond length analysis of [Cu(dedmp),]~
confirms its monoanionic state (Table S8), and therefore the donor molecules are fully oxidized.

Figure 3. ORTEP and atomic numbering schemes (top and side views) of donor molecules and acceptor
[Cu(dedmp),] in the crystal structure of x-DT-TTF[Cu(dcdmp),] (3), with thermal ellipsoids drawn
at 70% probability level.

The crystal structure of 3 shows side-by-side zigzag chains of alternating donor and acceptor
molecules (D*A~D*A™~D*), running parallel to the ¢ axis (Figure 4), with the acceptor and donor
molecules connected through several short S---S contacts. Hydrogen bonds, both between the nitrile
group or the pyrazine of the anions and the hydrogen atoms in the thiophenic ring of the donor
(angle of ~160°, C16-H16---N3 and C21-H21---N5), reinforce the short contacts along the chains
(Table S9). Along the chain, the average dihedral angles between anions and cations alternate
between 4.67° and 54.75°, conferring a wave shape to the chain. Along b, the chains are stacked,
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forming a 2D network of short S---S contacts between A™-D* and D*-D* molecules. Apart from the
S---S network of short contacts, several hydrogen bonds of the C-H:--N and C-H---S type give stability
to this 2D structure and also connect acceptor to donor along the a axis, parallel to the longest molecular
axis of both donor and acceptor molecules (Table S9). The ET[Cu(dcdmp),] salt (4) is isostructural
with 3 (Figures S2 and S3, Tables S8, S10, and S11).

Figure 4. Crystal structure of (a-DT-TTF)[Cu(dcdmp);] (3): (a) view along the stacking axis; (b) partial
view along the long axis of the molecules of neighbouring chains in the same layer; and (c) overlap

mode between chains in the same layer.

Another unexpected crystal structure was found when the donor molecule was changed from
a-DT-TTF to the relative non-aromatic BET-TTF, which was not isostructural to compound 3 or
to compound 2. In this case, a 2:1 stoichiometry was found, probably due to the spontaneous
redox reaction that occurs when combining the [Cu(dedmp),]™ monoanion with the donor BET-TTF,
leading to a reduction of the acceptor molecule to a dianionic state (E;,, = +206 mV) by the full
oxidation of the donor molecule (E; /, = +215 mV) [18,21].

(BET-TTF)p[Cu(dedmp),] (5) crystallizes in the triclinic system, space group P-1. The asymmetric
unit is composed of one independent BET-TTF molecule at general position and half [Cu(dcdmp),]
complex, with the Cu atom in an inversion center (Figure 5a, Table S12), whereas the donor molecule
presents a small boat type distortion with the methylene extremities with an envelope type distortion
at opposite directions, and the [Cu(dcdmp);] anion has a small chair-type distortion (Figure 5a).
The BET-TTF donor unit presents disorder in the sulphur atoms of the thiophenic ring over two
possible positions, S5 and S8, with occupation factors of 46-54% (in both S5/C10-S5A/C10A and
58/C15-S8A /C15A). The bond lengths analysis indicates that the donor molecule is fully oxidized,
while the copper complex is in a dianionic state; therefore, the compound should be formulated as
(BET-TTF*)Z[Cu(dcdmp)z]z’ (Tables S13 and S14).
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Figure 5. ORTEP and atomic numbering schemes (top and side views) of (a) BET-TTF donor molecule
and acceptor [Cu(dedmp);] in the crystal structure of (BET-TTF),[Cu(dcdmp),] (5); and (b) ET donor
molecules and acceptor [Ni(dedmp);] in the crystal structure of (ET);[Ni(dedmp);] (6), with thermal
ellipsoids drawn at 70% probability level.

The crystal structure of 5 is shown in Figure 6a. Its structure is composed of mixed columns
along a+b of face-to-face BET-TTF dimers ((D*),) alternating with [Cu(dcdmp)z]Z* dianions (A%7)
with the donor dimers and the dianions placed perpendicularly. The donor molecules in the dimers
are connected by four short S---S contacts and two C-H:--S hydrogen bonds (S3---56, S4---57, and
C15-H15B:--S5) with intramolecular distance between average planes of 3.734 A (Table S15). Along the
columns, the acceptor is connected to both molecules of the dimer by short S---S and N---S contacts
(Table S15). Between neighbouring columns, several hydrogen bonds and a short S---S contact
(C16-H16A---N2, C11-H11B---N3, and S1---S3) connect acceptor and donor dimers. Between the
extremities of the molecules, the stacks are also connected, along ¢, by a hydrogen bond between
acceptor and donor and a short N3---N3 contact between acceptors. Apart from the strong dimer
interaction, there are no contacts between different donor dimers in neighbouring columns.

(ET)2[Ni(dedmp);] (6) was also found to have a 2:1 stoichiometry. Compound 6 crystallizes in the
triclinic system, space group P-1. The asymmetric unit cell contains an independent [Ni(dcdmp)z]z’
located at an inversion centre and one ET* molecule at general position (Figure 5b, Table S16).
The average bond length M-S value (2.175 A), found in the acceptor, indicates that the complex
is in a dianionic state [36]. The nickel dianion presents a slight chair type distortion, and the ET
molecule shows the usual geometry found in other related salts of this donor (Figure 5b) [37]. In spite
of the uniform color and shape of the crystals obtained in one preparation, the presence of other
stoichiometries or phases cannot be excluded, since EPR measurements in crystals from the same
preparation present two different shapes (Figures S4 and S5). Attempts to prepare other [Ni(dedmp);]
salts with BET-TTFE, «a-DT-TTE, or a-mtdt using electrocrystallization techniques did not yield good
quality single crystals for X-ray diffraction and electric transport properties measurements.
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(b1)

Figure 6. Crystal structure of compound 5 (a) and compound 6 (b): (a1) view along a-b; (a) partial view
along the long axis of the molecules of neighbouring columns in the same layer, with the alternating
dianions and BET-TTF dimers; (bq) view along the stacking axis; (b,) partial view of the layers in the
ab plane.

Similarly to ET[Cu(dcdmp),] (4) and o-DT-TTF[Cu(dcdmp),] (3), the crystal structure of
(ET),[Ni(dcdmp);] (6) is composed of layers of zigzag chains, along the b axis, of dianions alternating
with donor dimers (A%27)D*D*(A%27)D*D*(A%") (Figure 6b). Along a chain there are several S---S
and S---N short contacts both between donors and acceptor-donor molecules (Table S17). In the
ab plane, these chains interact with each other through short Ni---S contacts between acceptor-donor
molecules and several C-H--S hydrogen bonds between donors (C12-H12B.--59-, C11-H11B---S9,
C16-H16A---S5). Along c, the contact between chains is made by acceptor-donor hydrogen bonds
(C16-H16B---N3). Another way to describe this structure is to see it as composed layers, in the ab plane,
as a bidimensional layer of pairs of ET molecules coupled face-by-face that are connected with other
pairs by a short, side-by-side, S---S contacts. In the “channels” of the layers are located the acceptors
surrounded by donors in all directions. There are no interactions between acceptors.

With o-mtdt, a dissymmetric TTF-type donor, only the copper salt could be isolated.
a-mtdt[Cu(dedmp),] (7) crystallizes in the triclinic system, space group P-1. The asymmetric unit
contains one independent (x-mtdt)* molecule at general position and two [Cu(dedmp),]~ complexes,
both with the Cu atom in an inversion centre (Figure 7, Tables S18 and S19). The x-mtdt molecule
is essentially planar, with the exception of the —(CH;),—CN groups that point out both in the same
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direction almost perpendicularly to the central molecular plane, while both [Cu(dcdmp),] molecules
present a very small chair-type distortion (Figure 7). The bond length analysis confirms that the donor
molecule is fully oxidized (o-mtdt)* (Table S20) and the copper dithiolene complex is in monoanionic
state (Table S21).

Figure 8a,b illustrates the crystal structure of compound 7, which are composed of segregated
stacks of donors and acceptors, along the a axis, with sheets of stacks of a-mtdt donors and
[Cu(dcdmp),] acceptors alternating along b. Within the stacks, the donor molecules are arranged in
a head-to-head fashion with distance of 3.469 A between molecular planes, suggesting significant
m—7t interactions. The overlap mode of x-mtdt donors (Figure 8c) shows a large displacement of
the molecules along their long axis, probably due to the bulky cyanoethyl group. Within the stacks,
the donor molecules are connected by two short S---S contacts (S5---511 and S6---510). The two acceptor
molecules A and B (respectively, red and blue molecules in Figure 8a,b), although crystallographically
distinct, are identical within experimental uncertainty and present identical overlap modes (Figure 8d).
Along each monoanion stack, A or B, there are no short contacts, and the distance between molecular
planes is of 3.516 A and 3.501 A, respectively. Short contacts between acceptor molecules A and
B are also inexistent. The different acceptor stacks have different angles in relation to the a-mtdt
donor stacks, with a dihedral angle of 37.47° and 74.14° for stacks of molecules A and B, respectively.
The interactions between stacks are made in two distinct ways along the oa-mtdt molecule long axis
(Table S22): (a) on one side, the donor molecules interact with each other through C-H---N hydrogen
bonds (C22-H22B---N10 and C23-H23B---N9, Figure S6) and also with the acceptor stacks of molecule
A (red molecule in Figure 8a,b) through C-H---S hydrogen bonds (C25-H25A---N4, Figure S7); (b) on
the other side, the interaction is between the methyl groups and the thiophenic sulphur atom of the
a-mtdt donor through a hydrogen bond (Figure S6, C18-H18A*---S7). The lateral connection between
acceptor-donor molecules along the molecules minor axis is mediated by short S---S and S---N contacts
and hydrogen bonds interactions (Table S22, Figure S7).

H22B ¢ C22

@)

Figure 7. ORTEP and atomic numbering schemes (top and side views) of a-mtdt donor (a) and
acceptor [Cu(dedmp);] molecules A (b) and B (c) in the crystal structure of (a-mtdt)[Cu(dedmp);] (7),
with thermal ellipsoids drawn at 50% probability level.
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Figure 8. Crystal structure of («x-mtdt)[Cu(dedmp);] (7): (a) view along the a axis; (b) partial view
showing the different segregated stacks of donors (yellow) and acceptor stacks (red and blue) and

overlap mode representation between donors (c) and between acceptor stacks (d).

3.2. Electric Transport Properties

The electrical conductivity of compounds 1-7 was measured in single crystals along their long
axis, and the results are presented in Figure 9 and Table 1. All compounds present a semiconducting
behaviour with room temperature values in the range ~107> S/cm < ogr < ~#107! S/cm. The highest
conductivity was found for the 1:1 copper compound 3 and gold salt 1 of «-DT-TTF donor,
followed closely by (BET-TTF)[Au(dcdmp),] (2). The modest conductivity values and the thermally
activated behaviour observed were not unexpected in view of the fully oxidised nature of the donor
molecules, which are expected to lead to Mott insulator states. In this sense, the relatively large
conductivity values observed in «-DT-TTF salts 1 and 3 are very large for 1:1 salts with fully oxidised
molecules. In (a-DT-TTF)[Au(dcdmp);] (1), resistivity measurements made in needle (0.16 S/cm)
and plate shaped sample (0.052 S/cm), which were obtained in the same preparation, gave slightly
different values, which could indicate the possibility of different phases. The coexistence of different
stoichiometries and polymorphs is not unprecedented in salts with the [M(dcdmp),] anions [15].
However, this possibility could not be confirmed from the different crystals selected for single crystal
X-ray diffraction.

It should be noted that in compounds 1, 2, and 3 with higher conductivity, both the donor and
acceptor molecules make an extended network of interactions, and both could provide conduction
bands. In compound 7, the bulkier cyanoethyl groups of the asymmetric donor molecule a-mtdt act as
a hindrance to the donor molecules overlapping each other; nevertheless, a crystal structure pattern
based on segregated stacks of donor and acceptors was obtained with a room temperature conductivity
of 1.1 x 1073 S/cm.

Although ET[Cu(dcdmp),] (4) is isostructural with 3, it presents one of the lowest conductivities
found in this group of compounds (4.2 x 10~* S/cm). Even though compound 4 seems to have a good
overlap with the donor molecules along the b axis (Figure 4c and Figure S3), a detailed crystal structure
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analysis shows that the distances between the molecular average planes might prevent effective -
interactions, with donor interplanar distances larger in compound 4 than in 3 (3.699 A and 3.357 A for
compound 4 and 3.571 A and 3.033 A in compound 3).

The room temperature conductivities of compounds 5 and 6, both in a 2:1 stoichiometry, are of the
same order of magnitude as that found in 4. The dimeric nature of the donors found in these crystal
structures probably induces electron localization and, even with a network of interactions between
donors, effective electronic pathways are not established.

6 ¥ T L T L T T
* - \ \"-..
X L
o T N T, ]
% ey QQQ.‘. ',
)‘990 ++*’+++ Qﬁq:.o ...l.. ~  (0-DT-TTF)[Au(dcdmp),] (1)
% i, o, L =
~ 4 " o *ffg ®00,, ~~ (BET-TTF)[Au(dcdmp),] (2)
E * %% 0?%00 ...0. -
5 % 9%5 *® 19 (-DT-TTF)[Cu(dedmp),] (3)
S 3 % Sy B
2 LT XOQGOX 5 ® ET[Cu(dcdmp),] (4
ED Sy, ) 0, XXXXXXXXXXXXXX + (BET-TTF),[Cu(dcdmp),] (5)
24 o °°°Ooooooooooooo°m d < &
L] (ET)Z[Xi(dcdnrp)z] (6)
& (o-mtdt)[Cu(dedmp),] (7)
14 | 2
T T T T
90 135 180 225 270 315

Temperature (K)
Figure 9. Electrical resistivity p of compounds 1-7 as a function of temperature T.

Table 1. Room-temperature electrical conductivity (ort) and activation energy (Ea) of compounds 1-7.

CT Salts oRrr (Scm) E, (meV)
(ET),[Ni(dedmp),] (6) 9.4 x 107> 128
(ET)[Cu(dedmp);] (4) 42 x 1074 190

(BET-TTF),[Cu(dcdmp),] (5) 74 x107% 134
(c-mtdt)[Cu(dedmp)y] (7) 1.1 x 1073 207
(BET-TTF)[Au(dcdmp),] (2) 5.4 x 1073 95
(«-DT-TTH)[Au(dedmp),] (1) 5.2 x 10723;1.6 x 107'P  1052;59P
(a-DT-TTE)[Cu(dcdmp),] (3) 1.1 x 1072 107

a Plate; P Needle.

4. Conclusions

Eight new compounds were obtained by electrocrystallization by combining TTF type electronic
donors, namely, ET, BET-TTF, x-DT-TTF, and «-mtdt, with transition metal complexes [M(dcdmp);]
(M = Au, Cu, and Ni). Most of the herein reported compounds present a 1:1 stoichiometry with a
crystal structure composed of mixed stacks of donor and acceptor molecules, with the exception of
(a-mtdt)[Cu(dedmp),] (7), which crystallizes in segregated stacks of donors and acceptors. Other two
exceptions are the salts (BET-TTF);[Cu(dcdmp),] (5) and (ET);[Ni(dcdmp),] (6) that present a 2:1
stoichiometry. All compounds showed a semiconducting behavior with a room conductivity ranging
from 1.6 x 107! t0 9.4 x 10~% S/cm. The highest room temperature conductivity was observed for
(«-DT-TTF)[Au(dedmp),] (1) and the lowest for (ET),;[Ni(dcdmp);] (6).

The pyrazine nitrogen atoms in the dedmp ligand were found, amongst the different crystal
structures, to be extensively involved in both S---N short contacts and N---H-C hydrogen bonds. As a
consequence, when comparing the salts of the complexes based on dedmp ligands with the mnt
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ligand, the structures are quite different. The diversity of crystal structures and polymorphs in this
family of compounds makes them good models for further understanding the correlation between the
intermolecular crystal structure patterns and the observed macroscopic electrical transport properties.

Supplementary Materials: CCDC 1826109-1826115 and 1826306 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.
html. The following are available online at www.mdpi.com/xxx/s1, Table S1: Bond lengths of compound 1,
Table S2: short contacts of compound 1. Table S3: bond lengths of compound 2M, Figure S1: crystal structure
of compound 2M, Table S4: short contacts of compound 2M, Table S5: bond lengths of compound 2T, Table Sé:
short contacts of compound 2T, Table S7: bond lengths of compound 3, Table S8: acceptor molecule bond length
analysis of compound 3 and 4, Table S9: short contacts of compound 3, Figure S2: ORTEP of compound 4,
Figure S3: crystal structure of compound 4, Table S10: bond lengths of compound 4, Table S11: short contacts of
compound 4, Table S12: bond lengths of compound 5, Tables S13 and S14: bond length analysis of compound 5,
Table S15: short contacts of compound 5, Table S16: bond lengths of compound 6, Table S17: short contacts
of compound 6, Figures 54 and S5: EPR measurements of compound 6, Tables S18 and S19: bond lengths of
compound 7, Tables S20 and S21: bond length analysis of compound 7, Table 522: short contacts of compound 7,
Figures 56 and S7: relevant short contacts of compound 7.
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Abstract: New crystals (1-4) of organic conductors based on the radical cation salts
of the bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) with paramagnetic and diamagnetic
tris(oxalato)metallate anions {A*[M3*(ox)3]3~G}2~, where M is Cr, Ga; G is 2-chloropyridine,
2-bromopyridine; and A* is [Kog(H30)o2]" have been prepared and their crystal structure
and transport properties were studied. All crystals belong to the monoclinic group of the
(BEDT-TTF);A*[M3*(0x)3]G family with 3”-packing type of conducting BEDT-TTF layers. In contrast
to the known superconducting crystals with M** = Fe?* and G = 2-chloro- or 2-bromopyridine
(T = 4.04.3 K), crystals with Cr** and Ga3* ions exhibit metallic properties down to 0.5 K
without superconducting transition. Upon cooling these crystals, the incommensurate superstructure
appears, which has never been observed before in the numerous (3”-salts of the family. In addition,
orthorhombic (sp. group Pbca) semiconducting crystals o”’-(BEDT-TTF)5[Ga(ox)3]-3.4-H,0-0.6
EtOH (5) were obtained. It is a new compound in the family of BEDT-TTF crystals with
tris(oxalato)metallate anions.

Keywords: molecular (super)conductors; superstructure; bifunctional compounds; radical cation
salts; BEDT-TTF; tris(oxalato)metallate anions

1. Introduction

The great family of layered molecular conductors and superconductors based on
radical cation salts of the bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) with supramolecular
tris(oxalato)metallate anions includes compounds having a different stoichiometry, crystal
structure, and various physical properties [1-33]. For example, the salt with the formula
[BEDT-TTF]3[M**M3*(0x)3], where M?* is Mn?* and M3* is Cr3* (3:1 salt), combine metallic
conductivity and ferromagnetism in the same lattice [28]. The other group of salts with the
stoichiometry 3:1 (BEDT-TTF);[NaM(0x)3]G (where M = Cr, Al, and G = CH,Cl,, CH3NO,, DMF,
CH3CN, C,H50H) includes semiconducting chiral crystals [29-32]. Recently, a 2:1 superconducting
salt was synthesized, (BEDT-TTF),[(H,O)(NH,4),Rh(0x)3]-18-crown-6 [33].

The largest group of salts comprises paramagnetic (super)conductors (BEDT-TTF)4A* [M3*(0x)3]G
(4:1 salts), where A* = K*, NH**, Rb*, H30", and M = Fe, Cr, Mn, Ru, Rh, Ga, Al, Co; and G is a neutral
‘guest’ solvent molecule [1-27]. The 4:1 crystals possess a great diversity of structural and conducting
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properties. Several series of different polymorphs have been synthesized by varying A, M, and G.
Almost all superconducting family crystals belong to this group.

In the structure of 4:1 crystals, the conducting layers of BEDT-TTF radical cations alternate with
supramolecular anionic layers {A* [M3*(0x)3]3~ G}?~. The cationic and anionic layers are interconnected
by hydrogen bonds that are formed between hydrogen atoms of terminal ethylene groups of BEDT-TTF
and components of the complex anions.

Crystals of (BEDT-TTF),A* [M3*(0x)3]G family can be divided into three series according
to the type of their symmetry: monoclinic [1-17,19,21,23-27], orthorhombic [1,4,19,23,27],
and triclinic [11,18-20,24,27]. The crystals of different series have different packing types of BEDT-TTF
layers. Monoclinic crystals have the 3”-packing type, according to the structural classification of the
salts of BEDT-TTF and its analogues [34,35]. The (3”-layers are composed of continuous stacks of radical
cations, the planes of which are almost parallel and shifted with respect to the short axis of BEDT-TTF
molecule. The interplanar distances in the stacks are considerably shortened in comparison with the
normal van der Waals distances. There is a large number of shortened S- - - S contacts between adjacent
stacks in the layer. In the orthorhombic crystals with the ‘pseudo-k’-type of packing, the organic
layer is formed by charged [(BEDT-TTF),]** dimers surrounded by neutral [BEDT-TTF] molecules,
which are perpendicular to the dimers. In the structure of triclinic crystals alternate conducting layers
with two different packing types, « and 3" or « and ‘pseudo-«’. In the x-layer, the stacks of BEDT-TTF
are inclined to one another.

The anionic layers have a honeycomb-like architecture: M3* and A* cations linked by oxalate
bridges alternate in vertices of the hexagonal network and form the hexagonal cavities in which neutral
solvent molecules G are incorporated. The anion layers do not directly participate in conductivity,
but the size and shape of G determine the crystal symmetry, the BEDT-TTF packing type and, hence,
the conducting properties of crystals [1,3,17-20]. In contrast to G, the variation of M (keeping the G
the same) in the composition of crystals does not lead to changes of the crystal structure, but affects the
conducting properties. Thus, T of crystals with G = PhNO, gradually increases in a series of crystals
with M = Cr, Fe, Ga (5.8 K, 6.2 K, 7.5 K, respectively). When G = Py, the crystals with Cr?* and Fe?*
ions exhibit metallic behavior of resistance down to low helium temperatures, while crystals with Ga®*
ions experience a superconducting transition with T. < 2 K. The crystals with G = PhBr (M>* = Cr®*,
Mn?*, Fe3*, Ru®*, Rh3*) are superconductors with T, =2 K, 1K, 4K, 4 K, 2.5 K, respectively, while the
salt with Ga®* ions is a metal and does not transition to the superconducting state down to 0.4 K.

The group of crystals with halogen-containing solvents G is the most interesting among monoclinic
crystals of the family, because the structural phase transitions from monoclinic to triclinic state,
which were not found in other monoclinic crystals of the family, occur in many of these crystals
(M3* = Fe®") at low temperatures [21,22]. These transitions influence the ordering terminal ethylene
groups in BEDT-TTF molecules [21,22,36] and, hence, the conducting properties of the crystals.

In our recent work [25] we reported on monoclinic crystals containing different isomers of
halopyridines (HalPy, where Hal = Cl, Br) as guest solvents and Fe3* as M3*. It was shown that
structural phase transitions at 180 K and the superconducting transition at 4.0-4.3 K take place
in crystals with G = 2-CIPy and 2-BrPy, while neither phase transitions occur in crystals with
G = 3-HalPy (Hal = CI, Br). Here we report the synthesis, crystal structure, and transport properties
of new monoclinic crystals 3”-(BEDT-TTF)4[K( g(H30)02]1[M(0x)3]G, where M/G = Cr/2-CIPy (1);
Cr/2-BrPy (2); Ga/2-CIPy (3); Ga/2-BrPy (4). In addition, orthorhombic (sp. group Pbca) crystals
a”-(BEDT-TTF)5[Ga(ox)3]-3.4-H,O-0.6 EtOH (5) were obtained. Up to the present, crystals of this
composition were not known in the family of BEDT-TTF salts with tris(oxalato)metallate anions.

2. Materials and Methods

BEDT-TTF, 1,2,4-trichlorobenzene, 2-chloropyridine, 3-chloropyridine, 2-bromopyridine, and
K3[Cr(ox)3]-3H,0 were used as received (SIGMA-ALDRICH CHEMIE, GmbH, Steinheim, Germany );
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18-crown-6 (the same firm) was purified by recrystallization from acetonitrile and dried in vacuum at
30 °C over P,0Os; and K3[Ga(ox)3]-5H,O was synthesized according to the procedure described in [37].

2.1. Synthesis

Electrocrystallization of the charge transfer salts was performed in conventional two-compartment
H-shaped cells with Pt wire electrodes at constant current and temperature (25 °C). BEDT-TTF,
the supporting electrolyte, 18-crown-6, and a solvent (or a mixture of solvents) was placed in the
cathode compartment of the cell. The obtained solution was distributed between the two compartments
of the cell. The exact conditions for the synthesis of each salt are described below.

2.1.1. B”-(BEDT-TTF)4[K( 5(H30)0.][Cr(ox)3]-2-CIPy) (1)

24 mg of BEDT-TTE, 170 mg of K3[Cr(ox)3]-3H,0, 220 mg of 18-crown-6 and the mixture of
2-CIPy (30 mL) with 1,2 4-trichlorobenzene (4 mL) and 96% EtOH (3.5 mL) were used. ] = 0.97 pA.
Several crystals in the form of prisms were collected from the anode after 3 weeks.

2.1.2. B”-(BEDT-TTF)4[K 8(H30)0.2][Cr(0x)3]-(2-BrPy) (2)

25 mg of BEDT-TTE 50 mg of K3[Cr(ox)3]-3H,0, 200 mg of 18-crown-6 and the mixture of
2-BrPy (8 mL) with 1,2,4-triclorobenzene (10 mL) and 96% ethanol (3.5 mL) were used. | = 0.95 pA.
Several crystals in the form of thick plates were collected from the anode after 10 days.

2.1.3. B”~(BEDT-TTF)4[Ky s(H30)0][Ga(ox)3]-2-CIPy) (3) and o’-(BEDT-TTF)s]-3.4-H,0-0.6 EtOH (5)

(a) 11 mgof BEDT-TTF, 300 mg of K3[Ga(ox)3]-5H,0, 300 mg of 18-crown-6 and the mixture of 2-CIPy
(20 mL) with 1,2 4-trichlorobenzene (10 mL) and 96% ethanol (3.5 mL) were used. ] = 0.9 pA.
Many shining black oc”-crystals (5) in the form of thin plates and a few small 3”-crystals (3) were
collected from the anode after 14 days. After removing these crystals, 3”-crystals (3) started to
grow and a few of these crystals in the form of elongated plates were collected after 10 days.

(b) 25 mg of BEDT-TTEF, 300 mg of K3[Ga(ox)3]-5H,O, 300 mg of 18-krown-6; 20 mL of 2-CIPy, 10 mL
of 1,2 4-trichlorobenzene, 3.5 mL of 96% ethanol were used. ] = 0.95 pA. A lot of ”-crystals (5) in
the form of thick plates were obtained after 15 days.

(c) 15 mg of BEDT-TTF, 350 mg of K3[Ga(ox)3]-5H,0, 700 mg of 18-krown-6; 20 mL of 3-CIPy,
10 mL of 1,2,4-trichlorobenzene, 2 mL of 96% ethanol were used. ] = 0.95 pA. A few large thick
o’-crystals (5) were obtained after 10 days.

2.1.4. B”-(BEDT-TTF)4[Ko 8(H30)0.2][Ga(ox)3]-(2-BrPy) (4)

15 mg of BEDT-TTF, 150 mg of Kj3[Ga(ox)3]-5H,O, 450 mg of 18-krown-6; 10 mL of
1,2 ,4-trichlorobenzene, 20 mL of 2-BrPy, 3 mL of 96% ethanol were used. ] = 0.95 ©A. A few crystals (4)
in the form of thick plates were collected from the anode after three weeks.

2.2. Crystal Structure

Single crystal X-ray diffraction experiments were carried out on an Oxford Diffraction Gemini-R
CCD diffractometer (\(MoK«) = 0.71073 A, graphite monochromator, w-scan mode). Data reduction
with empirical absorption correction of experimental intensities (Scale3AbsPack program) was made
with the CrysAlisPro software [38]. The structures were solved by the direct method and refined by the
full-matrix least-squares technique against F2 in an anisotropic approximation for all non-hydrogen
atoms using the SHELX-2016 software package [39]. H-atoms were placed in idealized positions and
refined using a riding model with Ujs,(H) depending on Ueq of the parent C/O atom. Hydrogen atoms
in water molecules (structure 5) were localized from the Fourier synthesis of the electron density and
refined with Ujso(H) = 1.5Ueq(O). Hydrogen atoms in the (H30)* cations were not localized, but added
into the chemical formula of 1-4. Selected crystallographic data and refinement parameters are given

236



Crystals 2018, 8, 92

in Table 1. The full data of studies are available at the Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif (CCDC 1818020-1818024).

Table 1. Crystal structure and refinement data.

