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The Electrical and Magnetic Properties of
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A crystal- structure analysis and a band calculation,

as well as conductivity, thermoelectric

power, ESR, and static susceptibility measurements were performed on the new BEDT-TTF salt,
#-(BEDT-TTF)2Cu2(CN)[N(CN)z2]z. This salt has a unique polymerized anion comprising infinite Cu—-N-
(CN)2—Cu double helices bridged by disordered CN groups. Although the two-dimensional arrangement
of crystallographically equivalent BEDT-TTF %5 cations provides a two-dimensional closed Fermi surface
within the tight-binding approximation, this salt is semiconductive even at room temperature, probably due
to a strong electron correlation in this system. A semiconductor-semiconductor transition has been observed
around 220 K. Below 220 K the electronic system is represented as a Mott insulator and a two-dimensional
Heisenberg antiferromagnet. Rapid decreases in the ESR line width and spin susceptibility below 50 K
indicate the existence of an additional magnetic transition.

BEDT-TTF (bis(ethylenedithio)tetrathiafulvalene)
salts have afforded a wide variety of physical proper-
ties, including: superconductivity,) spin-density wave
transitions,>* magnetic oscillations, Mott—Hubbard
insulating states,>~" and the spin-Peierls transition.®)
Especially, BEDT-TTF has provided the largest num-
ber of molecular superconductors, namely, more than
twenty salts. The resemblance of their physical and
structural features with copper oxide superconduc-
tors has attracted keen interest. The similarities of
these compounds are, for example, two-dimensional
layered structures, the anisotropy of superconducting
parameters (e.g. coherence length®!'®) and penetration
depth,®1:12)) and the linear relation between the super-
conducting transition temperature (7) and the Fermi
energy.'®

Among BEDT-TTF based superconductors, more
than ten salts have polymerized anions. The advan-
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tages of using polymerized anions to design a new
BEDT-TTF based superconductor are: 1) a rigid anion
structure that provides a low thermal contraction, re-
sulting in a high density of states at low temperatures,
and 2) a self-constructive anion that can take the ini-
tiative during crystal formation; by an adequate choice
of the anion species the arrangement of BEDT-TTF
molecules can be directly controlled.'¥

On the other hand, eight magnetic insulators have
been reported up to now: four o' salts,>~" one 3’
salt,'>19) two o salts!®!® (these two salts are classi-
fied in o' according to the definition of H. Kobayashi),
and the triclinic phase of BEDT-TTF-TCNQ.'"!® In
common, they show relatively strong dimerization; the
calculated Fermi surface of the former two modifications
is one-dimensional, while that of the latter two is two-
dimensional.

In a search for BEDT-TTF superconductors with a
polymerized anion of the X~—M*-X~ type, where X~
and MT represent a pseudohalogen and a tri-coordina-
tive transition metal, respectively, we have synthesized
two new superconductors, k-(BEDT-TTF),Cu(CN)[N-
(CN)3] (T.=11.2 K) and «'-(BEDT-TTF)2Cus(CN)3
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(T.=3.8 K).! During the electrocrystallization of
these salts the title compound was harvested simultane-
ously. In this paper, the synthesis as well as the struc-
tural, transport, and magnetic properties of this new
BEDT-TTF salt are reported.

Experimental

Black flattened needles having a rhombus section of 6-
(BEDT-TTF)2Cu2(CN)[N(CN)2]2 were prepared by elec-
trocrystallization from a solution containing BEDT-TTF,
Cu't, CN7, and N(CN)2~ under the galvanostatic condi-
tion and an N2 atmosphere. As the solvent, (a) benzoni-
trile (BN), (b) 1,1,2-trichloroethane (TCE), (c) tetrahydro-
furan (THF), (d) the mixed solvent of BN and TCE, and
those containing ca. 10 vol% ethanol (EtOH) were used.
In the following part, the solvent containing EtOH is de-
noted by an asterisk. The employed combination of elec-
trolytes included: (1) CuCN+NaN(CN);+18-crown-6 (18-
C-6), (2) CuN(CN)2+KCN+18-C-6, (3) CuCN+tetraphen-
ylphosphonium dicyanoamide (PhyPN(CN);). The sup-
porting electrolytes were purified by previously described
methods.'® A small portion of water and/or excess eth-
anol seem(s) to favor the growth of the title compound.
The crystal used for the X-ray structure analysis was
grown in (b*)+(1), i.e., the TCE (16ml)+EtOH (2 ml)
solution of BEDT-TTF (7 mg)+ CuCN (22 mg)+ NaN-
(CN)2 (17 mg)+18-C-6 (41 mg). The conductivity at am-
bient pressure was measured on crystals harvested from
the following five combinations of electrolytes and solvents:
(b™)+(1), (¢*)+(1), (a)+(2), (a")+(3), and (d%)+(3).
The other measurements were performed on crystals ob-
tained from the electrolysis of BEDT-TTF in (a*)+(3):
BEDT-TTF (35 mg), PhyPN(CN)2 (210 mg) and CuCN
(90 mg) in a mixture of BN (90 ml) and EtOH (10 ml). The
lattice parameters of the crystals of this batch were the same
as those of the crystal used for the structure analysis.

