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(BMDT-TTF): Estimation of the On-Site Coulomb Energy
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Polarized reflectance spectra were measured on the single crystals of (BMDT-TTF)AsF¢g and (BMDT-
TTF)SbFs. The charge-transfer band was observed along the stacking direction in the crystals of (BMDT-
TTF)AsFg, while in the crystal of (BMDT-TTF)SbFg the charge-transfer band was found not only along the
stacking direction but also along the S -+ S direction nearly parallel to the short axis of the BMDT-TTF molecule.
The effective on-site Coulomb energies and the transfer integrals of these salts were estimated by analyzing the

1115

charge-transfer bands.

Recently organic conductors based on BEDT-TTF
(bis(ethylenedithio)tetrathiafulvalene) have been
extensively studied, and many metallic salts have been
found one after another.!=3 BMDT-TTF (bis(meth-
ylenedithio)tetrathiafulvalene)) is one of the deriva-
tives of BEDT-TTF, and involves the same conjugated
moiety as that of BEDT-TTF. In contrast to BEDT-
TTF salts, the positive charge in BMDT-TTF radical
salts tends to be localized despite two-dimensional
S-S network is formed in these crystals like the crys-
tals of BEDT-TTF salts.#% The characteristics of such
an electronic structure is probably related to the mag-
nitude of the electron-electron Coulomb energy and
the transfer integrals. In this paper, we studied the
optical spectra of the (1:1) salts of BMDT-TTF,
(BMDT-TTF)AsFg, and (BMDT-TTF)SbFg, for the
purpose to characterize the dimensionality of the
intermolecular interaction and of the electron-electron
Coulomb interaction.

Experimental

BMDT-TTF was synthesized by the method described
elsewhere.¥ Single crystals of (BMDT-TTF)AsFg and
(BMDT-TTF)SbFg were prepared by the method of electro-
chemical crystallization in the 1,1,2-trichloroethane solu-
tions of BMDT-TTF, (n-Bu)yNAsFg, and (n-Bu);NSbFg being
used as electrolytes. (BMDT-TTF)AsFg crystallized into thin
needle-like crystals elongated along the c-axis, the typical
length being 1.3 mm. The single crystal of (BMDT-
TTF)SbFg was a thin platelet developping the (100) crystal
face. The crystal axes and faces were determined by the
oscillation and Weissenberg photographs. The polarized
reflectance spectra were measured by the use of a microspec-
trophotometric technique. The reflectance spectrum was
measured in the spectral region from 4.2X10% cm™! to 25X103
cmL,

Results and Discussion

The crystal of (BMDT-TTF)AsFg belongs to the tri-
clinic system with the space group, P1,% the unit cell
containing one moleculee. BMDT-TTF is stacking
along the c-axis with their molecular planes parallel to
each other. The neighboring molecule is shifted along

the long axis of molecule, and the long axis is inclined
by 34° to the c-axis. Since these molecular column is
surround by AsFg anions, the intermolecular interac-
tion is expected to be strongest along the c-axis. Fig-
ure 1 shows the crystal structure projected onto the
(100) plane and the reflectance spectra of (BMDT-
TTF)AsFg measured on the (100) crystal face. The
dispersions of the reflectance were observed at 5X103
cm™!, 11X10% cm™, and 21X10® cm™! in the /c spec-
trum. Since BMDT-TTF salt is not soluble in organic
solvents, we assinged these electronic transitions by
comparing with the electronic spectrum of BPDT-
TTF (bis(propylenedithio)tetrathiafulvalene) salts, the
cation of which involves the same conjugated moiety
as BMDT-TTF. The electronic transitions of the
cation radical of BPDT-TTF in the 1,1,2-trichloro-
ethane was found at 13.5X10% cm™! (A), 18.4X103 cm™!
(B), and 22.4X10% cm™! (C) in the visible region of the
absorption spectrum.” Since the transition, B. is
much weaker than the other transitions, the dispersion
at 11X10% cm~! and 21X10° cm™! were assigned to these
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Fig. 1. Polarized reflectance spectrum of (BMDT-

