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Crystal structure analyses, measurements of transport and magnetic properties, and low-temperature X-ray studies
of new organic conductors: (ChTM-TTP),AuBr,, (ChTM-TTP),GaCly, and (ChTM-TTP)ReO,, where ChTM-TTP is 2-
[4,5-(1,2-cyclohexylenedithio)-1,3-dithiol-2-ylidene]-5-[4,5-bis (methylthio)-1,3-dithiol-2-ylidene]-1,3,4,6-tetrathiapen-
talene, have been carried out. In these compounds, the donors form quasi-one-dimensional columns with dimerization
induced by the steric hindrance of the 1,2-cyclohexylene unit. The crystal structures and the energy band structures of
both AuBr,” and GaCl,~ salts are similar to those of the Bechgaard salts. The electrical resistivity and the thermoelectric
power show metallic behavior above 100 K for the AuBr,™ salt and above 150 K for the GaCl,~ salt. The results of the
ESR spin susceptibility, the static magnetic susceptibility, and the low-temperature X-ray studies indicate that the ground
states of both salts are antiferromagnetic insulators. The Néel temperatures are about 38 K for the AuBr, ™ salt and about
32 K for the GaCl,~ salt. These salts are the first materials showing an antiferromagnetic state among the TTP series
conductors. In (ChTM-TTP),X (X = Au(CN),, AuBr,, and GaCly), the strength of the dimerization is related to the
charge localization temperature. For the ReO,~ salt, the donor to anion ratio is 1:1 in spite of the tetrahedral anion being
similar to the GaCl,~ anion. Although the interstack interactions are not small, the degree of charge transfer of the donor
molecule is +1; thus this salt has an energy gap at the Fermi level, in agreement with the semiconducting transport be-
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havior.

In the history of the study of organic conductors, the
TMTCEF salts (C = S: tetramethyltetrathiafulvalene, C = Se:
tetramethyltetraselenafulvalene) have attracted a great deal of
attention because of their various one-dimensional physical
phenomena; below 20 K (TMTCF),X (X = PF,, AsFg, Br, and
ClO4) undergo transitions to such ground states as the spin-
Peierls (nonmagnetic), spin density wave (antiferromagnetic),
and superconducting states.' As for the two-dimensional sys-
tem, BEDT-TTF (bis(ethylenedithio)tetrathiafulvalene) makes
a rich variety of molecular arrangements depending on the an-
ion shape or size.** In these organic conductors, the dimeriza-
tion realizes the effectively half-filled band in the 2:1 compo-
sition, which is crucial to the appearance of the above impor-
tant ground states.

Bis-fused TTF donors, called TTP (tetrathiapentalene) se-
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Scheme 1.

ries donors, have been synthesized and a large number of radi-
cal-cation salts have been obtained. Many radical-cation salts
of the TTP series donors show metallic behavior down to lig-
uid He temperatures.® In organic conductors based on TTP se-
ries donors, only (DTEDT);Au(CN), (DTEDT: 2-(1,3-dithiol-
2-ylidene)-5-[2-(1,3-dithiol-2-ylidene)-ethylidene]-1,3,4,6-te-

trathiapentalene) shows superconductivity below 4 K at ambi-
ent pressure.” The TTP series donors have a strong tendency to
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construct uniform stacks and quasi-two-dimensional electronic
structures. The uniform stacking pattern realized in these con-
ductors does not appear to depend on the anion shape or size,
and is unfavorable to the appearance of magnetic or supercon-
ducting phase transitions.

In an attempt to introduce dimerization, Ch'TM-TTP (see
Scheme 1) has been synthesized by attaching a bulky substitu-
ent, a cyclohexane ring.® (ChTM-TTP),Au(CN), has a dimer-
ized structure because of the steric hindrance of the 1,2-cyclo-
hexylenedithio ring with large bending. At the same time, the
electronic structure becomes quasi-one-dimensional, in con-
trast to the two-dimensionality in other TTP salts. This com-
pound shows metallic behavior down to 120 K and successive-
ly undergoes a magnetic phase transition around 40 K.
This suggests that the introduction of a bulky substituent is
useful to obtain the dimerized 2:1 salts in the TTP series do-
nors. In order to investigate the effect of anion size and shape
as well as the role of the cyclohexane ring attached in cis con-
formation, we have prepared ChTM-TTP salts with a linear an-
ion (AuBr, ") and tetrahedral anions (GaCl;~ and ReO, ™).

In the present paper, crystal structures, energy band struc-
tures, transport properties, magnetic properties, and low-tem-
perature X-ray studies of three new compounds: (ChTM-
TTP),AuBr,, (ChTM-TTP),GaCl;, and (ChTM-TTP)ReO,
will be shown and discussed in comparison with (ChTM-
TTP),Au(CN), and other organic conductors. The AuBr,™ salt
is strictly isostructural to the Au(CN)," salt, and the GaCl,~
salt has an essentially similar quasi-one-dimensional energy
band, though the interchain donor arrangement is modified.
(ChTM-TTP)ReO, has a similar dimerized structure, but is a
1:1 band insulator. This work demonstrates that the strength
of the dimerization plays an important role in determining the
properties of the ChTM-TTP salts.

Although the magnetic phase transition of (ChTM-
TTP),Au(CN), had been originally considered to be the spin-
Peierls transition owing to the high transition temperature and
the slight broadening of the ESR linewidth, the results present-
ed here support the antiferromagnetic transitions. The present
(ChTM-TTP),X salts construct a new series of organic conduc-
tors that resemble the Bechgaard salts in many respects, while
the antiferromagnetic transition temperatures are more than
twice as high. This is an important result because many super-
conducting phases of organic conductors appear next to anti-
ferromagnetic phases, and the superconductivity is considered
to be mediated by magnetic fluctuation.''

Experimental

Preparation. ChTM-TTP was prepared as described in Refs.
8 and 10. Crystals were grown by electrocrystallization in THF in
the presence of the donor and the tetrabutylammonium or tetraeth-
ylammonium salts of the corresponding anions under a constant
current of 0.2-0.5 pA at 50 °C.

