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A metal-semiconductor transition at 7,=170.4 K in a two-dimensional organic metal, (BEDT-
TTF);(ClO,),, was investigated by means of ESR, resistivities, specific heats, and x-ray diffractions. The
specific heats show a A-type anomaly at T, with a second-order nature and a large entropy change range
of 3 J/K mol. In addition to the H/D isotope effects on T, x-ray diffraction suggests the development of
an intermolecular interaction network between the ethylene groups of BEDT-TTF molecules and ClO;
anions below T,. These experimental findings demonstrate that the three-dimensional structural rear-
rangement, which is closely correlated to the development of the intermolecular interaction network,
plays an important role in the metal-semiconductor transition.

INTRODUCTION

Bis(ethylenedithio) tetrathiafulvalene (BEDT-TTF) is a
TTF-type donor with ethylenedithio-substitutional
groups attached to the short sides of the TTF skeleton.
BEDT-TTF charge-transfer complexes give a large num-
ber of two-dimensional conductors, which have a variety
of electronic states among semiconductors, metals, and
superconductors.! The low dimensionality in the elec-
tronic structures gives rise to an instability towards semi-
conducting states in a large number of metallic BEDT-
TTF compounds. Most of these metallic BEDT-TTF
complexes which undergo metal-semiconductor transi-
tions have transition temperatures in the temperature
range around 100-200 K. Since, in a BEDT-TTF mole-
cule, the six-membered rings of the substitutional group
attached to the TTF skeleton have nonplanar structures,
the substitutional ethylene groups have a degree of free-
dom for a bending motion. From experimental results,
ethylene groups are evidenced to be thermally vibrating
at room temperature for many of the BEDT-TTF com-
plexes.? Moreover, the presence of intermolecular in-
teractions between the hydrogen atoms of ethylene
groups and anions is expected to give rise to correlated
molecular motions between ethylene groups and anion
molecules. The correlated molecular motions are
quenched around the similar temperature range to the
range of the metal-semiconductor transitions, so that it is
deduced that there is some correlation between the
molecular motions and the metal-semiconductor transi-
tions.

(BEDT-TTF);(ClO,), is known to be one of the
BEDT-TTF complexes having a two-dimensional metal-
lic state. In the complex, BEDT-TTF donor molecules
form two-dimensional conducting sheets in the bc plane,
which are separated by the presence of ClO, anions.
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The intermolecular interactions between the ClO, anions
and the ethylene groups of the BEDT-TTF donor mole-
cule stabilize the two-dimensional stacking structure.
(BEDT-TTF);(ClO,4), undergoes a metal-semiconductor
transition at T, =170 K, although the origin of the tran-
sition still remains unsolved.>”® In a metal-
semiconductor transition, not only the change in the elec-
tronic system but also that in the lattice system partici-
pates in the transition behaviors, where both systems are
coupled to each other through the electron-phonon in-
teractions. Therefore, it is interesting to investigate the
role of the molecular motions related to the ethylene
groups and the ClO, anions in the metal-semiconductor
transition. In this study, in order to clarify the correla-
tion between the molecular motions and the metal-
semiconductor transition, we present the detailed investi-
gation of the change in the electronic structures and the
molecular structures through the transition by means of
specific heats, electrical resistivities, ESR, and x-ray
diffraction.