1 2 3 4 5
) Cs1Hs6,4CICE Cs1Hsg6BrCr Cs1Hy6,6ClGa Cs1Hag 6BrGa Cs6.6Hus sGa
Chemical formula KosNO12253 Ko.sNO12253 KosNO122532 KosNO12253 0157540
Formula weight 2003.26 2047.72 2020.98 2065.44 919.70
Temperature (K) 270 295 295 295 120
Cell setting monoclinic monoclinic monoclinic monoclinic orthorhombic
Space group, Z C2/c, 4 C2/c, 4 C2/c, 4 C2/c, 4 Pbca, 8
a(A) 10.2791(6) 10.2971(2) 10.27760(10) 10.27515(15) 22.0871(4)
b(A) 20.0020(9) 20.0382(5) 19.9066(3) 20.0182(4) 21.0853(4)
¢ (A) 35.4485(15) 35.4621(8) 35.5504(5) 35.5972(5) 35.6286(7)
« () 90 90 90 90 90
B () 92.948(4) 93.2943(19) 92.9970(10) 93.2026(13) 90
v () 90 90 90 90 90
Cell volume (A% 7278.7(6) 7305.0(3) 7263.4(2) 7310.5(2) 16592.7(5)
Crystal size (mm) 0.53 x 0.25 x 0.12 0.35 x 0.34 x 0.21 0.42 x 0.30 x 0.15 0.61 x 0.27 x 0.12 0.83 x 0.18 x 0.03
o (Mg/m?) 1.828 1.862 1.848 1.877 1.867
, em™! 12.17 17.23 14.41 19.42 14.02
Refls
collected /unique/observed 37,634/10,476/8631  17,952/9860/8119 17,486/9629/8063  33,996/10,184/8082 64,803/23,232/17,944
with I > 20(])
Rint 0.0291 0.0154 0.0285 0.0187 0.0263
Omax (°) 31.12 30.36 29.93 30.60 30.72
Parameters refined 608 606 612 606 1076
Final Ry (obs), wR; (all) 0.0463, 0.1217 0.0637, 0.1962 0.0445, 0.1203 0.0535, 0.1586 0.0425, 0.1101
Goodness-of-fit 1.004 1.004 1.005 1.003 1.005
Residual (eeliffr%“ density 1.188/-0.695 1.722/-1937 1.039/-0.728 2.068/-1.174 2.767/-1.492
CCDC reference 1818020 1818021 1818022 1818023 1818024

2.3. Conducting Properties

The temperature dependencies of the electrical resistance of single crystals was measured using a
four-probe technique by a lock-in detector at 20 Hz alternating current, ] = 1 pA. Two contacts were
attached to each of two opposite sample surfaces with conducting graphite paste. In the experiment we
have measured the out-of-plane resistance R | with the current running perpendicular to conducting
layers. The magnetotransport measurements at low temperatures down to 0.5 K were carried out in a
cryostat with a superconducting solenoid, which generated a magnetic field of up to 17 T.

3. Results and Discussion

3.1. Synthesis

It was known that crystals of orthorhombic ‘pseudo-k’-phases are obtained together with
monoclinic B”-crystals in some cases [1,19] (concomitant polymorphism). In this work, we have
shown that the use of 2-CIPy as a guest solvents and [Ga(ox)3]°~ as a counterion leads to the formation
of both 3”-(BEDT-TTF)4[Kq s(H30)021[Ga(ox)3]-2-CIPy (3) and «”-(BEDT-TTF)s5[Ga(0x)3]-3.4-H,O-0.6
EtOH (5) (sp. group Pbca) crystals in the same synthesis. Crystal 5 was not previously found in this
family. It should be noted that 3” crystals start to grow much later then a” crystals. When G = 3-CIPy,
only a” crystals are formed (see Section 2.1.3 (c)).

3.2. Crystal Structure

3.2.1. B”-(BEDT-TTF)4[K¢ s(H30)0.21[M(0x)3]-2-HalPy, where M/Hal = Cr/Cl (1), Cr/Br (2), Ga/Cl (3)
and Ga/Br (4)

Compounds 1-4 crystallize in the monoclinic C2/¢ space group with one half of the formula unit
in the crystallographic asymmetric unit (Figure 1). They are isostructural to the series of 3" salts of the
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(BEDT-TTF)4A*[M>*(0x)3]-G family, but have a specific disorder in the anion part which is described
in the caption to Figure 1.

Figure 1. Asymmetric unit in 4 (30% level of thermal ellipsoids). Symmetry codes: (*) (1 — x,y, 1.5 — z),
(**) (—x, ¥, 1.5 — 2). Anion [Ga(ox)3]>~ and cation K* are in the special positions on a two-fold axis,
and the solvent is in the general position near a two-fold axis. The K1 site is occupied by a mixture of
K*/H30" cations in a ratio of 0.60/0.20 in 1 and 4, 0.56/0.20 in 2 and 0.68/0.20 in 3. There is a second
independent position of the anion and K* cation (grey color) with occupancy of Cr1B(GalB)/K2 sites
0f 0.25/0.20 in 1 and 4, 0.32/0.24 in 2 and 0.12/0.12 in 3.

The crystal structure consists of radical cation and anion layers alternating along the c-axis
of the lattice (Figure 2a). The radical cation layer has a 3”-type of molecular packing (Figure 2b).
Two independent BEDT-TTF radical cations, A and B, form stacksin ... -(ABBA)-(ABBA)-. .. sequence
with both longitudinal and transversal shift of the adjacent BEDT-TTF within the (ABBA) tetrad and
only transversal displacement between the tetrads (Figure 2c). Intermolecular separations along the
stack are 3.54(1) (A---A), 3.58(4) (A---B), and 3.65(1) A (B---B) in 1-4. The radical cation A is fully
ordered at room temperature, whereas both terminal ethylene groups of B are disordered in two sites
with the occupation ratio of 0.67/0.33 and 0.52/0.48 in 1, 0.67/0.33 and 0.62/0.38 in 2, 0.63/0.37 and
0.57/0.43 in 3,0.70/0.30 and 0.60/0.40 in 4. Analysis of bond length distributions in BEDT-TTF radical
cations [40] gives equal charge on A and B of 0.5+ in accordance with stoichiometry of the compound.
The shortest S---S contacts in the conducting layer are side-by-side ones between BEDT-TTF from
adjacent stacks in the range of 3.334-3.570(1) A (dashed bonds in Figure 2b).
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Figure 2. (a) Projection of the structure of 4 along a (the minor part of the [Ga(ox)3]*~ anion is omitted,
except for GalB and K2 atoms); (b) view of the radical cation 3”-layer along the long axis of BEDT-TTF
with short intermolecular S-+-S contacts < 3.6 A (dashed lines); and (c) overlap modes within the stack.

The anion layer in 1-4 shows the additional positional disorder of the [M3*(0x)3]°~ anion and
small monovalent A* cation. Such a type of disorder has never been observed before in the numerous
B”-salts of the (BEDT-TTF)A*[M3*(0x)3]-G family. It is roughly described in the room temperature
structures of 1-4 as a shift of the anion unit and A* cations along the two-fold monoclinic axis by about
1 A, the shift for M** and A centers being in opposite directions (Figures 1 and 3). Maximal occupation
of the second position is observed in 2: 0.32 for Cr1B and 0.24 for K2. The amount of the second
position in 3 (0.12 for both GalB and K2) is about two times less than in 1 and 4 (0.25 for Cr1B or GalB
and 0.20 for K2). Molecules with major occupancy form typical 3”-salts of the family’s honeycomb-like
packing with guest solvent molecules filling the hexagonal cavities of the anion layer (Figure 3).
Each anion layer contains only one enantiomer of the chiral anion, but th whole crystal is racemic due
to alternation of the enantiopure layers of different chirality along c. Contacts between K1 site occupied
by mixture of K* /H30™ cations and oxygen atoms of surrounding oxalate groups are in the range of
2.87-3.08 A in1,2.88-3.13 A in 2,2.85-2.97 A in 3 and 2.91-3.11 A in 4 (they are shown by red dashed
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lines in Figure 3). Upon cooling crystals 1-4, the incommensurate superstructure appears, which is
apparently connected with specific ordering in the anion layer and will be described elsewhere.

Figure 3. Anion layer in 4. K2 and GalB atoms of minor occupancy are shown in grey; oxalate groups
of minor part of the anions are omitted for clarity.

3.2.2. o”~(BEDT-TTF)s5[Ga(ox)3]-3.4-H,0-0.6 EtOH (5)

Compound 5 crystallizes in the orthorhombic Pbca space group. The asymmetric unit contains
five independent BEDT-TTF molecules, one [Ga(ox)3]*~ anion, four HyO molecules, two of which
have an occupancy of 0.7 and are mixed in the same site with 0.3 EtOH molecule (Figure 4).

Figure 4. Asymmetric unit in 5 (50% level of thermal ellipsoids).

The structure of 5 is composed of radical cation and anion layers alternating along the c-axis
(Figure 5). Water and ethanol molecules are included into the anion layer. According to the X-ray data,
neither 2-chloropyridine solvent nor K* cation is found in the composition of 5.
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Figure 5. Projection of the structure 5 along a.

The conducting layer has an «”-type of molecular packing (Figure 6a). It consists of the stacks
witha ... (BCDEA)-(BCDEA) ... repeating sequence of BEDT-TTF radical cations (Figure 6b). In the
pair of neighbor stacks (1 and 2 in Figure 6a) the molecular planes are near parallel to each other
(angles 0.48-2.85(2)°) whereas all the molecules in the next pair of stacks (3, 4) are tilted relative to the
molecules from the first pair by an angle of 53(2)°. Radical cations inside the pentad (BCDEA) overlap
with a pure transversal shift of adjacent units; longitudinal displacement is added only between
the pentads in A---B interaction (Figure 6¢). Intrastack interplanar distances are shown in Figure 6b.
The maximal interplanar separation is observed between the pentads in the A---B pair. Only one
ethylene group (C17-C18) in BEDT-TTF B is disordered at 120 K between two orientations of 0.4/0.6
occupancy. The ethylene groups of molecules B (major part), C, D, and E are eclipsed and the sole
BEDT-TTF A has a staggered conformation. The overall charge on five BEDT-TTF units is +3 according
to the formula of the salt. Calculations of the charge state using the empirical formula for BEDT-TTF
compounds [40] show a non-uniform charge distribution along the stack with values of +0.62, +0.37,
+0.76, +0.83, and +0.53 for A, B, C, D, abd E radical cations, respectively, which gives a total charge
of +3.11, which is in good agreement with the stoichiometric +3 value. There are many interstack S

. S contacts less than sum of van der Waals radii (3.6 A) shown by dashed lines in Figure 6a, but no
intrastack one.

stack 4
stack 2

si;&g M stack3 M

Figure 6. Cont.
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Figure 6. (a) View of the radical cation layer of «”-type in 5 along the long molecular axis. Short S---S

contacts < 3.6 A are shown by dashed lines; (b) side view of the stack with interplanar separations (in
A) and calculated charges of BEDT-TTEF; and (c) overlap modes within the stack.

The anion layer in 5 consists of [Ga(ox)3]>~ anions interacting by hydrogen bonding through
water molecules (Figure 7).

Aoroh 01’3’{:'"

ot6} potes

Figure 7. The anion layer in 5. O-H ... O hydrogen bonds are shown by red dashed lines.

Right-handed A and left-handed A isomers of the chiral anion alternate along the a direction.
Water molecules O(13) connect the different enantiomers of the anion along a and O(14) join similar
enantiomers along b, resulting to a network of tilted parallelograms having Ga atoms at the vertices.
Additional disordered water and ethanol molecules are located in the free cavity near one side of
parallelogram and form hydrogen bonds with the anion and water molecule O(13).

«”-packing of the radical cation layer has been found before in one of BEDT-TTF salts with
tris(oxalato)metallate anions «”-(BEDT-TTF),H,OLi[Fe(0x)3] solvent [41]. This salt differs from 5 by a
cation to anion ratio (4:1 vs. 5:1), as well as the anion layer structure and possesses a semiconductor
behavior with activation energy of 0.080 eV and a room temperature resistivity prr of 2.41 Ohm cm.
Another salt with the same as in 5 composition of 5:1 is known among BEDT-TTF conductors with
[M(0x)3]3~ anions: (BEDT-TTF)s[Fe(ox)3]-(HpO),-CH,Cl, [42]. It differs from 5 by both symmetry and
crystal structure. The anion layer is also build of parallelograms, but they are arranged in another way
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than in 5 because each layer is chiral. The conducting layer has close to 3”-type of BEDT-TTF-packing
and the crystal is a paramagnetic semiconductor.

3.3. Conducting Properties

Temperature dependencies of the out-of-plane resistance R, for samples 1-4 are presented in
Figure 8. One can see that all the samples show the metallic behavior and the R(T) dependencies for all
samples look very similar. Unlike to these samples, the sample 5 demonstrates the dielectric behavior
(see Figure 9) with the activation energy 71 meV as it is seen from the inset in Figure 9. For the samples
1-4 at T < 10 K the derivative of the R(T) dependencies changes the sign: the resistance starts to grow
when the temperature decreases. This growth is more pronounced for sample 3, and is comparatively
small for sample 2. This growth is shown in the inset in Figure 8 for samples 1 and 4, where the sample
resistance R(T)/R(290K) is plotted as function of T in the logarithmic scale.

1.04 1 1 1 1 1

0.8

#3

#4
0.6 1

R(290K)

0.4

R(TY/

0.2 1 #1

10

0.0 TIK]
0 50 100 150 200 250
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Figure 8. The temperature dependencies of the out-of-plane resistance R (T) for crystals 1-4.
The R(290K) values are 287 Ohm, 3.77 kOhm, 2.52 kOhm, and 427 Ohm, respectively. The inset
shows the resistance R(T)/R(290K) as function of T in the logarithmic scale for the samples 1 and 4.

We have made an attempt to find the Shubnikov-de Haas oscillations in the magnetoresistance
for our samples at T = 0.5 K in magnetic fields up to 17 T, but, unfortunately, without success.

The growth of the sample resistance at low temperatures T < 10 K could be attributed to the
following mechanisms: (i) by the localization effects due to the quantum interference of the carriers
at the presence of elastic scattering processes [43] or (ii) by the scattering of the carriers on the
magnetic impurities due to the so-called Kondo effect [44]. Both of these two effects lead to the
logarithmic temperature dependence for the sample resistance in quasi two-dimensional systems.
In our samples the magnetic impurities (Cr) are only in samples 1 and 2. The fact that we observe
the low-temperature resistance growth in all our samples means that we deal with the localization
effects due to the quantum interference of the carriers [43]. This effect is characteristic for the systems
with disorder which, in our case, seem to be the reason not only for the quantum localization effects on
R(T) dependence, but also for the absence of the Shubnikov-de Haas oscillations, because the high
scattering rate leads to the broadening of the Landau levels and to the smearing of the quantum
oscillations. Most likely, the absence of Shubnikov-de Haas oscillations is associated with the specific
disorder in the anion layer (see Section 2.2) which is observed in the 3”-(BEDT-TTF)A* [M3*(0x)3]-G
crystals for the first time and causes appearance of incommensurate structural modulation at low
temperatures. The incommensurability in the anion layer creates the perturbative potential for the
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carriers in the conducting layer, which acts as disorder for the carriers moving in the periodical
crystal lattice. This disorder certianly leads to additional scattering and to the broadening of the
Landau levels.

10°+ ‘ ‘ ‘

10°

£
F =
O 10*5
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10° 1T (KY)
102 T T T T T T T T T
50 100 150 200 250 300
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Figure 9. The temperature dependencies of the out-of-plane resistance R | (T) for crystal 5. The inset
demonstrates the activation behavior of the sample resistance at T < 215 K.

4. Conclusions

Four new radical cation salts of the family of layered molecular (super)conductors
based on bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) with tris(oxalato)metallate anions
(BEDT-TTF)4{A*[M3*(0x)3]G}, where M/G = Cr/ 2-CIPy (1); Cr/2-BrPy (2); Ga/2-CIPy (3), Ga/2-BrPy
(4); and A* = [Kg(H30)02]" were obtained. These salts belong to the monoclinic group of the family
with a 3”-packing type of radical cation layers. The conducting and structural properties of 3”-crystals
strongly depend on the size, shape, and chemical nature of the guest solvent molecule G. In some
crystals with G = halobenzenes and M = Fe, the structural phase transition from the monoclinic to the
triclinic state was found upon lowering the temperature [21,22,36]. In our recent work we showed that
the same transition also exists in superconducting Fe crystals with G = 2-CIPy and 2-BrPy (T. = 4.0 K
and 4.3 K, respectively) [25]. These structural transitions arise from noticeable positional shifts of all
components of the complex anion, giving rise to two nonequivalent organic 3" layers and the partial
ordering of the ethylene groups of BEDT-TTF molecules. In the present paper, we found that the
change of the Fe?* ion by Cr3* or Ga®* ions, as well as the (H3O)* cation by [Kog(H30)p2]* in one
of the compositions of 3”-(BEDT-TTF)4{A* v+ (ox)3](2-HalPy)} crystals leads to the appearance of
a specific disorder in anionic layers associated with the position disorder of the [M%*(0x)3]*~ anion
and the small monovalent A* cation. Such a type of disorder has never been observed before in
the numerous B”-salts of the (BEDT-TTF)A*[M>*(0x)3]-G family. Unlike the crystals with Fe>* ions,
the crystals with Cr** and Ga®* ions do not exhibit a superconducting transition down to 0.5 K. At T
< 10K, they demonstrate a weak growth of resistance. The fact that we observed the low-temperature
resistance growth in all our samples (with magnetic Cr** and non-magnetic Ga®* ions) means that we
experienced the localization effects due to the quantum interference of the carriers [43]. This effect is
characteristic for the systems with disorder which, in our case, seems to be the reason not only for the
quantum localization effects on R(T) dependencies, but also for the absence of the Shubnikov-de Haas
oscillations, because the high scattering rate leads to the broadening of the Landau levels and to the
smearing of the quantum oscillations.
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Abstract: The preparation and characterization of new salts based on the dissymmetrical
TTF derivative CNB-EDT-TTF (cyanobenzene-ethylenedithio-tetrathiafulvalene) and BF4~ anions,
are reported. Depending on the electrocrystallization conditions salts with different stoichiometries,
(CNB-EDT-TTF)BF, and B”-(CNB-EDT-TTF)4BF,, can be obtained. The 1:1 salt is an electrical insulator
isostructural to the ClO4 analogue previously described. The 4:1 salt is a new member of the
family of 2D metals of this donor with different small anions X, (CNB-EDT-TTF)4X, characterized
by a bilayer arrangement of the donors and it was obtained in a monoclinic polymorph with a
B”-type donor packing pattern. The small anions in this compound are severely disordered between
the donor bilayers, which present slightly larger lattice parameters than the isostructural ClOy4
analogue. Both electrical conductivity and thermoelectric power measurements in single crystals
denote metallic properties as predicted by electronic band structure calculations. As a consequence
of the anion disorder the metallic regime of the electrical conductivity denotes electronic localization
effects with a progressive increase of resistivity below ~25 K. Because of the larger lattice
parameters the intermolecular interactions and electronic bandwidth are decreased compared to
other (CNB-EDT-TTF)4X salts. The large and positive thermoelectric power S of this compound
(~110 uV/K in the range 100-330 K) and its electrical conductivity o = 20 S/cm at room temperature
lead to a power factor S%c = 24 pW/K?m, quite large among molecular conductors, placing these
compounds as potential candidates for thermoelectric materials.

Keywords: molecular conductors; bilayer metals; radical cation salts; CNB-EDT-TTEF; thermoelectrics

1. Introduction

It has been recently shown that the dissymmetrical TTF derivative cyanobenzene-ethylenedithio-
tetrathiafulvalene (CNB-EDT-TTF) (Scheme 1) is an electron donating molecule that when combined
with small anions X such as C1O; ~, PFs~, and I3, leads to a family of radical cation salts of composition
(CNB-EDT-TTF)4X and characterized by a unique donor bilayer structure [1]. This bilayer arrangement
is promoted by an effective arrangement of hydrogen bond dimeric C-N---H-C interactions involving
the cyano groups, as a combination of R2,(10) and R?,(8) synthons in a two-dimensional network.
These (CNB-EDT-TTF),X compounds have been obtained in several polymorphic phases associated
with different donor packing patterns or anion ordering schemes [2,3] and for x-type packing pattern
some of these 2D metals have shown superconductivity at low temperatures [2].

Crystals 2018, 8, 142; doi:10.3390/ cryst8040142 248 www.mdpi.com/journal/crystals
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Scheme 1. CNB-EDT-TTE.

The donor bilayer structure confers to these salts unusual metallic properties associated to high
band filling, large electronic effective masses and quasi degenerated 2D Fermi surfaces, making the
study of this type of bilayer metallic systems quite attractive. However the range of stability of the
(CNB-EDT-TTF)4X salts was found so far restricted to linear, tetrahedral or octahedral anions of size
comparable to ClO4~, PFs~, and I3, and for instance with a larger anion such as FeBry ™, a salt of
different stoichiometry (CNB-EDT-TTF),FeBr, and distinct structure is obtained instead [4]. These
findings directed our attention towards exploring new CNB-EDT-TTF salts with comparable small
anions and in this contribution we report the salts obtained with the smaller tetrahedral anion BF; ™.
With this small tetrahedral anion salts with both 4:1 and 1:1 stoichiometries were obtained.

2. Materials and Methods

2.1. General Information

CNB-EDT-TTF was prepared following a previous described procedure [5] which was
more recently improved [3]. n-BugyN BF; (Sigma Aldrich, Darmstadt, Germany) was purified by
recrystallization from ethyl acetate. Dichloromethane and tetrahydrofuran (THF) were freshly distilled
immediately before use.

2.2. Synthesis

[CNB-EDT-TTF] BE, (1). A THF solution of the donor CNB-EDT-TTF (2.2 x 10~3 M) and n-BuyN
BF, (1.1 x 1072 M) was added to an H-shaped two-compartment cells separated by frit glass with Pt
electrodes and sealed under nitrogen. After applying initially a current density of 0.5 pA/cm?, during
the first 3 days, then increased to 0.7 pA/cm? during more 20 days, black bock shaped crystals grown
on the anode were collected and washed with THF and dichloromethane.

B”-ICNB-EDT-TTF]; BF (2). A dichloromethane solution of the donor CNB-EDT-TTF and n-BusN
BFy (both 2 x 1073 M) was added to an H-shaped two-compartment cells separated by frit glass
with Pt electrodes and sealed under nitrogen. After approximately 15 days of applying a constant
current density of 1 A /cm?, dark brown elongated platelet shaped crystals grown on the anode were
collected and washed with dichloromethane/ether.

2.3. X-ray Crystallography

Selected single crystals were mounted on a loop with protective oil and X-ray data was collected
on a APEX II CCD detector diffractometer (Bruker, Billerica, Massachusetts, MA, USA) using graphite
monochromated MoKa radiation (A = 0.71073 A) and operating in a ¢ and w scans mode. A semi
empirical absorption correction was carried out using SADABS [6]. Data collection, cell refinement
and data reduction were done with the SMART and SAINT programs [7]. The structures were
solved by direct methods using SIR97 [8] and refined by full matrix least-squares methods using
the program SHELXL97 [9] using the winGX software package [10]. Non-hydrogen atoms were
refined with anisotropic thermal parameters whereas H-atoms were placed in idealized positions and
allowed to refine riding on the parent C atom. Molecular graphics were prepared using Mercury [11].
CCDC 1825988-1825989 contains the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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Crystallographic data for compound 1, (CNB-EDT-TTF)BFy: C13H;BF;NSy, M = 456.37 g-mol —*,
monoclinic, space group P2;/c, a = 9.5066(9)) A, b = 8.3629(9) A, ¢ = 21.1593(13)A, B = 95.984(6)°,
V=1673.1(3) A%, Z = 4, pearc = 1.812 g-em~3, (Mo Ka) = 0.855 mm !, 5429 reflections measured,
2887 unique Ry = 0.0734, Omax = 25.02°, Ry = 0.0618 using 2887 Refl. > 20(I), wR, = 0.1189, T = 150(2) K.
CCDC 1825989.

Crystallographic data for compound 2, ”-(CNB-EDT-TTF)4BFy: C13H;NS, M = 832.62 g-mol !,
monoclinic, space group P2;/m, a = 4.8418(13) A, b = 55.724(15)A, ¢ = 5.9081(16)A, B = 94.208(18)°,
V =1589.7(7)A3, Z = 4, peqe = 1.544 g-em 3, w(Mo Ka) = 0.847 mm~!, 8106 reflections measured,
1584 unique Ry = 0.0747, Omax = 20.64°, R1 = 0.0764 using 1584 Refl. > 20(I), wR, = 0.1727, T = 150(2) K.
CCDC 1825988.

2.4. Electronic Band Structure Calculations

The tight-binding band structure calculations [12] were of the extended Hiickel type and a
modified Wolfsberg-Helmholtz formula was used to calculate the non-diagonal Hy,, values [13].
All valence electrons were taken into account in the calculations and the basis set consisted of
Slater-type orbitals of double-{ quality for C and N 2s and 2p, S 3s and 3p and of single-{ quality
for Hls. The ionization potentials, contraction coefficients and exponents were taken exactly as in
our previous work for (CN-BEDT-TTF),I; [2]. Because of the different crystallographic cells the four
different HOMO---HOMO intralayer interactions were defined as in the previous work on disordered
(CN-BEDT-TTF)4I3 [2]: I, interaction along the stacks; II, lateral 7t-type interaction; III, interaction along
the step-chains and IV, head to head interlayer interaction .

2.5. Electric Transport Properties

Electrical conductivity and thermoelectric power were measured in single crystals in the
temperature range of 20-320 K, in a cell attached to the cold stage of a closed cycle helium refrigerator.
In the first step, the thermoelectric power was measured by using a slow AC (ca. 1072 Hz)
technique [14], by attaching two ¢ = 25 um diameter 99.999% pure Au wires (Goodfellow), thermally
anchored to two quartz blocks, with Pt paint (Demetron 308A), to the extremities of an elongated
sample as in a previously described apparatus [15], under computer control [16]. The oscillating
thermal gradient was kept below 1 K and it was measured with a differential Au-0.05 at. % Fe vs.
chromel thermocouple, and the sample temperature measured with a calibrated thermocouple of
the same type. The absolute thermoelectric power of the samples was obtained after correction for
the absolute thermopower of the Au leads, by using the data of Huebner [17]. In a second step two
additional contacts between the previous ones, were similarly made in order to achieve a four-in-line
contact configuration and electrical resistivity was measured imposing an AC current of 1 nA at 70 HZ
and the voltage drop measured using a lock-in technique. Sample electrodes configuration was checked
for unnested to nested voltage ratio, as defined by Schaffer et al. [18], which was kept below 5%.

3. Results

As previously observed with the anion ClO4~ depending on the solvent and electrocrystallization
conditions salts with 1:1 and 4:1 donor:acceptor stoichiometries; (CNB-EDT-TTF)BF; (1) and
(CNB-EDT-TTF)4BFs (2) can be obtained, the first one as black block shaped crystals from
tetrahydrofuran (THF) and the last one as thin dark brown platelet shaped crystals from
dichloromethane solutions. For the 4:1 salt, among the several crystals tested only the monoclinic phase
B"M-(CNB-EDT-TTF)4BF, could be observed with so far no evidence for the triclinic one described for
ClOy [3]. These two BF, salts are isostructural with the analogues with Cl1O,~ anions [3] and therefore
the description of their crystal structures will be only briefly summarized.

(CNB-EDT-TTF)BF, (1) crystallizes in the monoclinic system, space group P2 /c. The asymmetric
unit contains one independent donor molecule and one tetrahedral BF4~ anion located in general positions
(Figure S1). The donor geometry is almost planar with exception of the dihydrodithiin ring which
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presents the usual half-chair conformation with bond lengths (central C = C:C5—C6 = 1.374(9) A)
identical within experimental uncertainty to those observed in other 1:1 salts with this donor in
monocationic state [3,4] (Table S1). The crystal structure of 1 consists in head-to-tail chains of
CNB-EDT-TTF donors dimers stacked along b, as shown in Figure 1. Donors in nearby stacks with
reversed tilting (related by a screw axis) are connected by a helical network of short C—N---H—-C
contacts at 2.546 A. In addition there are several short S---S,S---C and S---F intermolecular contacts and
hydrogen bonds listed in Table S2.

Figure 1. Crystal structure of (CNB-EDT-TTF) BF,; (a) viewed along the axis; (b) partial view along the
molecular long axis of a layer of head to tail donor dimers.

(CNB-EDT-TTF)4BFy (2) crystallizes in the monoclinic system, space group P2;/m, it is
isostructural with the previously described monoclinic phase of the analogue with ClO4 [3] but
with cell parameters slightly larger. Figure 2 shows a projection of the crystal structure of 2 along
the stacking axis (corresponding to a). The refinement of the crystal structure from different crystals
measured was always severely limited by a large disorder associated with the anions which could
not be clearly identified in several possible positions placed in a channel along ¢ between the donor
bilayers. However when a squeeze was applied leaving only the donors to be considered in the
structural refinement, a fair agreement could be achieved. The asymmetric unit of 2 (Figure S2)
contains one independent CNB-EDT-TTF donor molecule with all atoms located at general positions.
The donor geometry and bond lengths (Table S3) are within experimental uncertainty identical to that
previously observed in ”-(CNB-EDT-TTF)4X salts. The donor crystal packing consist in the previously
described B”-type bilayer structure of donors, with similar short intermolecular contacts listed in
Table S4, and alternated tilting orientations of bilayers along b, the large cell parameter. A relevant
difference is on the cell parameters a and ¢, slightly larger than those observed for ClOy in spite of the
smaller anion size. This difference is certainly due to the severe anion disorder and it corresponds to a
not so tight packing of the molecules in the layers.