The X-ray crystal data at room temperature were col-
lected with graphite monochromated Mo Ka radiation on
a Rigaku AFC-4 four-circle diffractometer. The observed
6003 reflections were averaged to 1569 unique, allowed ones,
of which 1336 reflections (20<50°, Fo>20(F,)) were used
for the full-matrix least-squares refinement of a model (141
variables) obtained by direct methods.?”) The final R value
was 5.56%. The diffuse X-ray photographs were taken by
the monochromatic Laue method.??

An extended Hiickel tight-binding band calculation was
carried out with the usual procedure.?? The transfer inte-
gral (t) between each pair of molecules is assumed to be
proportional to the overlap integral (S), t=ES, where E is
a constant of —10.0 eV. The HOMO band of BEDT-TTF
was assumed to be 3/4 filled (BEDT-TTF*%®) based on the
chemical formula of the salt with Cu*.

The pressure dependence of the conductivity along the
c-axis was measured by a four-probe method using a
clamp-type pressure cell. Gold wires (Tanaka Densi Kogyo,
99.99%, 10 pme¢) were glued to a crystal with gold paste
(Tokuriki Chemical, No. 8560-1A) as electrodes. The pres-
sures were determined by the change in the resistance of a
manganin wire. The temperature was measured with a Pt
resistance thermometer, which was also used for thermoelec-
tric power measurements. The data below 150 K could not
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be measured because of the high resistance of the samples
and the limitation of the constant-current source.

The thermoelectric power (TEP) of the single-crystal
sample was measured by the following technique. To one end
of the sample, an AuFe wire and a chromel wire (Ishikawa
Sangyo, TAU7-003 (0.07%Fe) and TUKP-003, 0.076 ¢) were
attached with gold paste; also, a heat sink comprising an
electrically insulated Cu block with a heater was glued us-
ing GE varnish. The other end of the sample was suspended
and attached only with an AuFe wire and a chromel wire
using gold paste. This apparatus releases the sample from
the tension caused by the thermal anchors, and can give
the exact temperature gradient of the sample. The TEP’s
of the sample measured with AuFe wires and chromel ones
were recorded independently, and the temperature gradient
was calculated from the difference between these two values,
which is precisely the TEP of the AuFe—chromel thermocou-
ple. The generated temperature gradient was less than 0.5
K. Subtracting the absolute TEP of chromel (calibrated
by using Pb23)) from the TEP of the sample measured with
chromel wires, the absolute TEP of the sample was obtained.

The sample used for measuring the temperature and an-
gular dependence of the ESR spectra was a single crystal
having the dimensions of 2.2x0.3x0.1 mm®. The crystal
axes of this sample were determined by its morphology, and
were confirmed by the subsequent X-ray diffraction measure-
ment. The room-temperature spin susceptibility was deter-
mined for compiled crystals of 0.95(2) mg. The sample was
placed in a cylindrical cavity in the TEqi1 mode, where the
microwave electric field and the static magnetic field were
in the horizontal direction. The ESR spectra were recorded
over the temperature range from 1.9 to 300 K with a JEOL
JES-RE2X X-band ESR spectrometer equipped with an
Oxford Instruments ESR-910 cryostat and an ITC4 tem-
perature controller. The temperature was measured with
an AuFe—chromel thermocouple calibrated by using a car-
bon-glass resistance thermometer. Since in this apparatus
the temperature of the cavity was kept almost constant, re-
gardless of that in the cryostat, the spin susceptibility of the
reference sample (Mn?+/MgO) was assumed to be indepen-
dent of the sample temperature. Therefore, after the inten-
sity variation of the sample due to the changes in the modu-
lation width and amplitude was corrected, a further correc-
tion for changes in the resonance condition of the cavity was
performed by using the intensity of the reference signal as a
standard. In determining the absolute value of the spin sus-
ceptibility of the sample, CuSO4-5H20 (recrystallized from
water, 1.94 mg) was used as a standard. As for the mag-
nitude of the spin susceptibility of the standard sample at
300 K, a value of 6.30x107® emug™! was employed.?*) The
microwave frequency and the magnetic field were measured
by an Advantest R5372 frequency counter and an ECHO
Electronics EFM-200AX field meter, respectively. The mea-
sured magnetic field and microwave frequency gave the same
g-factor for LiTTCNQ™ as the reported one (2.0026). The
obtained first derivative ESR signal (2048 data points) was
fitted to an appropriate mixture of Lorentzian absorption
and dispersion by a least-squares method (6 parameters?®).
Since it was difficult to estimate the extent of the skin effect
due to the limited size of the crystal, the spin susceptibility
was evaluated only for the cases in which the observed line
shape was not distorted.
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A Quantum Design MPMS2 SQUID magnetometer was
used to collect magnetization data between 5 K and 300
K at a fixed field of 500 G (1 G=0.1 mT). Randomly ori-
ented small crystals of the title compound (16.38 mg) were
wrapped in polyethylene film and held in a plastic drink-
ing straw. The core susceptibility (xcore) Was estimated by
Pascal’s law, Xcore=—5.05x10"% emumol~!.2%)

Results and Discussion

Crystal Structure: The crystal of 6-
(BEDT-TTF);Cuz(CN)[N(CN)z]2 belongs to the or-
thorhombic non- centrosymmetric space group 1222
with a=11.088(2), b=38.837(5), ¢=4.2010(5) A, V=
1809.1(4) A3, and Z=2. The atomic parameters are
listed in Table 1. The observed density and composi-
tions are 1.94 (1.934), C=28.42—28.57% (28.49), H=
1.41—1.59% (1.52), N=9.35% (9.31), respectively. The
calculated values for Co5H16N7S16Cus are indicated in
the parentheses. The crystal structure viewed along the
c-axis is shown in Fig. 1. The a- and b-axes coincide
with the short- and long-diagonal of the section of the
needle, respectively. The c-axis is parallel to the needle
axis. This salt contains two kinds of layers. The layers
of BEDT-TTF donor molecules and that of polymeric
Cuz(CN)[N(CN)z]2~ anion units pile up alternatingly
along the b-axis. The fact that the crystal grows more
rapidly in the direction perpendicular to the conduct-
ing ac plane (//b axis) than in one parallel direction (//a
axis) is in contrast to the ordinary conducting salts, in
which the most developed plane is usually parallel to
the conducting plane.