Structure Determination. The crystal structures were deter-
mined by the X-ray single crystal structure analyses. All measure-
ments were made on a Rigaku Raxis II area detector with graphite
monochromated Mo-Ko radiation. The structure of the AuBr,™
salt was solved by the heavy atom method and was refined by the
full-matrix least-squares procedure. For the other salts, the struc-
tures were solved by the direct method (SIR88 for the GaCl,™
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salt'?> and SHELX86 for the ReO, salt'®). Neutral atom scatter-
ing factors were taken from Ref. 14. Anisotropic thermal parame-
ters were adopted for all non-hydrogen atoms. Crystallographic
data have been deposited at the CCDC, 12 Union Road, Cam-
bridge CB2 1EZ, UK and copies can be obtained on request, free
of charge, by quoting the publication citation and the deposition
numbers 174688-174692, and the final atomic parameters and
structure factors have been deposited as Document No. 75011 at
the Office of the Editor of Bull. Chem. Soc. Jpn. From the results
of the X-ray crystal structure analyses, the electronic structures
were calculated on the basis of the extended Hiickel method."

Physical Properties. Electrical resistivities were measured
by the four- or two-probe method using low-frequency ac current
(typically 10 pA). The high pressure resistivity measurements of
the AuBr,~ salt were carried out by the conventional clamp cell
technique. Because about 3 kbar of the pressure is released be-
tween room temperature and 77 K, this value has been subtracted
from room temperature values.

Electron spin resonance spectra were measured with a conven-
tional X-band spectrometer (JEOL JES-TE100) for the AuBr,™
and the GaCl,~ salts. The scan width of the magnetic field was
calibrated by the spectra of Mn**/MgO. The g-values were cali-
brated by Li-TCNQ (TCNQ: 7,7,8,8-tetracyano-p-quino-
dimethane, g = 2.0026). The measurements were carried out for a
single crystal. The static magnetic susceptibility of the AuBr,~
salt was measured by a SQUID magnetometer under the magnetic
field of H = 50 kOe. The measurements were carried out for
aligned crystals (0.615 mg) under the fields of H // a and H // c*.

The temperature dependence of the lattice parameters of the
AuBr,” and the Au(CN),  salts was measured by the imaging
plate (DIP320S, MAC Science Co., Inc) equipped with a closed-
cycle helium refrigerator (V202C5LZR, DAIKIN Co.), using
graphite monochromated Mo-K¢ radiation. A single crystal was
mounted with carbon paste on a copper (for the AuBr,™ salt) or
sapphire (for the Au(CN)," salt) rod attached to a copper cold fin-
ger of the closed-cycle refrigerator. Low-temperature crystal
structure analyses were carried out for (ChTM-TTP),AuBr, at
15.5 K and for (ChTM-TTP),Au(CN), at 9.5 K. The structure was
solved by the direct method (SIR88)!? and refined by the full-ma-
trix least-squares procedure. Neutral atom scattering factors were
taken from International Tables.!* Anisotropic thermal parameters
were adopted for all non-hydrogen atoms. The low-temperature
electronic structure was also calculated on the extended Hiickel
method.'?

Results

Crystal Structures. Crystallographic data of (ChTM-
TTP),AuBr, are listed in Table 1. The lattice constants show
that the AuBr,” and the Au(CN)," salts are isostructual.® The
volume of the unit cell of the present compound is larger than
that of the Au(CN),™ salt (1271(5) A3). The same trend has
been observed in BEDT-TTF salts; the unit cell volume of ¢/'-
(BEDT-TTF),AuBr, is larger than that of o'-(BEDT-
TTF),Au(CN),.'"" A unit cell contains two donor molecules
and one anion; a whole donor molecule is crystallographically
independent, and located on a general position, and an anion is
located on an inversion center similarly to (ChTM-
TTP),Au(CN),. The refinement of the anion population shows
no deficiency. Therefore 2:1 composition is concluded from
the structure.
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Table 1. Crystallographic Data
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(ChTM-TTP),AuBr, (ChTM-TTP),AuBr,  (ChTM-TTP),Au(CN), (ChTM-TTP),GaCl, (ChTM-TTP)ReO,
Chemical formula C36H32A11BI'2824 C36H32AUB1'2324 C38H32AUN2824 C36H32C14G'dSz4 C13H1604Reslz
Formula weight 1591.01 1591.01 1483.2 1445.8 867.32
Shape Black thin plate Black thin plate Black thin plate Black thin plate Black plate
Crystal system Triclinic Triclinic Triclinic Triclinic Triclinic
Space group P1 P1 P1 P1 P1
alA 9.77(1) 9.599(3) 9.5950(8) 9.48(2) 13.131(6)
bl A 17.41(2) 17.029(6) 17.210(1) 17.25(1) 14.030(5)
clA 8.977(6) 8.765(4) 8.7830(8) 9.39(1) 7.971(1)
al’ 98.09(5) 97.21(2) 97.834(7) 90.86(8) 97.18(2)
B/° 116.27(5) 115.58(3) 115.543(6) 117.4(1) 102.17(2)
yl° 74.50(7) 74.90(2) 73.811(5) 95.9(1) 104.70(4)
ViIA? 1318(2) 1247.5(9) 1256.5(2) 1351(3) 1363.5(9)
z 1 1 1 1 2
D/ gom™ 2.005 2.117 1.960 1.776 2.112
M A 0.71070 0.71070 0.71070 0.71070 0.71070
Temperature / K 293 155 9.5 293 270
4 (Mo-Ko) / mm™! 5.233 5.602 3.971 1.631 5.428
R 0.100 0.083 0.075 0.115 0.062
R, 0.106 0.110 0.112 0.112 0.069
Goodness of fit 2.520 2.648 3.284 0.560 1.040

Reflections used 1864 (I > 5.0 o(l)) 2796 (I > 3.0 o))

4449 (I > 3.0 o(]))

1727 (1 > 3.0 o(])) 4915 (1 > 3.0 o(]))

a)w = /o>

(b)

Fig. 1. Crystal structure of (ChTM-TTP),AuBr,. (a) Projection onto the bc plane, (b) view along the molecular short axis, and (c)

view along the molecular long axis.