TTF)AsFs on the (100) crystal face. The reflectance
curves in the region lower than 4X103cm™! are the
extrapolated curves by the curve fittings based on the
Lorentz model. The inset shows the crystal structure
projected onto the (100) plane.
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intramolecular transitions, A and C, respectively.
Thus, the lowest excitation at 5X10% cm™! was safely
assigned to the charge-transfer (CT) transition be-
tween BMDT-TTF*’s. This assignment is supported
by the polarization direction which is parallel to the
stacking axis of BMDT-TTF. Incidentally, the intra-
molecular transitions in this spectral region were
found to be polarized parallel to the long axis of mole-
cule, since the short axis of the molecule is nearly per-
pendicular (93°) to the c-axis. »

The crystal of (BMDT-TTF)SbFg belongs to the tri-
clinic system with the space group PI, and Z=1.%
BMDT-TTF is stacking along the b-axis such a man-
ner as the long axis is inclined by 35° to the stacking
axis. The adjacent molecule is mutually shifted to the
long and short axes of molecule, so that one of the
1,3-dithiole moiety of BMDT-TTF is overlapping the
same portion of the adjacent molecule. In this sense
the intermolecular interaction along this stacking
direction seems to be relatively weak. In contrast to the
structure of (BMDT-TTF)AsFg the molecular columns
linked by the S -:- S interaction make a sheet parallel to
the (100) plane, and several short S---S contacts are
reported between the neighboring molecules in this
sheet.®’ Figure 2 shows the crystal structures and the
polarized reflectance spectra measured on the (100) and
(010) crystal faces. According to the spectrum of
(BMDT-TTF)AsFg the intramolecular transitions at
11X10% cm~! and 21X10% cm ™! are polarized parallel to
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Fig. 2. Polarized reflectance spectrum and crystal

structure of (BMDT-TTF)SbFes. The /cand /b spec-
tra were measured on the (100) crystal face, and the //a
spectrum was measured on the (010) face. The
reflectance curves in the region lower than
4X103cm™1 are the extrapolated curves by the curve
fittings based on the Lorentz model.
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the long axis of molecule. Therefore, the dispersion at
11.5X10% cm™! in the /a spectrum and that at 20X103
cm™! in the /b spectrum are respectively assignable to
these intramolecular transitions, A and C. The
assignment of the 20X103 cm™! transition is consistent
with the observed polarization dependence, since the
long axis of molecule is least inclined (35°) to the b-
axis among the three crystallographic axes as shown in
Fig. 2. The shoulder at 17X10% cm™! in the /b spec-
trum probably corresponds to the weak absroption
band, B, found at 18.4X10% cm™! in the solution spec-
trum of the BPDT-TTF cation radical. From the
polarization direction the strongest dispersion at
5X10% cm™! in the /c spectrum is safely assigned to the
CT transition between BMDT-TTF*’s through the
S-S interaction. The dispersion at 9X10% cm™! in the
/b spectrum looks like the intramolecular transition,
A, but the excitation energy does not agree with the
a-component of the transition, A. Furthermore, the
width of this dispersion is slightly broader than that of
the CT band in the /c spectrum. Thus we assinged
this 9X10% cm™! dispersion to the superposition of the
CT transition along the stacking direction parallel to
the b-axis and the b-component of the intramolecular
transition, A, since both transitions take place most
strongly along the b-axis. This assignment was con-
firmed by the low-temperature spectrum, because a
small shoulder was found at 11X103 cm™! in the /b
spectrum at 42 K as shown in Fig. 3. Therefore, we
arrived at the most important result in this experiment
that two kinds of charge-transfer transitions were
observed along the S-S direction as well as the stack-
ing direction in the crystal of (BMDT-TTF)SbFg. Such
a two-dimensional intermolecular interaction has
been observed in many BEDT-TTF salts.%19 This is
the first optical evidence of the two dimensionality of
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Fig. 3. Low-temperature reflectance spectrum of

(BMDT-TTF)SbFe. The room-temperature spec-
trum is also illustrated by a dotted line for compari-
son. The reflectance curves in the region lower than
4X103cm™! are the extrapolated curves by the curve
fittings based on the Lorentz model.
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BMDT-TTF salts.