In the donor layer, BEDT-TTF molecules form a uni-
form stack along the c-axis with an interplanar distance
of 3.8 A and a 6-type arrangement (Fig. 2), in which

Table 1. Final Atomic Coordinates and Equivalent
Isotropic Thermal Parameters of the Non-hydro-
gen Atoms

Atom x y z Beg®/ A?
S1 0.1464 (2) 0.34407 (6) 0.3310 (9) 2.70
S2 0.1208 (2) 0.26898 (6) 0.3579 (9) 3.04

S3  0.1189 (2)
S4  0.1462 (2)
C5  0.0690 (8)

0.18586 (6)
0.11040 (6)
0.3791 (2)

0.3469 (9) 2.73
0.3370 (9) 2.82
0.534 (3) 2.44

C6  0.0548 (9) 0.3091 (2) 0.4380 (3) 2.27
C7  0.00000 (0) 0.2096 (3) 0.50000 (0)  2.35
C8  0.00000 (0) 0.2450 (3) 0.50000 (0)  2.24
C9  0.0553 (8) 0.1455 (2) 0.435 (2) 1.86
CI10  0.0669 (8) 0.0750 (2) 0.532 (3) 2.45
Cu  0.2212 (2) 0.00000 (0) 0.00000 (0)  3.96
C21  0.051 (1)  0.00000 (0) 0.00000 (0)  3.04
N21  0.051 (1)  0.00000 (0) 0.00000 (0)  3.96
N22  0.50000 (0) 0.0577 (3) 0.50000 (0)  4.29
C23 0415 (1)  0.0420 (3) 0.358 (3) 3.46
N24  0.3318 (9) 0.0320 (3) 0.222 (3) 4.83

a) Beq is defined by the following equation,
Beq=2(3.3_Bija;-a;).
v 7
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Fig. 1. The crystal structure of 6-(BEDT-TTF),
Cuz(CN)[N(CN)2]2 viewed along the c-axis. The in-
termolecular S---S contacts shorter than the sum of
the van der Waals radii (3.6 A) are indicated by bro-
ken lines. The upper- and the lower BEDT-TTF lay-
ers and the central anion layer are denoted as layer
(i), (ii), and (iii), respectively.

every two donor molecules repeat along the long molec-
ular axis, just as observed in §-(BEDT-TTF)sI3.2” For
conciseness, hereafter 2:1 BEDT-TTF salts are writ-
ten without (BEDT-TTF),, e.g., -(BEDT-TTF),I; is
abbreviated as 6-I3. The molecular planes are paral-
lel to each other within the stack, and make an angle
of 48° between the stacks (Fig. 2b). One BEDT-TTF
molecule is surrounded by six molecules, among which
four molecules in the neighboring stacks are generated
by a two-fold screw operation, whereas the other two in
the same stack are related by the c-axis translation. The
angle between the molecular short axis and the stack-
ing direction is 66° (Fig. 2b), while that of metallic §-I3
salt is 40°.27 In the TTF-based molecular conductors,
this angle is known to play the most crucial role in de-
termining the transfer integral between the neighbour-
ing molecules in a stack,?? and, consequently, the elec-
tronic structure. Therefore, the qualitative difference of
the transport properties between these salts is expected
to have some relation to this quantitative variation of
the donor arrangement. We will discuss this subject in
more detail in the following section. As shown in Fig. 1,
four S---S contacts shorter than the sum of the van der
Waals radii (3.6 A) are present for a donor pair be-
tween the stacks to form a conducting two-dimensional
network in the ac plane, while no such atomic contacts
are found within the stack. The intermolecular S---S
contacts shorter than 3.6 A are listed in Table 2. There
exists merely one kind of interstack donor configura-
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o Rng—
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Fig. 2. The b-axis projection of the two BEDT-TTF layers of §-(BEDT-TTF)2Cuz(CN)[N(CN)2]2: (a) The upper
layer (i) and (b) the lower layer (ii) shown in Fig. 1. The intermolecular S---S contacts between molecules A and
B shorter than 3.6 A are summarized in Table 2. t. and #, represent the intra- and interstack transfer integral,
respectively. (c) The intrastack BEDT-TTF configuration viewed perpendicular to the molecular plane and the
numbering scheme of the atoms of the BEDT-TTF molecule.

