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The electrical and optical properties were studied concerning a-(BETS)2Is and a-(BEDT-STF);I3, which
are isostructural to a-(BEDT-TTF)2I3. It has been shown that a-(BETS)2I3 and a-(BEDT-STF).I3 undergo
metal-insulator transitions at around 50 and 80 K, respectively, and that their electrical resistivities exhibit
temperature dependences resembling that of a-(BEDT-TTF)2I5 under high pressure. The optical reflectance
spectra of these salts show a two-dimensional nature of their electronic structures, and analyses of the
spectral data show that the transverse inter-molecular interaction increases in the order a-(BEDT-TTF)2I3<

o-(BEDT-STF),I3 < a-(BETS)sls.

BEDT-TSF (BETS) and BEDT-STF are analogues
of BEDT-TTF, different in the respect that some of
the S atoms in the TTF skeleton are replaced with Se
atoms (see Fig. 1). Both BETS and BEDT-STF form
charge-transfer salts with a variety of inorganic anions,
as in the case of BEDT-TTF. The crystal structures of
these salts have been classified into five categories: «-
type, 0-type, A-type, a-type, and the others.!— The
k-, B-, and a-type crystal structures are analogous to
those found in the family of BEDT-TTF salts. All of
the x-type salts of BETS are metallic down to 4.2 K,
and the f-type salts are mostly metallic down to 4.2
K although some of them exhibit metal-insulator tran-
sitions at low temperatures. The A-type structure is
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Fig. 1. Molecular structure of BETS (BEDT-TSF),
BEDT-STF, and BEDT-TTF. BETS=(BEDT-TSF)=
Bis(ethylenedithio)tetraselenafulvalene. BEDT-STF=
Bis(ethylenedithio)diselenadithiafulvalene. BEDT-
TTF=Bis(ethylenedithio)tetrathiafulvalene.

#Present address: The Research Institutes for Science
and Technology, the Science University of Tokyo, 2641
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the one that has been newly found in the following two
BETS salts: A-(BETS)2GaCly and A-(BETS)sFeCly.
The former undergoes a superconducting transition at
8 K,? while the latter undergoes a sharp metal-insulasor
transition at 8 K.® Since the inter-molecular Se---Se and
Se---S contacts in the transverse direction would give a
stronger inter-chain interaction compared with the S---S
contact, the two-dimensional character is expected to
be enhanced in charge-transfer salts involving BETS or
BEDT-STF, as compared with the corresponding salts
of BEDT-TTF. Thus, BETS and BEDT-STF salts are
expected to exhibit some electrical behavior reflecting
the increase in the inter-chain interaction. In this re-
spect, it is of great interest to compare the electrical
properties of the salts involving BETS and BEDT-STF
with those of the corresponding BEDT-TTF salts in
order to elucidate the effect of the enhancement of the
inter-chain interaction.

In this report we describe studies concerning the elec-
trical resistivity and reflectance spectra on a-(BETS)2I3
and a-(BEDT-STF).I3. The temperature dependence
of the resistivity observed for these salts is compared
with the behavior of the isostructural salt, a-(BEDT-
TTF).I3. A discussion is also given concerning the
transfer integrals derived from analyses of the re-
flectance spectra of the above-mentioned three salts.

Experimental

Single crystals of a-(BETS)2Is and a-(BEDT-STF);ls
were electrochemically prepared from 1,1,2-trichloroethane
and chlorobenzen solutions, respectively, by using n-BusNI3
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a-(BETS)2Is and a-(BEDT-STF)sIs

Table 1. Crystal Parameters of a-XoI3
a b c o Ié) y v
X= A A A ° ° ° A3
BETS PI 9.209 10.816 17.777 96.63 97.89 90.69 1741.5
BEDT-STF P1 9198 10.802 17.607 96.86 97.88 90.75 1719.7
BEDT-TTF® PI 9.211 10.850 17.488 96.95 97.97 90.75 1717.5
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Crystal structure of a-(BETS)2I3: (a) projection showing conducting and insulating layers, and (b) projection