Y ,.m reidd
a‘i‘{“gﬁ _ %Aﬁ’»w f “{{% ;

Y Ve
ﬁ:{w% ;J‘!;"-";?T\-‘—

Figure 2. Crystal structure of 3”-(CNB-EDT-TTF)4BF, viewed along a.
The donor bilayer structure is due to a network of bifurcated C-N - H interactions in an
efficient combination of R?,(10) and R?,(8) synthons between coplanar molecules (Figure 3a) with

contact distances (N1---H3 at 2.624 A, N1---H5 at 2.505 A) comparable to those previously found
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in B”-(CNB-EDT-TTF)4X salts [1-3]. However the stacking distance between successive planes of
molecules interconnected by R?,(10) and R?,(8) synthons is slightly larger in this BF, salt. The three
different intermolecular intralayer interactions I, Il and III (I, along the stacks; I, lateral 7r-type and III,
along the step-chains) are shown in Figure 3b. Figure 3a also shows the interaction IV between a pair
of head to head molecules in adjacent layers. The magnitude of these interactions was evaluated under
the extended Hiickel approach and values obtained are listed in Table 1 and compared with those in
the ClOy, PFq and I3 analogues. Interactions II and IV are practically identical, as a consequence of a
quite similar network of C-N---H interactions, but interactions I and III are reduced as a consequence
of a larger intermolecular spacing.

() (b)

Figure 3. Details of donors packing in B”-(CNB-EDT-TTF)4BFy: (a) partial view perpendicular to the
donors with blue lines emphasizing C-N---H-C interactions, as a combination of R2,(10) and R25(8)
synthons in a two-dimensional network of coplanar donors; (b) View of one donor layer along the
molecular long axis showing a p”-type packing pattern, with identification of the distinct intralayer
interactions I, IT and III.

Table 1. Absolute values of the |Byomo-HOMO ! interaction energies (meV) for the different
donor---donor interactions in the ”-(CN-BEDT-TTF)4X salts (I, along the stacks, II, lateral 7t-type,
111, along the step-chains and IV, head to head interlayer interaction—See Figure 3).

Anion X I 1I 111 v Ref.
BF, 88 49 201 0.8 This work
ClOy4 113 51 233 2.7 1
PFq 117 53 219 3.1 1
I3 (disordered phase) 125 51 220 0.6 2

The electronic band structure predicted on the basis of these calculated intermolecular interactions
and the corresponding Fermi surface assuming an average charge 1/4+ for each donor molecule
are depicted in Figure 4. Due to the small interlayer interaction IV, associated with head to
head intermolecular contacts, the bands are split in two almost degenerated ones. The Fermi
surface corresponds to two elliptical cylinders, as typical of f”-salts [19], and their cross section
area corresponds to about 1/8 of the first Brillouin Zone as previously calculated for identical
B”-(CNB-EDT-TTF)4X salts [1,2].

The metallic properties predicted by these electronic band structure calculations are confirmed
by the measurements of electrical transport properties in single crystals, shown in Figure 5 where
they are compared with those previously reported for the ClO4 and PF4 analogues. The electrical
resistivity, p (~0.05-0.06 (2 cm at room temperatures) upon cooling shows an almost linear decrease
until about 50 K, reaches a broad and sample dependent minimum at ~25-30 K, followed by a gradual
increase upon further cooling, reaching at 1.7 K values comparable to those at room temperature.
This increase of resistivity at low temperatures, which was found slightly sample dependent, can be
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due electron repulsion or most likely to localization effects induced by anion disorder [20]. Indeed
no such minima of electrical resistivity was observed at this temperature range in the ClO4 and PFg
analogues where the anions were found not so severely disordered, and where the electrical resistivity
presents a stronger temperature dependence in a more extended linear regime.

The thermopower S presents rather large positive values of ~110 uV/K at room temperature, and
it remains almost temperature independent down to 150 K. Upon cooling below this temperature the
thermopower values start decreasing towards zero in a fashion approximately proportional to the
temperature T, confirming the metallic nature of the compound and indicating that the conduction
takes place in a continuum of states around the Fermi-level. The large positive values are consistent
with the large band filling (7/8) predicted by the band structure calculations described above assuming
an average 1/4+ charge of each donor molecule. The thermopower values significantly larger than
in the ClO4 and PFg analogues are also consistent with the predicted smaller bandwidth of the BF,
salt as a consequence of larger intermolecular spacing, which results in a larger density of states at
the Fermi-level.

-8.1
<
I
>
2 -8.6
[0}
[
i
-9.1
X r Z M XT Mr S

(a) (b)

Figure 4. Calculated band structure (a) and Fermi surface (b) for 3”-(CNB-EDT-TTF);BF; where
T'=(0,0),X=(a*/2,0),Z=(0,c*/2), M = (a*/2, c*/2) and S = (—a*/2, ¢*/2). The dashed line in (a)
refers to the Fermi level.

' ) 120 [ . |
1 ’ O p-(CNB-EDT-TTF),CIO, 7
5 " p-(CNB-EDT-TTF) BF,
Qg 80+ // p-(CNB-EDT-TTF)CIO, |
a p-(CNB-EDT-TTF) BF, o -
05 i Sﬂ- (-(CNB-EDT-TTF) PF,
| 3 / |
p-(CNB-EDT-TTF),PF, w a0l ) -
0.0k \ . ] 5 | | |
0 100 200 300 0 o T o~
T(K T(K)

(@ (b)

Figure 5. Temperature dependence of electrical resistivity p (a) and absolute thermoelectric
power S; (b) of B”-(CNB-EDT-TTF)4BF, single crystals compared with corresponding data for
B”-(CNB-EDT-TTF)4ClO4 and B”-(CNB-EDT-TTF)4PF; (thin lines, from reference [1]).
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The high temperature regime of large and almost temperature independent thermopower appears
as a common feature of the §”-salts of this donor. In this respect it is worth consider that the
thermopower, which is the entropy per charge carrier weighted by their contribution to the total
electrical conductivity, is directly related to the density of states at the Fermi level and the contribution
o(E) of states with energy E close to the Fermi level, Ef, to the total conductivity o [21]:

S = —kB/e /(E — EF)/kBT (¢(E)/c) dE 1)

Therefore the large thermopower of these 4:1 f”-salts is a consequence of the large band filling
placing the Fermi level in region of large effective mass. In contrast to the low temperature regime, with
a SaT behavior typical of metals, the high temperature regime with almost temperature independent
thermopower can result from correlation effects in a narrow band, when the carrier mean free path
becomes comparable to the lattice parameters and the transport mechanism becomes diffusive rather
than coherent. Finally it should be mentioned that the measured thermopower value of ~110 uV/K
in B”-(CNB-EDT-TTF)4BF, is to the best of our knowledge the largest one observed in a molecular
metallic system. Although the thermal conductivity of these molecular compounds was not yet
measured, it is expected to be modest in view of the complex molecular structure (~1 W/Km) [22,23],
the large thermopower values of these bilayer systems place them as good candidates for efficient
thermoelectric materials. In fact from an electrical conductivity o = 20 S/cm and thermoelectric power
§ =110 uV/K, a power factor PF = S20 = 24 yW/K?m can be deduced, which is comparable to the
best values reported so far for molecular materials such as 387 pW/ K?m in (TTT)I5 or 110 uW/K?m in
Cu(DMDCNQI); [1].

4. Conclusions

Based on the electron donor CNB-EDT-TTF and the small tetrahedral anion BF;~ salts with
1:1 and 4:1 stoichiometries—(CNB-EDT-TTF)BF, and p”-(CNB-EDT-TTF);BF4;—can be obtained by
electrocrystallization. The 1:1 salt is an electrical insulator but the 4:1 is a new member of the
family of 2D metals with donor bilayer structure. Its structure and properties are comparable to
the other compounds previously described, but the anions are more disordered and in spite of the
smaller anion size the lattice parameters are slightly larger and intermolecular interactions smaller,
while thermoelectric power becomes larger. The thermoelectric power of f”-(CNB-EDT-TTF),BE,,
is very large, to the best of our knowledge the largest reported among molecular metallic systems,
placing this family of bilayer compounds p”-(CNB-EDT-TTF),X as good candidates for efficient
thermoelectric materials.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/8/4/142/s1:
Figure S1: ORTEP and atomic numbering schemes (top and side views) of (CNB-EDT-TTF)BF4 (1). Thermal
ellipsoids drawn at 50% probability level; Figure S2: ORTEP and atomic numbering schemes (top and side
views) of (CNB-EDT-TTF)4BF4 (2). Thermal ellipsoids drawn at 50% probability level; Table S1: Bond lengths of
compound 1; Table S2: Short contacts of compound 1; Table S3: Bond lengths of compound 2, Table S4: Short
contacts of compound 2.
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Abstract: The optical conductivity in the charge order phase is calculated in the two-dimensional
extended Hubbard model describing an organic Dirac electron system a-(BEDT-TTF),I3 using the
mean field theory and the Nakano-Kubo formula. Because the interband excitation is characteristic
in a two-dimensional Dirac electron system, a peak structure is found above the charge order gap.
It is shown that the peak structure originates from the Van Hove singularities of the conduction and
valence bands, where those singularities are located at a saddle point between two Dirac cones in
momentum space. The frequency of the peak structure exhibits drastic change in the vicinity of the
charge order transition.

Keywords: Dirac electron; charge order; optical conductivity; organic conductor; a-(BEDT-TTF),I3

1. Introduction

An organic conductor a-(BEDT-TTF),I3 has attracted much interest, since it exhibits a transition
between the charge order (CO) [1-7] and the massless Dirac electron (DE) [8-15] as hydrostatic pressure,
P, increases. Recently, strong electron correlation effects have been revealed in both the CO [16] and
the massless DE [17-20] in spin fluctuations. Thus, electron correlation effects in transport phenomena
have also been expected, especially in the crossover region between the massless DE and the CO.

It has been observed that the optical gap determined by the optical conductivity decreases
monotonously as P increases and reaches almost zero at about P, = 12 kbar [21,22], while the
resistivity gap reaches almost zero at about 7 kbar [23]. In order to explain such metallic behavior
in the presence of the CO gap, metallic channels owing to edges and domain walls in the CO have
been studied using the extended Hubbard model [24-27]. It has been shown that the massive DE
phase with the gapless edge states emerges in the intermediate region between the massless DE phases
and the trivial CO. Although the CO gap induced by the inversion symmetry breaking exists in both
the massive DE phase and the trivial CO, a pair of Dirac cones with a finite gap at incommensurate
momentum, +kp, merges at a time reversal invariant momentum (TRIM) at the transition between
these two phases [12,15,28,29]. Such a drastic change in the band structure is expected to give rise to
a characteristic in the optical conductivity.

In the present paper, the optical conductivity is calculated in the band structure determined by
the mean-field theory in the extended Hubbard model for the two-dimensional electron system in
the organic conductor a-(BEDT-TTF),I3, where the nearest-neighbor Coulomb repulsion, V; is used
to control the charge ordering [1,2], although the donor-acceptor interactions can be also important
for the charge ordering [7]. It is shown that a peak structure emerges above the CO gap in the optical
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conductivity. The frequency of the peak structure, wpeax, OWing to interband excitation between
two Van Hove singularities in the conduction and valence bands, rapidly moves as a nonmonotonic
function of V,, while the frequency of the CO gap, wco, increases monotonically as V, increases.
Those Van Hove singularities originate from the saddle points between two Dirac cones. The optical
conductivity exhibits a characteristic strong peak when two Dirac cones merge in the presence of
a large CO gap.

This paper is described as follows. An extended Hubbard model for a two-dimensional electron
system in a-(BEDT-TTF),l3, the mean field theory, and the optical conductivity are described in
Section 2. Numerical results are shown in Section 3. Sections 4 and 5 are devoted to the discussion
and summary.

2. Formulation

The two-dimensional extended Hubbard model [1,2] has been used in theoretical studies for
«-(BEDT-TTF),l3, in order to take the on-site Coulomb repulsion, U, and the nearest-neighbor Coulomb
repulsions, V,,qg, into account.

H

( E) (t(w‘/]ﬁ) a?‘aaﬂ]“gg +hC)
in,jB),o

+ Z u a?aTa;rua,-ala,M (1)
in

+ Z Z Vi"‘jf’ a;rwa;rﬁa,u/ﬁ,,/aiw,
(ia:jB) 0"

where a;,, and t(ia,jp) TEPTESENt the annihilation operators and the transfer energies with unit cells i, j,
spins 0, and sublattices a, = A, A/, B and C of a-(BEDT-TTF),1;5.

Hereafter, the energies are given in eV. The tight binding model for a-(BEDT-TTF),I3 [30-34] is
shown in Figure 1a. The sublattices A and A’ are equivalent due to the inversion symmetry in the
massless DE phase. The transfer energies given by the first-principle calculation [33]: t;; = 0.1241,
tyy = 0.1296, t,; = 0.0513,tpy = 0.0152,t,1 = —0.0267,t,5 = —0.0511,¢,3 = 0.0323,¢,; = 0.0119,
t'. = 0.0046, and #/, = 0.0060. The nearest neighbor interaction V; in the stacking direction is used for
controlling the CO transition, because this is the most sensitive as a function of P [35-37], while we
treat U = 0.4 and V,, = 0.05 as constants. The temperature T = 0.001 is fixed in the present paper.
The lattice constants, kg and z are taken as unity. The system size in numerical calculations is N, = 500.

The mean-field Hamiltonian Hyg [11] is

Hwr = Z éaﬁo’(k)aiagakﬁm @
kapo
Eapr(K) = Paodup + €xp(k), ®)
Pur = U (na—o) + E szﬁ’<nﬁ’a’>, 4)
‘B/U-/
eaﬁ(k) = Ztaﬂeik“sr 6)
3

where ¢, is the Hartree potential, (11,,) = (a:-ra +liac) is the electron number, and 4 is a vector between
unit cells. The energy eigenvalues §,. (k) and the wave functions @, (k) are given by

%éaﬁa(k) q’ﬁw(k) = Cw(k) ‘I’aw(k)r (6)
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with the band index v = 1,2, 3,4. The conduction and valence bands correspond to &1, (k) and &y (k),
respectively, since the Fermi energy is located between these two bands. The electron number (11,.) is
given by

”mr Z|‘I’aw | f ‘:’717( )) (7)

where the Fermi distribution function is f({,o(k)) = 1/(exp [(&yo(k) — p)/kpT] + 1) with the
chemical potential  determined so that the bands are 3/4-filled. Hereafter, let E,, (k) = {yo(k) — 1
and measure the energy from y.

The Green function G,p,(w, k) and the density of state p(w) are given by

':D;'wq)ﬁmr
Gaﬁa(wrk) - m/ (8)
P(w) = NL Zk;w (* %Imcaaa (UJ, k))
g &)

= 5 Dkaye 0 (10 = Eyo (K)) [ @yur (k) 2,

where N is the number of lattice points.
The optical conductivity is calculated by the Nakano-Kubo formula based on linear response
theory. It is represented by

o(w) = —[K(w)=K(©0)], (10)

1w
(Eyo(k)) = f(Eyo(k))

f
Klw) = NL()M;U‘VW” g 1o (K) = g (K) + fico + 07

1n

Here, v and ¢ represent a band and spin indices respectively. k is a wave vector. ¢ is a Minute
amount and w = E/f. where the velocity matrix v,/ is calculated by

V“y’y’a(k) = Z q>lX’)‘t7 Unﬁa )q)ﬁw’u(k)/ (12)
1 d
vaﬁa(k) = Eﬁéaﬁa(k) (13)

3. Results

Figure 1b shows the conduction and valence bands in the massless DE phase. There is a pair of
massless Dirac cones at incommensurate momenta, +kp. The Fermi energy is located at the degenerate
points of the two bands. These two bands form the tilted conical structure around £kp as shown
in Figure 1c. When the energy gap between the two bands is zero, the electronic states are called as
the massless DE, since quasi-particles behave as massless Dirac fermions in the relativistic quantum
mechanics. There are several saddle points at the TRIMs near the Fermi energy, e.g., the M-point in
the conduction band (Mc-VHS), the M-point in the valence band (Mv-VHS), and the Y-point in the
valence band (Yv-VHS).

The optical conductivities at several V; are shown in Figure 2a. These values are divided by
the universal conductivity o9 = 7re?/2h [38]. In the massless DE phase for V, = 0.18, the optical
conductivity almost reaches a universal constant for kT < fiw < A, where A = 0.01 is a energy scale of
the linear dispersion as shown in previous studies for the massless DE [38-41]. When V' > VaCl =0.198,
a frequency of the CO gap, wco, increases as V,; increases, as shown in Figure 2b, where wcg is defined
as a flexion point of the shoulder structure in the optical conductivity. It is found that a peak structure
appears above wco. As presented in Figure 2b, its frequency, wpeak, rapidly decreases as V; increases
forV, < V;z = 0.212, at which the two Dirac cones are merged in the conduction band [26,27]. In this
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region, the inversion symmetry in the system is broken, and the finite gap opens near +kp in the
energy dispersion, but two Dirac cones don’t merge immediately. Thus, this region of V! < V, < V¢2
is the massive DE phase. wpek rebounds after falling to wco, and the optical conductivity shows
a strong peak. Those two frequencies exhibit asymptotic behavior for V, > V<2, where the CO phase
with the trivial gap appears.

b(x)
(b) conduction band (C)
valence band
0.04
0.15 —_
= 0.02
50.05 g 0
=& o0 =002
-0.05
-0.04
-0.1

ky

Figure 1. (a) Schematic figure of two-dimensional conductive plane in a-(BEDT-TTF),I3. Some ellipses
represent sublattices of the BEDT-TTF molecule. In the figure, signs of b1, b2, ..., ad’ correspond to
transfer integrals tyq, tyy, ..., t,, between two molecules. Nearest-neighbor Coulomb repulsions V;,
Vj, are represented by the red dotted arrows. On-site Coulomb repulsion U also exists, although it is
not shown in the figure. The unit cell is a region surrounded by a black dotted square in the figure.
In the absence of the Coulomb interactions, the inversion symmetry points exist on B and C sublattices,
and at the midpoint between A and A’ sublattices. (b) The conduction band (purple) and valence band
(green) in the massless DE phase for V; = 0.18, and (c) a view of same two bands projected from the

side along ky axis.
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Figure 2. The optical conductivities divided by the universal conductivity oy = me?/2h [38] for
V, = 0.180,0.190,0.198,0.199,0.205,0.212,0.220,0.230,0.240 (@). wco and wpeq for V, = V2 = 0.212
are shown in (a). Vs-dependences of wco and wpe, are shown in (b). A characteristic peak structure is
found near the CO transition in the extended Hubbard model describing the organic Dirac electron
system a-(BEDT-TTF),I3.

Figure 3 shows the density of states p(w), where the Fermi energy is defined as zero. When V, < V¢1,
there is a valley due to the Dirac cones. A CO gap, wco, opens at the Fermi energy for V > V¢l
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There are several Van Hove singularities (VHS) due to saddle points of the conduction and valence bands
(see Figure 1b). Here we pay attention to VHS at the M-point in the conduction band (Mc-VHS) and
that in the valence band (Mv-VHS), respectively. The Mc-VHS remains an energy source for V, < V¢2.
Its energy rapidly increases and the peak structure disappears for V, > V¢?, since it is absorbed by the
upper edge of the CO gap, owing to the merging of the Dirac cones in the conduction band as shown in
Figure 4. The Mv-VHS, on the other hand, moves very rapidly until it reaches the lower edge of the CO
gap at V2. The Mv-VHS and the lower edge of the CO gap exhibits asymptotic behavior for V, > V¢2.
An energy difference between the Mc-VHS and Mv-VHS coincides with wpeay in the optical conductivity
shown in Figure 2a. Other VHSs, e.g., VHS at the Y-point in the valence band (Yv-VHS), show completely
different behavior as V, increases.

0008 [~
— _ a=0. —_—
Yv-VIS Va=0.205 ——
Va=0212 ——

L Va=0220 — |
0006 Va=0230 ——

Mc-VHS

0.004

p{w)

0.002

~7
.04 0.02 0 0.02 004

o [eV]

Figure 3. The density of states p(w) for V; = 0.198,0.205,0.212,0.220,0.230. The origin of the peak
structure in the optical conductivity is identified.
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Figure 4. The contour plots of the conduction band for V, = 0.205 (a), V, = V<2 = 0.212 (b), and
Va2 = 0.220 (c). The band structures as a function of ky for V; = 0.205 (d), V, = V,fz = 0.212 (e), and
Vi = 0.220 (f), where the CO gaps open between the conduction bands (the purple bands) and the
valence bands (the green bands). Tilting of the Dirac cones causes electron-hole asymmetric behavior
as the CO gap increases.

In order to analyze the behavior of Wpeak and wco, the band structure is intensively examined in
Figure 4. Both Mc-VHS and Mv-VHS exist at the M-point (the saddle point) between two Dirac cones.
The Dirac cones in the conduction band (the purple band) merge at the M-point at V<2 in the presence
of a large CO gap as shown in Figure 4b,e, leading to the absorption of the Mc-VHS into the upper
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edge of the CO gap. On the other hand, the massive Dirac cones in the valence band (the green band)
do not merge against relatively larger V, as shown in Figure 4c,f, since the Dirac cones are tilted [12,13].
Thus, the Mv-VHS and the lower edge of the CO gap show asymptotic behavior.

4. Discussion

The drastic change of the optical conductivity near CO transition is characterized not only by the
CO gap, but also the peak structure, as shown in Figure 2a,b. By careful analysis on the p(w) shown in
Figure 3 and band structure shown in Figure 4, it is elucidated that the origin of the peak structure
is the VHSs at the M-points between two tilted Dirac cones. The nonmonotonic V;-dependence of
Wpeak is due to both the merging of the Dirac cones with the CO gap and the tilting of the Dirac cones.
It is expected that those features may be observed in the low frequency region (around 100 cm ™),
i.e., just above the CO gap near the CO transition P, = 12 kbar in the optical conductivity, although
this region has not been analyzed by Beyer et al. [21].

It is a future problem to investigate the optical conductivity in the non-uniform CO with the edges
or the domain walls [26,27] using the real space dependent mean field theory, since it has been shown
that the non-uniform CO may be important to explain the metallic CO near the CO transition [23].
The strong correlation effects beyond the mean field theory [16] may also affect the optical properties.
Although the present calculation is based on the two-dimensional extended Hubbard model [1,2]
being a simplest model to describe the CO in a-(BEDT-TTF),I3, the donor-acceptor interactions may
also play an important role for the CO [7].

5. Conclusions

The optical conductivity in the vicinity of the CO transition has been investigated using the
Nakano-Kubo formula and the mean-field theory in the two-dimensional extended Hubbard model
describing the Dirac electrons in a-(BEDT-TTEF),I5. It has been found that a peak structure above the
CO gap emerges due to the two-dimensional Dirac cones. It has been also shown that the drastic
change of the peak structure in the vicinity of the CO transition indicates the merging of the massive
Dirac electrons. Thus it has been shown that the optical conductivity in the low frequency region just
above the CO gap indicates important information on the existence of the two-dimensional massive
Dirac electrons and those merging in the intermediate region between the trivial CO phase and the
massless DE phase.
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Abbreviations

The following abbreviations are used in this manuscript:

DE Dirac electron

Cco charge order

VHS Van Hove singularity

DOS density of states

TRIM time reversal invariant momentum

Mc-VHS  Van Hove singularity at the M-point in the conduction band
Mv-VHS  Van Hove singularity at the M-point in the valence band
Yv-VHS  Van Hove singularity at the Y-point in the valence band
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Abstract: A zero-gap state with a Dirac cone type energy dispersion was discovered in an organic
conductor a-(BEDT-TTF),l3 under high hydrostatic pressures. This is the first two-dimensional (2D)
zero-gap state discovered in bulk crystals with a layered structure. Moreover, the Dirac cones are
highly tilted in a k-space. This system, thus, provides a testing ground for the investigation of physical
phenomena in the multilayered, massless Dirac electron system with anisotropic Fermi velocity.
Recently, the carrier injection into this system has been succeeded. Thus, the investigations in this
system have expanded. The recent developments are remarkable. This effect exhibits peculiar
(quantum) transport phenomena characteristic of electrons on the Dirac cone type energy structure.

Keywords: o-(BEDT-TTF),l3; Dirac electron system; transport phenomena; inter-band effects of the
magnetic field; carrier doping; quantum Hall effect

1. Introduction

The realization of the graphene opened the physics of the Dirac electron in a solid [1,2]. A rich
variety of material with Dirac electrons has been discovered, and the recent progress of the physics for
Dirac electrons has been brilliant [3-16]. However, the zero-gap material with the Fermi level at the
Dirac point is limited. The physics at the vicinity of the Dirac point is the most significant. Among them,
we have discovered the zero-gap material with Dirac-type energy dispersion in a-(BEDT-TTF),I3
(BEDT-TTF = bis(ethylenedithio) tetrathiafulvalene) [17] (Figure 1) at high pressure. This is the first
bulk (multilayered) 2D zero-gap system with Dirac electrons. Thus, this material has led the studies of
the specific heat [18] and the nuclear magnetic resonance (NMR) [19] for the Dirac electron system.
Another significant feature is that the Dirac cones are highly tilted as shown in Figure 1d,e [13-16].
Thus, this system has led to the peculiar transport characteristic of the electrons on the Dirac cone
type energy structure [8-12,16,20-23]. This Dirac electron system, on the other hand, is next to the
charge-ordered insulator phase in the temperature-pressure phase diagram. Therefore, strongly correlated
Dirac electrons constitute one of the interesting recent studies [19,24,25].

The recent success of carrier injection helped the development of physics with regard to
this system. In this review, the effects of carrier doping on the peculiar (quantum) transport phenomena
are described. In the following, the electronic structure of a-(BEDT-TTF),I3 and the experimental
evidence of massless Dirac electron systems are briefly mentioned in this section. The methods of the
carrier doping in Section 2 and those effects on the transport phenomena in Sections 3-5 are revealed.
In Section 6, the Dirac type energy structure of this system is corrected.
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Figure 1. (a) BEDT-TTF molecule and I3~ anion, crystal structure of «-(BEDT-TTF),I3 viewed from
(b) a-axis and (c) c-axis, (d) band structure, and (e) energy contours near a Dirac point. Note that we
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take the origin to the position of the Dirac point.

1.1. Electronic Structure of x-(BEDT-TTF),I3

a-(BEDT-TTF),1; is a member of the (BEDT-TTF),I5 family [17]. The crystals consist of conductive
layers of BEDT-TTF molecules and insulating layers of I3~ anions as shown in Figure la—c [26-28].
The difference of the arrangement of BEDT-TTF molecules gives rise to variations in the
transport phenomena. Most are 2D metals with large Fermi surfaces, and some of them show a
superconducting transition [26-28]. «-(BEDT-TTF),I3, however, is different from other members.
The band calculation indicated a semimetal with small Fermi pockets of the electron character and the
hole character [8].

This material behaves as a metal down to 135 K, where it undergoes a phase transition to an
insulator [17]. At temperatures below 135 K, an abrupt drop of the magnetic susceptibility suggests
that a nonmagnetic state with a spin gap is realized [29]. The theory by Kino and Fukuyama [30]
and Seo [31], the NMR study by Takano et al. [32], the Raman study by Wojciechowski et al. [33],
and the spectroscopy study by Moldenhauer et al. [34] indicated that the origin of this transition was
due to the charge disproportionation. Each BEDT-TTF molecule with approximately 0.5¢ has formed
the horizontal charge stripe patterns for +1e and 0 at temperatures below 135 K [33,35]. This phase
transition is suppressed by the pressure above 1.5 GPa at room temperature [8,9,16].

The resistivity at high pressure is very peculiar. It is almost constant over the whole temperature
range like dirty metals. The carrier mobility in dirty metals should be low, because the impurity
scattering dominates the conduction. Thus, the resistance in dirty metals is temperature independent.
However, the present situation is different. The large magnetoresistance at low temperatures indicated
that the carrier mobility was extremely high. It was estimated to be approximately 10> cm/ Vs at low
temperatures [9,16,35-37]. The high carrier mobility led to the observation that the magnetic field
warped the path of the electric currents [8]. So, this system is clean.

This is the motive with which this study has started. To clarify this mechanism, the Hall effect
was investigated. Surprisingly, in the region from 300 to 2 K, the carrier (hole) density and the mobility
change by approximately six orders of magnitude as shown in Figure 2. At low temperatures, the state
of extremely low density of approximately 8 x 10'* cm 3 and extremely high mobility of approximately
3 x 10° cm?/V's is realized [10,16]. The independent resistance is due to the effects of changes in
the density, and the mobility just cancels out [8-10,16].

According to the band calculations by Kobayashi et al. and first-principles band calculations by
Kino and Miyazaki, this material under high pressures is in the zero-gap state of which the bottom
of the conduction band and the top of the valence band touch each other at two points (we call
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these “Dirac points”) in the first Brillouin zone [13-15]. The Fermi energy is located exactly on the
Dirac point.