Table 2. Intermolecular S---S Distances (A) Shorter
Than the Sum of the van der Waals Radii (3.6 A) Table 3. Bond Lengths (A) and Angles (°)
from the Molecule A to the Molecule B (Fig. 2)

C5-C5 1.56 (2) C5-S1 1.82 (1)

S51-54. 3.567 (4) S1-83 3.502 (4) S1-C6 1.75 (1) C6-C6 1.32 (2)

S53-51 3.581 (4) S4-S1 3.596 (4) C6-S2 1.76 (1) S2-C8 1.74 (3)

C7-C8 1.37 (5) C7-S3 1.73 (3)

tion, which gives the interstack transfer integral (%), ?3%_(512 igig 8; gf —((33190 }gg 8%
as indicated in Fig. 2a. The donor molecules in a stack C10-C10 1.51 (2) C21-N21 1.141 (8)

slide solely in the direction of their short molecular axes C21-Cu 1.882 (4) Cu-N24 1.98 (1)

(Fig. 2c), just like such BEDT-TTF salts as a-I3,%® N24-C23 1.15 (2) C23-N22 1.27 (1)

a"-Cuslg,?” o’-CsHg(SCN)4.39 Only the half part of
the donor molecule is crystallographically unique; the
other half is generated by a two-fold rotation operation

C5-C5-51 112.1 (7)  C5-S1-C6 100.7 (5)
S1-C6-C6 129.3 (8)  S1-C6-S2 113.4 (5)
)

_a,round the central C.=C bond. The molecular long axis gg__gg__ssg 357,':(32()7) 526__ gg:g?{. 132 8)
is parallgl to the b-axis, and the molecular short axis ro- C8-C7-S3 122 (3) S3-C7-S3 116 (2)
tates 24 with respect to the a-axis. The bond lengths C7-S3-C9 95 (1) $3-C9-C9 116.9 (7)
and angles are summarized in Table 3. The central S3-C9-S4 114.6 (5) C9-C9-S4 128.6 (7)
CgSs skeleton of a BEDT-TTF molecule in the crys- C9-84-C10 101.8 (5)  S4-C10-C10 113.2 (7)
tal is fairly planar, where the atoms are located within C21-Cu-N24 1283 (4)  N24-Cu-N24 103.5 (5)

Cu-N24-C23 160 (1) N24-C23-N22 171 (1)

0.05 A from the least-squares plane derived from the C23-N22-C23 1227 (8)

CeSg group. The BEDT-TTF molecule has an eclipsed

conformation of the terminal ethylene groups with no
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disorders.

The anion layer is constructed of double helices of
—Cu-NCNCN- inifinite chains bridged by CN groups
(Fig. 3). With the present crystal system, these CN
groups are crystallographically disordered. The posi-
tions of N21 and C21 were assumed to be the same;
only their thermal parameters were refined separately.
We could not determine whether these CN groups are
ordered or not for the following reason. The atomic
scattering factors of the CN group are much smaller
than that of the rest of atoms. Our experimental accu-
racy is not sufficient to detect such a small difference of
the structure factor.

The Cu atom is coordinated by two terminal nitro-
gen atoms of dicyanoamides (N24) and a disordered CN
group (C/N21) in a triangular-planar form. This type
of coordination is often observed for Cu'* complexes.
The bond angles around the Cu atom deviate from 120°
(Table 3). This fact indicates that this two-dimensional
polymeric anion involves structural frustration.

Another feature of this anion structure is that there
are two systems of the polymeric anion separated from
each other within one anion layer. No atomic contacts
shorter than the sum of the van der Waals radii were
found between them. They are indicated with open
and closed bonds in Fig. 3. The thickness of the anion
layer is 7.6 A at the double-helix part and 3.4 A at
the bridging CN group. This is a rather large value
compared with other BEDT-TTF salts, e.g., less than
3.7 A for such superconductors with T, above 10 K as k-
Cu(NCS); and k-Cu(CN)[N(CN);] (the sum of the van
der Waals radii of anion atoms), ca. 4 A for triiodide
salts, and 6.8 A for a-KHg(SCN)y salt3?)). The inside
diameter of the double helices is about 0.8 A, which is
comparable to the ionic radii of metal cations.

One BEDT-TTF molecule has five hydrogen-anion
contacts comparable to the sum of the van der Waals
radii (H-N=1.75 A, H-C=1.9 A). As one can see in
Fig. 4, the equatorial terminal ethylene hydrogens of the
BEDT-TTF molecules are allocated in the zigzag chan-
nel formed between the anion polymers (anion channel).
It should be noted that due to the helical part of the
anion chain, the direction of the anion channel is dif-
ferent for the upper part and the lower part of the an-

Fig. 3. The perspective view of the anion layer of 6-
(BEDT—TTF)gCuz(CN)[N(CN)2]2. The two sepa-
rate polymeric anion systems are shown by open and
closed bonds.

Bull. Chem. Soc. Jpn., 68, No. 8 (1995) 2237

Fig. 4. (a) The b-axis projection of the upper
BEDT-TTF layer (i) of 6-(BEDT-TTF)2Cu2(CN)-
[N(CN)2]2 shown in Fig. 1 with the upper part of the
anion layer (iii). For clarity, the lower part of dicya-
noamides are omitted. (b) The lower BEDT-TTF
layer (i) viewed through the anion layer (iii) without
the upper part of dicyanoamides. The shaded region
indicates the channel in the anion layer, whose direc-
tion is different between the upper and the lower part
of the anion layer.