EXPERIMENT

Single crystals of (BEDT-TTF);(Cl0,), were prepared
by a standard electrochemical technique. A 3X 10~ * mol
quantity of BEDT-TTF was reacted with
(1.8-3.7)X107* mol of (C,Hy),NCIO, in 15 ml of
C,H;Cl; under a constant current (5 or 10 uA) for one
week. Two kinds of lustrous black crystals were simul-
taneously produced in an electrochemical cell, which cor-
responded to two polymorphs, (BEDT-
TTF),Cl0,4(C,H;Cl;)y s and (BEDT-TTF);(ClO,),. The
assignment of the structures was carried out by means of
x-ray diffraction. At 10 pA, thin plates of (BEDT-
TTF);(Cl0,), were mainly obtained. Typical dimensions
of the crystals were 2 X 5X0.05 mm?,
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The ESR spectra were measured between liquid helium
and room temperatures with a conventional Varian Asso-
ciates X-band E112 spectrometer having a TE,; mi-
crowave cavity. The microwave frequencies were detect-
ed by a frequency counter and the applied field was cali-
brated using a DPPH standard sample. The temperature
control was achieved using Oxford Instruments ESR9
continuous-flow helium cryostat. The sample was
mounted on a Teflon holder in a 4-mm-diam quartz ESR
tube with 20-Torr He exchange gas. The microwave
power supplied into a cavity was below 1 mW to avoid a
saturation effect of the ESR spectra. Conductivities were
measured by means of both dc four-prove and microwave
techniques between liquid helium and room tempera-
tures. In the dc method, the temperature is monitored by
calibrated Pt (room temperature to 35 K) and Ge (35 K
to liquid-helium temperature) thermometers. Microwave
conductivities were measured with a TE,; cavity with a
frequency of 9.4 GHz, where the temperature was moni-
tored using Pt and Ge thermometers. Specific heats were
measured from 30 K to room temperature using an ac
technique with a frequency of 3 Hz, where ac tempera-
ture variations were detected by means of 0.025-mm-
diam chromel-alumel thermocouples, the absolute values
of which were regulated to be typically AT =0.007 K.
The thermocouples were cemented to a platelet sample
with GE7031 vanish. The temperature of the heat bath
was monitored by a calibrated Pt thermometer. Absolute
values of specific heats were obtained using a gold thin
plate as a standard. X-ray diffractions were investigated
in the temperature range 120 K to room temperature
with an automated Rigaku AFCS four-circle
diffractometer equipped with a liquid-nitrogen cryostat.

EXPERIMENTAL RESULTS

Temperature dependence of dc and microwave conduc-
tivities are presented in Fig. 1 for electrical conduction in
the conducting bc plane. The vector for the microwave
electric field is in the plane for the microwave conductivi-
ty measurements. The behaviors of both conductivities
indicate an onset of a metal-semiconductor transition at

170 K. In the dc conductivity trace, we observe a small’

hump just at the transition temperature accompanied by
a steep drop on the low-temperature side. For the phase

200

100 140 180 220 260 300

FIG. 1. Temperature dependence of in-plane conductivities
o measured by dc and microwave (9.4 GHz) techniques. The
electric field of the microwave is applied in the bc plane.
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FIG. 2. Temperature dependence of specific heats C. The in-
set shows a detailed behavior of the anomaly around 120 K.

transition, we estimate the activation energy to be
E,=1000 K in the temperature range below 130 K,
which is well below the transition.

In Fig. 2, we show the results of specific heats C as a
function of temperature in a heating run with a heating
rate of 0.5 K/min. There are two anomalies in the
specific heat vs temperature curve. A metal-
semiconductor transition was observed at T, =170.4+0.3
K (average for two samples) as a A-type anomaly, whose
magnitude ranges about 10% of the total specific heat at
T.. In addition to the metal-semiconductor transition, a
small hump with a broad shape was observed around 120
K. No appreciable difference is observed in the behavior
of specific heats between heating and cooling runs. The
annealing of a sample for 5 h just below T, (~140K) in a
cooling run does not modify the shape of the specific-heat
peak for a subsequent heating run. In addition, no hys-
teresis was observed for all the runs in the specific-heat
measurements. Therefore, the metal-semiconductor tran-
sition is considered to be classified into a second-order
phase transition. The anomaly at the metal-
semiconductor transition has an isotope effect between
the complexes with hg-BEDT-TTF and d3-BEDT-TTF
donors, as shown in Fig. 3. Here, h3-BEDT-TTF denotes
a BEDT-TTF molecule with ethylene groups consisting
of light hydrogen atoms, while, in a d3-BEDT-TTF mole-
cule, all the hydrogen sites in the ethylene groups are
substituted with deuterium atoms. The complex with
dg-BEDT-TTF donors has T, at 171.7£0.5 K (average
among three samples), which is 1.3 K higher than that of
the hg-BEDT-TTF one. The difference in the transition
temperature associated with the H/D isotope effect is
reproducible for the measurements with several samples.
The trend of the H/D isotopes effect is opposite from
that for ordinary superconductors,® but is similar to that
for transitions of ferroelectric materials such as
KH,PO,/KD,PO,.°" 12 Figure 3 also shows the resis-
tivity p results for the complexes with dg- and hy-
BEDT-TTF’s. The dInp/dT vs T plot shows that the
difference in the transition temperatures is 1 K between
the two kinds of complexes, which is in good quantitative
agreement with the H/D isotope effects obtained in the
specific-heat measurements.

