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The Reflectance Spectra of (BEDT-TTF);HgsBri1 and (BEDT-TTF)HgBrs.
The Estimation of Effective On-Site Coulomb Interaction
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The reflectance spectra of (BEDT-TTF)sHgsBri; and (BEDT-TTF)HgBrs were measured by using the

microspectrophotometric technique in the spectral range from 450 cm™! to 25000 cm~1.
gap formation due to a metal-insulator transition was observed in the reflectance spectrum at 100 K.

In the former salt, the
In the

latter salt, the effective Coulomb interaction and the intra-dimer transfer integral were estimated and compared

with the corresponding values of BMDT-TTF and TTF.

In the past several years a variety of charge-transfer
(CT) salts of BEDT-TTF and their derivatives have
been synthesized, and their structures and physical
properties have been extensively investigated. Sev-
eral salts of this group have been found to behave as
organic superconductors.)  Simple band calculations
based on the Extended Htuickel method were recently
carried on some of these CT salts, and the experimen-
tally determined band parameters were compared with
the calculated band structures.2-4 Optical measure-
ment provides important information concerning the
band structures of these organic solids. The results
of our previous optical study of a series of BEDT-TTF
salts suggested the existence of two different types.5
The first is the type whose optical properties can be
roughly understood in terms of the simple band
model. xk-(BEDT-TTF)ls, B-(BEDT-TTF)ls, 6-
(BEDT-TTF)I3 and, B”-(BEDT-TTF)ICl: belong to
this type. Hereafter we will denote this as the “A-
type”’. Most of the A-type salts show metallic proper-
ties. The second is the type whose optical properties
can not be understood within the framework of the
simple band theory. Most of them are semi-
conductors. B’-(BEDT-TTF)ICl; is an example of
this type, which we will call as “B-type”. Some of
the typical one-dimensional organic conductors,
involving other donors such as TMTTF, also belong
to this type.® The electron-electron correlation
seems to play an important role in this type of salt.

A similar classification has also been proposed by
Mazumdar et al.” Before the finding of BEDT-TTF
salts, it was not easy to obtain clear-cut experimental
evidence to show whether the effects of Coulomb
interactions were large or small in comparison with
the widths of the bands. The family of BEDT-TTF
salts 1s unique in this respect, since the two different
types commonly exist in one family. This character
may originate from the reduction of the electron-
electron interaction due to the expansion of m-HOMO
and from the increase in dimensionality due to
the intermolecular S-S interaction.®’ The degree of
charge-transfer and the existence of two-dimensional
interaction seems to be a factor strongly affecting

whether a BEDT-TTF salt becomes A-type or B-type.
Therefore, it is of great interest to compare the optical
properties of the BEDT-TTF salts which are mutually
different in the degree of charge-transfer and in the
crystal structure. We will report in this paper a
reflectance-spectrum study of (BEDT-TTF)sHgsBri
and (BEDT-TTF)HgBrs, both of which have a unique
crystal  structure containing mercury bromide.
(BEDT-TTF)sHgsBri1? is a A-type salt with a semi-
metallic band structure, including BEDT-TTF#7%;
it exhibits a metal-insulator transition at 120 K.
(BEDT-TTF)HgBrs? is a B-type salt including
BEDT-TTF*t with a strongly dimerized structure.
For the latter salt, we shall estimate the effective
Coulomb interaction (Ueg) by the use of the dimer
model. This is the first estimation of Uy in a simple
salt of BEDT-TTF with a dimerized structure.

Experimental

Single crystals of (BEDT-TTF)sHgsBrin and (BEDT-
TTF)HgBrs were electrochemically obtained from a benzo-
nitrile solution by the use of (Et4N):HgBrs and (MesN)HgBrs3
respectively as electrolytes.? The typical sizes of the crystal
used in the optical measurement were 2.0 mmX0.4 mm0.03
mm for (BEDT-TTF)sHgsBri1 and 1.4 mmX0.2 mmX0.03
mm for (BEDT-TTF)HgBrs. The reflectance spectra were
measured by the use of Olympus MMSP microspectro-
photometer from 4200 cm—1! to 25000 cm~! and with a Jasco
MIR 300 microspectrophotometer from 450 cm~! to 4200
cm~!. The temperature control was achieved by the use of a
closed cycle cryogenic refrigerator manufactured by CTi
SPECTRIM™ for the visible spectrometer and by the use of a
continuous flow helium cryostat manufactured by Oxford
Instruments respectively. The details of these apparatuses
have been described elsewhere.31011)  The crystal face and
the crystal axes of the sample were determined by the use of
the X-ray diffraction technique.