ion layer, that is, approximately (1,0,1) for the former
(Fig. 4a) and (1,0,1) for the latter (Fig. 4b). This fea-
ture of the anion layer corresponds to the direction of
the short molecular axes of the BEDT-TTF molecules,
which alternate along the b-axis. In other words, this
rigid polymeric anion structure seems to favor the 6-
type donor arrangement. The direction of the donor
stack (i.e., (0,0,1)) does not agree with that of the an-
ion channel. This situation is somewhat different from
that in 6-I3, where the two directions are parallel to
each other.'®

Band Calculation: Figure 5 shows the energy dis-
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a)

DOS

b) kfl
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Fig. 5. The calculated energy dispersion and den-
sity of states (a) and the Fermi surface (b) of 6-
(BEDT-TTF)2Cu2(CN)[N(CN)2]2.

persion, the energy dependence of the density of states
(DOS) and the Fermi surface (FS) of the title com-
pound. The energy dispersion is represented by the
formula

E(ka, kc) = 2tccos (ke-c) £+ 4tpcos (kara/2)cos (ke-c/2), (1)

with the intra- and interstack transfer integrals .=
—30.0 meV and ¢,=79.4 meV (see Fig. 2), respectively.
For a comparison, the energy dispersion and the DOS
of 0-I5 salt based on the averaged orthorhombic struc-
ture are redrawn after H. Kobayashi et al. (Fig. 6).27
The energy dispersion of §-I3 salt is also expressed by
Eq. 1 with {.=64 meV and ¢,=42 meV. In both cases,
the k,-dependence of the eigenenergy disappears at the
Z-M line at the zone boundary, and the energy disper-
sion becomes quasi-one-dimensional. This is because
the second term of Eq. 1 vanishes. This singular point
of the #-type band dispersion corresponds to the maxi-
mum position of DOS.

The energy dependence of the DOS of the title com-

M X r Z M r DOS

Fig. 6. The energy dispersion and density of states of

0-(BEDT-TTF),I3 redrawn after H. Kobayashi et
al.?”

Properties of §-(BEDT-TTF)a Cug (CN)[N(CN)s ]2

pound is inversed with respect to that of 6-I3 salt due
to the opposite sign of t.. As a consequence, the Fermi
level of the title compound is situated in the vicinity
of the maximum position of DOS. The calculated DOS
at the Fermi level, band width, and the energy differ-
ence between the Fermi level and the singular point are
2.21 states/eV-molecule-spin, 0.65 eV and 68 meV for
the title compound and 1.52 states/eV-molecule-spin,
0.46 eV and 248 meV for 6-I3 salt, respectively. As
mentioned in the preceding section, these differences
between these salts derive from the different donor con-
figuration within the stack.

The other important point of the above- men-
tioned calculation is that the title compound is more
anisotropic in the conducting plane than 6-I3 salt; that
is, the title compound possesses a racetrack-shaped FS
with the flat side parallel to the k. direction, while that
of 0-13 salt is a nearly isotropic oval one. This flat part
of FS can induce a lattice distortion along the a-axis
and a partial nesting of the FS.

In summary, a band calculation based on the room-
temperature crystal structure asserts that the title com-
pound should be metallic. In addition, the pseudo-one-
dimensional singular point lying just below the Fermi
level indicates that a subtle change of the crystal struc-
ture can easily change the electronic system into a
quasi-one-dimensional one, and eventually into an in-
sulating state.

Conductivity: An Arrhenius plot of the con-
ductivities along the c-axis (o.) under the pressures
of ambient pressure (AP) and 0.9 GPa are shown in
Fig. 7a. The temperature dependence of the conductiv-
ity remains semiconductive up to 300 K at 0.9 GPa and
400 K at AP. The energy gaps (F;) at room tempera-
ture are 0.17—0.19 eV at AP and 0.12 eV at 0.9 GPa.
The magnitude of E, at AP is the same for all the crys-
tals obtained from the above-mentioned five different
routes. The conductivity at room temperature (ogrr)
ranges from 1.7 to 16 Scm™!, which varies little with
the pressure. At ambient pressure, ort parallel to the
a-axis is of the same order as that parallel to the c-axis.

The apparent energy gap is not constant, but gradu-
ally grows when the temperature is lowered. It is thus
tempting to assume that the metallic nature of the two-
dimensional BEDT-TTF layers is hampered by the ran-
dom potentials of some disorder. However, the tempera-
ture dependence of conductivity above 220 K can not be
represented by the formula of a variable range hopping
model, o(T)=o0¢exp|[—(To/T)*], where a=(d+1)7!
and d is the dimensionality of the system. The ob-
served behavior is rather well fitted with an unrealistic
value of a~3. Therefore, the semiconductive behavior
is not caused by any disorder. The temperature depen-
dence of the energy gap may be brought about by a
fluctuation of the transition at 220 K.

The following two facts indicate that this semicon-
ductive behavior is not due to a surface decomposi-
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Fig. 7. (a) The conductivity of 6-(BEDT-TTF),
Cuz(CN)[N(CN)2z]2 measured under ambient pres-
sure (AP, filled circles) and 0.9 GPa (open squares).
The arrow indicates the transition at 220 K. (b) The
thermoelectric power of §-(BEDT-TTF)2Cuz(CN)-
[N(CN)2]2 measured along the c-axis.

tion: i) the samples showed a semiconducting behavior,
even when the electrodes were made with silver paste
or made on gold pads evaporated on a sample (it is
unlikely that the reaction between the sample and the
electrodes prevents the sample from showing metallic
properties), and ii) the asymmetric ratio of the ESR
line shape, which reflects the electrical conductivity, de-
creased with decreasing conductivity and converged to
unity at temperatures below 220 K (vide infra).