(BEDT-TTF);(ClO,), has a triclinic crystal structure
(P1) with the following lattice parameters: a =16.463
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FIG. 3. H/D isotopes effects of the specific heats C and resis-
tivities p in the vicinity of the metal-semiconductor transition
temperature. The vertical solid lines indicate the positions of
the transition temperatures. AT is the difference in the transi-
tion temperatures between the hg-BEDT-TTF and d3-BEDT-
TTF compounds. The plots for the dg-BEDT-TTF compounds
are shifted upward for clarity.

A, b=9.498 A, c=7.613 A, a=95.91°, B=87.17T",
y=90.84°, z=1, ¥ =1182 A, as shown in Fig. 4.3 A
unit cell involves three BEDT-TTF molecules, one of
which ( 4) is located on an inversion center. The other
two molecules (B), which are located at general points in
a unit cell, are equivalent with each other through the in-
version symmetry. The molecular planes of these
BEDT-TTF molecules are oriented approximately per-
pendicular to the bc plane. The temperature dependence
of the lattice constants are investigated. On the lowering
of the temperature, the lattice parameters a, b, and ¢ de-
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crease monotonically with no discontinuous change at
T,. This fact proves the second-order nature of the
metal-semiconductor transition. The angle a between the
b and c axes shows a steep decrease at T,, indicating a
change in the arrangement of the BEDT-TTF molecular
plane. Figure 5 gives the temperature dependence of
thermal contraction of the lattice constants for three
crystallographic axes a, b, and c. The results show an an-
isotropic thermal contraction behavior among these three
axes. The thermal contraction of the b axis in the con-
ducting bc plane is small, which is comparable to that of
the a axis ranging ~0.2% from room temperature to 230
K. The ¢ axis, which is another crystallographic axis in
the conducting plane, has a larger thermal contraction by
about five times than the other two axes. This means that
the unharmonicity of the molecular motions is most pro-
nounced in the c-axis direction among all the directions.
Next, we show the results of the ESR measurements.
The shape of the ESR signal has temperature and angular
dependence in the whole temperature range. Above the
metal-semiconductor transition temperature, ESR spec-
tra have asymmetric Dysonian line shapes when an oscil-
lating electric field of a microwave is applied parallel to
the bc plane, which forms a two-dimensional conducting
plane. In other cases, symmetric Lorentzian line shapes
are observed even in the metallic state above T, except
the critical region in the vicinity of T,. Figure 6 shows
temperature dependence of the asymmetry parameters
A /B for the applied magnetic field parallel to three axes
a*, b, and c*. In these measurements, the oscillating
electric field of the microwave is oriented parallel to the
applied static magnetic field. The asymmetry parameter
A /B, which is a parameter representing the line shape of
the ESR signal, is shown to depend on the directions of
the oscillating electric field, while the static magnetic
field gives minor effects on the line shapes. In Fig. 6(a)
where the oscillating electric field is applied perpendicu-
lar to the conducting bc plane, the shape of the ESR sig-
nal is Lorentzian and A4 /B becomes unity in the whole
temperature range except the critical region in the vicini-
ty of T, in which A4 /B increases anomalously, suggesting
a deviation of the line shape towards Dysonian. In Fig. 7