Results and Discussion

(BEDT-TTF);HgsBrii. The ten BEDT-TTF mol-
ecules in the unit cell of this salt can be divided into
two groups.? The three BEDT-TTF molecules hold-
ing a 2+ charge are sandwiched by the anion sheets.
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The rest of the BEDT-TTF molecules, holding a 4/7+
charge, form a chain along the [102] axis. The con-
duction path is formed mainly through the latter
group of BEDT-TTF molecules. According to the
simple band picture, this material can be expected to
have a semimetallic band structure. The reflectance
spectra were measured on the ac-plane for the light
polarization along the optical axes, which were them-
selves determined by rotating the polarizer at 3300 cm-1.
By the X-ray diffraction, the optical axes thus deter-
mined were found to be parallel and perpendicular to
[102], i.e. parallel and perpendicular to the chain
direction of BEDT-TTF¥7*,

Figure 1 shows the temperature dependence of the
reflectance spectra. Although the maximum disper-
sion is found for the light polarization along the [102]
direction, a weak dispersion is also found for the other
polarization. This weak dispersion clearly indicates
the existence of a significant interchain interaction, as
is usually found in BEDT-TTF salts. The infrared
broad dispersions, appearing for both polarizations,
can be ascribed to the inter-band transition overlap-
ping with the intra-band transition. This interpreta-
tion is the same as that which we have previously
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Fig. 1. Temperature dependence of the reflectance
spectra of (BEDT-TTF)sHgsBru for the polariza-
tion (a) parallel and (b) perpendicular to the [102]
axis.
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reported for the reflectance spectra of semimetallic
BEDT-TTF salts.’213) The outstanding peak at
12000 cm-?! in the //[102] spectrum is attributable to
the local excitation of BEDT-TTF2*. The excitation
energy of this transition is higher by about 1000 cm—1!
than that of the corresponding transition of BEDT-
TTFrPt (0<p<1). This dispersion appears strongly
in the //[102] spectrum, because the long axis of
BEDT-TTF2" has a large component along the [102]
axis.!4)

This salt is known to become an insulator at 120 K.9
The reflectivity below 1000 cm-! decreases for both
polarization when the phase transition takes place.
This phenomenon is ascribed to the gap formation
associated with metal-insulator transition. On the
contrary, the reflectance spectra near the plasma edge
does not change below and above the transition
temperature. This result is markedly different from
what has been observed in other BEDT-TTF salts. A
hump does appear at the plasma-edge region on going
to the insulator phase in the cases of a-(BEDT-
TTF)3(ReOy)e,'¥ and a-(BEDT-TTF).I3,13 and a grad-
ual increase in reflectivity near the plasma edge was
observed below the transition temperature in the case
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Fig. 2. Temperature dependence of the conductivity
spectra of (BEDT-TTF)sHgsBry: for the polariza-
tion (a) parallel and (b) perpendicular to the [102]
axis.
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of (BEDT-TTF)3(ClO4)2.12 Figure 2 shows the
frequency-dependent conductivity obtained through
the Kramers-Kronig transformation of the reflectance
spectra shown in Fig. 1. Although three types of
interpolation were made in the Kramers-Kronig anal-
ysis, the resulting spectra were little affected by the
choice of interpolation. In the spectrum at 100 K, the
conductivity sharply decreases at the low-wavenumber
limit of the spectrum. This is likely to be associated
with the appearance of a band gap, which is reported
to be 0.06 eV (480 cm~!) from the d.c.-conductivity
measurement.?

