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B"-(BEDT—TTF);Cl,-2H,0 [BEDT—TTF: bis-(ethylenedithio)tetrathiafulvalene] is superconductive under
pressures, whereas the salt exhibits metal-insulator (MI) transition under ambient pressure. The insulator
phase in the salt was examined using the charge density wave (CDW) phase that was obtained from band
calculation. The charge-ordered (CO) state was recently proposed as the insulator phase of the salt, and the
mechanism of superconductivity intermediated by charge fluctuation was suggested. We accessed *C-NMR on
B"-(BEDT—TTF);Cl,-2H,0 at ambient pressure and under pressure up to 1.6 GPa. At ambient pressure, the
NMR spectrum changed at approximately 100 K. Three isolated peaks appeared at low temperatures, suggesting
that the CO state exists below 100 K, and spin-gap behavior was observed. By analyzing the chemical shift,
the charges on the three sites were estimated as ~-+0.4e, ~+40.6¢, and ~+1.0e. The ratio of peak intensity and
unsymmetrical peak position suggest the CO state with some symmetry breaking. When pressure is applied, the
splitting of the NMR peaks in the CO state is reduced. The salt finally exhibits superconductivity at 1.6 GPa,
spin-gap behavior observed at (T, T)~! below 1.3 GPa suddenly disappears, whereas the NMR spectrum predicts
that charge disproportionation coexists with superconductivity. The suppression of the spin-singlet formation
observed in (7;7)" at 1.6 GPa suggests the metallic state with the charge disproportionation and the CO

instability with some symmetry breaking.

DOI: 10.1103/PhysRevB.84.035105

I. INTRODUCTION

The superconductivity of x-(BEDT—TTF),X (BEDT—
TTF:bis-(ethylenedithio)tetrathiafulvalene) as well as of high-
T, cuprates is attractive, because of the relationship between
antiferromagnetic fluctuations and superconductivity.' In
a quarter-filled electron system with the (BEDT—TTF),X
composition formula, the degree of dimerization determines
the properties of the insulating phase. If the dimerization is
strong, the system can be regarded as half-filled and is a dimer
Mott insulator. Because «-type salts are well known to form
strong dimerization of BEDT—TTF molecules, they may be
considered as a half-filled system, and therefore, as dimer
Mott insulators.* On the other hand, if the dimerization is
weak, the system can be regarded as quarter-filled, and the
effective on-site and off-site Coulomb repulsive energy (U
and V, respectively) cause the system to form a charge-ordered
(CO) state.” Some organic conductors such as a-type, '-type,
and @-type salts® dimerize weakly and are not regarded as
half-filled but as quarter-filled systems. Their insulating phase
is likely to be the CO state.””!* Some of these salts exhibit
superconductivity under applied or ambient pressure.'*!> It
has been suggested that the mechanism of superconductivity
in these salts is intermediated not by antiferromagnetic
fluctuations but by charge fluctuations.'®

The crystal structure of 8”-(BEDT—TTF);Cl,-2H,0 is
shown in Fig. 1.7 Its space group is P1, and its unit cell
contains three crystallographically independent molecules (A,
B, and C). Whereas a-type and 0-type salts have a two column
structure tilted with respect to each other, all of the molecules
in this salt are almost parallel to each other and form a
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stacking structure. The dimerization in the stack is as weak
as in a-type and O-type salts. It undergoes a metal-insulator
transition (MIT) at Tyy ~ 130 K under ambient pressure
and becomes a superconductor at 1.6 GPa with 7, = 1.9 K,
which was confirmed by two groups (Mori et al. and
Lubczynski et al.) independently.'”'® Another remarkable
feature of this salt is that, in contrast to (BEDT—TTF), X, the
formal charge is not expected to be +1/2e per molecule but
is expected to be +2/3e per molecule.!” Because its Fermi
surface is one-dimensional, the MIT has been believed to
originate from a charge density wave (CDW) formation by the
nesting of conducting bands.'®?° Because the superconducting
phase is adjacent to the insulating phase, it was suggested
that superconductivity is mediated by the CDW fluctuation.
However, x-ray experiments showed that the MIT was not
accompanied by a modification of the crystal structure.’!
Because this salt cannot be regarded as a half-filled electron
system and the dimerization is not sufficiently strong, the
formation of a CO in the insulating phase is likely.
Yamamoto et al. recently reported comprehensive optical
studies of B”-type salts.® The optical measurements are
mainly sensitive to the electric charge. The linewidth of the
optical spectrum was very broad at 300 K. With decreasing
temperature, a broad peak split into two prominent peaks. The
resistivity increases steeply below 100 K because of which the
peak becomes sharper. These results suggested that the CO
transition occurs at approximately 100 K. Furthermore, the
pressure dependence of the Raman spectrum at 10 K showed
that the splitting of the spectrum decreased with increas-
ing pressure, and they claimed that change inhomogeneity