There is a semiconductor-semiconductor transition
at 220 K under ambient pressure, which is not observed
under 0.9 GPa. The transition temperature is defined
as the temperature at which the slope of the Arrhenius
plot of o, suddenly changes. At the transition temper-
ature the apparent energy gap increases (0.6—0.7 eV);
however, since there is no linear part in the plot, the ac-
curate magnitude of the gap is not determined. a-IBrs
salt, whose magnetic properties resemble those of the
title compound, also exhibits a similar semiconductor—
semiconductor transition around 200 K.!®

Thermoelectric Power: Around room tempera-
ture, a positive TEP was observed (Fig. 7b) along the
c-axis. The positive TEP in the conducting plane in-
dicates that the conduction in the donor sheet is dom-
inated by hole carriers; this idea is consistent with a
hole pocket in the k,—k. plane expected from the for-
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mal oxidation +0.5 of the BEDT-TTF. The transi-
tion at 220 K is clearly observed as a rapid decrease
of TEP. Below 220 K, TEP varies as T~!, which is
a typical semiconducting behavior. The obtained en-
ergy gap (ca. 0.3 eV) is temperature independent and
comparable to that derived from the conductivity data.
Above 220 K, TEP does not show a T~! temperature
dependence. Therefore, the title compound is not an
ordinary semiconductor above 220 K.

The TEP saturates toward 52 uVK~! along the c-
axis at around room temperature. This value is slightly
larger than that of metallic BEDT-TTF salts, and in-
dicative of the existence of a strong electron correla-
tion, because it is known that for a system with a car-
rier density (p) of 0.5 holes/site, TEP saturates towards
60 wV K~! when the on-site Coulomb repulsion (U) is
larger than both kg T and the band width.3?

ESR and Static Susceptibility: = The observed
ESR signal is a single Lorentzian curve as long as the
microwave electric field (E) is perpendicular to the ac
plane; otherwise, the signal contains a dispersion com-
ponent above about 200 K. At room temperature,
the distortion ratio (A/B) between the maximum and
minimum of the derivative of absorption is 1.1, which
decreases with decreasing temperature, and becomes
unity below ca. 200 K (Fig. 8). The magnitude of
d.c. conductivity is rather small to account for the ob-
served distortion of the ESR line shape; that is, taking
0a~0.~10 Scm ™!, the resultant skin depth is about 0.3
mm, which is comparable to the crystal size (the area
of the conducting plane was 0.1x2.2 mm?).

The angular dependencies of the g factor and the
peak-to-peak line width (AH) observed at room tem-

B/ Eff sc o0

0Q00
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Fig. 8. The temperature dependencies of the ratio
A/B between the maximum and minimum of the
derivative of ESR absorption line with the static field
H parallel to the c-axis and the microwave electric
field E parallel to the ac (conducting) plane.
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perature are shown in Fig. 9. The circles and squares
represent the data measured by rotations of the static
magnetic field (H) from the c-axis to the a-axis and
from the b-axis to the a-axis, respectively. In both cases,
maximum and minimum g factors are observed when
H is applied parallel to the crystal axis, namely, g/,=
2.005, g/1,=2.013, and g;.=2.002. The principal values
of the g tensor of BEDT-TTF salts are known to be g;=
2.011—2.012, ¢,=2.006—0.007, and ¢3=2.002—2.003
for the directions of molecular long, short axis, and nor-
mal to the molecular plane, respectively. Their average
(9) is 2.006—2.007,%> which is almost equal to that
observed for the title compound (§=2.0063). These ob-
servations suggest that the g factor of this salt is deter-
mined by the g tensor of the BEDT-TTF cation radical.
The spin observed by the ESR measurements is thus on
the BEDT-TTF molecule. The angular dependence of
AH is the same as that of the g factor; their values are
AH//a =36, AH//b =56, and AH//C =34 G. These di-
rections are nearly parallel to the molecular short axis,
the long axis, and the direction normal to the molecular
plane of BEDT-TTF, respectively.

Since no signal of localized Cu?* (g=2.05—2.50) was
observed down to 1.9 K, the copper atoms in the crystal
are thought to be diamagnetic Cut. Therefore, the
formal oxidation state of the BEDT-TTF is 4+0.5, which
confirms the assumption of the 3/4 filled band.
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Fig. 9. The angular dependencies of the peak-

to-peak line width AH and the ¢ factor of 6-
(BEDT-TTF)2Cu2(CN)[N(CN)2]2 at room temper-
ature. Open squares and closed circles represent the
data obtained by b-a—b and c—a—c rotation of the
static field, respectively. 1 G equals to 0.1 mT.

Properties of 0-(BEDT-TTF)g Cug (CN)[N(CN)s ]2

The temperature dependencies of the g factor, the
AH, and the spin susceptibility (xspin) measured with
H approximately parallel to the b-axis and E to the ab
plane, and with H parallel to the c-axis and E to the
ac plane (the conducting plane) are shown in Fig. 10.
A Lorentzian signal is observed from room temperature
down to about 10 K, where another signal with almost
the same ¢ factor and a narrower line width starts to
increase with decreasing temperature. Judging from its
g factor, the origin of this additional signal seems to be
some imperfection of the BEDT-TTF arrangement.