In the picture of 2D zero-gap energy structure with a linear dispersion, the peculiar transport
phenomena were naturally understood. The carrier density proportional to the temperature squared
is explained. When the Fermi energy Er located at the Dirac point is temperature-independent,
itis written as n = [ D(E)f(E)dE « T2, in which D(E) is the density of state and f(E) is the Fermi
distribution function. According to Mott’s argument [38], on the other hand, the mean free path [ of a
carrier can never be shorter than the wavelength A of the carrier, so ! > A. For the cases of high density
of scattering centers, I ~ A (Ik ~ 1). As the temperature is decreased, I becomes long, because A
becomes long (k becomes small) with the decreasing energy of the carriers. The Boltzmann transport
equation gives the temperature-independent quantum conductivity as oy, = 8¢* [ v2t(—df/9E)dk = 2¢%/h,
in which v, is the velocity of Dirac electrons when the electric field along x-axis is applied and 7 is
the lifetime. The constant sheet resistance (resistivity per layer) Rs close to the value of the quantum
resistance, 1/¢? = 25.8 kQ), is derived. Many realistic theories for the sheet resistance in the zero-gap
system give Ry = gh/¢?, in which g is a parameter of order unity [39-41]. Combining the temperature
dependences of the carrier density and the resistivity with ¢ = ney, on the other hand, the temperature
dependence of the carrier mobility # « T2 was led as shown in Figure 2.
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Figure 2. The carrier density and the mobility under the pressure of p = 1.8 GPa against
the temperature. Close circles show the effective carrier density 7,7¢ and the mobility s estimated
from the Hall coefficient (Ry = 1/ne) and the conductivity (u = o/ne). The magnetoresistance
mobility 1) and the density 1), on the other hand, is shown by open square. The carrier density
obeys n o« T from 10 K to 50 K (indicated by broken lines). Reproduced with permission from [9].

1.2. Experimental Evidence of Massless Dirac Electron System

We can see the remarkable characteristic transport of 2D Dirac electron systems in the magnetic
field normal to the 2D plane. In the 2D massless Dirac electron system, the particles obeyed to the Weyl
equation H = vro-p, in which ¢ is the Pauli matrix and p is the momentum. In the magnetic field,
the gauge transformation from p into p 4 eA derives the energy of Landau levels Ey as

EN::tUp\/ZEﬁ‘NHB| (1)
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in which A is the vector potential, vr is the Fermi velocity, N is the Landau index, and B is the magnetic
field strength. This energy depends on the square root of B and N, which is different from that of
the conventional conductors. At the Dirac point (E = 0), N = 0, and the Landau level, called the
zero-mode, always appears [42].

For kT < E.q, the system is in the state of the quantum limit so that the zero-mode carriers
dominate the conduction. In this situation, the carrier density per spin and per valley is given by
D(B) = B/2¢yp, in which ¢y = h/e is the quantum flux and the Fermi distribution function at Ef is 1/2.
Strong magnetic fields induced the zero-mode carrier with high density.

Tajima et al. succeeded in detecting this effect in the longitudinal inter-layer magnetoresistance
R [11]. In this experiment, the Lorentz force is weak, because the electrical current and the magnetic
field are parallel to each other. Thus, the effect of the magnetic field only gives rise to the change in
the zero-mode carrier density. It leads to the remarkable negative interlayer magnetoresistance in
the magnetic field above 0.2 T, as shown in Figure 3 [11]. An analytical formula for R, by Osada
reproduced well the field and the angle dependences of R, [43].

Since each Landau level is broadened by the scattering of carriers and/or thermal energy,
the zero-mode is sure to overlap with the other Landau levels at a low magnetic field. In such
a region, the relationship of R,, « B ~1 Joses its validity. We can recognize this region in Figure 3,
in which a positive magnetoresistance is observed. At T, = 4 K, for example, this critical field B,
is approximately 0.2 T. At the magnetic field above B,, the overlap between the zero-mode and
the N = 1 Landau levels E; will be sufficiently small so that the negative magnetoresistance is
observed there. Thus, E; ~ kpT, at B,. The Fermi velocity vr was estimated to be approximately
4 x 10* m/s [44,45].

Thus, the detection of zero-mode has demonstrated that this material under high pressure
was composed of truly massless Dirac electron systems. The recent progress of this system has
been remarkable. One example of this is the success of the carrier doping to this system. In the
next section, the effects of the carrier doping on the transport phenomena are described.

1ok B plane

O 1 1
B(T)

Figure 3. Field dependence of the interlayer magnetoresistance for p = 1.7 GPa at 4 K [11].
Remarkable negative magnetoresistance is observed at B > 0.2 T. Fitting curve (red line) is an Equation
Rez o (|B| + By) ! in the negative magnetoresistance region, in which By is a fitting parameter that
depends on the purity of a crystal [36].

2. Methods of Carrier Doping

In the Dirac electron systems, the Berry phase, which is fundamental concept for the geometry of
the Bloch particles, plays an important role in quantum transport. In 2D massless Dirac electron system,
the particles obey the Weyl equation H = vro-p has 7 Berry phase. 77 Berry phase has yielded the new
type of quantum Hall effect (half integer quantum Hall effect), which was first discovered in graphene.
The success of the carrier doping (control of Er) by the field effect transistor (FET) method led to
this discovery.

268



Crystals 2018, 8,126

Here, the detection of the Berry phase is briefly mentioned. The semiclassical quantization
condition for a cyclotron orbit is written as Syy = 27t(N + 7) /13, in which Sy is the cross-section area
of the Nth Landau level, Iy = \//i/¢B is the magnetic length, and y (0 < ¢ < 1) is the Onsager phase
factor that is related to the Berry phase ¢p as ¥ = 1/2 — ¢p/27. In a conventional electron system,
¢p and -y are expected to be 0 and 1/2. Dirac particles, on the contrary, prefer ¢p = 7 and v = 0.
Dirac particles in a solid thus had been identified from the phase analysis of quantum oscillation
(Shubnikov-de Haas oscillations: SdH) in a magnetic field.

In order to detect the quantum Hall effect (QHE) characterized by the electrons on the Dirac
cones in a-(BEDT-TTF),I3 under high pressure, the Fermi level should be moved from the Dirac point.
However, control of the Fermi level by the field effect transistor (FET) method is much more difficult,
because this crystal has a multilayered structure with high conductivity. Moreover, the conductivity in
each layer is high.

Cannot we inject carriers to a-(BEDT-TTF),I3 under high pressure? Cannot we detect the QHE
experimentally in this system? The answer is “NO”. One of the breakthroughs for the carrier injection
to a-(BEDT-TTF),I3 was suggested. Important results are that the SAH oscillations and the QHE
associated with the special Landau level structure of Equation (1) were detected at low temperature [16,46].
In this section, we mention some unique methods of carrier doping in this system.

2.1. Effects of Dopant

Because of the characteristic energy spectrum, slight dopant brought a strong effect on the
transport phenomena. The instability of I3~ anions is the main origin of the dopant. Depending on
the dopant, there are two types of samples according to which the electrons or holes were doped.
Moreover, sample (dopant) dependence of the resistivity and the Hall coefficient is strong at
low temperatures. This characteristic feature provided experimentally an anomalous Hall conductivity
caused by the inter-band effects of the magnetic field [12]. In the magnetic field, the vector
potential plays an important role in the inter-band excitation of electrons [47]. In this situation,
large diamagnetism and the anomalous Hall conductivity is derived by the orbital motion of virtual
electron-hole pairs. This is the inter-band effect of the magnetic field. This effect is strongest when the
chemical potential is located at the Dirac point. In Section 3, inter-band effects of magnetic field on the
transport properties are described.

2.2. Electron Doping by the Annealing

Annealing of the crystals in a vacuum at high temperature gives rise to the lack of I3~ anions [48,49].
It yields mobile electrons. Annealing time and temperature are the control parameters of the density [50].
Recently, Tisserond et al. succeeded in injecting electrons and observed SdH oscillation at low
temperature [51]. Effects of electron doping by the annealing on the transport properties are roughly
mentioned in Section 4.

2.3. Hole Doping by Contact Electrification

The carrier density per layer of x-(BEDT-TTF),I3 under a high pressure at low temperatures
is estimated to be approximately 10% cm~2 [10]. Thus, the effects of hole doping can be detected
on the transport phenomena by fixing a crystal onto a substrate weakly that is negatively charged.
This is called the contact electrification method. The effects of hole doping on the quantum transport
phenomena were detected by fixing a thin crystal onto a poly (ethylene naphthalate) (PEN) substrate
(Figure 4) [46]. Positively charged substrate, on the other hand, dopes electrons. Effects of hole doping
by the contact electrification on the transport phenomena are described in Section 5.
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Figure 4. (a) Crystal structure of x-(BEDT-TTF),l3 viewed from the a-axis; (b) schematic diagram of
this system. The thickness of the crystal measured with a step profiler was approximately 100 nm;
(c) optical image of a single crystal on a PEN substrate in the processed form. The crystal was cut using
a pulsed laser beam with a wavelength of 532 nm. The scale bar is approximately 0.2 mm.

2.4. Experiments of the Transport Phenomena in a-(BEDT-TTF),13 Under High Pressure

A sample on which six to eight gold wire with a diameter of 15 pum is attached by the carbon paste
and is put in a Teflon capsule filled with the pressure medium (DN-oil 7373, Idemitsu, Tokyo, Japan),
and then the capsule is set in a clamp-type pressure cell made of hard alloy MP35N cell or BeCu/NiCrAl
dual-structure cell. The pressure was examined by change in the resistance of Manganin wire at
room temperature. Resistance of a crystal was measured by a conventional dc method with six to
eight probes. An electrical current between 0.1 nA and 10 A was applied in the 2D plane. The magneto
transport phenomena were investigated at temperatures from 0.1 K to 300 K in the magnetic field up
to12T.

3. Effects of Dopant: Inter-Band Effects of Magnetic Field

The sample (dopant) dependence of the resistivity and the Hall coefficient is strong at
low temperatures, as shown in Figure 5, because this system has the characteristic energy spectrum.
This fact is very important, because the dopant will throw light on the structure and the characteristic
properties in the vicinity of Dirac point. In this section, anomalous Hall conductivity that originated
from the inter-band effects of the magnetic field at the vicinity of Dirac point is examined [12]. Moreover,
electron-hole symmetry of this system is revealed.

As mentioned in Section 1, Ry is proportional to T? at temperatures below 50 K. It was explained
based on a single Dirac cone type energy structure. In the present system, however, two cones that
touched at a Dirac point exclude such a simple situation. In the case that the two Dirac cones are
strictly symmetric, the Hall coefficient will be zero, because the signals of the Hall effect due to carriers
on the top and bottom of the Dirac cones cancel out. To detect the signal, the energy structure should
be asymmetrical. The measurements of Ry should detect the signal that depends on the strength
of asymmetry.

Tajima et al. examined the temperature dependence of Ry for seven samples (n1-n7) and found
that the samples were classified into two groups. First group (n4 and n6) is that Ry is positive over
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the whole temperature range, as shown in Figure 5b. In another group (n1, n2, n3, n5, and n7), on the
other hand, the polarity of Ry changes at a certain temperatures below 10 K, as shown in Figure 5c.
The dopant with a low level of density in the sample leads to this difference. It plays an essential role in
the polarity of Ry at low temperatures. The density and the kind of dopants were determined by Ry
at the lowest temperature, in which the thermal excitation of carriers between the cones is negligible.
The kind of dopant of the first group (n4 and n6) is hole. On the other hand, electron is the character
of dopant in another group (n1, n2, n3, n5, and n7). Here, we have a deep interest in the change in
the polarity of Ry in the second group (electron doped samples: n1, n2, n3, n5, and n7), as shown
in Figure 5¢c. We find strong sample dependence of the temperature in which the polarity changes.
Note that above 10 K, the curve of Ry for all samples is a single. It indicates that doping does not
affect the electron energy structure. Thus, the effect of the dopant results in changes in Er. The change
in the polarity of Ry is understood as follows.

Strong temperature dependence of Ry indicates that the symmetry of the present Dirac cones
is low. In this situation, the chemical potential y should vary with the temperature. At the temperature
at which p = 0, the polarity of Ry changes [12,20]. This fact is very important, because the temperature
dependence of the transport phenomena provides its chemical potential dependence in the vicinity of
the Dirac point. Here, let us detect the inter-band effects of the magnetic field in the Hall conductivity.
The inter-band effect is strongest at 1 = 0 [47]. In the following, we examine the inter-band effect in
the vicinity of Ry = 0 (1 = 0).
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Figure 5. (a) Temperature dependence of Rs for seven samples under pressure of 1.8 GPa. Rg at
temperature below 10 K is shown in the inset; (b,c) is the temperature dependence of Ry for
hole-doped-type and electron-doped-type samples. Note that the absolute value of Ry is plotted.
Thus, the dips in (c) indicate a change in the polarity. The inset of (b,c) shows the schematic illustration
of the Fermi levels.

First, let us express y as a function of T. The dopant density 1; was determined from ns = 1/Rpe
at low temperature. Thus, E was calculated from the relationship Ep = hwpy/ns /7t with op = 35 x 10* m/s.
Note that the value of v for all samples is almost the same, because sample dependence of Ry is
very weak at temperatures of above 7 K. For example, Er/kp for samples nl and n7 are estimated to
be 1.35 and 0.35 K, respectively. Kobayashi et al. theoretically demonstrated that y is varied with
the temperature as approximately y/kgp = Er/kp = Ep/kp — AT at low temperatures, in which a
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parameter A depends on the symmetry of the Dirac cone (v /v%: v/t and v are the Fermi velocities for
lower and upper Dirac cones) and is independent of Ep. At Ry (T) =0, u/kp = 0. Thus, A = Er/kgTp
is estimated to be approximately 0.24 at Ry (T = 0) = 0. This experimental formula is consistent
with the theoretical curve well [20]. Hence, v’f /% is estimated to be approximately 1.2 [12]. This is
the electron-hole symmetry of this system. The detail for asymmetric Dirac cones in this system is
described in Section 6.

The calculation of the Hall conductivity o, = pyx/ (03, + pix) is the second step. The temperature
dependence of gy, for samples nl and n7 is shown in Figure 6a. In this calculation, it was assumed as
pxx = Pyy- The last step is that oy, is drawn in Figure 6b as a function for u by replacing T by T ().
We should compare this with the theoretical curve Ufyleory. Experimental data roughly reproduce the

. th
relation oy, ~ g(fxyeory

, in which g is a parameter that depends on the temperature. It is significant
that there is a peak and a dip structure in each curve at the vicinity of the point at which oy, = 0.
In the magnetic field, the orbital motion of virtual electron-hole pairs by the vector potential plays
an important role in oy,. The peak structure of oy, shown in Figure 6 is the characteristic feature due
to the inter-band effects of the magnetic field [20]. The energy between two peaks is the damping,
which depends on the density of scattering centers in the crystal. The intensity of the peak, on the
other hand, depends on the damping and the tilt of the Dirac cones [20]. Note that o, without the
inter-band effects, on the other hand, has no peak structure.

Another important finding is a smooth change in the polarity of oyy. This is evidence that this
material has an intrinsic zero-gap energy structure.
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Figure 6. (a) Temperature dependence of the Hall conductivity for nl and n7 in Figure 5;
(b) chemical-potential dependence of the Hall conductivity for nl and n7. Solid lines and dashed
lines are the theoretical curves with and without the inter-band effects of the magnetic field by
Kobayashi et al., respectively [20]. Reproduced with permission from [11].

4. Electron Doping by the Annealing

As mentioned in the previous section, the dopant with the density of ppm order gave rise to the
intense effects on the transport phenomena. The origin of the dopant is the instability of I3~ anions
in a crystal. In a sense, this is the natural doping. Annealing in a vacuum at high temperature,
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on the other hand, enhances the lack of I3~ anions so that the mobile electrons are yielded.
In this section, the effects of annealing on the transport phenomena in a-(BEDT-TTF),I3 under the
pressure are mentioned.

The density of the doped electron by the annealing depends on the parameters of its time
and temperature. The annealing at temperature above 80 °C, however, changes the crystal structure
from - to B-types [48]. Thus, Miura et al. investigated the resistivity of a crystal with a parameter
of the time with 10 min steps of annealing in a vacuum of 1072 Pa at 70 °C [50]. The effects of
anneal (doping) were clearly seen in the value of resistivity and its temperature dependence as shown
in Figure 7a. The effects of annealing lead this crystal to a metal. At 4.2 K, for example, the resistivity
is decreased by about two orders of magnitude in duration of 40 min annealing. It is expected that
electrons were doped to this system.
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Figure 7. (a) Effects of the annealing on the resistivity in x-(BEDT-TTF),I3 under pressure of 1.3 GPa;
(b) annealing time dependence of electron density at 4.2 K and 1.6 K. Reproduced with permission
from [50,51].

Here we note that this experiment was performed by a single crystal. First step was to investigate
the resistivity of a-(BEDT-TTF),I3 under the pressure of 1.3 GPa. As the second step, the crystal was
annealed in the duration of 10 min in a vacuum about 103 Pa at 70 °C after pressure was removed.
Then, the resistivity of this crystal under the pressure of 1.3 GPa was investigated again. For the
after steps, the doping of electrons by the annealing was repeated in the same way.

The polarity of the Hall coefficient indicated the electron doping successes. At low temperature,
the variation in the electron density estimated from the Hall coefficient is almost same as that in
the resistivity. It is increased by about two orders of magnitude in a 40 min of anneal at 4.2 K as shown
in Figure 7b.

Here, let us return to Figure 7a. The resistivity per layer in the case without annealing expressed
as Ry ~ h/e? in a wide temperature region is the characteristic transport in the massless Dirac electron
system in which Er is located close to Dirac point as mentioned in Section 1. However, the system
with Ef far from the Dirac point lacks validity of this law. The resistivity of the case with annealed
duration of 40 min shows the metallic behavior.

Figure 8 is the recent highlight. Tisserond et al. succeeded in detecting SAH oscillation in a thick
crystal under pressure of 2.2 GPa at 200 mK. [51]. Note that it is doped as a side effect of the elaboration
of the gold electrical contacts deposited by Joule evaporation, with an unintentional annealing.
Careful analysis of SdH oscillations, however, conduced the correction of the Dirac cones in this system.
In Section 6, this will be disclosed.

273



Crystals 2018, 8,126

600

500

400

300

[0]:] 0.5 mm

R (Q)

200+

100 4

B(T)

Figure 8. Field dependence of the magnetoresistance in x-(BEDT-TTF),I3 under pressure of 2.2 GPa
at 200 mK. Inset shows the photograph of sample. Reproduced with permission from [51].

5. Hole Doping by Contact Electrification

By fixing a thin crystal onto a substrate weakly negatively charged as shown in Figure 4, the effects
of carrier doping by contact electrification can be detected in the transport. The polarity of Hall
resistance R,y indicates that the hole doping is successful. Note that holes should be injected into a few
layers (pairs of BEDT-TTF molecular layers and I3~ anion layers). Main is the first from the interface.

5.1. Resistivity of a-(BEDT-TTF),13 on PEN Substrate under High Pressure

Figure 9 shows the temperature dependence of the resistivity of a-(BEDT-TTF),I3 on PEN
substrate under pressure of 1.7 GPa. We see clear effects of the hole-doping in the resistivity.
First, the value of resistivity of the thin crystal on the PEN substrate is lower than those of the
usual thick crystal. Most noticeable difference is seen at temperatures below 2 K. The resistivity for
the thin crystal on the PEN substrate behaves as p o T2. This is the characteristic transport in the
Fermi liquid state.
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Figure 9. Temperature dependence of resistivity of a-(BEDT-TTF),I3 on PEN substrate under pressure
of 1.7 GPa. Inset shows Ap = p — pg against T2, in which 0o is the resistivity at a limit of T = 0.
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Thus, carrier injection into «-(BEDT-TTE),I3 with a layered structure was successful. Note that
the resistivity depends on the crystal thickness, because the number of carrier-doped layers is small,
as mentioned before.

5.2. Observations of SAH Oscillations and Quantized Hall Resistance

The signature of the Dirac electrons is seen in the quantum transport. The magnetic field
dependence of resistance Ryy and the Hall resistance Ry, in the thin crystal on the PEN substrate
under pressure of approximately 1.7 GPa were investigated at 0.5 K. We find clear oscillation of Ry, as
shown in Figure 10a. The oscillation as a function of B~! indicates the SdH signal with a frequency of
By ~9.18 T. The second-order differential of Ry clearly depicts the oscillation in Figure 10b.

Here, we regard the origin of the SAH oscillation is 2D massless Dirac electrons. In the Dirac
electron systems, the circular orbit around the Dirac point in the magnetic field would yield Berry
phase 71, as mentioned before. The effect of the phase of the SAH oscillation is further probed in
the semi-classical magneto-oscillation description. In general, the component of the SdH oscillation
written by

ARy = A(B) cos[27(By/B+7)] @

acquires the phase factor ¢ = 1/2 or 0 for normal electrons with ¢p = 0 and Dirac particles with
¢p = 1. Here, A(B) is the amplitude of the oscillation. We obtain phase factor v by plotting the
values of B~! at the oscillation minima of ARy as a function of their number, as shown in Figure 10c.
The linear extrapolated values of approximately 1/2 at B! = 0 determine the phase factors 7,
which are approximately 0. Thus, we identify the Dirac particles.
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Figure 10. (a) Magnetic field dependence of Ryy, Ryy, and (b) SdH oscillation (—d%Ryy/dB?) under
the pressure of 1.7 GPa at 0.5 K; (¢) value of B! for the SdH oscillation minima. In the Dirac
electron systems, the linear extrapolation of the data to B~! = 0 should be 1/2. For normal electrons,
on the other hand, it is shifted to 0.
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Here, we notice the split of the SdH oscillation at B~* ~ 0.25 T~! in Figure 10b. The SdH
oscillation represents the density of states of the Landau levels. Thus, it indicates the Zeeman splitting
of N = —2 Landau level. The Landau level structure including its Zeeman splitting is written as

En = ~+opy/2¢h|N||B| + @ 3)

in which g is the g factor and yp is the Bohr magneton. Combined this relation of N = 2 and g = 2 with
Ey/vp = hk = h, /47rBf/¢0 ~ 1.7 x 1.0726 Jm~ s, the Fermi velocity is estimated to be vp ~ 4.3 m/s,

in which ¢ = 2 and ¢ = 4.14 x 1071 Tm~2 is the quantum flux.

The most significant finding is the quantum Hall state in this system. Two obvious Ry, plateaus
are observed at magnetic fields of approximately 3.5 and 5.5 T, which show Ry, minima (Figure 10a).
Based on the conventional 2D Dirac electron systems, the Ry, plateau is interpreted as follows.

Ryy quantization is in accordance with 1/Ry, = v-e2/h, in which v = +s(n+1/2) is the
quantized filling factor, and s = 4 is the fourfold spin/valley degeneracy. An outstanding effect
on the Dirac electron system is that the factor of half-integer exists. Thus, probes of the quantum Hall
plateaux for |v| = 2, 6, 10, 14, -- - are expected. In the data in Figure 10a, based on this step rule,
v = —6, —10, —14 for the first layer at R,y plateau, or anomalies are required from SdH oscillations
against the Landau index shown in Figure 11.
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Figure 11. Landau index N or filling factor for first layer v dependence of —d?Ry,/dB? and Oxy-
Reproduced with permission from [45].

The estimation of v from the values of Ryy plateau in this system, however, is a serious problem.
The multilayered structure with a few hole-doped layers (mostly single layer) gives rise to the lack of
the validity of the estimation of v from the values of Ry, plateau because it depends on the thickness.
On the other hand, the conductivities for the many undoped layers are finite. Hence, Ry, is not zero
but shows minima at Ry, plateaux. At magnetic field, for example, we can see this effect on Ryy.
In this magnetic field region, the polarity of Ry, is negative and yet holes are injected, as shown
in Figure 10a. This is a frequently observed behavior of the present material induced by electron-type
dopant (Section 3). However, detailed examination of the thickness (number of layer) dependence
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of the Hall conductivity revealed v. For example, v ~ —6 at Ryy plateau of 5.5 T in Figure 10a [46].
This is expected v shown in Figure 11.

6. Correction of Dirac Cones

In Section 5, the detection of SdH oscillations, whose phase was modified by 7 Berry phase,
is evidence that this system is a 2D Dirac electron system. This measurement was done in the magnetic
field below 7 T at 0.5 K. However, recent examination of the SdH oscillations at the magnetic field up
to 12 T by Tisserond et al. suggested the correction of the Dirac cones [51]. In this section, the SAH
signals in the high magnetic field are interpreted within the model of distorted Dirac cones.

The detections of the SAH oscillations were done by two carrier doping methods: anneal
(Sample A: Figure 8) and contact electrification (Sample B). Both the oscillations with the 1/B
periodicities and the phase factors of the Berry phase 7t indicate that the Dirac carriers are involved
at low magnetic field. At high magnetic field, however, both the SdH signals are very peculiar.
Both oscillations lost 1/ B oscillations periodicity as shown in Figure 12 [51]. The detail structure of
Dirac cones shows up the non-periodic SAH oscillations of the high magnetic field [52].
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Figure 12. Construction of Landau plots from the analysis of the SdH oscillations. At low
magnetic fields, the oscillations are 1/ B periodic; they are SAH oscillations. The determination of their
phase offset, connected to the Berry phase, indicates that the Dirac charge carriers are involved in the
measured oscillations. At higher magnetic fields, the 1/B oscillations periodicity loss. Reproduced
with permission from [51].
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Tisserond et al. interpreted the SdH signals shown in Figure 12 based on the picture of distorted
Dirac cones, of which the Hamiltonian is written as H = vpo-p + p?/2m, in which mass m is the
curvature term. Figure 13 is the sketch of distorted Dirac cones. In the magnetic field, by the
gauge transformation from p into p + eA, the Landau level structure without Zeeman effect term is
calculated as

Ev — B \/ 5 fiwom \ 2

~N = hwmN £ vpy | 2ehvg|N||B| + (T) 4)
in which w;;, = eB/m and |N| > 1. The positive part of this equation corresponds to the conduction
band contribution and the negative part to that of the valence band. The curves (solid lines) of Landau
index N against B~! reproduced well the experimental curve as shown in Figure 13. The best fit mass
parameter for Sample A is |m| ~ 0.03m. For Sample B, on the other hand, it is to be |m| ~ 0.022m.
Note that others possible causes, such as a cone tilting or a Zeeman effect, are carefully ruled out in the
Reference [46] and its Supplementary Materials.

The proposed interpretation corrects the band structure from (a) massless Dirac cone to distorted
Dirac cone with (b) m > 0 or (c) m < 0 shown in Figure 13. This electron-hole asymmetry explains the
temperature dependence of the chemical potential mentioned in Section 3 [12,20]. It suggests distorted
Dirac cone shown in Figure 13b. Moreover, recent realistic calculations of the energy band and Landau
level structures in this system by Kishigi and Hasegawa support our experimental results and those
interpreted qualitatively [53].

(a) 9] ©

E E E
¥ | % | ¥
m=0 m>0 m<0

Figure 13. Distortion of the Dirac cone by a curvature term with a mass m. (a) massless Dirac cone;
(b) distorted Dirac cone (m > 0); (c) distorted Dirac cone (m < 0). Reproduced with permission from [51].

7. Summary

We summarize this review as follows.

The effects of carrier doping on the peculiar (quantum) transport phenomena in x-(BEDT-TTF),I3
under high pressure were described. We presented three unique methods for the carrier doping of
this system. First, unstable I3~ anions yield the dopant in the crystal. This effect led to the detection
of anomalous Hall conductivity that originated from the inter-band effects of the magnetic field;
second, subjects that were annealed in a vacuum at high temperature enhanced the lack of I3~ anions
so that the mobile electrons were yielded. The effects of annealing on the transport phenomena
in a-(BEDT-TTF),I3 under pressure were mentioned. Tisserond et al. succeeded in detecting SAH
oscillation in a thick crystal under pressure of 2.2 GPa at 200 mK [51]. Lastly, we presented the effects
of the carrier doping by the contact electrification on the transport phenomena. Only by fixing a thin
crystal onto a substrate weakly negatively charged by contact electrification, the effects of carrier
doping can be detected in the transport. A significant finding is the SdH oscillation and the quantum
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Hall effect characterized by the Dirac type energy structure. Moreover, the distortion of the band
structure Dirac cones was revealed.

The effects of carrier doping became more important for the organic Dirac electron system.
However, control of the Fermi energy has not been achieved yet. Control of the Fermi energy and
further investigations will lead us to interesting phenomena.
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Abstract: Below Tco = 157 K the quasi-one-dimensional charge-transfer salt (TMTTF),SbF, undergoes
a pronounced phase transition to a charge-ordered ground state. We have explored the non-linear
and photoconductive behavior as a function of applied voltage, laser pulse energy and temperature.
Besides a decay of the photoconductive signal in a double exponential fashion in the millisecond
range, we discover current oscillations in the kHz range induced by the application of short laser
pulses. While the resonance frequencies do not depend on voltage or laser intensity and vary
only slightly with temperature, the amplitude changes linearly with the laser intensity and voltage.
We suggest that photo-induced fluctuations of the charge-ordered state alter the current flow of the
single particles and hence, the photocurrent. The findings are discussed and compared to comparable
phenomena in other low-dimensional electron systems.