©2011 American Physical Society
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FIG. 1. (Color online) (a) Crystal structure of B”-(BEDT—
TTF);CL-2H,0'7 (b) Molecular structure of BEDT—TTF- 3C

remained even at the critical pressure of superconductivity.
The characterization of the insulating phase is necessary for
understanding the mechanism of superconductivity. For this
purpose, nuclear magnetic resonance (NMR) measurement
is one of the best tools. NMR on I = 1/2 nuclei is
sensitive to the magnetism on conducting electrons. Therefore,
NMR is complementary to optical observations. Moreover,
NMR can directly obtain information on the charge as
chemical shift data. If the CO state arises, a separation of
the NMR spectrum corresponding to the charge-rich and
charge-poor sites on the BEDT—TTF molecule is expected,
observed in a-(BEDT—TTF),13, a’-(BEDT—TTF),IBr,, and
6-(BEDT—TTF),RbZn(SCN),.!>132223 If a CDW arises,
it is very likely to be an incommensurate CDW, and
the NMR spectrum will not separate but only broaden
slightly.

The peak splitting observed in optical spectroscopy cannot
distinguish a static charge separation from a dynamic one
owing to its fast time resolution of ~1 THz. In contrast,
NMR spectra actually detect the static properties below the
NMR linewidth of ~1 kHz. Moreover, the ratio of peak
intensity in the optical spectrum does not simply correspond
to the abundance ratio of each site. The peak intensity in
NMR is directly proportional to the number of corresponding
sites, and the NMR spectrum provides information on the
abundance of charge-rich and charge-poor sites. The magnetic
gap can also be detected by the Knight shift and the spin-lattice
relaxation rate Tl_' . In order to elucidate the charge state in the
insulating phase, we have conducted '*C-NMR measurements.
Moreover, to investigate what type of changes occur under
pressure, we also performed '*C-NMR measurements under
pressures up to 1.6 GPa.

II. EXPERIMENTAL

To avoid the Pake doublet problem, we added '*C isotopes
on only one side of the central carbon sites of the BEDT—TTF
molecules shown in Fig. 1(b).>*?> This enriched molecule
enables us to analyze the NMR shift and provide a quantitative
interpretation of the spin-lattice relaxation rate. The salt
was prepared by the electrochemical method by using [n-
BuyN]CoCly as the electrolyte.!” NMR measurements were
performed with decreasing temperature under a field of 9.4
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T and under pressures ranging from ambient to 1.6 GPa
by using a clamp cell made of BeCu alloy. Daphne oil
7373 was used as the pressure medium. The pressure was
calibrated using the resistance of a Manganin wire at room
temperature. A magnetic field was applied perpendicular to
the conducting layer (0,1,0); the corresponding resonance
frequency was 100.7 MHz. The NMR spectrum was obtained
by fast Fourier transformation (FFT) of the spin-echo signal
following a conventional 7 /2—m pulse sequence by using a
single crystal. The spin-lattice relaxation rate was measured
by the saturation recovery method on 15 pieces of crystal
(~3.5 mg) stacked on the (0,1,0) plane. The static suscep-
tibility was measured by a SQUID magnetometer, and the
spin susceptibility y, was estimated after the diamagnetic
correction.