FIG. 4. The molecular ar-
rangement of the BEDT-TTF
molecules and the ClO; anions
in the a*b plane after Ref. 3.
BEDT-TTF molecule 4 is on an

inversion center.
asinp
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FIG. 5. Thermal contraction AL /L of the lattice constants

for the three crystallographic axes (L =a,b,c). The data are
normalized at 296 K.
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FIG. 6. Temperature dependence of asymmetry parameters
A /B of the ESR line shape where the oscillating electric field of
the microwave is applied parallel to the a*, b, or ¢* axis for (a),
(b), or (c)/(d), respectively. For the electric field parallel to the
c* axis, we employ thick (c) and thin (d) samples.
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FIG. 7. The line shapes of the ESR signals in the vicinity of
T, for the oscillating electric field applied parallel to the a*

axis.

is shown the drastic change in the line shape from
Lorentzian to Dysonian in the critical region around T,.
The anomalous change in the line shape in the critical re-
gion is discussed in the next section. Figures 6(b) and 6(c)
give temperature dependence of A4 /B for the oscillating
electric field parallel to the b and ¢ axes, respectively, in
the conducting bc plane. The asymmetry parameter
A /B has a constant value ranging around 1.5 above T,
which means the Dysonian shape of the ESR signal.
Below T, A /B becomes unity, suggesting the Lorentzian
line shape of the signal. In the metallic region above T,
the observed asymmetric line shapes are considered to be
associated with high in-plane conductivity having a mag-
nitude of 30-40 Q 'cm™!. The skin depth of the mi-
crowave is given in the following equation:

d=c(2mwo) 12, (1)

where 8 is the skin depth when the microwave penetrates
the bc plane. ® and o are the microwave frequency and
the in-plane conductivity, respectively. The skin depth &
is estimated to be ~0.1 mm, using =9 GHz (X-band
frequency) and the in-plane conductivity value. Since the
thickness of the sample we employed in these measure-
ments [Figs. 6(a)-6(c)] is ~0.1 mm, the asymmetric
Dysonian line shape is explained in terms of the skin
depth effect. In the experiment with a thinner sample
having a thickness of 0.05 mm, the line shape becomes
symmetric in the whole temperature range except in the
critical region as shown in Fig. 6(d). This is also con-
sistent with the presence of the skin depth effect in the
metallic region.

We show information on the g values. In general, an
asymmetric line shape is realized by mixing the disper-
sion contribution X’ into the absorption contribution X"’
in the ESR signal. In order to get an intrinsic behavior of
the g values, we need to extract the absorption contribu-
tion X" by means of the deconvolution of the spectra
with the two contributions, as expressed by the following
equation:

F(H—H,)=xX"(H—H,)+(1—x)X"(H—H,) , 2)

_ 2
x(H)=—1"2 3)
(1+H?)?
x(H)=—2__ @)
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where H,, F(H), and x are the central field of the reso-
nance, the observed line shape, and the fraction of the ab-
sorption contribution, respectively. Figure 8 presents the
temperature dependence of the g values for the magnetic
field applied parallel to the a * and ¢* axes, which are ob-
tained after the line-shape correction. The g values are
independent of temperature well above and below T,
while the g values show steep changes in the vicinity of
T.. It is difficult to analyze g tensors in detail in the me-
tallic phase above 170 K, since the ESR signal has an
asymmetric Dysonian shape due to a good electrical con-
duction, even though the line-shape correction is made.
Therefore, we give the g tensors and their principal axes
only at 90 K in Table I, which are obtained by the angu-
lar dependence of the ESR signals. The g tensors, which
are in a similar range to the g values for typical BEDT-
TTF complexes,!® suggest the BEDT-TTF molecular
long axis oriented almost parallel to the a* direction,
consistent with the crystallographic data.?