Although the donor molecules form the layers separated by
anion layers like (TMTCF),X (Fig. 1(a)), the cyclohexane
rings are incorporated in the anion layers, and construct the in-
sulating layer together with the anions. The donor molecules
are stacked along the a axis (Fig. 1(b)). Figure 2 shows the
overlap modes in the stack. Because the donor molecules
dimerize along the stacking direction, there are two overlap
modes. Both modes are ring-over-bond type. In one overlap
mode named al (Figs. 1(b) and 2), the slip distance'” along the
molecular long axis (D,) is 1.83 A, which corresponds to
about a half of the length of a 1,3-dithiole ring. The interpla-
nar distance of the al mode (Z,) is 3.53 A. The other overlap
mode named a2 (Figs. 1(b) and 2) is the same as the uniform
overlapping mode in (TTM-TTP)I; (TTM-TTP: 2,5-bis[4,5-
bis(methylthio)-1,3-dithiol-2-ylidene]-1,3,4,6-tetrathiapental-

ene); the slip along the molecular long axis of a2 (D,,) is 4.88
A, which corresponds to one and a half lengths of a 1,3-dithi-
ole ring.‘8 The interplanar distance of a2 (Z,,) is 3.57 A. This
is slightly larger than that of the al mode.

Crystallographic data of (ChTM-TTP),GaCl, are listed in
Table 1. The lattice constants show that the GaCl,  and the
AuBr, " salts are not isostructual. The volume of a unit cell of
the GaCl,~ salt is larger than that of the AuBr,” salt. A unit
cell contains two donor molecules and one anion; a whole do-
nor molecule is crystallographically independent, and located
on a general position. The Ga atom is slightly displaced from
an inversion center, so that there is a disorder in the anions.
Since the Ga atom site is occupied with 50% probability, the
composition is 2:1. This disorder is not the same as that of
(TMTSF),ClOy; the Cl atoms in (TMTSF),ClO, are located on
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Fig. 2. Overlap modes of intrastack interactions in (ChTM-
TTP),AuBr,.

an inversion center and the oxygen atoms randomly occupy
eight nearly equivalent positions.'’

The donor molecules are stacked along the a axis (Fig. 3).
The structure of the donor chain is basically the same as for the
AuBr,” and Au(CN),  salts. Because the donor molecules
dimerize along the stacking direction, there are two overlap
modes. Both modes are ring-over-bond type. In one overlap
mode named al (Fig. 3(b)), the slip distance D,; is 1.66 A.
This is shorter than that of the AuBr,™ salt. The interplanar
distance Z,;, 3.46 A, is also shorter than the AuBr, ™ salt (3.53
A). In another overlap mode named a2 (Fig. 3(b)) the slip dis-
tance Dy, is 4.75 A. The interplanar distance Z,,, 3.53 A, is the
same as for the al mode of the AuBr, ™ salt. These short inter-
planar and the slip distances are consistent with the length of
the a axis being shorter than that of the AuBr,™ salt, because
the inclination of the donor molecules from the stacking axis is
almost the same as that for the AuBr, ™ salt.

Crystallographic data of (ChTM-TTP)ReO, are also listed
in Table 1. The ORTEP drawing and the atomic numbering
scheme of the ReO," salt are shown in Fig. 4. The lattice con-
stants indicate that the ReQ,~ salt is not isostructural to either
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the AuBr,™ or the GaCl,™ salts. Two donor molecules and two
anions are contained in a unit cell in the ReO,4~ salt. One do-
nor molecule and one anion are located on general positions
(Fig. 5(a)), then the donor to anion ratio is 1:1 and there is no
anion disorder in (ChTM-TTP)ReOQ;,.

Although the donor molecules form the layers separated by
anion layers like the Bechgaard salts, the anion layer is not ob-
vious because the ReO,  anions are located on the side of the
1,2-cyclohexylenedithio rings (Fig. 5(a)). The donor mole-
cules are stacked along the b axis (Figs. 5(b) and 5(c)). Be-
cause the donor molecules dimerize along the stacking direc-
tion, there are two overlap modes in the stack. Both modes are
ring-over-bond type, but are largely different from the other
three (AuBr,, Au(CN),, and GaCly) salts. The interplanar dis-
tances are 3.46 A for the Zy; and 3.54 A for the Zyy. The slip
distances are 4.53 A for the Dy, and 7.63 A for the Dy, (Fig. 6).
These slip distances are considerably larger than the other
three salts (typically 1.8 and 4.8 A), indicating a reduced intra-
chain interaction and an enhanced dimerization.

Energy Band Structures. Calculated intermolecular
overlap integrals of the HOMO and the molecular arrange-
ments of three kinds of compounds are listed in Table 2. All
overlap modes are shown in Figs. 1, 3, and 5. The difference
between S,; (Sy; for the ReO,4 salt) and S, (S, for the ReO4~
salt) designates the degree of dimerization along the stack.
When S,,/S,; = 1, the system has a uniform structure. The
strong dimerization makes this parameter close to zero. The
value of S,,/S,; is 0.76 for the AuBr, ™ salt (bottom of Table 2),
then the dimerization is a little weaker than that of the
Au(CN),™ salt, where the ratio is 0.70.% On the other hand, the
ratio is 0.53 for the GaCl,™ salt and 0.33 for the ReO," salt.
These values are much smaller than that of the AuBr,™ salt.
Therefore, the tetrahedral anions make the strongly dimerized
structures.