Keywords: charge-transfer salts; TMTTF; charge-order phase transition; non-linear transport;
photoconductivity; current oscillations; calculations of band structure and optical conductivity

PACS: 77.84.]d; 77.80.Fm

1. Introduction

The charge-transfer salts (TMTTF), X, where TMTTF stands for tetramethyltetrathiafulvalene and
X for a monovalent anion, have been under scrutiny due to their quasi-one-dimensional electronic
character and ordering phenomena in the spin and charge sectors [1-4]. In recent years, several
comprehensive investigations have been conducted on the optical [5-9] and transport properties [10],
the lattice [11,12] and electronic structure [13-15] as well as on the magnetic properties [16-21].
However, not much is known about the non-linear properties at the charge-order transition taking
place at Tco = 157 K and transient conduction phenomena. This is surprising, since nonlinear behavior
was observed in various inorganic as well as organic compounds in the vicinity of a metal-insulator
transition, such as the charge-density wave transition in NbSes, the metal insulator transition in VO,,
or the charge-order transition in the two-dimensional a-(BEDT-TTF),I;3 salt [22-29].

Several classes of electrically induced nonlinear phenomena in solid-state materials can
be distinguished:

e  Non-equilibrium charge carriers: modification of the charge carrier number or the mobility.

e  Space-charge distribution: for instance impurity bands.

e  Electrically induced phase transitions: modification of the electronic system or the crystalline structure.
e Ionic motion in the host material: forming of conductive filaments.

e  Sliding charge density waves or charge order.

e  Domain wall motions or excitations of solitons.

Crystals 2017, 7,278; doi:10.3390/ cryst7090278 282 www.mdpi.com/journal/crystals
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Although exotic electrically induced effects emerge in most classes of materials, it is basically
impossible to draw a conclusive picture since the diversity of the involved ground states is enormous.
Nevertheless, in regard to future electronic devices and applications, more effort has to be devoted
to the experimental studies on electrically induced phenomena as well as the development of
accurate models explaining a wide range of these effects occurring in various material classes. For a
broader discussion we refer to the review articles [30,31] and textbooks [32,33] and further literature
listed therein.

The first studies on electrically induced phenomena in organic conductors were performed in the
1970s and 1980s on Cu(TCNQ) [34] and TTF-CA [35]. Later, this was extended to other organic systems,
such as K(TCNQ) [36], where the switching was also recorded optically, expressing a stripe structure
of alternating insulating and metallic domains between the two contacts. In the two-dimensional
organic salt 0-(BEDT-TTF),CsZn(SCN)y [37] and its sister compounds [38] the charge order was melted
by applying a current to the crystal [31]. To date, no concept or model could be established that can
explain all these observations in organic salts.

T T T T T T T T T T 8
100000 f (a) (TMTTF),SbF, J 3 (b)
b-direction
10000 | g0t 1 | .i'.'-“-"-““lfe 3
" f; 10° H. " o=
—_ 1000 \.\‘. 2 40 ! .l'.:-l e i
£ 100} & 1 = )
S I 1 2
& T, o
= 1of 3 F %
1 1 L. {2 &
= ' o ¥ o
OTE o dgirection s L'
0.01 : : : : : : : : : : o
50 100 150 200 250 300 50 100 150 200 250 300
Temperature (K) Temperature (K)
1000000 T T T T T T T T T
L]
(c) R To b To mmm(TMTTRPF, [ (d) A B (TMTTF)ASF, J
L] - -
Teo I a T, =67K 5
- n n @
foo000 - :"\-."._ L e MTTRAE, 2
o . - 'll"‘. 'I._. Teo=102K =t
'I n a " = L
» - .d'. —a— (TMTTF),SbF, =3
L]
1000 f S Teo=157K 3 5
L] .’ &
[ ..'
l* -
1000 : : : : : : : : :
50 100 150 200 250 300 -600 -400 200 [ 200 400
Temperature (K) Shift (ppm)

Figure 1. Experimental characterization of (TMTTF), X, X = PFg (black), AsFg (red), and SbFg (green)
single crystals. (a) Temperature-dependence of the resistivity along the a-direction [10]. The labels mark
the charge-order transition temperature Tco = 67, 102, and 157 K, respectively. The inset demonstrates
the effect of hydrostatic pressure on the transition by displaying the temperature-dependent dc
resistivity of (TMTTF),SbFs measured along the b-direction. Tcq is seen as a kink in p(T) that shifts
to low temperatures as pressure increases; (b) Temperature-dependence of the spin susceptibility
at constant volume [xs],. (TMTTF),PFs and (TMTTF),AsFs undergo a spin-Peierls transition at
Tsp = 19 Kand 13 K, respectively. (TMTTF),SbFq exhibits an antiferromagnetic state below 8 K causing
an increase of [xs]o. Above the transition [xs], can be described by a model of a 1/2 antiferromagnetic
Heisenberg chain [16,39]; (c) The real part of the dielectric constant e; maesured at f = 100 kHz as a
function of temperature T reveals a Curie-law behavior [40]; (d) BBC-NMR spectra of (TMTTF),AsFg
at 200 K and 80 K. Above Tcp = 102 K two distinct features A and B can be identified due to the
two molecules per unit cell. They split into a total of four peaks, as depicted by the arrows [41],
giving evidence for charge order.
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Since nonlinear behavior was observed in several different inorganic as well as organic
compounds at the vicinity of a metal-insulator transition, we expect similar phenomena in the
quasi one-dimensional salts (TMTTF), X, with the centrosymmetric anion X = PFg, AsFs, and SbFs.
In Figure 1 we collect the important experimental findings characterizing these three materials.
Upon cooling the resistivity goes through a shallow minimum due to electronic localization and
later exhibits a kink at the charge-order transition Tco, as displayed in panel (a). No significant
change is observed in the magnetic susceptibility at Tco [17] plotted in Figure 1b; while the magnetic
order and spin-Peierls transitions occur at low temperatures. Due to charge order, the dielectric
constant exhibits a maximum at this temperature (see panel (c)), more or less following Curie’s
law [40]. As presented in Figure 2, the charge-sensitive vibrational modes split due to charge
disproportionation [7]; similar conclusions are drawn from the NMR spectra [41] plotted in Figure 1d.
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Figure 2. Temperature dependence of the charge dispropotionation probed by the splitting of the
infrared-active v molecular vibrational mode in (TMTTF), X with X = PF,’, AsF,, SbF, and TaF, as
a function of temperature T recorded along the c axis. The charge imbalance 20 is estimated from the
difference of the two resonance frequencies by 26 = Av/ (80 cm™1/e) [7,42].

In Figure 3a the optical reflectivity of (TMTTEF),SbF is plotted as measured for ambient conditions
with the electric field polarized parallel to the chain direction. Using the Kramers-Kronig relation the
frequency dependent conductivity can be calculated as illustrated in the lower panel (b). The spectra
are dominated by a strong band around 2000 cm~! due to excitations between the Hubbard bands,
which occur due to electronic correlations. In addition emv-coupled vibrational features strongly affect
the optical properties in this range of frequency [43,44].

For (TMTTE),SbF4 a surprising behavior of the material was observed in response to electrical
and optical pulses, which is presented and discussed below in detail. We could not detect similar
phenomena in (TMTTF),PF¢ and (TMTTEF),AsFs. As depicted in Figure 1a (TMTTF),SbFg reveals
the steepest slope at the phase transition, while (TMTTF),PFs and (TMTTF),AsFg exhibit a smooth
transition. Therefore, we conclude that for the one-dimensional salts strong resistivity changes [10] at
the transition temperature are a good indication that nonlinear behavior can be observed. Otherwise,
the difference is too small and the photo-induced effect is absent.
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Figure 3. Frequency-dependent optical reflectivity (a) and conductivity (b) of (TMTTF),SbF4 along the
crystallographic a direction measured at T = 250 K.

2. Experimental Details

Single crystals of the charge-transfer salts (TMTTF),SbF, were grown by electrochemical methods
as described previously [10,39]. The needle-shaped single crystals are several millimeters long in the
a-direction and less than a millimeter wide in the other crystal directions. Figure 4 shows the crystal
structure of (TMTTF),SbFg in different orientations.

s
SN s

Aﬁ’iﬁ%}i v‘hf%; Doy

Figure 4. Two views on the crystal structure of (TMTTF),SbF illustrate the confinement of the
octahedral anions in a cavity formed by methyl groups (gray) of the surrounding TMTTF molecules.
Also shown by dashed lines are the closest connections between the fluorine (green) and sulphur atoms
(yellow); the antimony ion (red) is located in the center octahedron.

For transport experiments along the chain direction a four fine gold wires were attached to the
crystal by carbon paste as contacts. The Ohmic nature of these contacts on the organic crystals has been
verified in detail previously [10,25,45]. The samples were cooled in a helium cryostat. Besides simple
p(T) characterization (cf. Figure 6), we measured the transport response of the crystals along 4, when
a strong electric pulse is applied.

In a second step, photoconductivity was studied, i.e., we probed the time response of the
electric transport after exposing the crystal to a laser pulse (8 ns) with a wavelength of A = 532 nm
(corresponding to a photon energy of 2.33 eV). The setup for the photocurrent measurements sketched
in Figure 5b consists of two contacts on the specimen separated by 1.1 mm. A voltage pulse with
variable width is created on the contacts by a pulse generator. The applied voltage U and current
U/R are measured by an oscilloscope. Since the laser has a low repetition rate between 1 Hz and
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20 Hz heat accumulation is avoided; it is also ensured that long living states decay before the next
pulse arrives and hence, accumulation effects can be excluded.

(a) (b) Laser beam

Cryostat Cryostat KBr window
_ ‘Sample | 1 Sample |

Oscilloscope

Oscilloscope

Pulse generator -+ @
Pulse generator

Figure 5. (a) For the time-resolved transport measurement either the four-point or two-point
configuration was employed. It can be switched between the steady-state and the time-resolved
transport measurement. The voltage pulses are created by an Avtech AV-1010 B of Hewlett-Packard
HP 214B pulse generator. A Tektronix TDS 744A oscilloscope (input impedance 1 MQ)) records the
applied voltage U, the voltage drop across the inner contacts U3 as well as the total current of
the circuit by the voltage drop U across the load resistor Ry in series; (b) Schematic drawing of
the photoconductivity setup. It consists of a pulse generator creating the voltage U at the sample,
an oscilloscope, and a load resistor. Ry is used to determine the current in the circuit. The frequency
doubled Nd:YAG laser beam is focussed through the cryostat window. The beam diameter is
approximately 0.6 mm, the laser intensity ranged up to 5 mJ/cm.

The generated photocurrent Ipy(#) can be derived from the following physical relation.
The electronic circuit consists of a voltage source, the sample and the load resistance Ry. The dark
current Ip(t) is defined as

Io(t) = ¢ u M)

Ry + Rsp)

Rsp the dark resistance of the sample and Rgy the corresponding resistance when illuminated.
The total current under illumination Iy (¢) is respectively

u
In(t) = ————~ 2
m() (Re + Rs ) @
with Rgy Thus, the measured photocurrent is
I (t)*l(t)—l(t)*u( 1! > 3)
B " v (RL+Rsm)  (RL+ Rsp)

In a photocurrent measurement the contact resistance plays a crucial role since it influences the
transport of the charge carriers to the contact. The materials, i.e., metal, semiconductor or insulator,
touching at the interface form different types of contacts. At the boundary the band structure is deformed
due to the difference in work function and electron affinity of the materials. Therefore, a barrier is
created at the boundary surface leading to a depletion area [32,46]. By that, additional carriers can
be transferred or the charge carriers can be blocked at the contacts. There are typically two kinds
of contacts: the Schottky-contact and the Ohmic contact. Generally, several processes contribute
to the charge transport across the barriers. The dominating processes are the thermal emission of
charge carriers across the energy barrier and tunneling of the carriers, being temperature-independent.
However, it is assumed that Ohmic contacts are formed in the organic crystals, based on previous
studies [10,25,45]. During the transport measurements the temperature-dependence of the contacts
was checked by measuring the contact resistance at specific intervals; to that end, we switched between
four-point and two-point resistance measurements, as depicted in Figure 5a. Their resistance value
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normally changes at a phase transition when a gap opens in the electronic system. For details on the
time and field-dependent experiments we refer to Refs. [47,48].

3. Response to Electric Fields

Before discussing the response of (TMTTEF),SbFs to electric pulses, let us consider the
temperature-dependent resistance from room temperature down to 125 K, in order to determinate
the phase transition temperature. This allows us to assign Tco more precisely compared to optical
methods [7,8] and to deduce the contact resistances in this particular case. In Figure 6 the logarithm
of the resistance of (TMTTF),SbF; is illustrated for the a-direction in a temperature range from room
temperature down to 125 K. When lowering the temperature, the resistance decreases down to a
minimum at T = 215 K, which corresponds to the sign change of its slope (see inset). This is caused
by electron-electron interactions opening up a Mott gap at the middle of the upper half-filled band
and Umklapp scattering. Thus, the resistance further increases with decreasing the temperature
down to the charge-order transition, corresponding to a linear slope of the derivative. At Tco a kink
arises and below this temperature In R increases nonlinearly; hence transport is not just thermally
activated. It is worth mentioning that for (TMTTF),SbF the resistivity increases more abruptly and
steeper at the charge-ordered phase transition than observed in the (TMTTF),PFs and (TMTTF), AsF¢
analogues. Furthermore, (TMTTF),;SbF reveals an anomaly in the thermal expansion coefficient
at the charge-order transition [49]. In contrast, in its sister compounds no feature appears at the
corresponding transition temperature.

Temperature (K)
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7.0 - — ;
/ M2
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5 6
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Figure 6. Logarithm of the resistance of (TMTTF),SbFg as a function of the inverse temperature 1/T.
At about T = 215 K a minimum appears, marking the transition to the localized state related to the
opening of a Mott gap. The resistance increased slightly and at Tco = 157 K a kink is observed in the
curve due to the charge order transition. Inset: derivative of the logarithm of the resistance vs. 1/T.
The charge localization leads to a change of the sign from negative (metallic) to positive (insulating).
Also the slope changes at Tco leading to a rather flat curve at low temperatures.

A similar behavior appears in the temperature-dependent evolution of the charge disproportion [7],
as depicted in Figure 2. While in (TMTTF),PFs and (TMTTF),AsFs a mean-field behavior appears,
a first-order-like transition takes place in (TMTTF),SbFs. The latter is probably related to the enhanced
dimerization (see [10,12]) and the charge localization state at elevated temperatures. This behavior is
even more pronounced in (TMTTF),TaFg, where the phase transition takes place at Tco = 177 K and
26 = 00.28e¢ is of comparable size [42].

It is interesting to recall early studies on the electronic transport in quasi-one-dimensional organic
conductors, such as TTE-TCNQ, TMTSF salts and TMTTF salts in the metallic and insulating states
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that occur below charge- and spin-density-wave or charge-order transitions [1,2,50-59]. There the
current flow in strongly anisotropic metals, fluctuations, non-linearity, contact issues, etc. are discussed
in depth.

We now apply voltage pulses of 1 ms duration to the sample and measure the total current and
the voltage drop across a load resistor of R, = 1 k() connected in series to the sample. In Figure 7 the
time-dependent current response of (TMTTF),SbFg at T = 140 K is plotted for two different voltages.
At the beginning of the pulse, an overshoot of the measured current occurs due to the parasitic capacity
and resistance in the circuit (panel a). The short oscillating signal located at 100 us is caused by a
parasitic current induced by the switching of the Pockels cell of the laser system, later used to create
the photocurrent. For low voltages (U = 0.9 V) the current signal stays constant during the whole
pulse. When increasing the amplitude of the pulse, the current increases approximately in a linear
way obeying Ohm’s law. Nevertheless, following the temporal evolution further reveals a nonlinear
increase of the current, which can be attributed to a thermal modification of the contact resistance.
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Figure 7. (a) Response of the current in (TMTTF),SbFs, when 1 ms pulses of two different voltages are
applied at T = 140 K; (b) Current response plotted for various temperatures below Tcq.

Figure 7b displays current pulses for different temperatures below Tco. The current signal is
reduced for the same applied voltage in the same way as the total resistance increases with temperature.
Independent on the applied voltage or examined temperature no switching behavior or current
oscillation can be detected that would indicate a sliding of the 4kr charge-density wave (CDW) or a
collective response of the charge-ordered state [60,61].

4. Response to Laser Pulses

Next the photo-response of (TMTTF),SbFs was studied by illuminating a fraction of the space
between the two contacts by a laser pulse. In Figure 8 the recorded current pulse is illustrated
exemplarily at T = 150 K for a 5 V voltage pulse and a laser pulse with the energy of 40 pJ. Similar to
Figure 7, an overshoot is present at the beginning. Additionally, 750 ps after the onset of the voltage
pulse, the current suddenly shoots up with a rise time a few nanoseconds. Strikingly, this onset is
correlated with the incident laser pulse, giving clear evidence for photoconductivity. The signal barely
decays and stays almost constant over the entire voltage pulse length. In the inset of Figure 8 an
enlarged detail of the first 400 ps of the photocurrent is visualized. Surprisingly, current oscillations
are superimposed on top of the signal, whose amplitude decays with time. The inset further reveals a
slight signal decay within the first 59 us.
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We examined the photocurrent signal for various voltages below the phase transition Tco = 157 K,
as presented in Figure 9a for the temperature T = 150 K and laser pulse energy E = 32 puJ. Above Tco,
no change was observed. There, the photocurrent was extracted by subtracting the current without any
light (see for example Figure 7) from the total current signal. Thereby we can also eliminate the nonlinear
transport behavior of the device, consisting of the contact resistance and the sample. By enlarging the
applied voltage the signal increases linearly. Similarly, the photocurrent becomes larger with rising
laser pulse energy and the temporal behavior is the same as for the voltage-dependent current curves,
as depicted in Figure 9b. Finally, also the temperature dependence of the transient photocurrent is
plotted for a fixed pulse energy 32 pJ and voltage amplitude U = 5V in Figure 9¢c. The photocurrent is
the smallest in the vicinity of the phase transition (T = 154 K) and then stays almost constant below
T = 150 K. One should note that all curves in the latter three graphs exhibit the same temporal dynamics,
which can be fitted by a double-exponential decay function f(t) = yo + Aexp {t/71} + Bexp {t/ 1 }.
Between T = 154 K and 125 K, the first time constant 7; decreases from 30 us to 16 us and 17, diminishes
by a factor of 2 from 300 ps to 170 us. Here yj is the background which can be considered as a third
extended living state, decaying at least on a millisecond time range. Such relaxation dynamics have
also been observed in other photo-response experiments on organic conductors [62-65] taking place
between the microsecond regime and far above the millisecond time scale.

However, the most important phenomena are the interference patterns which are superimposed
on top of the exponentially decaying current signal. To the best of our knowledge, this has never
been detected before in a photoconductivity experiment on organic conductors. In order to analyze
the oscillations in detail, the frequency components were extracted from the decaying current by
fast Fourier transformation (FFT). The amplitudes of the frequency components from the curves,
depicted in Figure 9, are visualized in Figure 10 for various parameters. Five resonance frequencies can
be identified: 49 kHz (labeled A), 54 kHz (B), 58.5 kHz (C), 77.5 kHz (D), and 82 kHz (E). Varying the
voltage does not influence the resonance frequency (panel a), although the amplitude increases linearly.
The same is true for the laser intensity dependence of the oscillation amplitude; it increases linearly
without any modification of the peak positions, as shown in Figure 10b for T = 150 Kand U =5 V.
It is important to note that the dark current (0 uJ laser power) is independent of the applied voltage,
as it is exemplarily displayed in Figure 7; no oscillations occur, resulting in a flat amplitude spectrum.
While the resonances display only an amplitude-dependence on the voltage and pulse intensity,
both the amplitude as well as the resonance frequency change with temperature.

3 T T T
Laser pulse (TMTTF)ZSbFe
T=150K, E=40pJ
A
= ol |
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c
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Figure 8. Current response to a 1 ms long 5 V voltage pulse applied on a (TMTTF),SbF¢ crystal
at a temperature of 150 K. At about + = 0.075 ms, an additional laser pulse of E = 40 us (black
arrow) illuminates the sample. This induces a photocurrent, visible in the steep, weak jump
of the current signal. In the inset the first 400 ps of the photocurrent response are magnified.
Interestingly, overall signal is are superimposed with pronounced oscillations.
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Figure 9. Time-dependent photocurrent of (TMTTF),SbF¢ for (a) various voltages; (b) laser pulse
intensities and (c) temperatures as indicated. In all three panels the temporal dynamic is fitted by a
double exponential function (black lines).
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Figure 10. Amplitude spectra of the current oscillations in (TMTTF),SbFg obtained by fast Fourier
transformation. The curves are shifted by a constant value for better visualization. Amplitude spectrum
in a frequency range from 30 kHz to 100 kHz plotted (a) for various voltages from U = 0.4 Vto 54 V
and for a laser pulse energy of 32 pJ at 150 K; (b) Same temperature and frequency range as in (a),
however, the amplitude spectra are shown for different laser pulse energies at a fixed voltage of 5 V.
(c) Temperature-dependent amplitude spectra from T = 154 K to 125 K for 32 pJ and 5 V. The black
arrows indicate how the current oscillations shift in frequency as the temperature is raised.

5. Discussion

We now turn to the question of the origin of the photocurrent and its dynamic: Why does the
current oscillate after illumination?

Iwase et al. proposed a phenomenological description [66,67] relating o, to the temperature
and electric current, 04.(T,J) = 01(T) + 02]", where the first term on the right side describes the
thermal activated linear Ohmic behavior and the second term accounts for the nonlinear conductivity.
A two-state model assumes that “hot electrons” are generated in the conduction band similar as
in inorganic semiconductors. Mori and collaborators [68,69] successfully applied this approach to
B"-(BEDT-TTF)3(HSO4), and (TMET-TTP)4PFs. The electron system is assumed to be decoupled from
the lattice; hence an effective electron temperature T, can be defined. Note, this is just the temperature
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of the hot electrons and does not mean that the sample is heated up. The electron-electron interaction
is much faster than the electron-phonon interaction [28]. These excited electrons or quasi-particles
follow the heat balance equation:

drT,
nCPT: =P+ V(/\therm,eVT) 4)

which can be simplified by assuming a linear spatial heat transfer, expressed by the last term, leading to:

dTe(t)
dt

nCP = P(t) - /\therm,e(TL’(t) - TO) (5)

The left side of the equation is the energy stored in the excited electronic system. The first term on
the right hand side is the electric input power P in Wem 3 created by the externally applied electric
field or current, which can be expressed as follows:

2 J(t)?

P = Ex J() = o(TOEW? or = i ©
and the second term of Equation (5) describes the linear heat transfer from the electronic system to
the lattice, which is kept at the initial temperature Ty. Here Ay o is the thermal conductivity of the
electron system and nC, the electron heat capacity per volume. Equation (5) is solved numerically for
a certain starting electric field or current pulse. In general ¢(T,) is determined from the conductivity
curve of the corresponding material because the excited carriers are responsible for the dc conductivity.
From this model, a delay time 7; can be estimated which also accounts for current oscillations. A more
detailed discussion of the two-state model can be found in Ref. [28,68,69].

The possible influence of thermal effects on the induced current has to be discussed. Following the
approach presented in Ref. [28,70], we calculated the temporal behavior of the sample temperature
and correlate it with the temperature-dependent sample resistance depicted in Figure 6. The result
of the simulation is visualized in Figure 11 for various temperatures T between 125 K and 154 K.
We assume that the complete pulse energy is absorbed and transferred into Joule heat at the surface
of the specimen as the penetration depth is only a few hundred nanometers. Besides that, the lateral
electric field is strongest between the contacts. Thus, we are most likely probing a thin layer at the
surface. From this simulation, a very sharp increase of the current would result; which actually is not
the case in the presented experimental curves. The relaxation dynamics or cooling process is very
fast and related to an extreme drop of the photocurrent within 1 us. Afterwards, it asymptotically
approaches zero. Comparing the experimental results with the theoretical findings, it is clear that
the amplitudes and time constants of the signals are different. Only in the case of the long relaxation
process a thermal effect may contribute to the photocurrent signal. Furthermore, the simulation does
not reveal any current oscillations, which supports the view that instead the system is driven into a
metastable condition different from a simple heating scenario.
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Figure 11. Simulation of a thermally induced photocurrent by a short laser pulse for five different
temperatures as indicated. A steep current peak slowly relaxing to zero.
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For our case of (TMTTE),SbFg, the laser photons with fiw = 2.33 eV excite either the transition
from the quarter-filled HOMO band to the LUMO+1 band of the TMTTE+¢ molecules or the transition
from a fully occupied band far below the Fermi energy to the quarter-filled unoccupied mid- infrared
band, as depicted for the transitions labeled by I in Figure A3 of the Appendix A.2. After the vertical
electronic excitation into the unoccupied bands, several decay channels are open:

e A free electron and hole can be created, which get separated from each other by the electric
field, leading to the photocurrent signal. However, they can recombine before they reach the
electrodes or become trapped. In general, the lifetime of free carries is between nanoseconds
and microseconds.

e After a few picoseconds the excited electronic states couple to the lattice phonons and
intramolecular vibrations. By this, energy is transferred to the lattice subsystem and the sample is
warmed up.

e  Afterwards, the excited electrons decay back into their initial state by emitting a red-shifted photon.
The latter can be reabsorbed or detected as a photo-luminescence signal. Also, a radiation-free
decay is possible into the lowest excited (mid-infrared) band.

e  Otherwise, the excited charge can relax into a low-lying unoccupied band, triggering a charge
transfer from one cation to its neighboring molecule in the picture of a molecular chain. This can
induce a phase transition from the charge-ordered to the metallic state.

e Recently, in photo-luminescence spectra of a two-dimensional organic Mott insulator the creation
of an exciton was suggested [71]. The theory of photo-induced transitions [72] proposes that higher
excited states can be populated and excitons brake up; Frenkel excitons becomes charge-transfer
excitons and propagate. The separation of excitons may also stimulate a light-induced
transition. Especially in low-dimensional system fluctuations as well as electron-electron
and electron-phonon interactions play a crucial role, eventually destabilizing the equilibrium
state. This picture is similar to the model suggested for the photo-induced phase transition in
TTF-CA [70,73].

While in Figures 8 and 9 the laser pulse hits the sample after the voltage is applied, we now delay
the voltage pulse with respect to the laser pulse; in Figure 12 the photocurrent signal is displayed
for different delay times of the voltage pulse. For more than 0.8 ms delay time the signals overlap
with each other. Interestingly, the oscillations persist even when the voltage pulse is applied long
after the light irradiation; but with a smaller amplitude. Moreover, the oscillations appear still at the
same position, which proves that they are rigidly linked to the light pulse. It is surprising that the
current curves are strongly displaced with respect to each other, indicating that without an external
electric field, the excited free electrons and holes (or excitons) are not separated from each other and
hence, recombine rapidly. In the case of a pure thermally induced effect, the current dynamics or the
resistance, respectively, is expected to be independent of the applied voltage and to exhibit the same
temporal behavior, regardless of the delay time between laser pulse and voltage pulse.

At this point, we should recall similar effects detected over the last fifty years in other compounds
with and without illumination.

1. Inthe 1960s and 1970s transport measurements on silicon with two Schottky contacts revealed
current oscillations in the kHz regime, which were ascribed to double current injection at the
contacts [74]. However, the frequency could be varied by changing the voltage bias or temperature
and the oscillations occur only above a critical threshold field [75].

2. The well-known creation of hot or non-equilibrium electrons in semiconductors such as GaAs [33]
leads to electric field-dependent charge carrier velocities, causing a negative-differential resistance.
One of the related phenomena is the famous Gunn effect, yielding current oscillations in the
microwave regime. In this case, the frequency can be tuned by the sample length or by the
applied voltage.
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3. Similar to the negative-differential resistance current oscillations in pure semiconductors,
self-oscillating (photo-)currents were observed in superlattice structures, consisting of two
different direct semiconductors such as GaAs-AlAs [76]. Due to the different energy levels
in the quantum wells and the tunneling effect between the layers, a negative differential velocity
regime is created as a function of the external electric field. The electric field reveals a spatial
variation within the superlattice structure. Thereby, the different regions separated by domain
walls get unstable and hence cause the oscillations. The resonance frequency can be tuned by the
bias voltage or laser power [77,78].

4. Current oscillations occur frequently in nonlinear transport studies in various organic
conductors [38,45,79-83]. There, they are often related to sliding charge-density waves (CDW) or
electrically induced insulator-metal transitions accompanied by a bistability [60,79].

5. It is known that ferroelectric materials render a modification of the polarization by light
stimulation, which can be detected by photoconductivity measurements [84]. Here, the detected
signal is generally composed in of three different terms [85-87]: first, a fast decay of the
excited states within a few microseconds, in addition a pyroelectric signal that can last several
milliseconds, and finally piezoelectric oscillations superimposed on the decaying current due to
the thickness variation of the sample by sound waves. Since the Fabre salts are charge-ordered
ferroelectric crystals [50,88], they resemble the behavior of well-known inorganic ferroelectric,
such as LiNbO3.