Fig. 2.

el

showing the arrangement of BETS!/?* within a conducting layer.

as the supporting electrolyte. Both crystals were obtained
as platelets having developed crystal faces of (0 0 1). The
electrical resistivity within the (0 0 1) plane was measured
by the four-probe method with a d.c. current of 10 pA. Four
electrical leads of 20 pm gold wires were put onto the sample
with carbon paste. The polarized reflectance spectra were
measured using two kinds of microspectrophotometers on
the (0 0 1) crystal face over the wavenumber region from
450 to 25000 cm ™! for the two polarization directions which
gave the minimum and maximum reflectivities at 3330 cm 1.
By means of the X-ray diffraction technique, the thus-cho-

sen polarization directions were found to be parallel to the
a- and b-axes, respectively. The details concerning the mea-
surement procedures of the reflectance spectra have been
described elsewhere.?

Results and Discussion
a-(BETS),l;, a-(BEDT-STF),ls, and a- (BEDT-
TTF)213% are isostructural to each other, having the

crystal parameters listed in Table 1. The characteristic
features of the a-type structure are as follows: (1) the



M. Inokuchi et al.

donor molecules with a formal charge of +0.5 form a
two-dimensional network in a conducting layer without
forming a dimer; (2) four donor molecules are contained
in the two-dimensional unit cell within a conducting
layer; and (3) each conducting layer is sandwiched by
insulating layers of inorganic anions. Figure 2a shows
the crystal structure of a-(BETS);I;. The conducting
layer of BETS and the insulating layer of I3 are al-
ternately arranged along the c*-axis. Figure 2b shows
the molecular arrangement within a conducting layer.
There are three crystallographically independent BETS
molecules. One, denoted (A), is located on the general
position; the other two, denoted (B) and (C), are on
the inversion center. In the case of a-(BEDT-STF),l3,
the arrangement of BEDT-STF molecules is almost the
same as that in a-(BETS),l3, though there exists a
partial disorder regarding the orientation of the BEDT-
STF molecule because of its asymmetrical molecular ge-
ometry.

Figure 3 shows the temperature dependence of the
resistivity observed on a-(BETS)sI3 and o-(BEDT-
STF)oI3 together with the corresponding data of o-
(BEDT-TTF)5I;. Both a-(BETS);I3 and a-(BEDT-
STF)zl; are metallic at around room temperature;
the room-temperature resistivity within the ab-plane
p(R.T.) is 6x1073—4x1072Q cm in a-(BETS).I3 and
about 4x1072Qcm in a-(BEDT-STF),I5. As can be
seen from Fig. 3, a-(BETS):I3 undergoes a metal-insu-
lator transition in the temperature range around 50 K
and a-(BEDT-STF),I5 around 80 K. These transition
temperatures are much lower than that of a-(BEDT-
TTF)I3 (135 K*). The transition from the metal-
lic phase to the insulating phase is not sharp in both
a-(BETS).I5 and a-(BEDT-STF),I3, showing a grad-
ual increase in the resistivity upon lowering the tem-
perature over a considerably wide temperature range,
whereas the transition is relatively sharp in a-(BEDT-
TTF)sI5. It should also be noted that, in the case of
a-(BETS),I3, there is an indication for the existence
of another kind of phase transition at around 40 K.
The above-described features in the temperature de-
pendence of the resistivity observed on a-(BETS).I3
and a-(BEDT-STF):I3 are more or less similar to those
observed on a-(BEDT-TTF)2I3 under high pressure.®