For (ChTM-TTP),AuBr,, the intrastack overlaps are ten
times as large as those of the interstack overlaps (Table 2). The
side by side interactions along the molecular short axis are
small. The transverse interactions are, however, larger than

e

Fig. 3. Crystal structure of (ChTM-TTP),GaCly. (a) Projection onto the bc plane, (b) view along the molecular short axis, and (c)

view along the molecular long axis.
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Table 2.
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Intermolecular Overlap Integrals, S (X 10™%) of HOMO, and the Molecular Arrangements of (ChTM-TTP),AuBr,,

(ChTM-TTP),Au(CN),, (ChTM-TTP),GaCly, and (ChTM-TTP)ReO,. D, Z, and L Denote the Slip Distance along the Molec-
ular Long Axis, the Interplanar Distance, and the Distance between the Center of the TTP Unit

AuBr, AuBr, Au(CN), Au(CN), GaCl, ReOy,
(293 K) (155K) (293 K) 9.5K) (293 K) (270 K)

Sur (1) 9.31 11.33 11.27 12.56 14.65 14.99
Dy, /A 1.83 1.83 1.87 1.81 1.66 4.53
ZalA 3.53 3.42 3.50 3.45 3.46 3.46
Su (Sk2) 7.09 8.94 7.89 8.77 7.70 4.99
Dyl A 4.88 4.86 4.94 4.85 4.5 7.63
Zol A 3.57 3.47 3.50 3.47 3.53 3.54

S 1.48 1.83 1.24 1.64 0.61 -1.78
Boi 23.7° 24.0° 26.0° 24.1° 29.1° 2.9°
Dy, /A 5.88 5.81 5.76 5.84 5.92 7.72
Ly /A 8.93 8.81 8.80 8.84 9.21 9.94

Sy 1.27 1.47 1.77 1.60 2.14 -0.27
By 7.5° 6.8° 5.5° 6.8° 0.3° 2.1°
Dy A 7.71 7.64 7.63 7.65 7.58 10.8
L/ A 9.92 9.81 9.79 9.82 9.80 12.6

Sps 1.15 1.47 1.55 1.64 0.52 -0.37

B 23.3° 23.7° 25.1° 23.7° 29.2° 31.1°
Dy /A 2.83 2.79 2.69 2.80 2.83 3.19
L/ A 7.50 7.35 7.36 7.36 7.70 7.97
Su/Su 0.76 0.79 0.70 0.70 0.53 0.33

Fig. 4. (a) ORTEP drawing and atomic numbering scheme of
the donor molecule of (ChTM-TTP)ReO, and (b) side
view of the donor molecule of (ChTM-TTP)ReOy,.

those of (TTM-TTP);, (TTM-TTP)(I3)s3, and (TSM-
TTP)(I3)ss (TSM-TTP:  2,5-bis[4,5-bis(methylseleno)-1,3-
dithiol-2-ylidene]-1,3,4,6-tetrathiapentalene).?>>* This situa-
tion has a close resemblance to (ChTM-TTP),Au(CN),.
Therefore the electronic structure of the AuBr, ™ salt is regard-
ed as quasi-one-dimensional. Figure 7(a) shows the energy
band structure of (ChTM-TTP),AuBr, calculated on the basis
of the extended Hiickel orbital calculation and the tight-bind-
ing method. Because the unit cell contains two donor mole-
cules, there are two branches of the energy band. The Fermi
surface of (ChTM-TTP),AuBr; is open and the shape is similar

to that of the Bechgaard salts.

For (ChTM-TTP),GaCly, the intrastack overlaps are about
ten times as large as those of the interstack overlaps, except for
the p2 mode (S), in Table 2). It is clear that the dimerization
gap (the gap between the upper and the lower energy band) is
larger than that of the AuBr, ™ salt, as shown in Fig. 7(b). The
Fermi surface of (ChTM-TTP),GaCl, is open and corrugated
(Fig. 7(b)).

For (ChTM-TTP)ReO,, the side-by-side interaction is
smaller than that of the GaCl,™ salt. Therefore the electronic
structure of this compound is regarded as highly one-dimen-
sional. The ReO," salt has an energy gap at the Fermi level
owing to the dimerized 1:1 composition like (TTM-
TTP)Aul,.** Accordingly, it is expected that this compound
will show semiconducting behavior.

Transport Properties. For (ChnTM-TTP),AuBr,, the con-
ductivity at room temperature is about 80 S cm™~'. Figure 8(a)
shows the temperature dependence of the electrical resistivity
of (ChTM-TTP),AuBr,. The resistivity exhibits almost metal-
like behavior below room temperature, and this is in agreement
with the energy band calculation. Then the resistivity increas-
es gradually below 150 K and rapidly below 100 K at ambient
pressure. It is difficult to specify the metal-insulator transition
temperature; this behavior is not a “transition” but a crossover
from metallic to insulating region. Several one-dimensional
compounds based on the TTP series donors show this kind of
crossover.”>?* A slight applied pressure leads to a clear metal-
lic state in the high temperature region, where the resistivity
decreases as the temperature decreases (inset of Fig. 8(a)). Al-
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Fig. 5. Crystal structure of (ChTM-TTP)ReO,. (a) Projection onto the ac plane, (b) view along the molecular short axis, and (c)

view along the molecular long axis.
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Fig. 6. Overlap modes of intrastack interactions in (ChTM-
TTP)ReO,.

though the charge localization temperature shifts to lower tem-
peratures as the pressure increases, the insulating phase is not
completely suppressed even at 9.0 kbar.

Thermoelectric power (Seebeck coefficient) of (ChTM-
TTP),AuBr, was measured as shown in Fig. 8(a). The room-
temperature value is 22 pV/K (25 pV/K for the Au(CN),”
salt?), and we can estimate the bandwidth to be 0.91 eV (0.80
eV for the Au(CN),  salt) using the one-dimensional tight-
binding approximation.”> This value is close to those of the
Bechgaard salts (1.0 eV).?