The g factor is almost temperature independent. The
line width decreases slightly with decreasing tempera-
ture above about 250 K; it then drops rapidly down
to ca. 230 K. This rapid change can be related to the
transition observed by the conductivity and the TEP
measurements. Considering the transport properties,
one of the simplest interpretations is that the sudden
decrease of AH corresponds to an extinction of the itin-
erant charge carriers, which eliminates the relaxation
mechanism through charge-carrier scattering. Below
the transition temperature A H is almost constant down
to ca. 55 K, where it starts to decrease at a faster rate.

The Xspin measured with H parallel to b is
9.3(2)x10™* emumol~! at room temperature, which
is comparable to the BEDT-TTF based Mott insu-
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Fig. 10. The temperature dependencies of the g factor,

peak-to-peak line width AH, and ESR spin suscep-

tibility xspin of 8-(BEDT-TTF)2Cuz(CN)[N(CN)2]2

measured with the static field H parallel to the ¢

(closed circles) and b-axes (open circles). 1 G equals

to 0.1 mT. The xspin above 200 K measured with H

parallel to the c-axis is not calculated because of the
distortion of the observed signal.
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lators with BEDT-TTF*%3 e.g. o’-AuBr, (9.0x10~*
emumol~!), o/-CuCly (9.0x10~* emumol~!), and o/-
Ag(CN), (9.3x10~* emumol~!) salts,® and about two-
times larger than metallic BEDT-TTF salts, for ex-
ample, x-Cu(NCS), (4.6x107% emumol~1),*¥ and S-
I3 (4.6x107* emumol!),*® etc. Below 200 K, Xspin
measured with H parallel to b and H parallel to ¢ coin-
cide with each other. In both directions, xspin increases
monotonically from room temperature down to about
40 K, and then decreases. It should be emphasized
that no prominent change in Xspin has been observed
at the transition temperature around 220 K, which has
been confirmed by static susceptibility measurements
(Fig. 11). In other words, the number of spins does
not decrease at the transition temperature. Although
this result apparently conflicts with the above interpre-
tation of the AH decrement, if we attribute the source
of the extinction of the itinerant charge carriers to the
electron—electron repulsion, which is not favorable to
a singlet state, but is able to localize carriers, we can
settle the inconsistency between the carrier extinction
and the constant number of spins. Therefore, this salt
is regarded as being a Mott insulator in a wide sense,
at least below 220 K.

By a static susceptibility measurement, the result-
ing Xspin at room temperature is 9.8x107* emumol~1.
This value is in fair agreement with that obtained by
the ESR measurement within the experimental error.
This fact again confirms that the oxidation state of the
Cu is +1. No Curie tail of an impurity was observed.
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Fig. 11. The temperature dependence of the static

susceptibility of the randomly oriented crystals of
0-(BEDT-TTF)2Cu2(CN)[N(CN)z2]2. The core dia-
magnetism is subtracted. The solid and broken lines
denote the calculated susceptibility for two-dimen-
sional Heisenberg antiferromagnet with the exchange
energy J=48.3 K and Bonner—Fischer model with
J=36 K, respectively.
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The broken line in Fig. 11 is the calculated susceptibil-
ity for a one-dimensional Heisenberg antiferromagnet
(Bonner-Fischer model®®), with the exchange energy
between the adjacent sites J=36 K; the solid line is
that for the two-dimensional quadratic-layer Heisenberg
antiferromagnet®” with J=48.3 K. The exchange en-
ergies of both cases are chosen so that the temperature
of the susceptibility maximum coincides with the ex-
perimental value. In both cases, the experimental g
factor of g=2.0063 is used, and both S=1/2 and 0.5
spins/BEDT-TTF are assumed. The two-dimensional
plot is a series expansion to six terms in J/ T using the
constants in the reference. Due to the limited number of
terms used, the expansion in the two-dimensional model
fails at temperatures below T=0.9J5(5+1), and, there-
fore, the calculated values are plotted only above 32.6
K. Between 32.6 and 220 K the two-dimensional model
completely agrees with the experimental values. Above
220 K the experimental values are slightly lower than
that estimated by the two-dimensional model. This fact
may be related to the high delocalization of charge carri-
ers in this temperature region. Since the absolute mag-
nitude of the susceptibility is determined by the fixed
number of spins, the fact that the calculations are in
good agreement with the experimental values suggests
that all charges on the BEDT-TTF molecules are at a
localized state with S=1/2 at least between 220 and 50
K.

Below 50 K, the rapid decrease of xspin With decreas-
ing temperature is similar to that observed below a spin-
Peierls transition. Although the strong 0.5¢* super-
structure observed below 15 K (see below) also seems
to support this idea, there are some difficulties. First,
the Xspin does not vanish, even at the lowest temper-
ature measured. Second, since the oxidation state of
BEDT-TTF is +0.5, the dimerization of BEDT-TTF
cannot cause a singlet state by itself. A tetramerization
of BEDT-TTF is necessary for a singlet state. Although
one possible structural modulation is 0.25¢* superstruc-
ture, no diffuse streak corresponding to this periodicity
was observed. Another possibility is that 0.5¢* mod-
ulation accompanies an interstack dimerization. Since
there are two stacks of BEDT-TTF in a unit cell, this
modulation causes only a symmetry lowering, and no
superstructure would be observed.