By integrating the conductivity spectra from the
zero wave number to 8000 cm-!, we calculated the
plasma frequency, wpi (=1 or 2), by the use of the
following equation:
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Fig. 3. Relation between the plasma frequencies
(wpi, wp2) and the transfer integrals (1, t2) in the
orthorhombic two-dimensional two-sevenths (or
five-sevenths) filled tight-binding model. The
dotted line denotes the boundary between the open
(A) and closed (B) Fermi surface. The bottom
graphs show normalized plasma frequencies, i.e.
(Awpi/ die)(Vi/16t:)12 (1=1, 2). Va, d1, and dz are the
volume per BEDT-TTF#7" molecule, the distance
between adjacent BEDT-TTF47+ within the chain,
and the distance between adjacent chains of BEDT-
TTF#™ within the conducting sheet, respectively.

Table 1. The Mean Transfer Integral and Plasma
Frequency of (BEDT-TTF)sHgsBr1: and
Several Organic Conductors

(BEDT-TTF):HgsBru (1) (2)  (3)

RT. 200K 100Kk RT. RT. RT.
wp1/eV 0.91 0.96 0.99 1.30 1.18 1.39
t1/eV 0.17 019 0.20 012 012 025
wp2/eV 0.38 040 0.42 0.55 0.60 0.29
t2/eV 0.06 0.06 0.07 0.07 0.08 0.03
o/t ca. 0.3 ca. 0.6 ca. 0.7 ca. 0.1

(1): (BEDT-TTF)3(ClO4)2, (2): (BEDT-TTF)s(ReOu)e, 3
(3): (TMTSF)2PFg.16)
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wpi = 8f0i(w)dw, (1)

where the subscript (=1 or 2) represents the direction
either parallel or perpendicular to the stacking axis.
In order to estimate the anisotropy from the plasma
frequencies, we assumed the simple band structure
expressed by

E(k1, ko) =—2t1cos(kid1) — 2tzcos(kads). (2)

This model is based on the orthorhombic lattice,
where the lattice constants, d; and dgz, are the distance,
between adjacent BEDT-TTF¥7* within the chain
and the distance between adjacent chains of BEDT-
TTF¥7 within the conducting sheet respectively.
The corresponding transfer integrals, t1 and t2, may be
considered to be weighted averages of several transfer
integrals in the correct triclinic band structure. By
virtue of this simplification, the values of wp1 and wp2
were numerically calculated from ¢ and ¢z by the use
of the Lindhard equation.’® Figure 3 shows the
results of numerical calculation on the relation
between (wp1, wpe) and (¢1, t2). By the use of this figure
and these parameters, d1=4.32 A, d2=6.20 A, and Vn
(the volume per BEDT-TTF¥7+)=655 A3, the effective
transfer integrals (f1, t2) were estimated from the
plasma frequencies. The obtained transfer integrals
are listed in Table 1, together with the transfer inte-
grals of other organic conductors obtained by the same
procedure. The anisotropy of the transfer integral,
i.e., t2/t1, 15 0.3 in this material. This value is consider-
ably smaller than that of a-(BEDT-TTF)3(ReOy)2!3) or
(BEDT-TTF)3(ClO4)2,12 but it is larger than that of
(TMTSF)sPFgte. '

(BEDT-TTF)HgBr3. Figure 4 shows the crystal
structure of this salt.® Like other BEDT-TTF salts
the BEDT-TTF molecules form conducting sheets
parallel to the (010) plane; these molecules are sepa-
rated from each other by the anions. The BEDT-
TTF?' ions in this complex are strongly dimerized,
and the dimers are overlapping, with an eclipsed
configuration.? The direction connecting the center
of the two BEDT-TTF molecules within the dimer is
in the (001) plane rather than in the (010) plane.
Hereafter we will call this direction axis the L-axis.
This axis is roughly parallel to the [110] axis. The
long axis of the BEDT-TTF molecule is also roughly
in the (001) plane, almost perpendicular to the L-axis.
The overlap integrals between HOMO, depicted in
Fig. 4, were calculated to be a1=39.95X10-3, a2=
—0.98X10-3, ¢=—10.51X10-3, p2=—0.30X10-3, and
p1=—0.08X10-3, respectively. This calculation ex-
plicitly shows the strong dimerization in this salt. By
using this equation teac=E-al; E=10 eV, tcac is calcu-
lated to be 0.39 eV within a dimer. This value is
quite large as compared with the usual transfer inte-
gral in BEDT-TTF salt.