DISCUSSION

Here, we discuss the correlation between the metal-
semiconductor transition and the change in the structure
induced by the transition. The result of the specific heat
suggests the second-order nature of the phase transition,
as mentioned in the previous section. In order to clarify
the nature of the transition more clearly, we estimate the
entropy change AS associated with the metal-
semiconductor transition. In order to extract the anoma-
lous contribution caused by the transition, we take a
linear base lines whose ends are both smoothly connected
to the specific heat values at 140 and 230 K. The anoma-
lous contribution is obtained by subtracting the base line
(normal contribution) from the total specific heat. The
entropy change associated with the anomalous specific
heat contribution is shown in Fig. 9. The continuous
change in the entropy is consistent with the second-order
nature of the transition. As seen in Fig. 9, the total en-
tropy change concerning the contribution is estimated to
be 3 J/K mol, 60-70 % of which is consumed below T.
The observed large entropy consumption below T, sug-
gesting a weak short-range-order effect above T, is indi-
cative of the three-dimensional character of the transi-
tion.'* The estimated total entropy change associated
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TABLE 1. The g-tensor components and their principal axes
at T=90 K. The polar angle 0 is measured from the a* axis,
while the azimuthal angle ¢ from the b axis in the bc* plane.

g value 6 ¢
2n 20123 15.0 —282
g, 2.0005 76.8 119.4
2., 2.0070 82.3 —148.8

with the metal-semiconductor transition is about 1 order
of magnitude larger than that in ordinary organic metals
such as TTF-TCNQ (0.4 J/Kmol) (Refs. 15 and 16)
where the change in the electronic system plays a major
role in the metal-semiconductor transition. The spin
paramagnetic susceptibility ¥, =3.7X10"* emu/mol in
the metallic phase® suggests that the electronic entropy
above the transition temperature is expected to have a
similar value to the observed entropy change, according
to the following relation between the electronic entropy
S, and the density of states D (E) at the Fermi energy
E:

2
Se=1r§—k§D(EF)T ) (5)

However, the experimental results mentioned above and
the structural analyses'”!® require a strong contribution
of a structural change to the metal-semiconductor transi-
tion, as well as the change in the electronic structure. In
this respect, the H/D isotope effects on the transition
temperature mentioned in the previous section give im-
portant information. Namely, the difference in T, be-
tween hg-BEDT-TTF and d3-BEDT-TTF complexes sug-
gests that the molecular arrangement of the ethylene
groups is closely correlated to the metal-semiconductor
transition. In other words, the hydrogen sites of the
ethylene groups in BEDT-TTF molecules are considered
to be affected by the structural change induced by the
metal-semiconductor transition.

In order to know the possible structure change caused
by the metal-semiconductor transition, we compare the
structures between the metallic and semiconducting
phases. Kobayashi et al. suggested the presence of
thermal motions of the ClO; anions and the ethylene
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FIG. 8. Temperature dependence of the g values parallel to
the @* and c* axes obtained after the line-shape correction.
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FIG. 9. Temperature dependence of the entropy change AS
associated with the metal-semiconductor transition. The verti-
cal solid line indicates the position of T.
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TABLE II. The isotropic thermal parameters (A%) of the
constituent atoms in the ClO, anion after Refs. 17 and 18. See
Fig. 4 for the positions of the oxygen atoms.