In Fig. 4, the temperature dependence of the resistiv-
ities is plotted as log [p(T)/p(R.T.)] versus 1/ T. Both in
a-(BETS),15 and in a-(BEDT-STF).I3, the p(T) data
in the insulating phase can not be fitted with a single
exponential function of the type p(T)xexp (F,/ksT).
If we apply the above equation to the data only within
a narrow temperature range below the metal-insula-
tor transition, the activation energy (E,) is estimated
to be 0.019 eV (T~45 K) for a-(BETS),I3 and 0.029
eV (T=55 K) for a-(BEDT-STF),I3, the correspond-
ing value being as large as 0.14 eV (T=120 K) for a-
(BEDT-TTF)2I5. The above results could mean that
the energy gap (2F,) in the insulating phase is roughly
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Fig. 3. Temperature dependence of the electrical re-
sistivity of a-(BETS)2I3, a-(BEDT-STF).l3, and a-
(BEDT-TTF)2I3 within the ab-plane: The logarithm
of resistivity is plotted versus the temperature.
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Fig. 4. Plot of the logarithm of the resistivity ver-

sus reciprocal temperature for a-(BETS)2I3 and a-
(BEDT-STF).15.

0.04 eV for a-(BETS) I3 and 0.06 eV for a-(BEDT-
STF)2lI3, and that a much wider band gap opens in a-
(BEDT-TTF),13 upon going from the metallic phase to
the insulating phase. The temperature dependence of
the resistivity in the lower temperature region can be
well fitted with the equation p(T)xT~%. The value of
« was found to be 1.9 for a-(BETS)2I3 (7<20 K) and
4.6 for a-(BEDT-STF),I5 (T<35 K).

Figures 5a and 5b show the reflectance spectra of a-
(BETS)2I3 and a-(BEDT-STF).l5 observed at room
temperature on the (0 0 1) crystal face for the light
polarizations parallel to the a-axis (E//a) and to the b
axis (E//b). As can be seen from these figures, the spec-
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Fig. 5. Reflectance spectra of (a) a-(BETS)2I3 and

(b) a-(BEDT-STF)2I3 at room temperature.

tra of the two salts are almost identical to each other,
showing the following common features. A metallic dis-
persion appears in both the EJ/ a spectrum and the E//b
spectrum with an almost comparable intensity between
the two spectra. This fact indicates the two-dimensional
nature of the electronic structures. The broad disper-
sion at around 20000 cm~! in the E//a spectrum is at-
tributable to the electronic transition within the I3 ion,
elongating roughly along the a-axis; also, a sharp peak
in the infrared region at about 1300 cm~! in both the
E//b and Ej/a spectra can be attributed to the vibra-
tional transition of [BETS]'/2* (or [BEDT-STF]}/2+)
coupled with the charge-transfer excitation.

Figure 6 shows the temperature dependence of the
reflectance spectra of a-(BETS)2I3. The temperature
dependence of a-(BEDT-STF).I3 was found to be es-
sentially the same as that of a-(BETS).I3. We thus do
not show here the spectral data of a-(BEDT-STF)sI5.
The following description can be applied to a-(BEDT-
STF),l3, although we concentrate our discussion only

a-(BETS)Qfg and a-(BEDT—STF)gIg

on a-(BETS),I5. As expected, the dispersion due to the
I; anion, which appears at around 20000 cm™? in the
E// aspectrum, becomes sharper upon lowering the tem-
perature. The metallic dispersion in the infrared region
is rather weakly dependent on the temperature, and no
abrupt change appears upon the metal-insulator transi-
tion. This is markedly different from what has been ob-
served on a-(BEDT-TTF).l5: A concavity does appear
at 2600 cm~! and the reflectivity in the wavenumber
region below 1000 cm™! significantly decreases below
the transition temperature.* Seemingly, little change
in the reflectance spectra and the lack of a steep in-
crease in the electrical resistivity on the metal-insulator
transition of a-(BETS)sI; (a-(BEDT-STF)sI3) suggest
that the transition is either a second-order transition
or a first-order transition with a small change of the or-
der parameter; the transition in a-(BEDT-TTF);I5 was
found to be first-order by a specific-heat measurement,”
although the nature of the transition has not yet been
clarified.