The tight-binding band of a dimerized chain shown in Fig. 9
is expressed by

E(k) = *£\ 18 + 13 + 211, cos(ka), (1)

where 7, is the transfer integral within the dimerized unit, #, is
that between the dimerized units, and a is the periodicity of the
dimerized unit along the stacking axis. The upper band given
by Eq. 1 is half filled in the crystal of (ChTM-TTP),AuBr,, so
that this energy band leads to a metallic behavior. We can esti-
mate the transfer integrals and the dimerization gap by using
the bandwidth estimated from the thermoelectric power, when

(b)

0.3

\

> —
g /
B
5 | ™

0.3 \

r BV Z r X Vv

Fig. 7. Tight-binding energy band structure and the Fermi

surface of (a) (ChTM-TTP),AuBr, and (b) (ChTM-
TTP),GaCl, calculated from the overlap of the HOMO ob-
tained on the basis of the extended Hiickel molecular orbit-
al calculation (Table 2). The dotted lines of (a) are calcu-
lated by using the crystal data at 15.5 K.

we assume that the ratio of the transfer integrals, #,/¢;, is equal
to the ratio of the overlap integrals, S,,/S,; = 0.76, as given in
the previous section. The estimated transfer integrals are t;, =
0.25 eV and t, = 0.19 eV, and the dimerization gap, Ap =
2(t;—tp), is 0.12 eV. For the Au(CN),™ salt, the parameters are
t1 =0.23eV,, =0.16 eV, and Ap = 0.14 V.

The thermoelectric power of (ChTM-TTP),AuBr, linearly
decreases as the temperature decreases, and gradually goes to
the negative range below 100 K. This behavior indicates that
charge localization occurs below 100 K. Moreover, the ther-
mopower goes to zero below 25 K. A similar anomaly has
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been observed in (DIMET),I; (DIMET: 4,5-(ethylenedithio)-
4’ 5'-dimethyl-1,1’,3,3'-tetrathiafulvalene).”’”  In this case,
Saito et al. have pointed out that this anomaly appears around
the temperature where the activation energy of the resistivity
shows an anomaly. In (ChTM-TTP),AuBr,, however, the re-
sistivity does not show any clear anomaly around 25 K.

For (ChTM-TTP),GaCl,, the conductivity at room tempera-
ture is about 20 S cm ™. Figure 8(b) shows the temperature de-
pendence of electrical resistivity of (ChTM-TTP),GaCl, at am-
bient pressure. This salt shows metallic behavior around room
temperature, and then the resistivity rapidly increases below
150 K.

Thermoelectric power (Seebeck coefficient) of (ChTM-
TTP),GaCl, is also shown in Fig. 8(b). The room-temperature
value is 19 pV/K, from which we can estimate the bandwidth
to be 1.05 eV by using the one-dimensional tight-binding ap-
proximation. The estimated transfer integrals are t; = 0.34 eV
and 1, = 0.18 eV, and the dimerization gap, Ap, is 0.32 eV.
This dimerization gap is twice as large as those of other
(ChTM-TTP),X salts. The thermoelectric power linearly de-
creases as the temperature decreases, and gradually goes to the
negative range below 150 K. The behavior of both the resistiv-
ity and the thermopower indicates that the charge localization
occurs below 150 K. The thermoelectric power shows the
same type of anomalous behavior as that of the AuBr,™ salt at
40 K.

For (ChTM-TTP)ReQ,, the room temperature conductivity
is about 8X107* S cm™'.*® (ChTM-TTP)ReO, shows semi-
conducting behavior below room temperature and the activa-
tion energy is about 0.14 eV. This activation energy is four
times as large as that of (TTM-TTP)Aul,.>*

Magnetic Properties. Figure 10 shows the angle depen-
dence of ESR peak-to-peak linewidths and the g-values of
(ChTM-TTP),AuBr, at room temperature. The ESR line
shape is a single Lorentzian. Because the donor molecules are
largely tilted with respect to the stacking axis (43.4°) as shown
in Figs. 1 and 10, the linewidth and g-value attain peaks in the
corresponding oblique direction (about 8 =~ 46° from the b*
axis). We also rotated the magnetic field in the molecular
plane (¢) and around the molecular plane (w) to determine the
principal g-values. Because the molecular long axis is a little
tilted with respect to the b™ axis as shown in Fig. 1, the maxi-
mum g-value appears at ¢ = 165° in Fig. 10. Although the
minimum g-value appears at @ =~ 150°, the reason is the same
as that of the maximum g-value. The principal g-values are
determined by a fitting to the equation:

¢* = /gt cos’0+g}sin®6, 2

where g* is the observed g-value, g; and g; are the principal g-
values, and 0 is the angle. The observed peak-to-peak line-
widths, AH*, were also fitted with an analogous equation:

AH* = AH,cos*6 + AH;sin’6. 3)

The principal g-values are determined from the g(¢) and g(w)
curves. The estimated principal g-values are gn.« = 2.0093,
gmia = 2.0050, and g, = 2.0016. The linewidth is broad and
nearly constant when H is on the molecular plane (AH,,(¢)
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Fig. 10. Angle dependence of the ESR linewidths (open symbols) and the g-values (closed symbols) of (ChTM-TTP),AuBr, at
room temperature. The solid and dotted lines are fit to the Eqs. 2 and 3, respectively. The upper pictures show the definition of the

rotation angles 6, ¢, and .

curve in Fig. 10), while it is narrow when H is applied normal
to the plane. Such linewidth behavior has been also observed
in B-BEDT-TTF),X (X = I; and IBr,).”’ In the obtained prin-
cipal g-values, gm. and gmiq are smaller than those of
TMTTF*® and BEDT-TTF* salts. On the other hand, g, is
close to the value of the free electron.

Although the narrow linewidth at room temperature means
high one-dimensionality, the linewidth of (ChTM-TTP),AuBr,
is twice as large as that of (TMTTF),X (X = CIO,, PFs, BE,,
SCN, Br).?*3! The g-shift is smaller than that of the TMTSF
salts, due to the difference between sulfur and selenium atoms
in spin-orbital couplings.***?