Room temperature 120 K
Cl 3.94 1.32
0O, 15.23 3.20
0, 7.80 3.17
0O, 5.46 1.78
0O, 10.10 2.18

groups of the BEDT-TTF molecules at room tempera-
ture, from the x-ray crystal structure analysis, !’ while the
experiments by Mori!® proves the incomplete quenching
of the thermal motions at 120 K, which is well below T..
We show the crystal structure of (BEDT-TTF);(ClO,), in
Fig. 4 for the assistance of understanding the crystal
structure modification associated with the metal-
semiconductor transition. The thermal parameters and
the interatomic distances of the ClO, anion are summa-
rized in Tables II and III after Refs. 17 and 18. The
thermal parameters of the constituent oxygen atoms be-
come drastically small as the temperature goes down
from room temperature to 120 K through the metal-
semiconductor transition. Remarkable changes occur for
the thermal parameters of the three oxygen atoms O,, O,,
and O,. Taking into account the fact that the thermal
parameter of the oxygen atom O;, where the bond Cl-O;
is almost parallel to the a * axis or approximately parallel
to the molecular long axis of the BEDT-TTF molecule,
has the smallest value of the thermal parameters among
the oxygen atoms, the thermal vibration, which is de-
scribed in terms of a hindered rotation with the rotation-
al axis parallel to the @ * axis, is quenched by the onset of
the phase transition, although the thermal motions still
exist even in the temperature range below T,.. The
thermal motions of the ethylene groups are also affected
by the onset of the transition.'”!® According to Refs. 17
and 18, the thermal parameters of the carbon atoms at
the ethylene groups, whose values range around 3 A’ at
room temperature, are reduced to be about one-third of
the room-temperature values at 120 K. This finding sug-
gests that the bending motion of the ethylene group is
quenched by the onset of the transition. Next, we show
changes of the interatomic distances in the ClO, anion,
which are summarized in Table III after Refs. 17 and 18.
The quenching of the molecular motions below T, in-
duces the elongation of the interatomic distances between
Cl and O atoms in the ClO, anion. The elongation of
the interatomic distances is considered to be realized by
the enhancement of the intermolecular interactions be-
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tween the ClO, anions and the BEDT-TTF molecules.
Consequently, the network of the intermolecular interac-
tions becomes strengthened at the expense of the in-
tramolecular interactions in the ClO, anions. The evi-
dence of the development of the intermolecular interac-
tion network associated with the quenching of the molec-
ular motions of the ClO, anions appears in the shorten-
ing of the interatomic distances between the hydrogen
atoms of the ethylene groups in the BEDT-TTF mole-
cules and the oxygen atoms of the ClO, anions, as sum-
marized in Table IV (Refs. 17 and 18), where we present
the O-H distances which are most remarkably affected by
the onset of the transition. According to the data in
Table IV, we can expect the presence of the interatomic
interactions between O and H with considerable
strengths, since van der Waals distance for the O-H dis-
tance is given to be 2.7 A.!® The most of the O-H intera-
tomic distances are reduced at low temperatures below
T.. Especially, the distances related to the oxygen atoms
O, and O, are remarkably reduced, where the positions of
these oxygen atoms are most influenced by the quenching
of the rotational motion of the ClO, tetrahedron with
the CI-O; rotational axis. It should be also noted that the
O-H distances affected by the transition most belong to
the BEDT-TTF molecules (A4) on an inversion center.
Therefore, this fact suggests that the quenching of the
thermal motions of the ClO, anions and the BEDT-TTF
molecules induces the development of the intermolecular
interaction network associated with the O-H atomic con-
tacts between the BEDT-TTF molecules and the ClO,
anions. Figure 10 shows the change in the geometry con-
cerning the ethylene groups and the ClO, anions in the
bc* plane. As easily seen in Fig. 10, the development of
the intermolecular interaction network below T, makes
short the intermolecular distances between the BEDT-
TTF molecules and the ClO,; anions in the direction
parallel to the c axis, resulting in the remarkable shrink-
age of the ¢ axis lattice constant, consistent with the
present x-ray-diffraction measurements. Namely, the
thermal contraction in the c-axis lattice parameter is five
times as large as that of the b or a axis. Taking into ac-
count that the BEDT-TTF molecular planes are oriented
approximately perpendicular to the conducting bc plane,
the anisotropic thermal contraction induces rotations of
the BEDT-TTF molecular planes with the rotational axis
perpendicular to the bc plane. The rotation of the ClO,

TABLE IV. The interatomic distances (A) between the hy-
drogen atoms of the ethylene groups in the BEDT-TTF mole-
cules and the oxygen atoms of the ClO, anion after Refs. 17
and 18. See Figs. 4 and 10 for the positions of the constituent
atoms.