III. NMR SHIFT OF ORGANIC CONDUCTORS

The NMR shift § is generally expressed as the sum
of the chemical shift o, which is because of the coherent
shielding current of the molecular orbital and the Knight shift,
K = A x, caused by spin magnetization. Here, A is the
hyperfine coupling constant and y; is the spin susceptibility.
Because spin magnetization gives rise to the magnetic field
via exchange and dipole interaction, K is sensitive not only
to the magnetization on the target molecule but also to the
crystallographic environment. In contrast, o is sensitive only
to the orbital terms of the target molecule. Owing to the
anisotropy of the molecule and the crystal system, o and
A are expressed by the chemical shift tensor o~ and the

. <> N <>
hyperfine coupling tensor A asoc =ho"hand A =h A h,
respectively. Here, h is the direction cosine of the external
field in the molecular coordinate system. We used the enriched
molecule on a single side of the central C=C carbons. When
the molecule is not on an inversion center, the two central C=C
carbons are inequivalent, and their Knight shift tensors differ.
In contrast, their chemical shift tensors are almost the same
because the chemical shift is mainly because of the charge on
the molecular orbitals.

A unit cell contain one crystallographically independent
molecule and both central C=C carbons are crystallographi-
cally independent in 6-(BEDT—TTF),RbZn(SCN)4 at room
temperature. Therefore, signals from two '3C nuclei on the
same molecule have been observed.!> When the CO transition
occurred, two molecular sites in a unit cell, the charge-rich and
charge-poor sites, became crystallographically independent.
Therefore, we could observe four signals from two '*C nuclei
in the charge-poor site and two '*C nuclei in the charge-rich
site. At low temperature, the spin susceptibility diminished
because of the spin-Peierls transition, the contribution from
the Knight shift disappeared, and only the chemical shift
contributed to the NMR shift, § >~ o. Because the chemical
shift depends on the charge of a molecular orbital and is
insensitive to the position of the central C=C carbons, only
two signals from the charge-poor site and charge-rich sites
are observed. Therefore, the NMR shift provides important
information about the CO state, especially in nonmagnetic
phases.
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FIG. 2. (Color online) Temperature dependence of the spin
susceptibility of 8”-(BEDT—TTF);Cl,-2H,0 (Inset: Fitting with the
dimer model.)

IV. RESULTS AND DISCUSSION

A. Static susceptibility

Figure 2 shows the temperature dependence of y, for the
polycrystal sample. We observed a temperature-independent
Pauli paramagnetic susceptibility above 150 K. This result
is consistent with the metallic behavior of the electrical
conductivity above 150 K. The spin susceptibility of 7.0 x
10~* emu/mole at 300 K corresponds to the susceptibility of
2.3 x 10~* emu/mole f.u. per one BEDT—TTF and this value
is comparable to that of k-(BEDT—TTF),X salt (2.5 x 107*
emu/mole f.u.). The spin susceptibility starts to decrease
sharply at approximately 150 K and becomes non-magnetic at
approximately 50 K. Moreover, the preliminary measurement
of the aligned crystal does not exhibit significant anisotropy.
These results predict that the decrease in susceptibility is
not because of the antiferromagnetic transition but because
of the spin-singlet formation. The absolute value of x;
per BEDT—TTF molecule is comparable to those for other
(BEDT—-TTF),X salts. We estimate the spin-gap energy
phenomenologically by the fitting with the dimer model,
X = kB%[l/(3 + e2/ksT)], as shown in the inset of Fig. 2
where kg is the Boltzmann constant and C is a scale constant.
As aresult, we obtain a gap of A ~ 482 K. On many CO salts,
the spin susceptibility has been found to decrease with CO
formation.!??

B. NMR shift under ambient pressure

Figure 3 shows the temperature dependence of the '3C-
NMR spectrum from 295 K to 45 K at ambient pressure.
With the exception of a signal from grease at ~30 ppm,
a four-peak spectrum was observed at 295 K; the ratio of
the peak’s intensities is estimated at approximately 1:2:2:1.
Because the optical spectrum suggested a homogeneous charge
distribution, p = 2/3, atroom temperature, the NMR spectrum
is interpreted as arising from six signal of two C=C sites
each in three independent molecules with different hyperfine
coupling constants A;. With decreasing temperature, the
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FIG. 3. NMR spectra of 8”-(BEDT—TTF);Cl,-2H,0 at ambient
pressure. The asterisk denotes a signal from grease.