6.  Above a certain threshold field, voltage oscillations (in the range of a few 100 mV /cm) occur in
CDW systems [50,60], such as NbSe3, TaS3 or Ky3MoOs3, which are attributed to the collective
sliding of the charge density wave. There, the resonance frequency depends on the applied
voltage and temperature. However, only very few photoconductivity studies were conducted
on CDW materials [89,90]. Experiments utilizing a lock-in technique do not directly provide the
time-dependent behavior of the photocurrent. It was reported that the threshold voltage between
the creeping and sliding state of the CDW can be raised by increasing the light intensity.
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Figure 12. Raw data of the photocurrent signal measured for (TMTTF),SbFg for various delay times
between the voltage and 8 ns laser pulse for a laser energy of E =40 yJand U = 10V at T = 147 K.

While the first four possibilities have already been disregarded as a possible origin of the current
oscillations in our study, let us discuss the remaining suggestions. (TMTTF),SbFs can be considered as a
one-dimensional charge-ordered ferroelectric, and the temporal dynamics of its photocurrent resembles
that of illuminated inorganic ferroelectric crystals. For these, the current oscillations are related to
the speed of sound in the bulk material. In our case a sample length of | = 2 mm and a resonance
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frequency of 77.5 kHz would lead a sound velocity vsoung = f % I of 155 m/s. This is one order of
magnitude below the speed of sound (2500 ms 1) previously reported [91-93]. Hence light-induced
sound waves can be ruled out as origin of the observed oscillations.

The most appealing explanation of current oscillations in the charge-ordered state of
(TMTTF),SbF starts with a 4k-CDW. In general a coherent sliding of the density wave is observed
above a more or less well defined electric threshold field of a few mV /cm [50,60]; this is not the case
for (TMTTF),SbFs. Here we have to apply an electric field of several V/cm, much more than typically
needed for classical CDW systems; but two orders of magnitude smaller than the threshold fields
in the charge-ordered salt a-(BEDT-TTF),I3 [22,28,29]. The large difference can be explained by the
fact that most of the typical CDW compounds develop an incommensurate charge modulation that is
pinned to impurities. Charge-ordered systems are inherently commensurate and much more rigid
as far as the coupling to the underlying lattice is concerned. Furthermore, single-particle excitations
should not weaken the pinning of the CDW, it may even increase the threshold field. In conventional
CDW systems, photo-excitation does not facilitate sliding of the condensate. In addition, it was
observed in NbSe; and comparable CDW systems that the resonance frequency of the depinned
4k-CDW depends on the external voltage; in the present case of (TMTTF),SbFs, however, no such
effect could be identified. Further photoconductivity studies have to be performed on charge-ordered
one-dimensional materials to clarify this point. Nevertheless, we suggest that our observations are
caused by photo-induced fluctuations of the charge-ordered state, which alter the current flow of the
single particles and hence, the photocurrent.

6. Summary and Conclusions

We report on the first study of photoconductivity and non-linear transport in
quasi-one-dimensional charge-ordered compounds. The Fabre salt (TMTTF),SbF4 exhibits unusual
conduction behavior when electric fields and light pulses are applied; we could not detect similar
phenomena in (TMTTEF),PFs and (TMTTEF),AsFs. Most interesting is the time-dependence of the
photoconductivity signal which reveals current oscillations in the kHz range below the charge-order
transition at Tco = 157 K. Within milliseconds after photo-excitation the signal exhibits an overall
decay, in addition a faster decay process can be identified in the microsecond range. The most
surprising observation, however, are oscillations superimposed on top of the photocurrent that
contains several frequencies in the kHz regime. We investigate the field, laser power and temperature
dependence. We discuss possible explanations of the observed photoconductivity and current
oscillations; suggesting an interaction of the excited single particles and the charge-ordered state.
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Appendix A. Ab Initio Calculations
For a better understanding of the photo-induced processes in the Fabre salts, we have performed
calculations of the electronic band structure and optical conductivity.
Appendix A.1. Band Structure

The band structure of (TMTTF), X (with X = PF4, AsFs, and SbF) were determined by ab initio
Density Functional Theory (DFT) calculations which is implemented in the software package Quantum
Espresso [94]. In contrast to the well-established Hiickel theory with its molecular orbitals, it is
based upon plane-waves and it is not semi-empirical; instead, it uses the advantage of the crystal
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periodicity and can be applied to almost every material. Moreover, it is fast, reliable and robust.
Furthermore, we used a norm-conserving PBE GGA functional for all atom types, up to a certain
level taking into account the exchange correlation as well as the spatial variation of the charge
density. The room-temperature crystal structure for the calculations were taken for (TMTTF),PFq
and (TMTTF), AsF¢, while for (TMTTF),SbFs we performed X-ray scattering from T = 300 K down
to 100 K [13,14,95]; the structures were not relaxed within the calculations. Due to the stoichiometry
of the organic salts, they are treated as metals. Thus, a smearing factor of 0.005 Ry was applied.
Furthermore, the cutoff energy of the plane waves and the electron density were set to 30 Ry and 120 Ry,
respectively. The wave functions were determined in a self-consistent way on a Monkhorst 8k x 8k x 4k
grid. The band structure was calculated on the k-path: T' (0,0,0) — X (0.5,0,0) — U (0.5,0.5,0) —
r0,0,0) = Y (0,0.5,0) — T'(0,0.5,0.5) — I'(0,0,0) = Z (0,0,0.5) — R (0.5,0.5,0.5) — I'(0,0,0).

The resulting band structure close to the Fermi energy is depicted in Figure A1 for T = 300 K.
The HOMO of the Fabre-salts is three quarter-filled. Due to the dimerization between the TMTTF 03
molecules, the HOMO is split into a lower completely filled band and a half filled upper band. These
bands are well separated from the other bands which are located at —2 eV below and about 1.5 eV
above the HOMO band (not shown here). The anion layer does not contribute to the bands near the
Fermi energy due to the closed shell of the anions. The occupied and unoccupied bands of the anions
reside far below and above the HOMO band.

0.2
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Figure A1l. Comparison of the band structure of (TMTTF),X, X= PFg4 (red), AsFg (blue), and SbFg
(black) at room temperature along the k-path: T (0,0,0) — X (0.5,0,0) — U (0.5,0.5,0) — I'(0,0,0) —
Y (0,0.5,0) — T (0,0.5,0.5) — T'(0,0,0) — Z (0,0,0.5) — R (0.5,0.5,0.5) — I'(0,0,0).

The dimensionality of the compounds is reflected by the band dispersion. The band shape is
similar for all compounds; the main deviations occur for the paths corresponding to the b-direction
(I' = Yor T — I). They reveal an enhanced dispersion going from the large SbF," to the smaller PF,
anions. This is consistent with the increase of the overlap between neighboring TMTTF molecules
along the b-direction, being caused by the reduced spacing between the adjacent stacks due to the
smaller anion size when going from (TMTTF),SbFg to the smaller (TMTTF),PFs. Therefore, the
compounds become more two-dimensional. The largest dispersion appears for the paths: I' — X
which is along the stacking direction, U — I'and Z — R containing contributions of the a-directions
as well. The bandwidth for the three materials is about 350 meV for the upper as well as for the
lower band, being in excellent agreement with previous studies [13,14]. For the b-direction, the bands
are weakly warped and intersect the Fermi energy. In contrast, there is no energy dispersion for the
c-direction (I' = Z), since the adjacent cation chains are separated from each other along the c-axis by
the anion layer. The dimerization gap at the X-point decreases from about 110 meV for AsFs and SbFg
to 81 meV for PFg.
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Moreover, also the temperature-dependence of the band structure was studied as visualized for
(TMTTF),SbF; over a temperature range between 300 K and 100 K in Figure A2. With decreasing
temperature the bandwidth along the stacking direction (I' — X)) slightly decreases whereas it increases
for the path (I' = T) and (T — T). This implies that the compounds become more two-dimensional
on cooling. This behavior is similar to applying chemical pressure, already discussed for Figure A1.
This observation is supported by calculations of Jacko et al. [14] who also observed an increase of
the dimensionality when the crystal structure of (TMTTF),PF¢ under hydrostatic pressure was taken
for the calculations. Concerning the dimerization, the corresponding gap at the X-point obviously
diminishes from 110 meV at 300 K to 55 meV at 100 K, again resembling the effect of pressure as
demonstrated in Figure Al.

0.2

0.0
-0.2
-0.4
-0.6

E (eV)

-0.8
-1.0

I—— 100 KI
r X U r Y T r z R T

1.2 o

Figure A2. Band structure of (TMTTF),SbF; in a temperature range from 300 K (dark red) to
100 K (dark blue) on the selected k-path: T (0,0,0) — X (0.5,0,0) — U (0.5,0.5,0) — I'(0,0,0) —
Y (0,0.5,0) — T (0,0.5,0.5) — T'(0,0,0) — Z (0,0,0.5) — R (0.5,0.5,0.5) — I'(0,0,0).

Appendix A.2. Optical Spectra

Since optical spectra of the Fabre salts have not yet been theoretically investigated to our
best knowledge, we have performed DFT calculations to derive the optical constants for all three
crystallographic axes. While the excitation spectra were calculated for an evenly spaced grid of
132 k-points, the same functional, smearing factor, and cutoff energies were used as reported in the
previous paragraph. The interband transitions were folded with a Lorentz function with a width of
100 meV, in contrast, for the Drude a width of 10 meV was assumed.

Figure A3 displays the optical conductivity of (TMTTF),SbFs in a frequency range between
1000 em~t*and 30,000 cm~! for temperatures between 300 K and 100 K. Below 5000 cm 1,
the a-direction is dominated by a Drude component (marked by I). Note, the deviations from the
experimentally observed spectra (Figure 3b). can be explained by electronic correlations—driving the
system insulating—and emv-coupled vibrational features, not taken in to account here. While the
Drude term is less pronounced in the b-direction, the c-direction does not reveal any Drude component
and drops to zero as w — 0. The ratio of the optical dc resistivity is p4:pp:0c = 1:10:6500 which agrees
well with the result of the transport measurements [10].
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Figure A3. (a) Calculated optical conductivity of (TMTTF),SbFg between T = 300 and 100 K in a
frequency range from 1000 em 1 t0 30,000 cm ! for the a-, b-, and c-direction; (b) Schematic diagram of
the transitions between the occupied and unoccupied bands which are labeled by the corresponding
markers from the optical conductivity spectra in (a).

On top of the Drude feature several resonances II are superimposed which can also be found in
the c-direction. These are excitations from the completely occupied band near the Fermi energy Er into
the empty states above E, being the strongest for the b- and c-direction. Since no correlation effects are
taken into account in the DFT calculations, the mid-infrared II band is not determined correctly. In the
case of electron-electron correlations, the spectral weight of the Drude component is transferred to the
mid-infrared band, leading to an enhancement of it. The weaker and broader interband transitions (III)
occur for the a-, b-, and c-direction between 12,000 cm ™! and 20,000 cm 1. They can be attributed to the
excitation from the half-occupied band to the lowest unoccupied band LUMO, which is located 1.7 eV
above Ef, as depicted in Figure A3b. Moreover, also the excitations from the fully occupied bands
—2 eV below Er to the half-filled band contributes to this feature. The smeared feature IV resides
above 20,000 cm ™! and can be assigned to the transition from the HOMO to the unoccupied bands
located at 2 eV in the band structure and from the occupied bands being located —2.5 eV below Ef to
the half-occupied band at Er.

By comparing the intensity of the features III and IV for the various directions, it is evident that
the bands in the stacking direction are by a factor of 10 less intense. This is because these transitions
are caused by intramolecular electronic transitions of the cation molecule TMTTE%5, whose dipole
moment is along the molecular axis. From the crystal structure it can be deduced that the long
molecular axis of the TMTTF molecules is mainly oriented along the c-axis. For instance, the transition
from the occupied band at the Fermi energy to the band at 1.7 eV corresponds to the transition from
the HOMO of the TMTTF %5 molecule in the LUMO. The excitation energy of this transition decreases
with increasing molecule size.

Besides the overall shape of the spectra and the assignment of the features it is very interesting
to track the temperature evolution of the spectra and compare it to the experimental measurements.
The II band reveals the largest temperature dependence. In the a-direction, its intensity decreases
on cooling and vanishes in the Drude component, while for the b- and c-direction it only shifts
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to lower and to higher frequencies, respectively. In addition, also the III- and IV-bands exhibit a
temperature-dependent modification. Therefore, also the electronic excitations into higher energy
levels can be used to track thermal effects. This is also true for phase transitions which are accompanied
by a strong transfer of spectral weight.
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Abstract: Comprehensive measurements of the pressure- and temperature-dependent dc-transport
are combined with dielectric spectroscopy and structural considerations in order to elucidate the
charge and anion orderings in the quasi-one-dimensional charge-transfer salts (TMTTF), X with
non-centrosymmetric anions X = BFy, ClO4 and ReO4. Upon applying hydrostatic pressure, the
charge-order transition is suppressed in all three compounds, whereas the influence on the anion
order clearly depends on the particular compound. A review of the structural properties paves the
way for understanding the effect of the anions in their methyl cavities on the ordering. By determining
the complex dielectric constant é(w, T) in different directions we obtain valuable information on
the contribution of the anions to the dielectric properties. For (TMTTF),ClO4 and (TMTTF);ReQOy,
ey exhibits an activated behavior of the relaxation time with activation energies similar to the gap
measured in transport, indicating that the relaxation dynamics are determined by free charge carriers.

Keywords: Fabre salts; one-dimensional conductors; charge order; anion order; electronic transport;
pressure dependence; dielectric spectroscopy

PACS: 71.30.+h, 74.70.Kn, 75.25.Dk, 71.27 +a, 72.15.-v, 77.22.Gm

1. Introduction

Electronic correlations play a decisive role in the quasi-one-dimensional molecular charge-transfer
salts (TMTTEF),X, where TMTTF means tetramethyltetrathiafulvalene. As a result of the 2:1
stoichiometry with positively charged (TMTTE)?®, py = 0.5, and monovalent anions X, the
(TMTTEF), X salts should have a 3/4-filled conduction band. The slight dimerization of the molecular
stacks leads to a splitting into a completely filled lower and a half-filled upper band; accordingly,
metallic properties are expected. This behavior is observed in the sibling TMTSF compounds, known
as Bechgaard salts, here TMTSF stands for tetramethyltetraselenafulvalene. Due to the reduced
dimension, Fermi liquid theory breaks down separating spin and charge degrees of freedom [1,2].

In the case of the Fabre-salts TMTTF, however, a minimum in resistivity p(T) is observed at
T, ~ 250 K, followed by a strong increase at Tco [3-5]. The first phase below T, is referred to as charge
localization or dimer Mott insulator, whereas the charge-order (CO) transition occurs at Tco, usually
somewhere below 160 K. Both states arise due to strong electronic correlations which are well described
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by the extended Hubbard model taking into account on-site U and nearest-neighbor Coulomb
interactions V [6]. Intense research over the last decades revealed a colorful interplay of charge, spin
and lattice degrees of freedom and established a generic phase diagram. The temperature-pressure
diagram is shown in Figure 1 and includes (TMTTF), X and (TMTSF), X salts with centrosymmetric
anions X = Br, PFs, AsFg, SbFg, TaFs, wherein the position can be tuned either by external pressure or
by substituting the anions, causing chemical pressure. In the phase diagram Figure 1, the compounds
with non-centrosymmetric anions, such as SCN, FSO3, NO3, BF4, Cl1O4 and ReOy are missing, as they
exhibit ordering of the anions upon cooling.
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Figure 1. (a) The generic phase diagram of the tetramethyltetrathiafulvalene (TMTTF) and
tetramethyltetraselenafulvalene (TMTSF) salts with centrosymmetric anions, as first suggested by
Jérome [7] and further refined by other groups [2]. The position can be tuned either by external physical
pressure or by chemical pressure via substituting the anion. The arrows indicate the ambient pressure
position of the particular compounds with different anions. Decreasing the anion size corresponds
to increasing pressure upon which the properties become more metallic and less one-dimensional.
The full and dashed lines indicate phase transitions and crossovers, respectively. The various terms are
shortened as follows: CO charge order, loc charge localization, SP spin-Peierls, AFM antiferromagnet,
SDW spin density wave and SC superconductivity; (b) Crystal structure of (TMTTF),PF [8] illustrating
the stacking of the TMTTF molecules and the anions along the a-direction and, (c) in the bc-plane
showing the separation of the TMTTF stacks by anions.

2. Structural Considerations

Before we report our experimental studies on the electronic properties of (TMTTF), X and discuss
the temperature and pressure development, let us summarize the structural aspects known for this
class of materials. As the best studied example, the crystal structure of (TMTTF),PFs under ambient
conditions [8] is exemplarily shown in Figure 1b and c for the (TMTTF),X salts. Commonly they
exhibit a triclinic space group P1 with inversion centers located in between the TMTTF molecules
and on the anions [9-14]. Most importantly, the planar TMTTF molecules are arranged in zig-zag
stacks along the a-direction (Figure 1b) giving rise to the quasi-one-dimensional physics in the Fabre
salts [3]. The anions separate the TMTTEF stacks along the b + ¢ direction (Figure 1c) and mediate the
inter-stack coupling. Moreover, due to the presence of the anions, a slight dimerization is introduced
on the TMTTF stacks which decreases upon cooling [15]. This already indicates that the counter
ions play a more complex role then just acting as spacers between the TMTTF stacks and that their
symmetry affects the electronic properties [4,16-18].

The anions are located in cavities, which are constituted by the methyl end groups of the six nearest
neighbor TMTTF molecules [19]. Depending on their size, symmetry, and polarizability, the anions and
the methyl groups are slightly deformed, leading to a more or less snug fit in the cavities [14,16,17,20,21].
For that reason, the anions possess some limited rotational and translational degrees of freedom that
are activated at higher temperatures [22,23]. The methyl groups basically form a centrosymmetric
environment with symmetry axes close to the ones of the octahedral anions. This implies that for
non-centrosymmetric entities, i.e., linear, triangular, tetrahedral anions, orientational disorder becomes
an issue [17,24].
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At lower temperatures—when thermal disorder is reduced—weak hydrogen-bonds are formed
between the ligands of the counter ions and the closest methyl groups [25]. Moreover, there is a link
between the S-atom of the nearest TMTTF molecule and the anion ligand O or F-atom [26], evidenced
by an anion dependence of the sulfur to anion-ligand distance day,—g [4,18] (Table 1). It is important to
emphasizes, that via the methyl groups any structural or charge modification in the TMTTF molecules
influences the position of the anions and vice versa [17].

At elevated temperatures, the symmetry of the anions does not play a crucial role, for these
entities are subject to rotation and disorder. Upon cooling, however, the motion is hindered and
the anions get locked in certain positions, where the symmetry of the anions becomes an important
aspect. The alternating orientation of the tetrahedra along and perpendicular to the stacks leads to a
doubling of the lattice periodicity; hence the anion order is a structural transition with wave vector
qao = (%, %, %) X-ray absorption near edge structure (XANES or NEXAFS) [27] and infrared optical
spectroscopy [23] measurements unanimously identify a tetramerization of the TMTTF stacks at the
AO transition Tpo, the latter also providing evidence for a 0110 charge pattern. A scheme of the
corresponding modification of the structure and the charge pattern is shown in Figure 2e.

(a) dimerized state (b) normal state (c) charge order (d) anion order 1 (e) anion order 2 (f) anion order 3
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Figure 2. Sketch of the molecular and charge arrangements for different states of (TMTTF), X salts.
The organic molecules are depicted as rectangles; the amount of charge pg, pg % ¢ is illustrated by
red ellipses of different size. The anions are shown as blue hexagons or triangles, depending on the
centrosymmetry. (a) The TMTTF stacks are dimerized at room temperature, a = x. The degree of
dimerization decreases upon cooling, thus equalizing the TMTTF sites towards the uniform state in
(b). Panel (c) illustrates how charge disproportionation develops as the charge-ordered state is entered
with a 1010 charge pattern along the stacking direction. A priori, three different charge configurations
are possible in the anion-ordered phase: (d) one with a 1010 pattern and (e,f) two with a 1100 pattern.
Our optical studies [23] have revealed that the tetramerized state (e) forms due to the anion order, with
an intra-dimer molecular distance a — x, and the dimers separated by a + x" and a + x”.

In this respect, charge order as well as anion order in the (TMTTF), X salts still bear some mystery.
Among the remaining questions are (i) about the exact mechanism for CO involving the anions,
hence (ii) about the nature of interplay, if there is any, between CO and AO and (iii) about the role of
polarizability of the anions for CO and AO.

2.1. Charge Order

Charge order is caused by redistribution of electronic charge within the TMTTF stack resulting
in an alternating arrangement of differently charged molecules (TMTTF) 05+ and (TMTTF)*05—¢
along the a-direction. This charge disproportionation is observed in all TMTTF salts considered
here, except (TMTTF),ClOy. Charge order lifts the inversion symmetry and conceptually doubles
the unit cell. Halving the Brillouin zone leads to the opening of a gap in the electronic density of
state [3]. The latter is observed as a strong increase of resistivity at Tco [4,5] whereas the charge
disproportionation is evidenced by nuclear magnetic resonance (NMR) [28,29], dielectric [30-36] and
optical spectroscopy [23,37,38], as well as by synchrotron X-ray diffraction measurements [39]; the
latter results evidence a 1010 charge pattern. The electrical transition proceeds continuously, wherein
the charge disproportionation and the energy gap exhibit a temperature dependence that resembles
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the mean-field behavior of a second-order phase transition [4,23]. An overview of the transition
temperatures and structural parameters determined at room temperature is given in Table 1.

Figure 2 illustrates the molecular and charge arrangements for the different states realized in
the (TMTTF), X salts. Panel a corresponds to the state at high temperatures, which exhibits a finite
dimerization of the organic molecules. Upon cooling, the dimerization diminishes [15], approaching
the arrangement shown in panel b. The charge disproportionation starts to develop upon entering the
charge-ordered state with a 1010 pattern along the stacking direction as sketched in panel c.

2.2. Anion Contribution to Charge Order

From a general point of view, the (TMTTF),X salts are stabilized by the charge transfer of
half an electron from the TMTTF molecules to the anions. Therefore it seems reasonable that
charge redistribution at the CO transition introduces structural modifications [17]. Nevertheless,
the associated alternation in the crystal structure could not be resolved for a long time [15,40], and as
a result, the charge order transition was first considered as a “structureless transition” of unknown
origin [41]. Only recent YFE-NMR studies [42], measurements of the thermal expansion [43,44],
neutron scattering [45] and optical spectroscopy [38,46,47] provided the necessary evidence that
CO is accompanied by lattice effects, attributed to a collective shift of the anions [17].

Pouget proposed [17] two different directions for the anion shift. First, the anion moves along
the c-direction towards the methyl groups, as indicated by black arrows in Figure 3a,b. The resulting
deformation of the methyl end-groups polarizes the hydrogen-bond network leading to a displacement
of charge in the o-bonds connected to the H-bonds. This indirectly stabilizes the excess of 7r-holes
on the corresponding TMTTF molecule as indicated by a red ellipsoid, whereas blue ellipsoids mark
charge-poor molecules (Figure 3).

(a) ﬁ,c
a

Figure 3. The anions shift along the b + ¢ direction towards the methyl groups and towards the sulfur
atoms, as suggested by Pouget [17]. Charge-rich TMTTF molecules are indicated by a red ellipsoids
whereas blue ellipsoids mark charge-poor molecules. (a) View in the ac-plane and (b) along the a-axis
onto the cb-plane. The shift of the anions towards the S-atoms of the nearest TMTTF molecule depicted
(c) in the ac-plane and (d) in the cb-plane. The polygons formed by the purple and orange dashed lines
in panel d indicate which anion stacks are shown in the previous frame c.
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Several observations support this suggestion of an anion shift with a strong contribution along
the c-direction. First of all, thermal expansion measurements exhibit a clear anomaly at T, which is
most pronounced along the c-axis [43]. Secondly, the coupling between the methyl groups and the
anions is mostly in the bc-plane. Furthermore, deuteration of the methyl groups significantly increases
Tco- The heavier mass slows the lattice dynamics and weakens the coupling between the anions and
terminating endgroups (Figure 4); thus CO can be stabilized already at higher temperatures [23].

The second proposed translation of the anions [17] is towards the closest sulfur atom of a TMTTF
molecule, indicated by black arrows in Figure 3c,d. This goes hand in hand with the enhanced 7r-hole
density at the corresponding TMTTF molecule. NEXAFS measurements clearly show the strengthening
of the S-F bonds [48].

Both shifts are supposed to increase the charge concentration on the corresponding
TMTTF molecule. It is energetically favorable that the second neighboring TMTTF molecule contains
less positive charge. Hence, by minimizing the electrostatic energy between the anion stacks and
adjacent TMTTF stacks, a three-dimensional charge pattern is established that is crucial for stabilizing
CO [23,43]. In fact, temperature-dependent transport measurements [4] clearly show the opening of
a CO gap along all three crystallographic directions providing evidence for this three-dimensional
charge pattern due to inter-stack coupling mediated by the anions.

Some further considerations have been published, which should be mentioned here. First, the
anion shift accompanying CO does not introduce the tetramerization [23]. Second, although the anions
do shift at the CO transitions, they are still considered to exhibit a random rotational motion depending
on the temperature [17].
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Figure 4. Dependence of the charge order temperature Tco (colored squares) and anion order
temperature Ty (colored circles) for various Fabre salts (TMTTF), X with different X as indicated.
(a) Tco plotted versus the distance between the TMTTF molecules d; along stacking direction
determined at room temperature. Here, octahedral and tetrahedral salts fall on two different
lines. Although the octahedral anions exhibit larger values for dq, Tco is lower compared to the
tetrahedral salts. The octahedral anions are larger (Table 1) resulting in an increased value of d;.
The anion-TMTTF stack coupling increases due to the larger anions, and the match between anion
and cavity symmetry; thus thermal fluctuations prevail upon the electronic correlations giving rise to
CO down to lower temperatures. (b) Plot of T versus the mass of the anions. A monotonic increase
of Tco with anion mass is observed, which is attributed to less effective motion of heavy anions due
to thermal fluctuations and, consequently, a less disordered anion potential influencing electronic
correlations within the TMTTF stacks. The octahedral and tetrahedral salts fall on two distinct lines due
to different coupling between the anions and the TMTTF stacks. (c) For the anion ordering temperature
observed in the tetrahedal (TMTTF), X salts, an increase of Top with the anion mass is observed. At a
specific temperature, heavy anions are less affected by thermal fluctuations. Consequently, the anion
orientation is locked permanently for heavier anions at higher temperatures. As a result, anion order
occurs at higher temperatures for heavy anions.

Having established the anion shift, we now have to pose the question whether charge order can
still be understood as a phenomenon inherent to the one-dimensional TMTTF stacks as described by
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the extended Hubbard model, or whether a more advanced theoretical treatment is required including
the contribution of the lattice in general and the anions in particular. In other words, we have to find
out whether the Coulomb attraction between the negative charge located on the anion-ligand with
shortest S-F contact is crucial for charge order, or whether it only stabilizes the arrangement. It has
been proposed, that the shortest anion-ligand to sulfur distance day _g is the parameter determining
CO [4,18], in contrast to a purely electronic picture, which implies that the distances between the
TMTTF molecules, d; and d,, are decisive. Recent spectroscopic and structural investigations could
shed light on this issue [18,23]. In the following we give a short overview on the different approaches
and on the studies focusing on the structural aspects of the CO transition.

Table 1. Overview on the transition temperatures Tco and Tao, as well as on the room-temperature
structural data of various (TMTTF), X salts with octahedral and tetrahedral anions X. Here daj _g
is the shortest distance between the anion-ligand (F or O) and the sulfur atom. d; and d, denote
the distances between planes defined by the TMTTF molecules within one stack [9,11-13,18]. Hence,
(d1 —dy)/(dy + d2) denotes the structural dimerization along the stacks determined by the distance
between the TMTTF molecular planes; it does not take into account any displacement of the molecules
along the b or c direction. In contrast to that, dstruc and dgje. are determined by ab-initio DFT calculations
based on X-ray structural data [49,50]. dstruc corresponds to a structural dimerization as well, which is
defined by the distance between the centers of mass in each TMTTF molecule. dqjec = 2|1 — £2|/ (1 + t2)
explicitly takes into account the overlap of the transfer integrals #; and #,. The unit cell volume is
listed as Vipicen [9,11-13]. The parameter Ry denotes the thermochemical radius of the monovalent
anion [51]; although calculated for a salt with 1:1 stoichiometry, we consider this as a valid estimate for
the anion size. The anion volume is listed as Vypjons following [52]. In the last row the anion mass 14
is given in atomic units.

Anion X PF6 ASF6 SbF6 TaF6 BF4 C104 Re04
Teo (K) 67 102 157 175 84 - 230
Tao (K) - - - - 415 734 157
dar_s (A) 330 327 321 3215 328 345  3.05
dy (A) 3.621 3.632 3.642 3.642 356  3.60 3.59
dy (A) 3527 3524 3526 3534 354 351 357
i — dy (1072) 132 151 162 151 028 127 028
d1+dy
Ostruc 0.040  0.041 0.041 - 0.028  0.04 -
Betec 0230 0110  0.298 - 033 0616 -
Veniteenl A% 6766 6977 7029 70652 6485 6548 6795
Ro (pm) 242 243 252 250 205 225 227
Vanions (A3) 70.6 - 81.8 - 51.6 547 648
my (au) 14496 18891 23575 29494 86.80 99.45 250.21

In Table 1 we summarize electronic and structural parameters determined from literature data. For the
octahedral anions, Tco rises with anion size (and mass) d(PFs) < d(AsFs) < d(SbFs), < d(TaFs);
the same is found for the salts with tetrahedral anions. Moreover, a larger anion diameter correlates
with a shorter sulfur-anion-ligand distance d; g and larger intra-stack distances between the TMTTF
dy —dp
di +ds
seen [18,49,50]. So far, Tco scales with both, ds1 s and dy, impeding a simple answer of the question

posed above.