Figures 4a and 4b show the optical conductivity
spectra of (BMDT-TTF)AsFs and (BMDT-TTF)SbFg
obtained from the Kramers-Kronig transformation of
the reflectance spectra. These salts have half-filled
metallic band structures, if the electron-electron corre-
lation is fully screened. However, the appearance of
the CT band shown in Fig. 4 indicates the existence of
a band gap. In addition, both of these salts exhibit
semiconductive behavior as regards the temperature
dependence of the electrical resistivity.%8 These
results clearly show that the strong Coulomb interac-
tion plays an important role in these materials. As
shown in the conductivity spectrum of (BMDT-
TTF)SbFg, the CT absorption bands of the /c and /b
spectra show up at different wavenumbers separating
about 4X10% cm~!. The excitation energy of the CT
band in the limit of a strongly correlated half-filled
band is given by U—V;, where U is the on-site Coulomb
energy, V;, the Coulomb energy between the neighbor-
ing sites along the i-th direction. The distance
between the centers of adjacent molecules is 5.63 A
along the c-axis, whereas that is 7.50 A along the b-
axis. Therefore, the difference of the excitation ener-
gies between the CT transitions polarized along the
c-and b- axes is attributed to the nearest-neighbor
Coulomb interaction which depends on the distance
between the adjacent molecules. The similar pheno-
menon was found in the single-crystal absorption
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Fig. 4. Optical conductivity spectra of (a) (BMDT-
TTF)AsFs and (b) (BMDT-TTF)SbFe.
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spectrum of (TTF)ClOy, in which two charge-transfer
bands separated by 3X10% cm™~! were interpreted to be
the intra-dimer and inter-dimer CT transitions.!!)
This interpretation to the spectrum of (BMDT-
TTF)SbFg means that the magnitude of the long range
Coulomb energy is comparable to that of the on-site
Coulomb energy, and thus the excited state is not the
free-electron and free-hole state but the bound elec-
tron-hole state. In this situation charge-transfer pro-
cess takes place predominantly between the adjacent
molecules, so that the CT transition can be approxi-
mately analyzed by a dimer model. In the dimer
model, the excitation energy and the oscillator
strength of a CT band is represented by the Egs. 1 and
2,12)

Ecr=Ue/2+ (Uei2/4 + 4t2)/2 )
= @2d?mcNa/ NR2) (22/(Uei/4+ 42)12) @

where Ect, U, t, f, d, me, Ng, and N denote the CT
excitation energy, the effective on-site Coulomb
energy, the transfer integral, the oscillator strength,
the distance between the centers of molecules, the elec-
tron mass, the number density of a dimer, and the
number density of BMDT-TTF, respectively. We set
Ng4/N equal to 1, since the CT interaction equivalently
occurs to both side of a molecule in a regular chain.
The oscillator strength, f, of the CT band was calcu-
lated by using the following equation,

f=(2m./ne*N) f o(w)dw (3)