peaks shifted gradually to ~100 ppm and broadened. The
broadened spectrum changed abruptly at 100 K, and three
distinct peaks were observed. These behaviors are charac-
teristics of the CO transition and have been observed in 6-
(BEDT—TTF),RbZn(SCN), and o’-(BEDT—TTF),IBr,.!>?3
In optical spectroscopy, peak splitting was also clearly visible
at approximately 100 K, suggesting dynamic or static charge
disproportionation. Considering the sharp NMR peaks below
100 K, the splitting of the NMR peaks predicts static charge
disproportionation at approximately 100 K. Figure 4 shows
the temperature dependence of the NMR shift of each peak.
The three peaks visible at 100 K shifted to higher values with
decreasing temperature and did not show significant changes
below 80 K where the spin susceptibility almost vanished and
the NMR shift § is almost determined by o. Hence the number
of peaks at low temperature corresponds to the number of
molecules with different charge states.

It is important to discuss the degree of charge dispro-
portionation and the CO pattern in order to understand the
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FIG. 4. (Color online) Temperature dependence of NMR shift

of B”-(BEDT—TTF);Cl,-2H,0 at ambient pressure. Peak labels
correspond to those in Fig. 3.
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electrical properties of this salt. Considering the NMR results
for 0-(BEDT—TTF),RbZn(SCN)4 and a-(BEDT—TTF), 13, it
has been suggested that when a magnetic field was applied
parallel to the long axis of the BEDT—TTF molecule, charge-
rich sites were indicated by large shifts and charge-poor
sites by small shifts.!*? In the current configuration, the
magnetic field is applied almost parallel to the long axis of the
BEDT—TTF molecule. Using the chemical shift tensor in «-
(BEDT—TTF),I; in the CO state!? and the direction cosine of
the magnetic field in the current experiment, we evaluated the
relation between the charge, p and the chemical shiftas o (p) =
61 4 109p, assuming the disproportionation of the charge in
a-(BEDT—TTF),I5 as 0.75:0.25%7. Using this relationship,
the charge distribution on B”-(BEDT—TTF);Cl,-2H,0 is
estimated as ~+0.4 (109 ppm), ~+0.6e¢ (126 ppm), and
~41.0e (174 ppm).

In case of the incommensurate CDW expected from the
band structure,’® NMR spectrum should be a symmetrical and
continuous structure around +0.66e. Even if a commensurate
CDW occurs, the separate peaks should be observed symmet-
rically around +40.66e. The unsymmetric peak position and
distribution observed at low temperature suggest not the CDW
but the CO state.

Because a unit cell contains three crystallographically
independent molecules, the disproportionation may not break
the crystal symmetry but simply develop among the three
molecular sites. The advantage of NMR is that the peak
intensity is proportional to the site ratio, whereas the intensity
in vibrational spectroscopy depends on the transition moment
or the scattering cross section either of which are not simply
proportional to the site ratio. From the fitting of the spectrum
with Lorentzians at low temperature, as shown in Fig. 5,
the ratio of the intensity of the peaks is estimated as 2:3:1.
Therefore, there are a unit cell contains two charge-poor sites,
three slightly charge-poor sites, and one very charge-rich site.
P1 symmetry cannot explain the ratio of peak intensities,
and the inversion center or translational symmetry must be
broken.
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FIG. 5. (Color online) NMR spectrum of B”-(BEDT—TTF)
3C12'2H20 at 45 K.
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FIG. 6. (Color online) Temperature dependence of (7;7)~! of
B"-(BEDT—TTF);Cl,-2H,0 at ambient pressure. (Inset: Fitting with
the thermally activated model.)

C. (T;T)~! under ambient pressure

The temperature dependence of (T, T)~! for the integration
of all peaks is shown in Fig. 6. Above 130 K, the spin
susceptibility and (T;7)~' are almost constant, suggesting
that the Korringa relationship holds. Below 130 K, (T,7)~!
decreases with decreasing temperature similar to the spin
susceptibility. In low temperature phase, 7; of each peak
behaves the same temperature dependence with the ratio
of 1.6. To improve signal-to-ratio and compare with that
under pressure, we evaluate 7 for the integration peaks. The
relaxation curve could be fitted as a single exponent function.

This spin-singlet formation should be observed in the spin-
lattice relaxation rate in '>*C-NMR. Defining the temperature
T, as that at which the gap starts to form, 7, ~ 130 K is
almost the same as the MIT temperature Ty estimated from
the electrical conductivity measurement. We used thermal
activation model fitting, (T,T)~" oc e2/%37, to evaluate the
gap energy, A ~ 437 K from 7). The value is consistent with
that from the spin susceptibility.