In Figure 5a the charge disproportionation 26 is plotted as a function of the CO temperature
Tco. Interestingly, both the salts with tetrahedral and with octahedral anions fall onto the very same
line, providing strong indications that CO is independent on anion symmetry and emerges from the
electronic interaction and one-dimensional physics inherent to the TMTTF stacks [23]. This conclusion
complies with the extended Hubbard model and theories based on it; where structural peculiarities are

molecules dq and d,. Regarding the structural dimerization and Tco, no clear trend can be
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disregarded [6]. Along these lines the competition between the nearest-neighbor Coulomb repulsion V
and the bandwidth W = 4t is crucial for CO, wherein the transfer integral ¢ sensitively depends on the
distance between TMTTF molecules.

(b) (c)
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Figure 5. (a) Charge disproportionation 24 of the (TMTTF), X salts with different anions X plotted
versus the CO transition temperature Tco. The open circles [38,53] and closed circles [23] were
determined by optical spectroscopy on the octahedral anions PFg, AsFg, SbFg, TaFs, and tetrahedral
anions BF; and ReQy, respectively; the green crosses and green plus signs were measured by
NMR [37,54,55] and Raman spectroscopy [38,56], respectively. The red line corresponds to 26 o Tég’.
Most important, all salts fall onto this line independent on the anion symmetry. (b) The shortest
distance day_g between the sulfur atom of the organic molecule and the anion-ligand is evaluated
at room temperature and plotted in dependence on the charge-order transition temperature Tco.
All salts exhibiting CO fall on a line, indicating a linear decrease of T as the spacing day,_g increases.
(c) Temperature dependence of the bond dimerization Z(Ltl‘;tt;)‘
transfer integrals f; and t; were obtained by applying the extended Hiickel model on temperature
dependent X-ray data.

taken from Reference [15], wherein the

To countercheck, in Figure 5b the distance day_g is plotted versus Tco. For all salts we find a
linear relation of falling transition temperature and increasing distance, independent on the symmetry
of the anions. Note, the values given in Table 1 and plotted in Figure 5b are determined at ambient
conditions; they change upon cooling and the application of pressure.

Figure 5c presents the temperature dependence of the electronic bond dimerization
Oelec = M

(t1 4+ £2)
integrals t; and t; are calculated by the extended Hiickel model on temperature dependent X-ray
data [15]. Most importantly, the dimerization decreases with lowering the temperature, fully consistent
with the findings of Reference [50]. It is concluded that CO sets in below a critical bond dimerization of
0.25. This picture explains the absence of CO in (TMTTF),ClO,, however, (TMTTF),;BF; is not included.
There also remains a discrepancy between the observed value of about 0.37 for (TMTTF),ReO,4 with
Tco =230 K.

In a more advanced approach, the influence of structural effects on charge ordering in
the (TMTTEF),X salts was investigated by ab-initio DFT calculations based on pressure- and
temperature-dependent X-ray data [49,50]. No systematic relation was observed as far as Tco and
the structural dimerization is concerned, i.e., the distance between the TMTTF molecules. For the
electronic dimerization 6., however, they find an increased value for (TMTTF),ClO4 compared to the
other salts, that explains the absence of CO in this particular salt. Besides the distance of the molecular
planes, J,, also takes into account the differences in the orientation and size of the transfer integrals.
When the electronic dimerization increases, CO is suppressed and can even be absent as in the case of
(TMTTE),ClO;.

, which is proportional to the electronic dimerization deje., considering that the transfer
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We can conclude this short overview by emphasizing the importance of ab-initio DFT calculations
based on detailed temperature-dependent X-ray data for all (TMTTF),X salts. This way we can
unambiguously determine which role lattice effects play in general and the anions in particular on the
charge-order transition.

2.3. Anion Order

In addition to charge order, the (TMTTF),X salts with non-centrosymmetric anions X = SCN,
SFO3, NOg, BEy, ClO4, and ReOy4 undergo an ordering of the anions at Too; here we focus on the
tetrahedral counter ions. At room temperature, the octahedral and tetrahedral anions exhibit random
translational and rotational movement caused by thermal fluctuations [22]. As the temperature is
lowered, the tetrahedra do not fit into the cavities formed by the methyl end-groups due to their
non-matching symmetry resulting in an stochastic anion orientation [17]. This orientational disorder is
resolved at Ty by AQ, a structural phase transition orienting the anions within the cavities.

For the (TMTTEF), X salts with X = BF,, ClO4 and ReOy, the ordering of the anions is a first-order
transition breaking the room temperature symmetry and doubling the lattice periodicity [4,18].
The resulting superstructure exhibits a reduced wave vector of ga0 = (%, %, %) [16,17,57]. AO is detected
by several methods: in resistivity measurements a kink-like feature is observed with a corresponding
hysteresis [4], a pronounced peak or shoulder is seen in dielectric spectroscopy [32,36,58], and the
optical spectra are distinctly modified [23]. In the case of (TMTTF),ClOy4 charge disproportionation
26 occurs right at the anion order [23]. As can be seen from Table 1, Tao rises with increasing anion
volume and mass.

It is instructive to look at the sibling compound (TMTSF),X, where the AO takes place at
Tao = 24 K for X = ClO4 and 180 K for ReOy [57,59-61]. In general the selenium analogues possess
a larger bandwidth, compared to the (TMTTF), X salts and therefore the anion potential has only
smaller influence. While the former compound orders in a ga0 = (0, %, 0) fashion, the latter one also
exhibits a first-order phase transition with a wave vector a0 = (%, %, %) ; interestingly a high-pressure
phase with (0, }, 1) coexists for p > 10 kbar [62]. For both compounds, the solid solution of TMTTF
and TMTSF reveals several instabilities, broadens and shifts the AO transition [61,63-65]. A large
number of studies have been devoted to the occurrence of superconductivity in (TMTSF),ClOy as the
cooling rate is varied in order to retain anion disorder to low temperatures [66—69]. To the best of our
knowledge, similar studies have not been performed on the Fabre salts.

Figure 6 illustrates our present understanding of the structural modifications taking place at the
AO transition [17,18,23]. Due to their non-centrosymmetric shape, the tetrahedral anions exhibit only
a single anion-ligand to sulfur link along the (—b + c)-direction, indicated by the black dashed line.
This defines the direction along which the tetrahedra preferably reorient: one corner points along the
anion-ligand to sulfur link towards the nearest S atom of the closest neighboring TMTTF molecule.
Simultaneously, the other three anion ligands lie in a plane matching the symmetry of the methyl cavity.

A great many experiments provided compelling evidence that the anions are not statistically
oriented along one of the two possible directions towards the nearest S atoms but exhibit long-ranged
order, resulting in a 0110 charge pattern and tetramerization of the TMTTF stacks as sketched in
Figure 6. Structural refinements on (TMTTF),ReOy revealed the staggered orientation of the anions
along the [111]-direction and the tetramerization with intra-stack distances d; ~ 3.45 A, dy ~ 3.6 A
and dj ~ 3.48 A [70]. The molecular tetramerization was also observed by angular-dependent
X-ray near-edge structure (XANES) measurements [27]; in addition, they reveal a slight shift and
deformation of the ReO4 anions. For all salts with tetrahedral anions X = BF4, ClO4 and ReQy, electron
spin resonance (ESR) spectroscopy sees a drop of the spin susceptibility right at Too that is attributed to
the formation of a singlet-triplet gap upon tetramerization [71-73]. Most recently, infrared spectroscopy
could confirm the 0110 charge pattern by looking at the molecular vibrations [23]; more comprehensive
investigations on this issue are under way [74].
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Albeit a precise and complete microscopic picture of the AO transition could not be reached yet,
there is wide agreement that Coulomb interactions between the anions and the TMTTF stacks are
the driving force [17]. The orientation and slight deformation of the anions gives rise to a periodic
electrostatic potential influencing the charge distribution on the TMTTF molecules. This anion potential
is most pronounced along the sulfur to anion-ligand link and thus the staggered orientation of the
anions imposes the 0110 charge pattern onto the TMTTF stacks. As seen from Table 1, there is no
monotonic dependence of Ty on day_g; we should mention, however, that dap _g is determined at
room temperature and one should consider the distance right at the respective AO transition. It is not
fully clear to what extent the 0110 charge pattern actually minimizes the Coulomb repulsion within the
TMTTEF stacks. The contribution of the anion potential cannot be determined precisely without detailed
structural data in dependence on temperature covering the AO transition. Finally we would like to
draw the attention on the effect of isotope substitution, since Tpo seems not to change appreciably
upon deuteration [36].

Figure 6. Scheme of the anion arrangement for the tetrahedral (TMTTF), X salts as T < Tyo. Upon AO,
the anions re-orient in the methyl cavities along the anion-ligand sulfur link in (—b + ¢)-direction,

represented by the black dashed line, forming long-range order. Coulomb attraction between the
anion-ligand and the charge on the TMTTF molecule results in a 0110 charge pattern; the red and blue
ellipsoids mark charge-rich and charge-poor TMTTF molecules, respectively. The polygon formed
by the dashed orange line indicates which anion stacks are shown on the left side, illustrating the
charge pattern along the stacking direction. In addition to a reorientation of the anions, a shift along
the anion-ligand sulfur link occurs as well; this is not included here.

2.4. Deuteration

The replacement of hydrogen by deuterium in the methyl end-groups of the TMTTF molecule
has only minor influence on the anion order but increases Tco [75-77]; hence deuterated (TMTTF), X
salts provide valuable information on the ordering mechanisms. It was pointed out recently [23] that
with increasing anion size or mass, the effect of deuteration on the CO transition diminishes. Defining
the temperature shift ATco = Tcop — Tco, where Tcop and Tco are the transition temperatures
for the deuterated and hydrogenated crystals, respectively, the change in transition temperature is
strongest for small anions, as illustrated in Figure 7a. This important relation provides compelling
evidence that charge order — considered as a purely electrostatic effect —is crucially affected by dynamic
anion fluctuations. A simple relation is found for all TMTTF salts studied: T%O,D =T%,+D2%

It is important to note the structural aspect that dimerization decreases upon deuteration.
Starting with equally spaced TMTTF molecules in an isolated stack, dimerization is imposed by
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the anions. The coupling of the thermally fluctuating anions to the TMTTF stacks takes place via the
terminal methyl groups, i.e., it is mediated by hydrogen bonds. At elevated temperatures, the methyl
groups and the anions both require more space due to thermal fluctuations; their stronger interaction
enhances the anion-TMTTF coupling. By deuterium substitution the methyl-group motion is slowed
down, reducing the coupling to the counterions. As a consequence, the dimerization is smaller
for dio-TMTTF salts compared to the hydrogenated analogues. This also explains the concomitant
enhancement of Tco.

Anion order takes place at lower temperatures when the anions and the methyl groups fluctuate
less and their dynamic interaction is of minor relevance. Instead, it is more important to consider
the static Coulomb interaction between the monovalent anions and the charge spread on the TMTTF
molecules, mainly located at the S atom and the C=C double bonds. Since the electrostatic interaction is
not affected by deuteration, the influence of the anions does not change due to this isotope substitution.
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Figure 7. Effect of deuteration on charge order observed in (TMTTF), X. (a) For several anions X = PFg,
AsFg, Sbg and ReQy, the change in the transition temperature ATco = Tco,p — Tco is plotted versus
the square of the CO transition temperature T(Z:o of pristine crystals. The increase is most pronounced
for small and light anions. The inset indicates that deuteration rises the CO temperature, deminishes
dimerization, but has no effect on AO. (b) Plotting Tcop over Tco clearly reveals the dependence
T(Z:O,D = T2o + D? with D = 60.2 K. The data are taken from Reference [75,77]; the plot follows
Reference [23].

3. Experimental Details

Single crystals of TMTTF,X salts with X = BF4, ClO4 and ReO4 were grown by the standard
electrochemical methods using an H-type glass cell at ambient temperature and inert atmosphere.
Platinum plates with an area of approximately 3 cm? served as electrodes and a sand barrier was
introduced to reduce diffusion. By applying a constant voltage of 1.5V, a current between 9.2 and
13.4 pA was drawn through the solution. The growth of the needle-shaped single crystals of typical
dimensions (2 x 0.5 x 0.1) mm? took several months. Since the crystal shape does not correspond to
the triclinic symmetry of the crystal structure, b’ denotes the projection of the b-axis perpendicular to
the a axis, and c* is chosen orthogonal to the ab-plane.

In order to perform the electrical transport measurements, small gold contacts were evaporated
onto the natural crystal surface and thin gold wires were attached to them by carbon paste. The dc
experiments applied the four-point method. Pressure-dependent measurements were carried out
by means of a clamp-type pressure cell using Daphne 7373 oil as pressure medium. Daphne 7373 is
the favored pressure medium for this kind of experiments because it conveys hydrostatic pressure
and (TMTTF), X crystals are inert to it. For all applied pressures the pressure medium stays fluid at
room temperature, relevant shearing forces seem to appear only when cooling through the freezing
temperature at pressures between 0-3 kbar. Temperature-dependent transport measurements were
carried out in a standard helium bath cryostat. The inherent pressure loss upon cooling was recorded
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continuously in-situ by an InSb semiconductor pressure gauge, as illustrated in Figure 8. The dielectric
measurements were performed with two contacts in a pseudo four-point configuration by means of
an Agilent 4284 Impedance Analyzer (20 Hz-1 MHz). For both measurement techniques, the applied
voltage was in the mV range to avoid heating and ensure measurements in the Ohmic regime.

' i Electrical Chamber with piston Copper-Berillium
14 - Daphne 7373 b Feedthrough P|Lljg Pressure Medium X Cell Body

3

12} Freezing
Temperature

<+

—

Pressure Sample
Sensor

. 160 .2(I)0 . 300 Sample Holder
T K]

Figure 8. Left panel: Pressure loss of Daphne 7373 oil during cooling; the arrows mark the temperature
range of freezing. The data were recorded in a Copper-Berrilium cell by four-point resistance
measurement of an InSb pressure sensor. Right panel: Sketch of the actual pressure cell used and
photos of the sample holder, and the hydraulic press.

4. Electrical Transport under Pressure

The physical properties of the (TMTTEF),X family have been widely studied for several
decades [78-81], however most of the work dealt with centrosymmetric anions. Here we advocate that
the structural phase transition should not be considered an additional complication but an opportunity
to gain more insight on the effect of the lattice on the electronic properties; there is no question,
however, that further investigations are needed. In the following we will present the first complete
set of systematic dc measurements under hydrostatic pressure of the three most common (TMTTF), X
with tetrahedral anions (X = BF4, ClOy4, ReOy). After detailed discussions of p(T, p) for each particular
compounds, we will compare the rather diverse characteristics.

4.1. (TMTTF),ClO,4

From Table 1 we see that X = ClOy is placed between X = BF; and ReOy4 with respect to the
anion size. From the charge transfer salts with octahedral anions we know that T increases with
anion radius [4,18]. The same is expected for the tetrahedral anions. (TMTTEF),ClO; is in so far
particular, as it does not exhibit the charge order typical for all other Fabre salts. As far as the
anion transition is concerned, it follows strictly the expected relation for the tetrahedral anions:
TAo(BF4) < TAo(CIO4) < TAo(ReO4).

The pressure dependence of p(T) is affected by the absence of CO showing extraordinary features.
In Figure 9 the electrical resistivity p, (T, p) and pc(T, p) are displayed for pressures up to 11.6 kbar
in panels a,b and d respectively. At ambient pressure, p,(T) develops the well-known activated
temperature dependence for T < T, ~ 260 K (localization temperature) and shows a distinct jump
to lower values at Too ~ 73 K [4]. It is interesting to note a change in slope of p,(T) that appears
around 40 K. Applying hydrostatic pressure, the local minimum at T, disappears as well as the jump
at Too. Whereas the former may be assessed as an artifact caused by the temperature-dependent
pressure loss due to the pressure media in the cell (Daphne oil 7373, see Figure 8), the latter is inherent
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to (TMTTF),ClOy. For increasing pressure, the AO transition smears, broadens and moves to lower
temperatures, developing a distinct valley of low resistivity. Concurrently the onset of the transition
TAO-max follows the trend of Tao, accompanied by the development of steep increase of p(T, p) at Ty,
which is related to the lower bound of the minimum.

At p ~ 10 kbar the trend stops; Tao—max and Ty do not significantly shift in temperature any
more when p increases further. The mechanism triggering the valley seems to come to a halt. As can be
seen in Figure 9b, the valley is gradually filled. At the maximum pressure applied, p = 11.6 kbar, the
minimum has somehow disappeared completely. Instead for high pressures a second peak develops at
about 40 K, which does not shift in temperature for p > 11 kbar; this feature progressively dominates
the temperature dependance of p(T). This behavior is observed in both directions, for p,(T, p) and
pc(T, p), as seen by comparison of panels b and d. In Figure 10 we take a closer look at the pressure
range from 10.0 to 11.6 kbar. The appearance of the second peak is accompanied by a hysteretic
behavior in the temperature-dependent resistivity on both sides of the valley. Multiple temperature
cycles reveal fluctuations in p,(T) not observed in other cases.
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Figure 9. Pressure evolution of the temperature-dependent electronic transport of (TMTTF),;ClOy.
(a) dc resistivity as a function of temperature for ambient conditions and for hydrostatic pressures up
to 10.0 kbar measured along the stacking direction a. (b) For higher pressure values a more complex
behavior of p, (T, p) is observed. (c) For the example taken at p = 4.1 kbar, we illustrate how the
different parameters of the anion ordering transition were extracted from p(T, p) and its derivative
with respect to inverse temperature 1/7T. (d) Temperature dependence of the perpendicular resistivity
0c(T, p) for the high-pressure range.

In the phase diagram displayed in Figure 11a, we summarize the different phases, transitions,
and appearing features as extracted from our p(T, p) data. At elevated temperatures (TMTTF),ClO,4
behaves like a low-dimensional metal with dp,/dT > 0 along the stacking direction and dp./dT < 0
perpendicular to the stacks. Between 250 and 150 K charge localization takes place at T,. While the
metal-like behavior in o, (T, p) for T > T, is obvious at p = 0, it gets masked for finite but intermediate
pressures; interestingly, the localization temperature is recovered at high p values. According to
Figure 8 the temperature-dependent pressure loss is reduced as the applied pressure increases; hence
this effect influences p(T) less. For the p = 9.3 kbar curve, we can clearly identify a range of metallic
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behavior by dp,(T,p)/dT > 0. For increasing pressures, the minimum in p(T) at T, is reduced.
T, extracted in this manner specifies the upper limit of the inherent localization temperature of
(TMTTE),ClO;. Since in the perpendicular direction dp.(T, p)/dT < 0 for the whole investigated
pressure and temperature range, our data identify the high-temperature phase of (TMTTF),ClOy as a
low-dimensional metal. The subsequent phase is an insulating one; nothing hints towards any inherent
changes in the material down to the anion ordering. No indications towards charge order are detected.
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Figure 10. Magnification of the high-pressure resistivity along the a-axis of (TMTTF),ClOy in the
temperature range of Tap. For pressure between 10.2 — 11.7 kbar, a second peak in p,(T) appears.
Simultaneously at the anion ordering p, (T) exhibits a distinct hysteresis and fluctuations.
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Figure 11. (a) The phase diagram of (TMTTF),ClO; as obtained from resistivity measurements indicates
various phase transitions. (b) Temperature-dependent susceptibility of (TMTTF),ClOy as obtained
from electron spin resonance (ESR) measurements (taken from Dumm et al. [82]). Two distinct drops
in the ESR intensity can be identified, one at the AO transition and the other at the antiferrmagnetic
order Taopv = 12 K. The onset of the plateau appears around T ~ 20 K (indicated by the blue arrow),
which coincides with the steep increase of the resistivity at Ty;.

The onset of the AO transition, Too_max, is defined by the local maximum in p(T) followed by a
sharp drop; the AO temperature Tag is given by the steepest decline of p(T) between Tag—max and
the local minimum at ToQ_min- This is illustrated in Figure 9c in full detail, where also the derivative
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dIn{p.}/d (%) is plotted in the Arrhenius-like manner. The AO transition becomes obscured, when
the second peak starts to grow. This additional feature is first visible as pressure exceeds 10 kbar.
It always seems to be located at T ~ 40 K, with no significant shift for varying pressure. It is
interesting to compare the structural properties with the sister compound (TMTSF),ClO,, which can
be turned from a T = 1 K superconductor to an antiferromagnetic SDW insulator by suppression of
the g, = (0, %, 0) anion order at Tyo = 24 K by rapid cooling [61]. The pronounced hysteresis and
fluctuations might point towards the development of an AO with another superstructure at T = 40 K.
Recalling the observation of different superstructures with pressure and disorder in (TMTSF),ReOy4 [62],
we could imagine a coexistence of the conventional AO superstructure g = (1,1, 1) and a new, but
weaker one with a different g vector also for (TMTTF),ClOy4 [13].

It might be worth to have a closer look on the temperature Ty; defined by the lower bound of
the resistivity valley, since this transition does not shift in temperature for the entire pressure range.
The strong increase in p(T) at Ty cannot be related to the transition into the antiferromagnetic state,
since for p = 0 the corresponding transition occurs at Tapm = 12 K [83] and no feature is visible in
the resistivity data at that temperature. It is interesting to note, however, that the increase of p(T) at
T = Ty coincides with the weak upturn of the magnetic susceptibility after the local minimum in the
ESR data (reproduced in Figure 11b) [82]. Although Ty develops only for relatively high pressures, the
ESR data are recorded at ambient pressure. Maybe this feature is present even at ambient conditions
but masked by the high resistivity due to the strong anion order. We call for further investigations of
these relations.

4.2. (TMTTF),BE,

In Figure 12 we present our dc resistivity results p,(T,p) and pc(T,p) for (TMTTF),BE,,
the compound with the smallest tetrahedal anion. At first sight, the resistivity of the two crystal
directions seems not to differ much, except of the absolute value. Dominated by an activated
temperature dependence, a pronounced kink at the CO transition is present for all investigated
hydrostatic pressure values. It is followed by an increase in slope for T < Tco. At the anion ordering
both p,(T) and p.(T) exhibit a step-like feature, but then continue with more or less the same derivative.
As pressure rises, this step-down is washed out and has eventually disappeared completely.
The activation energy is significantly reduced for rising pressure. A closer look reveals distinct
differences between the transport in the different crystallographic directions: p, and p.. Most obvious,
the temperature-dependent dynamics along the a-axis appears about two orders of magnitude higher
for all pressures compared to the transport along the c*-direction. Pressure has a much more severe
effect on the perpendicular transport p. than parallel to the stacks, p,. For low temperatures, the
high-pressure resistivity becomes almost isotropic.

The analysis of the charge and anion ordering transitions is explained in Figure 12. In panels c and
d the derivatives dIn{p, } /d <%> are plotted as a function of temperature in order to define the actual
transition temperatures. Here we can also identify differences in the slopes, since this temperature
derivative equals the gap size of an activated behavior. The kink in p(T) at Tco appears as a clear peak
in the derivative. For increasing pressure the CO peak sharpens, it gets more pronounced and shifts to
lower T.

For T < Tco and high pressures, we see a steep upturn in resistivity that occurs for p,(T, p) as
well as for p.(T, p). It is followed by a clear change of the resistivity slope at Tpo. It is interesting
to look at the ratio of the resistivity values at the CO transition and those at the AO transition:
Ap = p(Tao)/p(Tco). Along the stacks, the change is about five orders of magnitude at all pressures;
for the c*-direction, Ap shrinks from 10,000 at ambient pressure to only about 100 at the highest
investigated pressure of p = 11.5 kbar. Hydrostatic pressure has a stronger impact on p.(T, p) than on
0a(T, p). This picture is supported by the more pronounced loss in activation energy with pressure at
T < Tao for the transverse transport p. (T, p) compared to the longitudinal one p, (T, p).
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Figure 12. Temperature dependence of the dc resistivity of (TMTTF),BF, measured for the directions
(a) parallel and (b) perpendicular to the stacks when increasing hydrostatic pressure is applied
as indicated. Besides the minimum in resistivity at T, the charge-order transition at Tco and the anion
ordering at Ty is clearly observed. The analysis of the data is illustrated in panels (c) and (d) where
the temperature derivative dIn{p,}/d (1/T) is plotted for both orientations. The extrema indicate the
ordering temperatures Ty and Tco. In addition we define an onset temperature for the charge and
anion orders. The inset (e) enlarges the range around the AO temperature.

At Tpo, p(T, p) undergoes another remarkable change in its behavior that strongly depends
on pressure. Under ambient conditions, AO results in a discrete jump in p(T) to lower values; since
the slope is preserved, the gap size in an activated behavior remains unchanged at the transition.
This observation was explained [4] by a reduction of scattering as the anions are locked in
the methyl cavities. This jump becomes smooth when pressure is applied; a plateau starts to
develop gradually. Increasing pressure further, p(T) becomes rather broad for both directions, and
eventually the AO transition cannot be identified as a discrete feature any more; what remains is an
upturn in resistivity in a wide temperature range. Looking at the derivative in Figure 12¢,d, Tao is
identified as a sharp peak in the low-pressure range. But for p > 8.3 kbar this characteristic vanishes.
It is interesting to note that the onset of the AO transition at Too_onset related to the upturn in
dIn{p.}/d (%) , seen just before Ty (Figure 12c and inset e), can be distinguished up to the highest
pressure. For p = 11.5 kbar the AO-onset peak is dominated by the strong CO peak coming very close
in temperature. Surprisingly, no onset feature of AO is present in p.. Nevertheless, these observations
in p, hint that the AO transition might survive even the high hydrostatic pressure. No doubt Tao
shifts down in temperature much slower with pressure than Tco.

In Figure 13a,b we focus on the high-temperature regime in order to inspect the metallic behavior
and charge localization. For high pressure, p > 10.5 kbar, both p,(T) as well as for p.(T) exhibit a
metal-like temperature dependence. The derivatives plotted in Figure 13¢,d evidence a crossing of
the zero line at around T = 100 K. We should note that in the clamped cell pressure losses might
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occur when cooling down from high temperatures, masking the inherent metallic behavior. Thus the
second crossing point should be considered with some reservations, when drawing the phase diagram
in Figure 13e. We associate the change in slope dp,(T)/dT with the charge localization temperature
Tioc ~ 240 K. With increasing pressure T, shifts to lower temperatures. For the perpendicular
transport, p.(T) exhibits an activated behavior under ambient conditions. The boundary between the
metallic regions in Figure 13e therefore indicates a lower limit.
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Figure 13. The panels on the left display the temperature dependence of the resistivity of (TMTTF),BF,
measured for different hydrostatic pressure applied with the main focus on the metal-insulator
transition and charge localization. (a) The on-chain resistivity p,(T) exhibits the development of
a minimum as pressure increases. (b) Resistivity p.(T) perpendicular to the stacks for different
pressure values. (c,d) Pressure evolution of the resistivity derivative dIn(p)/d(1/T) as a function of
temperature for both orientations. The metal-insulator transition is indicated by the arrows. Also seen
is the freezing of the pressure transmitting oil Daphne 7373. (e) In the phase diagram of (TMTTF),BF,
different electronic states are depicted as derived from dc transport experiments. Upon cooling
the low-dimensional metal exhibits a charge localization that moves from about room temperature
down to below 100 K as pressure increases. For pressure above 8 kbar a three-dimensional metallic
phase develops. At lower temperatures charge order and anion order appear subsequently. Both phase
boundaries move towards lower temperature with increasing pressure.

4.3. (TMTTF),ReO,4

As listed in Table 1, (TMTTF),ReQy is the compound with the highest CO and AO transition
temperatures in the whole family of Fabre salts. At ambient pressure (TMTTF),ReO, develops
CO at Tcp ~ 230 K and the AO transition at Too ~ 160 K. Figure 14a displays the results of our
pressure and temperature-dependent dc resistivity measurements along the perpendicular direction.
The corresponding temperature derivative d In{p.}/d (%) is a measure of the energy gap for activated
charge transport; its temperature dependence is presented in Figure 14b. The CO temperature Tco can
be identified as a kink in pc(T, p). Even more pronounced is the anion order at Txo.
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Figure 14. (a) Temperature-dependent resistivity of (TMTTF),ReO4 measured along the c*-direction
for different values of external pressure. The red and black arrows indicate the charge order and
anion order transition temperatures. (b) The temperature derivative dIn(p)/d(1/T) shows the
charge-order transition as a step in the temperature dependence; the anion ordering Tpo is seen
as a pronounced peak. Both exhibit a distinct pressure dependence. (c) Arrhenius plot of the resistivity
pc(T) as the pressure increases. All curves are shifted with respect to each other for clarity reasons.