TABLE IIl. The interatomic distances (A) in the ClO, Room Room
anion after Refs. 17 and 18. See Fig. 4 for the positions of the temperature 120 K temperature 120 K
oxygen atoms. 0,-H, 2.63 230 O,H, 2.96 2.57
] 0,-H;s 2.91 295 O H, 2.50 2.41
€O, CLo, €O, ClOs Average 2.77 2.82  O4H, 2.97 2.62
Room temperature 1.412 1.388 1407 1.408 1.404 0O;-H, 2.48 238 O4Hy, 2.90 2.46
120 K 1.448 1455 1433 1435 1.443 0;-H¢ 2.59 2.71 O4-Hy 2.82 2.90




FIG. 10. The geometry of the ethylene groups of the BEDT-
TTF molecules and the ClO; ion in the bc* plane at room tem-
perature (dashed lines) and 120 K (solid lines) after Refs. 17 and
18. See Fig. 4 for the positions of the atoms.

ion is correlated to the rotation of the BEDT-TTF molec-
ular plane in the bc plane through O-H intermolecular in-
teractions, where the long axes of the BEDT-TTF mole-
cules are approximately perpendicular to the bc plane.
Although the estimation of the g tensors has some ambi-
guity at room temperature because of the asymmetric line
shapes, the g-tensor analysis and the temperature depen-
dence of the g values suggest that the metal-
semiconductor transition makes the orientation of
BEDT-TTF molecules changed in such a manner that the
molecular plane rotates along the molecular long axis
nearly perpendicular to the bc plane, consistent with the
x-ray crystal structure analyses (Refs. 17 and 18) men-
tioned above. The correlated motions of the ethylene
groups and the ClO, ions deform the crystal structure,
resulting in the steep decrease in the angle a at T, and
the large thermal contraction of the c-axis lattice con-
stant. The rotations of the BEDT-TTF molecular planes
modify the magnitudes of transfer integrals for the
HOMO orbitals between the adjacent BEDT-TTF mole-
cules, leading to the onset of the metal-semiconductor
transition through a change in the electronic structure.
Now, we discuss again the transition in relation to the
entropy change associated with the structural degrees of
freedom. In the BEDT-TTF complex, ethylene groups
have two kinds of configurations due to the nonplanarity
of the BEDT-TTF molecule,?® which are convertible
through a bending motion of the ethylene grou%). Ac-
cording to the x-ray structural investigations>!”1® in
(BEDT-TTF),(ClO,),, the ethylene group is thermally vi-
brating at room temperature, and the lowering of the
temperature makes thermal motion quenched below T..
Therefore, if the thermal vibration of the ethylene group
is completely quenched at T, the entropy change is given
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to be RIn2=5.76 J/Kmol. (BEDT-TTF),(ClO,), has
three BEDT-TTF molecules, each of which has two
ethylene groups. Thus, the total entropy change for the
BEDT-TTF molecules is expected to be 6R In2, if the
transition makes the bending motions completely
quenched for all the ethylene groups. Moreover, the ro-
tational degree of freedom for the ClO, anions is also ex-
pected to participate in the entropy change. As discussed
in the above, the molecular motion of the ClO, anion is
considered to be expressed in terms of the hindered rota-
tion with the three potential minima and the rotational
axis of Cl-O;. Therefore, if the rotation is completely
quenched, a ClO, anion gives the entropy change of
R In3=9.13 J/Kmol. Taking into account the degrees
of freedom both for the bending motion of the ethylene
groups and the hindered rotation of the ClO, anion, the
total entropy change is expected to be
(6R In2+2R 1n3)=52.82 J/Kmol if these molecular
motions are completely quenched by the onset of the
transition. Judging from the experimental fact that the
observed value (3 J/K mol) of the total entropy change is
more than 1 order of magnitude smaller than the expect-
ed value and involves the electronic entropy change, an
incomplete quenching of the molecular motions is con-
sidered to be generated by the metal-semiconductor tran-
sition.