For (ChTM-TTP),AuBr,, the temperature dependence of
the ESR linewidth and the normalized spin susceptibility is
shown in Fig. 11. The g-value is almost constant, but shows a
small increase below 15 K. The ESR linewidth (H // b™) be-
comes narrow as the temperature decreases, and exhibits a
slight broadening below 26 K. The broadening of linewidth in
the other direction (H // a) is divergent. The spin susceptibili-
ties of both a- and b*- axis directions decrease as the tempera-
ture decreases. This may be due to a fluctuation in the one-di-
mensional system, similarly to the (TMTCF),X salts.>> The
spin susceptibility of (ChTM-TTP),AuBr, has no anomaly
around 100 K, at which the resistivity and the thermoelectric
power show the crossover to the insulating state. If the charge
localization is associated with the CDW or the SDW transi-

tions, a decrease of the spin susceptibility is expected at this
temperature (= 100 K). Therefore the possibilities of the den-
sity-wave transitions as the origin of the charge localization
will be eliminated. The spin susceptibility, however, rapidly
decreases below 37 K. The ESR signal could not be detected
at liquid He temperatures. The linewidth shows a small broad-
ening below 26 K, but the broadening is too small to be un-
doubtedly attributed to an antiferromagnetic transition.

Figure 12 shows the temperature dependence of static mag-
netic susceptibility under 50 kOe measured for aligned crys-
tals. The susceptibility is almost constant from room tempera-
ture to 50 K, and can be regarded as the Pauli paramagnetism.
Although the susceptibility parallel to the a axis (),) is almost
constant below 50 K, y.+ rapidly decreases below 38 K. This
anisotropic behavior demonstrates that the magnetic phase
transition is not the spin-Peierls transition but the antiferro-
magnetic phase transition at Ty =~ 38 K.

The magnetization has not been saturated up to 50 kOe in
the magnetic field dependence of the magnetization at either
room temperature or 4 K. The flop field of many organic con-
ductors is below 10 kOe: 4.5 kOe for (TMTSF),AsFs and 4.2
kOe for (TMTTF),Br.** However, recently spin-flop in
(DMET),FeBr, (DMET: 4,5-(ethylenedithio)-4,5"-dimethyl-
17,3’-diselena-1,3-dithiafulvalene, Ty = 3.7 K) has been found
at H = 20 kOe.* A high spin flop field means that the anisot-
ropy and the exchange fields are much larger than those of the
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Although these results indicate that the easy axis is the ¢*
axis, it is not clear that the a axis is the hard axis or the inter-
mediate axis. In (TMTSF),AsF, the easy axis is the b* axis
which is the interstack direction in the conducting plane, and
the a axis, the stacking direction, is the intermediate axis. 3
Although the easy axis of (TMTTF),Br is the same direction as
that of (TMTSF),AsFg, the intermediate axis is the ¢* direction
and the hard axis is the b* one in spite of the same crystal
structure.>® Therefore, we cannot speculate about the a-axis of
(ChTM-TTP),AuBr,. The easy axis of (ChTM-TTP),AuBr,
is, however, oriented in the same direction as both
(TMTSF),AsFg and (TMTTF),Br, that is, along the molecular
short axis.

For (ChTM-TTP),GaCly, Fig. 13 shows the temperature de-
pendence of the ESR linewidth and the normalized spin sus-
ceptibility (H // ¢*). The g-value of this direction is 2.0072 at
room temperature, and shows a small decrease below 50 K and
an increase below 25 K. The spin susceptibility decreases as
the temperature decreases, presumably because of a spin fluc-
tuation in the one-dimensional system. The spin susceptibility
has no anomaly around the charge localization temperature
(150 K), and then rapidly decreases below 32 K. These results
are similar to those of (ChTM-TTP),AuBr,. Although the
ESR linewidth becomes narrow as the temperature decreases,
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and the cell volume of (a) (ChTM-TTP),AuBr, and (b)
(ChTM-TTP),Au(CN), (normalized at 293 K). The unit
cell of (ChTM-TTP),Au(CN);, is taken similarly to that of
(ChTM-TTP),AuBr; at room temperatures (see Ref. 8.).

it exhibits a divergent increase below 50 K; the linewidth at 17
K is about three times as large as that at 50 K. This clear diver-
gence of the linewidth is different from that of (ChTM-
TTP),AuBr,. This divergent linewidth indicates an antiferro-
magnetic phase transition at the Néel temperature, Ty =~ 32 K.

Low-Temperature Crystal Structures. The low-temper-
ature X-ray photographs of both (ChTM-TTP),AuBr, and
(ChTM-TTP),Au(CN), were taken at 15.5 K for 12 h to inves-
tigate the existence of the superstructure. The photographs
show no superstructure which has the intensity more than 1/
500 times of the Bragg reflections. This indicates that the
phase transitions observed in the magnetic properties are not
the spin-Peierls transition. This supports the conclusion that
the magnetic phase transition of (ChTM-TTP),Au(CN), is an
antiferromagnetic transition.

Figure 14 shows the temperature dependence of the lattice
parameters of (ChTM-TTP),AuBr, and (ChTM-TTP),Au-
(CN),. All lattice parameters of both salts show no anomalous
behavior over the entire temperature range; this indicates that
these salts have no structural phase transition.

Low-temperature crystal structure analyses and the energy
band calculations based on the low-temperature crystal struc-
tures were carried out. The low-temperature crystallographic
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data of (ChTM-TTP)AuBr, and (ChTM-TTP)Au(CN), are
listed in Table 1. We describe the low-temperature crystal
structure of (ChTM-TTP),AuBr, only, because there is basi-
cally no structural change in both compounds. Most C—S bond
lengths are shorter than those at room temperature, and C=C
bond lengths connecting 1,3-dithiole rings do not change for
(ChTM-TTP),AuBr,. The interplanar and the slip distances
along the molecular long axis of the al mode are 3.42 A and
1.83 A, respectively (Table 2). For the a2 mode, the interpla-
nar distance is 3.47 A and the slip distance is 4.86 A. The dif-
ferences of the interplanar distances between room and low
temperatures are larger than those of the slip distances.