The reflectance spectra were measured on the (001)
plane for the light polarization parallel and perpen-
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Fig. 4. (a) The cystal structure of (BEDT-
TTF)HgBrs in the conducting plane. The overlap
integrals between HOMO’s depicted in the figure
are 1=39.95X10-3, a2=—0.98X10-3, c=—10.51X10-3,
$2=—0.30X10-3, and p1=0.08X10-3, respectively.
(b) The crystal structure projected onto the ab-
plane. L-axis connects the centers of two BEDT-
TTF molecules within the dimer.

dicular to the L-axis and on the (010) plane for the
polarization parallel to the c-axis. Figure 5 shows
the reflectance spectra (//L, (001)LL, //c) and the
conductivity spectra (//L, (001)LL) of this salt at
room temperature. From the definition of the L-
axis, the dispersion appearing in the //L spectrum is
ascribed to the charge-transfer excitation within the
dimer. On the other hand, the dispersion in the
(001)_LL spectrum is ascribed to the local excitation of
BEDT-TTFT, because the long axis of BEDT-TTF* is
in this direction, as have been described above. This
interpretation 1is consistent with the previously
reported results on simple salts of BMDT-TTF, where
local excitations at 11000 cm~! and 21000 cm-! were
found to be polarized along the molecular long axis.!?
Since the charge-transfer excitation at 10000 cm-! in
the //L spectrum is close to the local excitation at
11000 cm-! in the (001).L pectrum, they do not
separate from each other in the case of an improper
choice of polarization direction. However, the inher-
ent mixing of the charge-transfer excitation with the
local excitation is not expected to appear in this salt,
because the overlap of the neighboring BEDT-TTF

Fig. 5. (a) The reflectance spectra (//L, (001).LL, //c)
and (b) conductivity spectrum (//L, (001)_LL) of
(BEDT-TTF)HgBrs at room temperature.

molecule within the dimer 1s eclipsed; hence, the
molecular plane is almost perpendicular to the L-axis.

In the //c spectrum, a weak dispersion also appears
at 11000 cm-!. This dispersion is ascribed to the
superposition of the c-component of the CT transition
within the dimer and the c-component of the local
excitation along the molecular long axis. The other
transition is not clearly observed in the //c spectrum.
Therefore, it is concluded that the CT transition origi-
nally polarized along the c-axis is negligible in this
salt in spite of the relatively large overlap integral
along the c-axis (¢=—10.51X10-3; see Fig. 4). This
suggests that the electronic structure of this material is
inherently described by a dimer model. Thus we can
safely assume the dimer model in order to estimate the
effective on-site Coulomb repulsion energy (Ues) and
the transfer integral (t), both of which appear in the
Hubbard Hamiltonian. In this model, the plasma
frequency and the peak position are described by the
following equations:

wp? =[167 a2e?/ QR2}[12/\/ Ua?/4+412] , (3)
hwcr=Uen/2+\/ Uetr?/41412 , 4)

where a, Q, wcr, and w, are the distance between the
molecules forming a dimer, the volume per dimer, the
excitation energy, and the plasma frequency respec-
tively. These values are Q=978.8 A3, a=3.62 A,
wcr=9100 cm~1, and w,;=10000 cm-!, where w, has
been calculated by integrating the conductivity spec-
trum from 5000 cm-! to 15000 cm-!. By the use of
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Table 2. Comparison of Ues Values Obtained in Various Complex

(4) (®)

(6) () ®)

Structure** dimer 1d 1d 2d 1d
// //a // ¢ // ¢ //b // ¢

wer/108 cm1 10.0 4.4 5.0 4.9 8.9 11.7
a/A 3.62 4.47 5.84 5.63 7.50 3.57
Ui/ €VHF*E 0.69° 1.20° 0.57% (1.0°) 0.60° 1.1¢ 1.25¢
70 i 0.35° 0.22° 0.09°(0.14)  0.08%  <o0.11° 0.28°