Here, we discuss the fact that the ESR line shape be-
comes anomalously asymmetric in the critical region of
the transition as shown in Fig. 6(a). The asymmetric line
shapes in the critical region behave differently from the
metallic region well above T,, namely, the asymmetric
line shapes appear irrespective of the direction of the
electric field of a microwave. There is no anomalous
enhancement in dc and microwave conductivities (9
GH2z) in the critical region around T,, which will be ex-
pected if the asymmetric line shapes are caused by high
conductivities. Therefore, the origin of the asymmetric
line shapes is not ascribed to high conductivities, but to
the enhancement of dielectric constants in the vicinity of
T,. The metal-semiconductor transition is correlated to
the displacements of BEDT-TTF molecules which are
linked to the development of the three-dimensional inter-
molecular interaction network between the donors and
ClO, anions as mentioned above. The anomalous
enhancement in the dielectric constants suggests the
dynamical behavior of the molecular motions in the vi-
cinity of the transition.

Finally, we mention the anomaly in the specific heat
observed around 120 K. In connection with the anomaly,
we observe a small hump in the ESR linewidth around
the same temperature region.* Thermoelectric power
also gives an anomalous behavior in the same tempera-
ture region, that is, the appearance of a minimum in ther-
moelectric power.>' The anisotropy ratio p, /p, in resis-
tivity between the two crystallographic axes b and c¢ in
the conductive plane starts increasing below about 120
K.?! This trend is consistent with the large thermal con-
traction in the c-axis lattice constant at low temperatures,
since the c-axis thermal contraction makes electrical con-
duction in the c-axis direction enhanced through an in-



16 294

crease in the transfer integrals of the adjacent BEDT-
TTF HOMO orbitals. Taking into account these experi-
mental facts, it is speculated that a small structural
change contributes to the anomaly since the thermal
motions still survive in this temperature range according
to the incomplete quenching of the thermal motions at T,
mentioned above.

SUMMARY

(BEDT-TTF);(Cl10,), is a two-dimensional organic
metal with conducting planes parallel to the bc plane,
which has a metal-semiconductor transition at T, =170.4
K. We investigate the metal-semiconductor transition by
means of specific heats, conductivities, ESR, and x-ray
diffractions. The results of the specific heats suggest the
second-order nature of the transition having a large en-
tropy change. The x-ray diffractions prove anisotropic
thermal contraction where the c-axis lattice constant has
the largest thermal contraction. In addition to the H/D
isotope effect on T, this result is related to the develop-
ment of the intermolecular interaction network between
ethylene groups of BEDT-TTF donors and ClO, anions
below T, and consequently to the rotations of BEDT-
TTF molecular planes with the rotational axis approxi-
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mately parallel to the a axis. The displacements of
BEDT-TTF molecules are ascertained by the abrupt
change in the g tensors and their principal axes at T,.
We observe an anomalous enhancement in dielectric con-
stants in the vicinity of T, which suggests the presence
of dynamical behaviors in the molecular displacements in
the critical region. Therefore, from the structural aspect,
the metal-semiconductor transition consists of the three-
dimensional structural phase transition correlated with
the development of the intermolecular interaction net-
work between ethylene groups of BEDT-TTF molecules
and ClO, anions.
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