Calculated intermolecular overlap integrals of the HOMO
are listed in Table 2. The ratio of the overlap integrals along
the stacking direction (S,,/S,;) is 0.79 for the AuBr,™ salt and
0.70 for the Au(CN),™ salt. The dimerization of these com-
pounds is almost the same as that at room temperature. The
shape of the Fermi surface of these salts does not change, as
shown in Fig. 7.

Discussion

As for the molecular structure of both (ChTM-TTP),AuBr,
and (ChTM-TTP),GaCl,, one methylthio group of ChTM-TTP
is located on the molecular plane defined by the two TTF
groups, though another one extends out of this plane. This
structure is consistent with the partially oxidized donor. It has
been observed that all methylthio groups are located on the
molecular plane in TTM-TTP" like (TTM-TTP)X (X = I;,
Aul,, and AuBr,)!®?* and in neutral TTM-TTP all methylthio
groups are out of the plane.’” For (ChTM-TTP)ReO,, it is ex-
pected that two methylthio groups of the Ch'TM-TTP molecule
are located in the molecular plane, because of the Ch'TM-TTP
molecule with high oxidation state +1. In the present case,
however, one methylthio group is located in the molecular
plane, while another one extends out of this plane like other
(ChTM-TTP),X (Fig. 4). A similar exception has been, how-
ever, observed in (TTM-TTP)[C(CN);].%®

The 1,2-cyclohexylenedithio ring considerably deviates
from the molecular plane (Fig. 4(b)). The bend of the ethyl-
enedithio ring of ChTM-TTP is much larger than that of
BEDT-TTF salts or BEDT-TTP (BEDT-TTP: 2,5-bis(4,5-eth-
ylenedithio-1,3-dithiol-2-ylidene)-1,3,4,6-tetrathiapentalene)
salts.**  Moreover, the bend of the cyclohexane ring of
ChTM-TTP is larger than that of CH-TTP (CH-TTP: 2-(4,5-
cyclohexeno-1,3-dithiol-2-ylidene)-5-(1,3-dithiol-2-ylidene)-
1,3,4,6-tetrathiapentalene) salts.** The reason is that the cyclo-
hexane ring of CH-TTP is attached to the 1,3-dithiole ring di-
rectly with a C=C bond. Therefore the steric freedom is re-
duced in comparison with ChTM-TTP.

According to the classification of the donor arrangements in
Ref. 5, the difference of the stacking pattern between
(TMTSF),X and B-(BEDT-TTF),X lies in the slip directions
along the molecular long directions; in the stack of
(TMTSF),X, the donors slide alternately in the opposite direc-
tions, while in S-(BEDT-TTF),X the donor molecules are dis-
placed in the same direction. From this viewpoint, the molecu-
lar arrangement of (ChTM-TTP),X is not the TMTSF type but
the B-type.*! The slip distances are, however, not the same as
B-(BEDT-TTF),X. Although the intradimer and the interdimer
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Fig. 15. Inclination of molecular plane & with respect to the stacking direction. View along the molecular short axis.

Table 3. The Length of the a axis, the Inclination Angle (J), the Magnitudes of the Dimerization (S,,/S,;), the
Charge Localization Temperatures (7¢.), and the Néel Temperatures (7y) of (ChTM-TTP),X

al A 8/° S/ Sar ToL/ K Tn/K
(ChTM-TTP),AuBr, 9.77(1) 434 0.76 100 38
(ChTM-TTP),Au(CN), 9.76(1) 442 0.70 120 (< 40)
(ChTM-TTP),GaCl, 9.48(2) 425 0.53 150 32
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Fig. 16. Schematic donor arrangement and the definition of
parameters ai (i = 1, 2), pj (j = 1-3), and ¢,;j = 1-3) in
(ChTM-TTP),X (view along the molecular long axis.). ai,
p/, and ¢, denote the intrastack overlap mode, the inter-

stack overlap mode, and the angle of the intermolecular
vector with respect to the molecular plane.

slip distances are 1.6 A and 3.8 A, respectively, for f~(BEDT-
TTF),X, these quantities are 1.66-1.87 A and 4.75-4.94 A for
(ChTM-TTP)X.

The inclination of the donor molecule from the stacking di-
rection in (TMTSF),X is 8 = 0°; this directly comes from the
alternating slip. The & values of several TTP salts are plotted
in Fig. 15. Among BEDT-TTF salts, 3-(BEDT-TTF),I; shows
the largest inclination, § = 35°.> (ChTM-TTP),X also has a
large inclination; for example (ChTM-TTP),AuBr, shows ¢ =
43.4°. In general, TTP series conductors have large inclina-
tions. In this respect, the crystal structure of (ChTM-TTP),X is

different from that of (TMTSF),X.

In (ChTM-TTP),X, the crystal structure of the GaCl,~ salt is
slightly different from those of the AuBr,” and the Au(CN),~
salts. The interaction (overlap) modes of (ChTM-TTP),X are
shown in Fig. 16. Table 2 shows the molecular arrangements
of (ChTM-TTP),X: the angle of the p2 mode (¢,,) in the
GaCl,™ salt is nearly 0°, which is much smaller than 5-8° of
the other salts. This means that in Fig. 3(c) the donor molecule
belonging to the adjacent chain, connected by Sy», is located on
the same level as the original donor, whereas in the AuBr,™ salt
(Fig. 1(c)), the p2 interaction is tilted by about 6° from the do-
nor plane. This is the reason that the GaCl,™ salt has similar
lattice constants to the other salts, but is not strictly isostructur-
al. Since ¢ = 0° corresponds to a maximum of overlap,’ Spo of
the GaCl,~ salt is much larger than those of the other salts. As
for the p1 and p3 modes, the distances between the center of
the TTP unit (L,; and L,3) of the GaCl,™ salt are longer than
those of the AuBr,” salt. Therefore, overlap integrals of S,
and Sp; of the GaCl,™ salt are smaller than those of the other
(ChTM-TTP),X salts.