For T < Tap the resistivity increase can be described by an activated behavior with an energy
gap that increases in a BCS-like fashion; more details on the dc transport at ambient pressure can
be found by Kohler et al. [4]. When hydrostatic pressure is applied, Tco shifts to lower values and
resistivity changes at the transition get weaker. Tpo on the other hand does not move in temperature
for p < peit = 5 kbar. Also the qualitative shape of p.(T) and its slope for T < Tao do not change
significantly in this pressure range. In the derivative of the resistivity, the AO transition appears as
a sharp peak, indicating a first-order phase transition for all values p < pqit = 5.0 kbar. When the
CO transition coincides with the anion ordering, a sudden change in the pressure dependence of
Tao is observed. Above a critical pressure poit = 5.0 kbar the AO related kink moves to higher
temperatures when pressure increases further. In addition, the shape of p.(T) changes from a BCS-like
to a rather straight and flat evolution of p.(T) for temperatures T < Tao. For higher pressures,
P > Perit the shape of the transition resembles a second-order phase transition. The strong reduction
of the energy gap A at low temperatures for increasing pressures p > perit can be seen best in the
Arrhenius plot of Figure 14c.

In Figure 15c—e we show the temperature dependence of the charge and anion ordering gaps, Aco
and Ao, respectively, for selected pressures. With increasing pressure p < puit, the energy gap Aco
continuously converges to zero at the critical pressure of 5.0 kbar is approached. On the contrary, Axo
stays fixed. For higher pressure p > peit, Aao gets continuously suppressed as well. For comparison
the dc measurements of Coulon et al. [41] along the chain direction, p,(T, p) are presented in Figure 15b.
They exhibit qualitatively the same behavior as our dc results in the perpendicular direction.

By extracting the temperatures for the different phase transitions from our resistivity data we
can compose a phase diagram of (TMTTF);ReOy presented in Figure 15a. The CO state is limited
to low pressure. Pressure-dependent X-ray investigations may shed light on the origin of the
sudden change at the critical pressure of puir ~ 5.0 kbar. By comparison with the sister compound
(TMTSF);ReQy, we can speculate about a change in anion superstructure. As shown in Figure 15f,
Moret et al. [62] found a change from g, = <%, 1, %) togz = (O, 1, %) superstructure vector as pressure
exceeds a certain critical pressure.
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Figure 15. (a) Phase diagram of (TMTTF),ReOy as obtained from our pressure- and temperature-dependent
transport measurements. Even for 15 kbar hydrostatic pressure, no metallic behavior is observed up
to room temperature. The charge-ordered phase is limited to low pressure values. The transition
into the anion-ordered state changes from first to second order. (b) Normalized dc resistivity versus
temperature measured at 1 bar and 5 kbar along the chain direction of (TMTTF),ReOy; reproduced
from [41]. (c—e) Temperature change of the activation energy obtained below the AO transition and CO
transition of (TMTTF),ReOy for different pressure. (f) Temperature-dependent anion-ordering phase
diagram of (TMTSF),ReQOy as obtained from X-ray scattering experiments of Moret et al. [62]. The g,
and g3 phase boundaries overlap at p = 9.5, 10, and 11 kbar and they have opposite slopes.

4.4. Discussion

For a better comparison, in Figure 16 we present next to each other the temperature-dependent
resistivity of the three Fabre salts (TMTTF),X with tetrahedral anions, X = BF,, ClO4, and ReOy,
obtained at different pressure. In the case of centrosymmetric anions a simple relation between anions
size and charge ordering could be derived [18]: the larger the anions, the larger the stack separation
and the higher Tco. This concept fails for the tetrahedral anions. Obviously the original idea of anions
as pure spacers between the one-dimensional TMTTF stacks has to be discarded; instead we have
to account for the three-dimensional lattice structure and in particular the interaction of the organic
stacks with the anions.

Based on the size of the anions [52], V/E:?on < Vg‘%‘n < V}sﬁ%‘, the CO temperature of
(TMTTF),ClOy should fall right between ng and ngo“. Surprisingly, no CO transition is detected
in (TMTTF),ClOy. Provided it is not just an exception to the general rule, (TMTTF),ClO4 may be
the key compound for understanding the Fabre salts. Comparing our resistivity data for the three
different compounds in Figure 16 reveals that the absence of CO has drastic consequences on the
o(T) for T < Tpp. At ambient pressure no qualitative difference is observed of X = BF4 and ClOy;
at Tpo the resistivity exhibits a step to lower values followed by an activated temperature behavior.
This common picture changes when pressure is applied. For (TMTTF),BF, we still find p(T) to be
thermally activated down to low temperatures. In (TMTTF),ClOy4, however, a large minimum in p(T)
develops for a temperature range of about 30 K. When the pressure has reached p = 9.3 kbar, Tao has
shifted down by 25 K for (TMTTF),ClOy, while only 6 K in the case of (TMTTF);BF,. The compound
(TMTTF),ReO4 does not show any appreciable temperature shift of Tao for pressure up to p = 5 kbar;
only after Tao ~ Tco the AO temperature suddenly starts to move up quite fast with pressure, cf.
Figure 15. At his point it is not clear whether this shift is due to the combination of charge and
anion order or whether a new superstructure occurs, as in the case of (TMTSF);ReOy [62]. Ongoing
spectroscopic investigations will clarify this point. In (TMTTF),BF, our data indicate the survival of
both CO an AO under pressure. It would be of interest to follow the ordering temperatures to even
higher pressure; we speculate that Tyo might move up in temperature as soon as it merges with Tco;
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similar to (TMTTF),ReOy. This would underline the competing influence of CO on the AO transition,
as suggested by our transport data.
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Figure 16. The temperature dependent resistivity for the (TMTTF), X salts with tetrahedral anions.
The three compounds are sorted for increasing anion size from left to right. (a) (TMTTF),BF, is the
compound with the smallest anion: Vanion = 51.6 A3 Tt shows both transitions in the dc resistivity,
charge and anion ordering. (b) In (TMTTF),ClO, with Vapion = 54.7 A3 only anion ordering was
detected but no separate charge order. (c) (TMTTF),ReOy has by far the largest tetrahedral anion with
Vanion = 64.8 A3; it also has the highest charge and anion ordering temperatures.

In order to gain further insight into the structural aspects on charge order, Figure 17 displays the
distance between the anions and the TMTTF molecule. In the first frame T is plotted as a function of
the shortest distance between the anion-ligand (F or O) and the sulfur atom on the organic molecule
for Fabre salts with tetrahedral as well as octahedral anions. In panel b we consider the distance of the
anion center, defined by the B, Cl, Re, P, As or Sb-atoms, to the sulfur atom of the organic molecule.
Finally, in Figure 17c we plot the distance of the anion-ligand to the nearest carbon atom. In those
cases, Tco behaves differently for (TMTTF), X with octahedral and tetrahedral X. It seems that the
distance between the central atom of the anion and the nearest carbon atom reflects the cavity size or
the anion size better than any coupling mechanism. The (theoretical) anion volume, listed in Table 1,
follows the relation [52]: Viifon < Vg‘%n < Vgﬁ%‘ < Viﬁfm < V:ﬁf;’n < Vilriian' The correlations
plotted in Figure 17 might help to understand some of the effects, but further temperature- and
pressure-dependent investigations are needed to completely clarify the situation.
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Figure 17. Dependence of the charge order temperature Tco for various Fabre salts (TMTTEF), X
with different X as indicated. (a) Effect on the shortest distance between anion-ligand and TMTTF
sulfur atom. (b) Change of Tco with the distance between the central atom of the anion and the
sulfur atom. (c) Influence on the shortest distance from the anion-ligand to the nearest carbon atom.
The value for (TMTTEF),ClOy, which shows no CO, is indicated by a red arrow. All distances were
determined at ambient conditions.
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5. Dielectric Spectroscopy

Dielectric spectroscopy is a sensitive tool to detect changes in the charge degrees of freedom that
have revealed evidence for CO in the (TMTTF), X salts [84,85]. Numerous studies performed over
the years [30-36,86] identified a Curie-like peak of the permittivity €,(T) at Tco reaching huge values
up to 10° for E || a. While the peak position is frequency-independent up to 1 MHz, its amplitude
decreases with rising frequency. The Curie-behavior has drawn a lot of attention [84,85,87-90] because
it is characteristic for ferroelectricity. Its origin is considered to be mainly electronic, and thus referred
to as “electronic ferroelectricity” [33,91-93]. Nevertheless, the observation of a hysteresis in the electric
polarization P(E) is impeded by the high conductivity of the (TMTTF), X salts compared with canonical
ferroelectrics.

Most of the studies dealt with Fabre salts of centrosymmetric anions, and there is only a single
report on (TMTTF),ReO4 and (TMTTF),BF, [36]. In the first compound, the AO transition is evidenced
by a sharp drop of permittivity at Tao; it is explained by the formation of TMTTF tetramers with a 0110
charge pattern, which are less polarizable compared to dimers [23]. Interestingly, for (TMTTF),BF,
a small peak is revealed at Tpoo with a frequency-dependent amplitude followed by a monotonous
decrease of €}, (T) upon further cooling.

5.1. Results

We have conducted frequency-dependent measurements of the real part of the dielectric constant
&y = €, — i€y, with the electric field applied perpendicular to the chain direction, E || ¥’, at different
temperatures and ambient pressure. The findings for (TMTTF), X with X = BF4, Cl1O4 and ReOy taken
at f = 1,10, 100 kHz, and 1 MHz are plotted in Figure 18. For (TMTTF),BF,; and (TMTTF),ReOy the
charge and anion-order transitions are clearly observed with exactly the same signatures as reported
for measurements along the stacking axis [36].

In the case of (TMTTF),BF,, this corresponds to a peak at Tco ~ 80 K, which is reduced in
amplitude as frequency increases. For f = 100 kHz the peak height of 3000 is lower by factor of
200 compared to a value of 7 - 10° observed for E || a [36]. When the temperature is lowered, €, (T)
drops until the AO transition, which is observed here by another peak around 36 K, in accord with
the findings for E || 4. In contrast to the feature Tcp, the AO peak is strongly suppressed with
increasing frequency. While for f = 10 kHz, a value of €, = 20 is observed, the peak cannot be
identified above 1 MHz.

For the ReOy salt, the CO peak appears at 228 K and exhibits a maximum of 4 - 10* when measured
at f = 100 kHz perpendicular to the chains; this is one order of magnitude lower than the peak found
for E || a [36]. With decreasing temperature €;, (T) continuously decreases by one order of magnitude
at Tao = 157 K, where a step is observed with a frequency-dependent height. Upon further cooling,
€,,(T) approaches a constant value around 2000, which is slightly dependent on frequency.

(TMTTF),ClO;4 exhibits a strong and monotonous decrease in €}, (T) from room temperature
down to about 100 K. At Tpo an abrupt step with a frequency-independent height up to 50 marks the
anion order. At lower temperatures €}, (T) changes in shape forming a shoulder-like drop of one order
of magnitude. Interestingly, for higher frequencies this drop occurs at higher temperatures reminiscent
of a dielectric relaxation.
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Figure 18. Temperature dependence of the real part of the dielectric permittivity €/ (T) measured with
E || V' for (TMTTF), X with X = BF4, ClO, and ReOy at different frequencies as indicated. The insets
emphasize the changes close Tyo and below.

5.2. Analysis

In general, a ferroelectric phase transition is accompanied by a soft mode strongly slowing down
near the critical temperature. It is usually observed in optical, infrared or microwave spectroscopy
for a displacive phase transition; or by a relaxation mode at lower frequencies, as seen in disordered
systems [94,95]. Hence, investigating the relaxation time can provide valuable insight into the dynamics
related to the transitions. The Cole-Cole or generalized Debye model is a well established and useful
description to analyze the frequency-dependent complex permittivity

Ae

5 Gom) g

é(w) — €inf =
where 19 is the relaxation time, w = 277 f the angular frequency of the applied electric ac-field, 1 — a
a parameter describing symmetric broadening of the loss peak and Ae = €gatic — €inf the dielectric
strength with €gatic and €;,¢ the values for low and high frequencies, respectively. The deviation
from the Debye model (¢ = 0) is attributed to the distribution of 7y arising from disorder [84]. If
the materials are not completely insulating, but exhibit a considerable electronic background, such
as the (TMTTF), X salts, the dc-conductivity has to be taken into account when the dielectric loss is
determined:

o' (w) — opc

e'(w) = T we )

As an example for (TMTTF), X salts with tetrahedral anions investigated here, Figure 19 shows
the dielectric spectra of (TMTTF),ClOy in the range of the relaxational mode for different temperatures
close to the AO transition. The real part of the dielectric constant e}, (w) is plotted in the upper
panel: with increasing frequency it exhibits a step that shift towards higher frequencies as the
temperature increases. The point of inflection marks the relaxation rate 1/1y and corresponds to
the maximum of the broad peak in the imaginary part €}, (w). The solid lines represent fits according
to Equation (1) and agree well with the expected behavior.
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Figure 19. Frequency dependence of the permittivity é(w) = €'(w) — ie” (w) of (TMTTF),ClO,
measured with E || b’ at various temperatures close to the AO transition. The real part €’ (w) exhibits a
roll-off that shifts to higher frequencies with increasing temperature. This behavior corresponds to a
peak in €”(w) as shown in the lower panel. The solid lines represent fits according to the generalized
Debye model (1).
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Figure 20. Temperature dependence of the parameters used to fit the dielectric spectra of (TMTTEF),BF,,
(TMTTE),ClO4 and (TMTTF);ReOy by the Cole-Cole model (1). The upper row shows the Arrhenius
plots of the dielectric strength Ae, followed by the relaxation time 1) and the broadening parameter
(1 — a) in the lower row. For X = BF, and ClO; the data on two crystals each (indicated by black and
red symbols) are taken for E || b'. For X = ReO, we show data measured along the a and b'-directions.
Most important, in (TMTTF),ClO,4 and (TMTTF);ReOy the relaxation time 1y exhibits an activated
behavior; the obtained activation energies resembles the gap previously measured in dc transport [4].
For (TMTTF),BFy, 19(T) increases with decreasing T in a fashion best described by the empirical
Vogel-Fulcher-Tammann relation.

The parameters Ae, o and 1 — a extracted from the Cole-Cole fit of the dielectric spectra are plotted

in Figure 20 as a function of inverse temperature. The data have been recorded along the b’ direction of
the (TMTTF),BF4, (TMTTF),ClO, and (TMTTF),;ReOy salts. We confined ourselves to this temperature
region because our experimental frequency window is restricted to 1 MHz. For (TMTTF),BF, the
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relaxation mode moves through this frequency window for 50 K > T > 30 K, which includes the
AO transition. Here Ae exhibits a small peak around T = 38 K and 36 K for the two different
samples, labeled 1 (black) and 2 (red symbols). These steps correspond to the features observed in
é(T) (Figure 18) and are ascribed to the AO transition. The broadening parameter (1 — a) decreases
upon cooling indicating an increased cooperativity in the relaxation. Interestingly, 17(T) rises with
lowering temperature in a fashion best described by the empirical Vogel-Fulcher-Tammann relation

Ty = TyF exp {TE*V]FHVF} , ©)
which is known as a good parametrization for the slowing down of molecular motion in disordered
systems and the glass-like freezing of dipolar order in relaxor ferroelectrics. The corresponding
energy Eyp can be interpreted as a temperature-dependent activation energy for reorientational motion.
Tyr denotes the temperature where 1y diverges, and Tyr the time scale for the ac response in the
high-temperature limit. The glass temperature T is defined as the temperature where 75 = 100 s.
The obtained fit parameters are listed in Table 2. There is a considerable difference in the values for
Evr and Tyg, whereas there is a minor deviation for Tz which we attribute to different cooling rates
during the measurements.

Table 2. Parameters obtained by fitting the temperature-dependent dielectric relaxation time 1y(T)
of (TMTTEF),BF, with the Vogel-Fulcher-Tammann relation. Eyr is the activation energy, Tyr denotes
the Vogel-Fulcher temperature, and Tyr the corresponding time scale. The glass temperature is given

by TG'
(TMTTF);BF, Sample 1 Sample 2
Evp (K) 4947 153.5 + 11.5
Tyr (K) 275405 185+ 0.5
TvE (5) 25+12)-108 (6.1+25)-107?
Ts (K) 30 25

For (TMTTEF),ClOy the mode can be observed in our frequency window between T = 20 K and
50 K, which is below T 40, but in the range of the dispersive shoulder-like drop in €}, (T) shown
in Figure 18. For the second crystal, we observe a monotonous decrease of Ae with falling temperature,
in agreement with the behavior of €}, (T). There is an additional small bump around T = 23 K for
sample 1. In both specimens an activated behavior in 1y is observed with activation energies of 300 K
and 420 K, respectively. The fit parameters are listed in Table 3. We can compare our findings with the
energy gap of (440 + 60) K derived from dc-transport measurements reported in Reference [4].

Table 3. Parameters of the activated behavior of 1y for (TMTTF),ClO, derived from dielectric
measurements of two different crystals.

(TMTTEF);ClO4 Sample 1 Sample 2
Eact (K) 300 + 10 420+8
Tact (8) (57+19) 1071 (6.0+1.7)-10°13

The relaxation mode in (TMTTF),ReO4 slows down more quickly; it enters our experimental
frequency window for 90 K < T < 140 K, right below the AO transition. Surprisingly, there is a small
peakin Ae at T = 112 and 105 K for E || b’ and E || 4, respectively, which superimposes a gradual
increase with temperature. No corresponding counterpart is observed in €}, (T). For both directions, 1
follows an activated behavior; the fit parameters are listed in Table 4 for the two polarization directions.
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From dc transport a temperature-dependent energy gap was derived [4] that saturates at (1560 & 80) K
in the limit of T — 0 for all crystal directions.

Table 4. Parameters of the activated behavior observed in 7 for two crystal directions of (TMTTF),ReO.

(TMTTF);ReO4 Ela E|V
Eact (K) 1372 + 4 1651+ 27
Tact () (31+01)-1072  (73+1.6) 10712

Since for (TMTTF),ClO4 and (TMTTF);ReOy the activation energies of the relaxation time 1y agree
well with the values obtained by dc-transport, we conclude that the relaxation is determined by the
free charge carries responsible for the dc conduction, which freeze out at low temperatures.

5.3. Discussion

For the (TMTTF), X salts, the peak in €’ at Tco obeys Curie’s law as established for canonical
order-disorder ferroelectrics [84]; it is attributed to a combination of charge disproportionation and
ionic displacements [32,33].

As far as the anisotropy is concerned, the ratio of the peak amplitudes €, /€;, probed at f = 100 kHz is
about 200 and 1000 for (TMTTF);BF, and (TMTTEF),;ReOy, respectively, higher than the anisotropy of the
dc resistivity at Tco [4]. It is interesting to compare our findings with the report of de Souza et al. [96]
on the Fabre sals with octahedral anions. As reproduced in Figure 21, they found a strong peak in €/, at
Tco similar to previous reports on €, (T) [30-32,34-36] and €}, presented here (Figure 18). The peak
value is sample-dependent and in general by several orders of magnitude lower compared the value
observed along the stacks. While in the a-direction the permittivity is affected by critical fluctuations
that become important when approaching the ordering transition in one dimension, the response in
the perpendicular direction probes the involvement of ionic displacements and the stabilization of the
three-dimensional charge pattern upon CO.
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Figure 21. Temperature dependence of the dielectric constant of several (TMTTF),X salts with
octahedral anions: Hip-(TMTTE),PFg and D1-(TMTTEF),PFs, (TMTTF),AsFg and (TMTTF),SbF;.
The experiments have been performed along the c*-axis perpendicular to the chain direction [96].
The maximum in €.(T) is located at Tcp, similar to measurements along the other orientations
€,(T) [30-32,34-36] and €, (T). The peak value is lower by several orders of magnitude compared to
€}, similar to the anisotropy determined in dc transport [4].

The rather high values of €/(T) at room temperature, found in Figure 18, are attributed to the
slight dimerization of the TMTTF molecules and the resulting enhanced polarizability, which scales
with e’ & (wp/ A)?, wherein w p is the plasma frequency and A the transport gap [97]. The temperature
dependence of A(T) for E || V' is found [4] constant for (TMTTF);ReOy from T = 300 K to 250 K,
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whereas it is decreasing for (TMTTF),ClO4 and (TMTTF),BFEy; the latter is explained by the decrease
in dimerization. Accordingly, the reduction of €}, (T) upon cooling observed here is induced by the
decrease of wy(T) due to the freezing out of mobile charge carriers. This can be confirmed by detailed
optical investigation of all (TMTTF), X salts.
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Figure 22. Temperature dependence of (a,c) 1/€,(T) (data from [36]) and (b,d) 1/e}, (T) for (a,c)
(TMTTEF),BE,; and (b,d) (TMTTF);ReOy. There is good agreement with the Curie-Weiss behavior
(red solid lines) for T < Tco, except for (TMTTF),BF, along b'-direction, where the peak in €}, (T) is
somewhat rounded. For canonical second-order ferroelectric transitions, mean-field theory predicts
that the slopes on both side differ by a factor of 2 [94]. The deviation from this expected behavior is
usually attributed to structural disorder [36,86].

The Curie-Weiss behavior ¢/(T) = Tf%a) is nicely illustrated in Figure 22 where 1/¢€,(T) and
1/ eé, (T) are plotted for (TMTTF),BF, and (TMTTF),ReOy. In particular for T < Tco the agreement
is rather good, except for (TMTTF),BF, along the b’-direction (cf. Figure 18). Above Tco we observe
rather large deviations from the expected behavior for both salts.

At this point it is important to mention that the amplitude and broadening of the CO peak in
€/(T) is known to be sample-dependent [36,86] and hence, in case a deviation from the Curie-behavior
is observed below T, it is ascribed to structural disorder. The latter also explains, why the slope ratio

\Cg’b / Cf’b deviates in some reports [86,96] from the expected value 0.5, which is predicted by mean
field theory for a canonical second-order phase transition [94].

The ratio of the slope obtained along the b’-direction does not necessarily infer a minor
sample quality. The CO peak is weaker along the b’-direction, implying that at high temperatures
the contribution of dimerization to the background could be appreciable. Similar deviations from
this mean-field dependence are observed for (TMTTF),AsFg and (TMTTF),PFs when looking along
the c*-direction [96]. Additional ionic contributions are more pronounced in the perpendicular
polarizations and should be investigated in more detail in future.

For (TMTTF),ReOy the abrupt drop of the permittivity at Tyo evidences the formation of TMTTF
tetramers with a 0110 charge pattern; they are less polarizable compared to dimers. Interestingly,
in (TMTTF),BF, a small peak is observed at Tpo, followed by the drop due to tetramerization.
The absence of a comparable peak in the other two salts may be due to screening by free charge carriers.
In (TMTTE),BF, the resistivity at Tao is three orders of magnitudes higher compared to (TMTTF);ReOy,
for instance [4]. In the case of (TMTTF),ClO, there is no CO for T > Tao. Below Tap, around T = 50K,
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there is a second drop which shifts to higher temperature for increasing frequency, reminiscent of
a dielectric relaxation. Note that in this temperature range, ESR measurements reveal a drop of
the spin susceptibility [73], which is attributed to the formation of a spin singlet-triplet gap upon
tetramerization, and optical investigations [23] prove the growth of charge disproportionation with
a 0110 charge pattern. Further investigations have to fully clarify the connection to the observed
dielectric relaxation. The observation of a corresponding feature in (TMTTF),BE; and (TMTTF),ReO4
might be obscured by a strong background due to the CO peak.

In (TMTTEF),AsF4 the mean relaxation time 7y(T) contains a peak at Tco due to the softening
of the oscillating mode concomitant to the ferroelectric transition and an activated behavior
with an activation energy similar to the gap obtained by dc transport [35,86]. Brazovskii and
coworkers [89] report an additional relaxation mode in (TMTTF),AsFs for T < Tco, which is
ascribed to slow oscillations of pinned ferroelectric domains. Recent Raman spectroscopy evidences
the presence of neutral TMTTF? and ionized TMTTF ! molecules, which are assigned to charged
domain walls [56]. It is worthwhile to mention that in the two-dimensional charge-transfer salts
x-(BEDT-TTF), X, with X = Cu[N(CN),]Cl [98], Cua(CN)3 [99,100] and Agr(CN)3 [101], as well as
in a-(BEDT-TTF),I3 [102,103], charge domain walls are also considered to give rise to an anomalous
dielectric response in the audio- and radio-frequency range. For (TMTTF),ClO4 and (TMTTF),ReOy4
the activation energies of the relaxation time 1y(T) agree well with dc-transport measurements, in
accord with the observations for (TMTTF),PFg [31] and (TMTTF),AsFg [35,86]. This indicates that the
relaxation is determined by the free charge carries responsible for the dc-conduction, which freeze out
at low temperatures. We assume that crystal defects and charged impurities locally change the charge
pattern due to anion order, giving rise to domains walls. If charge carriers are thermally activated
above the transport gap, which is composed of the contributions due to dimerization, charge and anion
order [4], they move along the TMTTF chains adding to the dc-conductivity. This changes the charge
pattern and results in an effective shift of the domain walls, explaining why the activation energy of
the relaxation time corresponds to the dc-transport gap.

For (TMTTF),BE, with Tap = 41.5 K, the relaxation mode is observed for 50 K > T > 30 K and
the relaxation time 1(T) follows the empirical Vogel-Fulcher-Tammann relation. In this temperature
range, the resistivity is rather high and transport is ascribed to hopping conduction [4]. The drastic
decreased number of free charge carriers results in glass-like freezing of domain walls, as evidenced by
the observation of the Vogel-Fulcher behavior. Surprisingly, the results obtained here for T < Tyo on
the salts with tetrahedral anions agree well with the ones obtained for T < T on the centrosymmetric
anions, indicating that the underlying order determining the charge pattern is of minor role for the
relaxation dynamics.

6. Conclusions

Our pressure-dependent DC-transport measurements yield valuable information on the influence
of the lattice on the ordering phenomena in the quasi one-dimensional charge-transfer salts (TMTTF), X
with tetrahedral anions X = BF,, ClO4 and ReO,. We observe a decrease of the charge ordering
temperature Tco upon pressure for (TMTTF),BF, and (TMTTF);ReO;; similar to the observation
reported for salts with octahedral anions [104]. In contrast to CO, the pressure dependence of AO
differs for each salt such that the construction of a generic phase diagram of (TMTTF), X salts with
tetrahedral anions is not possible. In (TMTTF),BF,, CO is visible up to the highest pressure applied
with Tco(p = 8.8kbar) = 47.5 K whereas the signature indicating AO dissolves around 34.5 K at a
pressure of 5.3 kbar. We call for structural studies that will yield information on the actual arrangement
of the anions.In (TMTTF),;ReO4, AO is enhanced upon applying pressure with an increase of T, at
around 3.0 kbar Tyo = Tco is reached and for pressures above, CO seems to be fully suppressed and
the AO shifted up to 277 K at p = 14.7 kbar. Interestingly in (TMTTF),ClOy, the jump-like feature
indicating AO shifts to lower temperatures and significantly broadens. For p > 10.2 kbar, we observe
a second peak evolving right at Tyo whose origin is still unclear. The fact that no CO is detected in
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(TMTTE),ClOy is probably the most puzzling observation that calls for explanation. We attribute the
absence of CO in (TMTTF),ClO; to the polarizability of the anion. ClOy is less polarizable because Cl
has an electronegativity comparable to O. Consequently, the bonds within the anion are more covalent
making the anion more stiff and less deformable. As a result, the ClO,4 adapts less to the methyl cavity
and deforms them more strongly. The deformation leads to a change of the 7r-orbital direction, which
— considering one particular anion stack — applies to every second TMTTF molecule of a neighboring
stack. This modulates the direction of the transfer integrals for every second TMTTF molecule and
results in an increased value of the electronic dimerization J,,. (cf. Table 1), preventing the emergence
of CO in (TMTTEF),ClOy.

We furthermore performed measurements of the permittivity along b’ direction, perpendicular
to the stacking, and observe qualitatively the same signatures in €}, as in literature for €. The ratio
of the peak amplitudes €} /¢}, at 100 kHz is 200 and 1000 for (TMTTF);BF4 and (TMTTF);ReOy,
respectively, are higher then the anisotropy at Tco determined by dc resistivity measurements [4].
This reflects the one-dimensional nature of the critical fluctuations when approaching Tco, whereas
the reduced value along the b’-direction is due to the displacement of anions upon formation of the
three-dimensional charge pattern. For all salts investigated, an abrupt drop of the permittivity at
Tao is detected, which is attributed to the formation of TMTTF tetramers with 0110 charge pattern.
By analyzing the frequency dependence of €,, we observe a dielectric relaxation below Tap. In
(TMTTEF),ClO4 and (TMTTF),ReO4, we observe an activated behavior of the relaxation time with
activation energies resembling the gap measured in transport, indicating that the relaxation dynamics
are determined by free charge carriers. This agree quite well with observations in (TMTTF),PFe [31]
and (TMTTF),AsF [35,86] for T < Tco, for which the relaxation time is activated and corresponding
activation energies match to the dc-transport gap as well. This indicates that the relaxation is
determined by the free charge carries responsible for the dc conduction which freeze out at low
temperatures and that the underlying order giving rise to the transport gap plays a minor role.
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Cco charge ordering

AO anion ordering
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NMR nuclear magnetic resonance

ESR electron spin resonance

DFT density functional theory
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