T is slightly higher than the transition temperature at
which the NMR and optical spectra charge abruptly. The
spectral broadening above 100 K in the NMR and optical
spectra suggest dynamic CO fluctuation similar to that in 6-
(BEDT—TTF),RbZn(SCN), and o’-(BEDT—TTF),IBr;. This
fluctuation makes the magnetic gap dynamically open and
scatters the conduction electrons above 100 K.

D. NMR measurement under pressure

Measurements of electrical conductivity under pressure
showed that the MIT is strongly suppressed by applying
pressure, and this salt exhibits superconductivity above
1.6 GPa. To inspect how the CO state changes, we conducted
13C-NMR measurements under pressure.

Figure 7 shows the temperature dependence of NMR
spectra at 1.0 GPa. Four peaks were observed at 295 K
and 1.0 GPa as well as under ambient pressure, but the
splitting width of the peaks is narrower than that under ambient
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FIG. 7. NMR spectra of 8”/-(BEDT—TTF);Cl,-2H,0 at 1.0 GPa.
The asterisk denotes the signal from Daphne 7373.

pressure. Because the splitting width Ad =~ AK is expressed
as AK = AA,; x;, this result corresponds to a reduction in the
spin susceptibility with the application of pressure. Because
AKogpa/AK 4p = 0.75, the spin susceptibility was reduced
by 25%. The reduction can be regarded as a decrease in the
density of states because of an increase in the transfer integral
caused by increased pressure.

The temperature dependence of (7,7)~! is shown in Fig. 8.
Below 1.3 GPa, (T;T)~' was constant at high temperature
and decreased at low temperature, which is similar to its
behavior as under ambient pressure, suggesting that spin-gap
formation also occurs under pressure. The value of (T;T)!
at high temperature decreases with increasing pressure, like
the spin susceptibility. The value of (7} T)[(') ara/ (Th T)LlD =
0.5 is consistent with (AK;o gpa/AKap)* = 0.56. T, and
the temperature at which (7;7)~! begins to decrease drops
with increasing pressure. The recovery curve could be fitted
with a single exponent function at all temperatures and
pressures include 1.6 GPa. Unlike x-(BEDT—TTF),X salts,
the development of the antiferromagnetic fluctuation is not
observed in the metal phase of this salt under all pressures, sug-
gesting that the pairing mechanism is not the antiferromagnetic
fluctuations.

Although (7;7)~' did not show significant temperature
dependence above Ty, the spectral shape changed remarkably
with decreasing temperature. If the spin susceptibility changes
with temperature, the splitting width simply changes and the
total spectral shape does not change. Considering that the spin
susceptibility is not expected to show significant temperature
dependence from (7;7)~" above T,, the change of the spectral
shape corresponds to the disproportionation of the local
spin susceptibility. Since the charge disproportionation was
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FIG. 8. (Color online) (T, T)~! of B”-(BEDT—TTF);Cl,-2H,0
under pressure.

observed above CO transition temperature in previous studies
of many CO salts,'?%-3 the origin of the disproportionation
of the local spin susceptibility is likely to the charge dispro-
portionation.

Figure 9(a) shows the pressure dependence of T, with Ty
from the electrical conductivity measurements under pressure.
T, behaves in a way similar to Tyy, suggesting that the
CO state is also realized under pressure with spin-singlet
formation. As shown in Fig. 9(b), we also estimated the gap
energy at each pressure by means of thermal activation model
fitting. The gap energy also decreased with increasing pressure
up to 1.3 GPa. As pressure is applied, the transfer integral
increases, and the itinerant-electron system is enhanced. Thus,
the amplitude of the charge disproportionation is expected to
become small, and the gap energy is expected to decrease.
Below 20 K, at which the spin susceptibility is expected to
be vanished, a broad peak was observed. This broadening is
because of the disproportionation of charge. The full-width at
half-maximum (FWHM) of ~50 ppm at 5 K is approximately
half of that under ambient pressure, suggesting that the charge
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FIG. 9. (Color online) (a) Phase diagram of g”-(BEDT—TTF)
3C1,-2H,0'®1° and (b) pressure dependence of A. Horizontal axis
corresponds to pressure at room temperature.
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FIG. 10. NMR spectra of pB"-(BEDT—TTF);Cl,-2H,0 at
1.6 GPa. The asterisk denotes the signal from Daphne 7373.

disproportionation is reduced by pressure; this reduction was
also observed in the Raman spectra.