Figure 7 shows the optical-conductivity spectra over
the region up to 12000 cm~!, which have been calcu-
lated through a Kramers-Kronig transformation of the
reflectance spectra shown in Fig. 6. The E// a conduc-
tivity spectra show a vibrational peak at about 1000
cm™! superimposed over a Drude-like absorption. In
the E//b conductivity spectra, a broad absorption band
centered at about 3000 cm™! and a sharp vibrational
peak at 1250 cm ™' are superimposed over a Drude-
like absorption. The broad absorption band in the E//b
spectra can be ascribed to an inter-band transition be-
tween the two bands formed from HOMO’s of donor
molecules, as is often observed on BEDT-TTF salts.®
In the insulating phase of a-(BEDT-TTF)l;3, the con-
ductivity spectrum is known to exhibit an indication
for the opening of an optical gap. Such an indica-
tion for the existence of an optical gap can be found
neither in the conductivity spectra of a-(BETS),I3 at
25 K, nor in the spectra of the insulating phase of a-
(BEDT-STF).I5. This fact suggests that the band gap
in the insulating phase, if it exists, should be less than
0.08 eV (=650 cm™?) for a-(BETS)2I3 and a-(BEDT-
STF)3I5. As we have already mentioned, the activa-
tion energy estimated from the temperature dependence
of the resistivity in the narrow temperature range be-
low the transition temperature was found to be 0.019,
0.029 and 0.14 eV in a-(BETS),1;, a-(BEDT-STF),I;,
and a-(BEDT-TTF).Is, respectively. Seemingly, this is
consistent with the conclusion derived from the optical
conductivity spectra.

From the Drude-like component in the observed op-
tical conductivity spectra, we estimated the plasma fre-
quency (wp) using the following equation:

wf, = S/U(w)dw. (1)

The integration was performed over the 0—8000 cm™?!
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Fig. 6. Temperature dependence of the reflectance spectra of a-(BETS)2Is: (a) the Ef a spectra and (b) the Ef/b
spectra.
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Fig. 7. Temperature dependence of the optical- conductivity spectra of a-(BETS)2I3 obtained through a
Kramers—Kronig transformation of Fig. 6: (a) the E/ a spectra and (b) the E//b spectra.

wavenumber region. In order to estimate the transfer  ture having two crystallographically equivalent donor
integrals from the thus-determined plasma frequencies,  molecules in the two-dimensional unit cell of the con-
we adopted a simplified model (shown in Fig. 8b) based  ducting layer. The effective transfer integrals (#; and &)
on the #-type structure.”) The #-type structure can be  defined in Fig. 8b should be regarded as being weighted
regarded as being a special case of the a-type struc-  averages of several different transfer integrals in an ac-
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Fig. 8. (a) Relation between the plasma frequencies
(wp1, wp2) and the transfer integrals (t1, t;) based
on the two-dimensional tight-binding model having
a f-type structure. The calculation was carried out
for the three cases of p=1/2, 1/3, and 1/4, where
p denotes the degree of charge transfer of a donor
molecule forming a conducting layer. The Fermi sur-
face is open in the range of {2/t <0.18, 0.08 and 0.04
for p=1/2, 1/3 and 1/4, respectively. (b) The defi-
nition of the effective transfer integrals (1, t2), and
the lattice spacing (a1, a2).