The magnitude of the dimerization parameter, namely the
ratio of the interdimer to the intradimer overlap integrals S,/
Sa1, indicates that (ChTM-TTP)ReQO, has the strongest dimer-
ization and (ChTM-TTP),AuBr, has the weakest one (Table
2). In (TMTSF),X (X = ReQ,, ClO,, FSO;, NOs, PFs, and
AsFg) and (TMTTF),X (X = Br, BF;, SCN, ReQ,, and PFy),
most of the S,,/S,; values are about 0.87-0.98 except (TMT-
TF),PFs (0.68) and (TMTTF),BF, (0.74).*** Therefore, the
dimerization of the ChTM-TTP salts is stronger than that of
the TMTCF compounds. In (ChTM-TTP),X, S.,/S. is a good
parameter that scales the charge localization temperature, Ty ;
as shown in Table 3, the smaller S,,/S,; is, the higher the charge
localization temperature is. The lattice constant a along the
stacking axis changes systematically together with the strength
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of dimerization; then as T¢y increases, the lattice constant a as
well as S,,/S,; decrease. The Néel temperature, Ty, increases
as S,»/S,; increases; in other words, the ChTM-TTP salt with a
higher charge localization temperature has a lower antiferro-
magnetic transition temperature.

It should be mentioned that the charge degree of freedom is
lost at a higher temperature than the spin degree of freedom for
(ChTM-TTP),X. The magnetic phase transition occurs in the
charge localized state. This phenomenon is similar to (TMT-
TF),Br.!? (TMTTF),Br shows a gradual increase of resistivity
below 100 K, and the slope of this increase becomes large be-
low 20 K. The SDW transition temperature of this salt is about
15 K.** The phase sequence of (ChTM-TTP),AuBr; is similar
to this. The charge localization occurs below 100 K and the
antiferromagnetic phase transition occurs at 38 K. It is diffi-
cult to decide from the present data whether this transition is a
normal antiferromagnetic state or an SDW state. Since (TMT-
TF),Br shows superconductivity under 26 kbar (T, = 0.8 K),*
pressure investigation of the electrical behavior of (ChTM-
TTP),AuBr, under such high pressure would be interesting.

In Jérome’s phase diagram for the (TMTCF),X salts, (TMT-
TF),Br corresponds to the P = 12 kbar condition of (TMT-
TF),PFs.! The recent investigation suggests that this com-
pound changes, as the temperature decreases, from the
Tomonaga-Luttinger liquid (TLL) to the charge-gaped TLL,
and successively to the charge-localized antiferromagnetic or-
dered state.! For (ChTM-TTP),X, the electronic state shows a
crossover from metallic to insulating region as the temperature
decreases; the ground state is the antiferromagnetic insulator.
This means that (ChTM-TTP),X is located near (TMTTF),Br
from the viewpoint of the phase sequence. Jérome’s phase dia-
gram shows that ¢y, decreases as the pressure increases, and
the Néel temperature increases as the pressure increases in the
commensurate SDW region. Actually, these phenomena have
been observed on both (TMTTF),Br and (TMTTF),PF,. 44
The dimensionality correlates closely with the applied pres-
sure; the pressure weakens the one-dimensionality. Although
the dimerization is not explicitly related to the applied pres-
sure, as the degree of dimerization increases, the upper half en-
ergy band separated by the dimerization gap is more perfectly
isolated from the lower band. Since the upper band is half-
filled (in these conductors whose overall bands are 3/4-filled),
the dimerization gap enhances the effective half-filled charac-
ter. As a result, the dimerization induces the charge localiza-
tion. Furthermore, the pressure reduces the dimerization, be-
cause an increase of the ratio of the side-by-side to the stacking
interactions (¢,/t;) diminishes the dimerization gap. Pressure
reduces both one-dimensionality and dimerization at the same
time. The physical properties of (ChTM-TTP),X scaled by the
dimerization (S,/S,;) remind us Jérome’s phase diagram
whose horizontal axis is changed from the pressure to the
dimerization. It is characteristic of the (ChTM-TTP),X salts
that these salts show higher phase transition temperatures than
those of the (TMTCF),X salts in spite of the reduced on-site
Coulomb repulsion U. This may be associated with the strong-
ly dimerized structures.

Conclusion

(ChTM-TTP),AuBr,, (ChTM-TTP),GaCl,, and (ChTM-
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TTP)ReO, have been obtained by the electrocrystallization.
Although the AuBr,™ and the GaCl,~ salts have 2:1 composi-
tion, the ReO, salt has 1:1 composition. The GaCl,™ salt has
the disordered anion structure. In both GaCl,” and ReO,;
salts, the dimerization of the donor molecules is much larger
than that of the AuBr,™ salt. The electrical resistivity and the
thermoelectric power show metallic behavior above 100 K for
the AuBr, ™ salt and above 150 K for the GaCl,™ salt. (ChTM-
TTP)ReO, is a semiconductor owing to the dimerized 1:1
composition. The ESR spin susceptibility indicates the exist-
ence of the phase transition in the charge localized state for
both AuBr,” and GaCl,™ salts. The divergent linewidth broad-
ening of the GaCl,” salt indicates an antiferromagnetic phase
transition. No superstructure was observed for the AuBr,™
salts down to low temperatures, and the static magnetic sus-
ceptibility of the AuBr,™ salt shows anisotropic behavior. The
phase transition of (ChTM-TTP),AuBr; is not considered to be
a spin-Peierls transition either; the antiferromagnetic transition
is at Ty = 38 K. The ground state of both (ChTM-TTP),AuBr,
and (ChTM-TTP),GaCl, is an antiferromagnetic insulator. In
(ChTM-TTP),X, the magnitude of the dimerization S,,/S,; is a
good parameter for discussing the charge localization tempera-
ture and the Néel temperature.
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