A most interesting problem is whether spin-gap remains
or vanishes under the critical pressure. As shown in Fig. §,
(T17)~" is almost constant, as in metallic behavior, and the
spin-gap vanishes at 1.6 GPa, suggesting that the CO transition
with symmetry breaking was suppressed. To elucidate the
mechanism of superconductivity, it is important to consider
whether the system is a simple metallic state or an exotic
metallic state in which an itinerant-electron system and
charge disproportionation coexist. The Raman spectrum also
exhibited splitting into two peaks at 1.6 GPa, but not as clearly.
As shown in Fig. 10, the spectral features at 285 K are the
same as those at < 1.0 GPa. Because a homogeneous charge
distribution is suggested, the FWHM at 285 K and 1.6 GPa
does not differ greatly from that at 1.0 GPa, suggesting that
the spin susceptibility is almost the same.

The temperature dependence of the spectrum shape is
similar to that at 1.0 GPa above 120 K. The temperature
dependence of the NMR spectra and the gapless behavior in
(T, T)~" predicts that charge disproportionation as observed at
1.0 GPa and just above 120 K will remain at critical pressure
without spin-singlet formation. Semiconductive behavior just
above T.' can be examined by charge disproportionation
without spin-singlet formation.

E. Charge disproportionation and magnetism in
B"-(BEDT-TTF);Cl,-2H,0

As previously discussed, we observed not only the charge
disproportionation indicated by the Raman scattering but also
the vanishment of spin-gap behavior under critical pressure

PHYSICAL REVIEW B 84, 035105 (2011)

where the superconductivity occurs at low temperature. These
results predict the metal phase with charge disproportion-
ation by off-site Coulomb repulsion just above T.. It was
reported that the electrical resistivity is not simple metallic
but semiconductive just above T..!° This behavior may
connect to the metallic state with the disproportionation.
Because the semiconductive behavior was also observed
in ﬂ//-(BEDT—TTF)4[(H3O)G&(C204)3]-C6H5N02,31’32 it is
suggested that the metal phase with charge disproportion-
ation is the common nature of superconductive B”-type
salts.

The electron scattering mechanism with the charge dis-
proportionation by off-site Coulomb repulsion is interesting.
Considering that the mechanism of superconductivity is
not antiferromagnetic fluctuations, theoretical study of the
relationship between the metallic state with charge dispro-
portionation and superconductivity is desired.

V. CONCLUDING REMARKS

We performed '*C-NMR on ”-(BEDT—TTF);Cl,-2H,0
at ambient pressure and under pressure of up to 1.6 GPa.
At ambient pressure, we found an abrupt charge in the
spectrum near 100 K. Below Ty, (T;T)~! shows a gap in
the spin behavior of A = 437 K, which is the same as that
in the spin susceptibility. With decreasing temperature, the
splitting becomes clearer, and three isolated peaks appear
at low temperature. These results suggest that the CO state
appears below 100 K; the charges on the three sites are
estimated as ~+0.4e, ~+40.6e, and ~+1.0e. The intensity
ratio and the unsymmetrical peak position suggest not the
CDW but the CO with some symmetry breaking. Above
the CO transition, the spin susceptibility and (T,T)~' are
almost constant, suggesting Fermi-liquid behavior. By apply-
ing pressure, the splitting of NMR peaks and (7;7)~! above
the CO transition are reduced, corresponding to a decrease
in the density of states at the Fermi energy, and the gap
energy and 7, decrease. At 1.6 GPa, the salt finally exhibits
superconductivity and the gap behavior suddenly disappears
whereas the NMR spectrum and Raman scattering predict that
the charge disproportionation and superconductivity coexist at
low temperatures. The temperature independence of (T;7)~!
at 1.6 GPa suggests a pairing mechanism of superconductivity
is not antiferromagnetic fluctuations and the metallic state with
the charge disproportionation and the CO instability which
requires some symmetry breaking is expected to relate to the
mechanism of superconductivity.
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