Diffuse X-Ray Scattering: Owing to its high
sensitivity, the monochromated Laue photograph ex-
hibits very weak diffuse streaks due to the superstruc-
ture with a wave vector of 0.5¢* at room temperature;
however, with the four-circle diffractometer no signals
corresponding to the diffuse streaks were observed, even
at 141 K. No other superstructure was found. The dif-
fuse streaks condensed into spots as the temperature
was lowered, and became intensely observable below 15
K in the monochromated Laue photograph (Fig. 12c),
which indicates that there exists strong unit-cell size
doubling. As has been mentioned, this lattice distortion
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seems to cause a rapid decrease of the ESR line width
and spin susceptibility below 50 K. On the other hand,
there is no significant difference in the monochromatic
Laue photograph between 240 and 200 K (Figs. 12a
and 12b), in spite of the transition at 220 K observed
by transport measurements. Therefore, this superstruc-
ture is not concerned with the transition at 220 K. As
mentioned above, the origin of this lattice distortion
does not seem to be electronic. Probably some struc-
tural instabilities, e.g., a reconstruction of polymeric
anion networks, are the driving forces of this lattice
distortion.

Summary

Based on the physical properties of the title com-
pound we can define three temperature regions: a)
T>220 K, b) 50 K< T<220 K, and ¢) T<50 K.

The specific features of region a) is rather high con-
ductivity, broad ESR line width, and a very weak 0.5¢*
distortion. The TEP does not show a T~! temperature
dependence, but a saturated behavior to 60 pVK~! at
around room temperature. These facts indicate that
the carriers are fairly delocalized and, probably, in a
weakly degenerated state.

In region b), the low-conductivity, T~ dependence
of TEP, a nearly constant ESR line width, and a very
weak 0.5¢* distortion were observed. The temperature
dependence of the xspin in region a) can be smoothly ex-
trapolated into region b). This result indicates that the
number of spins is not much affected by the transition
at 220 K, at which the conductivity and TEP exhibit
a distinct boundary between regions a) and b). These
physical properties, together with the static magnetic
susceptibility analysis, support that the carriers are
strongly localized. They are also indicative of a Mott
insulator with a half-filled band, which has been real-
ized by dimerization in the case of the 2: 1 BEDT-TTF
salts mentioned in the introduction. However, since the
0.5¢* distortion is not distinct in the title compound,
a precise structure analysis is necessary in this temper-
ature region to assert the dimerization of BEDT-TTF
molecules.

The transport properties in region c) has not yet been
clarified because of the very low conductivity. Region c)
is distinguished from region b) by a strong 0.5¢* distor-
tion, and a rapid decrease of both the ESR line width
and the spin silsceptibility. The origin of the lattice dis-
tortion does not seem to be a spin-lattice interaction.

The possible origins of the semiconductive behavior
of this compound, which has a two-dimensional uni-
form segregated stacking of +0.5 charged BEDT-TTF
molecules, are considered to be as follows. One possi-
bility is that electron localization is caused by a strong
disorder. Currently, although the orientation of the CN
groups in the anion layer has not been determined, there
are some difficulties to explain the activated conduc-
tivity at room temperature only based on the disorder

Properties of 8-(BEDT-TTF)p Cug (CN)[N(CN)2 ]2

Fig. 12. The monochromatic Laue photographs of 6-
(BEDT-TTF)2Cu2(CN)[N(CN)2]2 taken at (a) 240
K, and (b) 200 K, and (c) below 15 K. The c-axis is
in the horizontal direction. The arrows indicate the
diffuse spots or streaks.
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of the CN groups. First, the temperature dependence
of the conductivity does not follow the variable-range
hopping model, which is expected for a disordered con-
ductor. Second, if some kind of disorder were the ori-
gin of the semiconducting behavior, such conductivity
parameters as ogr and E; should be more sample de-
pendent, since the concentration of the disorder should
vary from sample to sample. But, in fact, these param-
eters are nearly independent of the sample. Contrary to
one-dimensional organic conductors, the metallic state
of the two-dimensional one is stable against the disor-
der in the anion layer. For example, such salts with
orientational disorders, k’-Cup(CN)3!? (CN disorder),
B-1,Br®*® (disorder of I;Br), exhibit metallic transport
properties.

The existence of a strong electron—electron corre-
lation is suggested by the relatively large density of
states obtained by the band calculation. This is also
supported by the following three facts: i) The magni-
tude of xspin is about two-times larger than metallic
BEDT-TTF salts. ii) The temperature dependence of
Xspin 18 represented by that of localized spins with an
antiferromagnetic interaction. iii) The TEP along the
stacking axis saturates towards 60 pV K~1, which is the
predicted value for a system with a 3/4-filled band and
with large U and small V, compared to the band width.
This prediction is also valid for a system with a 3/4-
filled band and with both U and V being larger than
the band width. The band structure calculated with
the extended Hiickel method cannot explain the semi-
conducting behavior of the title compound. This fact
may also be due to the strong electron—electron corre-
lation, which is not considered in the extended Hiickel
method.

This situation is just like the case of the Mott insula-
tor, although the 3/4-filled band is not appropriate to
this picture. To clarify the exact origin of the charge
localization, a further investigation, for instance an op-
tical measurement, is necessary.

In summary, the title compound is unique in the
sense that this is the first magnetic insulator based on
BEDT-TTF %5 with uniform stacks in temperature re-
gions a) and b), and undergoes strong dimerization and
antiferromagnetic ordering in region c).
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