$X10-8 39.0 — 10.6 12.5 5.1 —

(4): (BEDT-TTF)HgBrs, (5): (BEDT-TTF)AuCleBrs,® (6): (BMDT-TTF)AsFs,'7 (7): (BMDT-

TTF)SbFe,!" (8): (TTF)Broe.19

** 1d: one-dimensional chain structure, 2d: anisotropic two-dimensional structure.

sk d:

results of dimer model, c: results of linear-chain model.

this value, U and ¢ are estimated to be 0.69 eV and
0.35 eV respectively, by solving the Egs. 2and 3. The
obtained value of the transfer integral is very close to
the calculated value (tcc=0.39 €V). Table 2 compares
the Uer value obtained in this study with the pre-
viously reported values. Some of the Uer values in
this table are those obtained by the use of the linear-
chain model, while others are those obtained by the
use of the dimer model. It should be kept in mind
that the choice of model is not necessarily appropriate
in the cases of (TTF)Bro.7!? and (BMDT-TTF)SbFe1?
The Uey value of (BEDT-TTF)HgBrs is comparatively
smaller than that of (BEDT-TTF)AuCloBrz.1® This
implies an incompleteness in the description of the
electronic structure due to the assumed Hubbard
Hamiltonian; in other words, the nearest neighbor
Coulomb interaction is non negligible in this case, as
we have previously pointed out (cf. Ref. 17).

Within the framework of the dimer model, the Ues
in the Hubbard Hamiltonian can be exactly re-
placed by U—V in terms of the Extended Hubbard
Hamiltonian, where U and V are the on-site Coulomb
interaction and the nearest neighbor Coulomb inter-
action respectively. Therefore, in the material with a
strongly dimerized structure it is possible to analyze
the optical spectrum by the use of the Extended
Hubbard Hamiltonian. Hence, 0.69 eV can be taken
as the exact U—V value in the case of (BEDT-
TTF)HgBrs. Because of the strongly dimerized struc-
ture of (BEDT-TTF)HgBrs, the V value could be a
little larger than the corresponding values in other
BEDT-TTF salts, but their difference should be small.
Thus, we can consider that the U—V value is about 0.7
eV in the family of BEDT-TTF salts.

Unfortunately, no exact solution has yet been estab-
lished for the linear-chain Extended Hubbard model.
Although the analysis based on the linear-chain
Hubbard model is no longer applicable when we take
the Extended Hubbard Hamiltonian, it may be used
for a qualitative discussion. As we have pointed out
in Ref. 17, the value of U—V in the material with a
linear-chain structure can be expected to be larger
than the U.x value obtained by the use of the dimer
Hubbard model and smaller than the Uer value

obtained by the use of the linear-chain Hubbard
model. This is consistent with the fact that the Ue
in the (BEDT-TTF)AuClyBrs!® obtained by the use of
the linear-chain model is considerably larger than the
U—V value estimated in this study.

The value of U—V was found to be between 1 and
0.6 eV!? in the case of the BMDT-TTF salt; this is
comparable to the corresponding value in the BEDT-
TTF salt. On the other hand, the U of (TTF)Brogr
estimated by the use of the dimer model was 1.25 €V.19)
Since this material has a uniform structure, the value
mentioned above gives the lowest limit of the U—V
value. Therefore, we can consider that the U—V
value is smaller in BEDT-TTF and BMDT-TTF salts
than in TTF salts. This smallness of the U—V value
may be the origin of the frequent appearance of type-A
in the family of BEDT-TTF salts.

Summary and Conclusion

In this paper we reported on the reflectance spectra
of (BEDT-TTF)sHgsBri;, and (BEDT-TTF)HgBrs.
In the former salt, spectral change due to the metal-
insulator transition is observed at 100 K below 1000
cm~1. The ratio of transfer integrals perpendicular
and parallel to the [102] axis is estimated to be 0.3. In
the latter salt, we found that Ues=U—V=0.69 eV, and
t=0.35 eV by the use of dimer model. The value of
U—V in the BEDT-TTF family is comparable to that
of the BMDT-TTF family, but considerably smaller
than the corresponding value in the TTF family.
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