tual a-type structure. When we adopt the above sim-
plified model, the energy dispersion (¢(k)) of the two-
dimensional band structure can be expressed as

a-(BETS)s13 and a-(BEDT-STF )13

Table 2. The Plasma Frequencies and Mean Transfer
Integrals of a-(BETS)I3, a-(BEDT-STF).I3, and
a-(BEDT-TTF):I3 at Room Temperature

wp1 Wp2 t1 t2

eV eV eV eV
a-(BETS).I3 0.60 1.05 0.036 0.071
a-(BEDT-STF).I3 0.59 0.99 0.036 0.063
a-(BEDT-TTF),I3 0.55 0.82 0.035 0.043

e(k)=e(k1, ks)
=2t1 Ccos ((llkl) + 4t2 CcOSs (a1 k1/2) X cos (a2k2/2), (2)
where ¢; (i=1, 2) and a; (i=1, 2) are the effective trans-

fer integrals and the lattice spacings, respectively. The
plasma frequencies can be calculated by the following

Lindhard equation:'®
Wle 47tne?
P (mopt)i

L 52
[ retngzar

(o)™ [ j(e(®)) ak

&)

where f(e) denotes the Fermi-Dirac distribution func-
tion. By using Eqgs. 2 and 3, a numerical calculation
of the relation between (wp1, wp2) and (t, &) was per-
formed; the results are shown in Fig. 8a.

Using Fig. 8a (p=1/2), the effective transfer inte-
grals (1, &) of a-(BETS)313, a-(BEDT-STF),I35, and a-
(BEDT-TTF),I5 at room temperature were estimated.
The plasma frequencies (wp1, wp2) were determined
from the room-temperature optical conductivity spec-
tra, and the values of a;=a/2, a=b and V,,=V /2 (Vis
the unit cell volume) were derived from the crystal data
given in Table 1. The obtained results are listed in Ta-
ble 2. It should be noted that both wp; and wy; increase
in the order a-(BEDT-TTF),l; <a-(BEDT-STF),I3<
a-(BETS).I3, and that the transfer integral (¢;), which
is mainly associated with the transverse inter-molecu-
lar interaction, also increases in the same order; the
other transfer integral (¢;) remains almost the same
for the three salts. If we compare the above result
with the difference among the electrical behavior of the
three salts (shown in Fig. 3) we can see that there
is some correlation between the change in the electri-
cal behavior and the increase of the transverse inter-
molecular interaction. As we have mentioned earlier,
the temperature dependence of the electrical resistiv-
ity observed on a-(BETS)5I5 or a-(BEDT-STF).I; is
more or less like that observed on a-(BEDT-TTF),ls
under high pressures. It is also known that the metal-
insulator transition is suppressed by applying 4.5 kbar
in a-(BETS).I3,'") while 12 kbar should be applied in
a-(BEDT-TTF),13.9 All of these facts suggest that a-
(BETS)I3 and a-(BEDT-STF)2I3 can be regarded as
being in the states corresponding to a pressurized state
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of a-(BEDT-TTF),l3. This is possibly associated with
an increase in the transverse inter-molecular interaction
through Se---Se and/or Se:--S contacts.

Summary and Conclusion

We have investigated the electrical and optical prop-
erties of a-(BETS)3I5 and a-(BEDT-STF);I; and com-
pared them with those of the isostructural BEDT-TTF
salt, a-(BEDT-TTF)2I3. From analyses of the op-
tical reflectance spectra, we found that the transfer
integral related to the transverse inter-molecular in-
teraction increases in the order a-(BEDT-TTF).I3<
a-(BEDT-STF),l5 < a-(BETS)s1;, as can be expected
from the effect due to an increased interaction through
inter-molecular Se---Se contacts. The electrical be-
havior, such as the temperature dependence of the
electrical resistivity, varies following the same order
o-(BEDT-TTF)zI3—a-(BEDT-STF)2I3—a-(BETS),I3.
Seemingly, these facts suggest that the difference in the
electrical behavior found among the three salts reflects
an increase in the transverse inter-molecular interac-
tion. However, a further investigation will be needed in
order to understand the nature of the metal-insulator
transition in the three salts.
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(BEDT-TTF)yI5. We thank Mr. Masafumi Tamura, for
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No. 06243208 from the Ministry of Education, Science
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