where e and o(w) are the charge of an electron and the
conductivity spectrum, respectively. Table 1 shows the
effective on-site Coulomb energy, Ucs= U—V, and the
transfer integral, ¢, which were calculated by the use of
the Eqgs. 1 and 2. The oscillator strength and thus the
transfer integral in the /b spectrum of (BMDT-
TTF)SbFg is the upper limit because the b-component
of the intramolecular transition is involved in the
9.0X10% cm~! band. Keeping this point in mind, the
relation between the transfer integral and the overlap
integral is qualitatively good in BMDT-TTF salts.
Bondeson and Soos numerically examined the sys-
tematic deviation of the excitation energy and the tran-
sition probability of a CT transition in going from a
dimer to a finite chain by the aid of a diagrammatic
valence bond method.’® According to their calcula-
tion, a dimer model is a good approximation to the
infinite chain only for U.;/4t > 3.5, otherwise the exci-
tation energy predicted from a dimer model is consid-
erably larger than that of an infinite chain. Unfortu-
nately, the parameters, U.x/4t, of these BMDT-TTF
salt is not in the former regime, so that the actual
effective on-site Coulomb energies in Table 1 is consi-
dered to be significantly larger than the values listed in
Table 1. Therefore, we analyzed the CT spectrum of
the one-dimensional (BMDT-TTF)AsFg salt by a
Hubbard model, in which the long range Coulomb
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Table 1. Effective On-Site Coulomb Energies, Uesr, and
Transfer Integrals, ¢, of (BMDT-TTF)AsFg and (BMDT-
TTF)SbFg Estimated from the Dimer Model. Ecr and
f Are the Excitation Energy and the Oscillator
Strength of the Charge Transfer Band. d
and S Denote the Distance between the
Centers of Molecules and the Overlap
Integral of the HOMO’s between
the Adjacent Molecules

(BMDT-TTF)AsFs (BMDT-TTF)SbFg
/e : /e /b
(s}ack;ng (S---S (stacking
direction) direction)  direction)
Ec1/eV 0.62 0.61 1.1
f 0.43 0.31 <0.60
d/’A 5.84 5.63 7.50
Ucii/eV) 0.57 0.60 1.1
t/eV 0.09 0.08 <0.11
S —10.6X1073 —12.5X1073 —5.1X1073

energy is completely neglected. In the one-dimen-
sional chain, the exact solutions were reported on
the optical excitation energy!® and the oscillator
strength!® as shown in the following equations.

Ep/4t = u—1+2 L (h(x)/%)(1+ exp(2ux)) " dx 4)

(a0 dEmd?) = [(x) (o) [x (14 exp(2u)
+ u(1+4 cosh(2ux))~1] dx (5)

where Eoy is the absorption edge of the optical transi-
tion across the Hubbard gap, u is defined to be Uer/4t,
and Jy(x) and J,(x) are the Bessel functions. The values
of E.x/4t and (f/4t)(H2/md?), which were obtained by
numerical calculation, were plotted against u in Fig. 5
together with the quantity of (Eop/f) (md?/H?) which is
experimentally obtainable. We defined the absorption
edge, Eop, as the wavenumber at which the conductiv-
ity curve takes half of the maximum value of the CT
absorption band. The parameter, u=U./4t, was cal-
culated to be 1.80 from the u-dependent curve of
(Eopt/ f)(md?/H2) by the use of the experimental values,
Eop=0.56 €V, f=0.43, and d=5.84A. The parameters, t
and U.s, were determined to be 0.14 eV and 1.0 eV from
the u-dependent curves of (Eop/4t) and (f/4t)(#/md?).
This is the first attempt to analyze the CT band of
the regular-stack one-dimensional chain with a half-
filled band on the basis of the exact solution of the
Hubbard model. However, the analysis is not com-
plete, because the appearance of the two CT bands at
different wavenumbers in the polarized spectrum of
(BMDT-TTF)SbFg indicates that the nearest-neighbor
Coulomb interaction should be included in the analy-
sis. However, the theoretical study on the optical tran-
sition of the extended Hubbard model has not been
conducted in the case u=1. Bondeson and Soos
numerically examined the difference of the optical
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Fig. 5. Numerical calculation of the excitation

energy, the oscillator strength, and their ratio which
is predicted from the exact solution of the one-
dimensional Hubbard model.

transition across the Hubbard gap between the
extended Hubbard model and the Hubbard model.
According to their calculation the excitation energy of
the CT band based on the extended Hubbard model in
the case U—V;==4t is significantly higher than that
based on the Hubbard model in the case U4t and
much lower than that of the dimer model. Therefore,
we consider that the effective on-site Coulomb energy,
U.s, is in the range between 0.6 eV and 1.0 eV. The
numerical calculation by Bondeson and Soos also
indicated that the transition probability of the CT
band did not change significantly among the dimer
model, the Hubbard model and the extended Hubbard
model, so that the transfer integral, ¢, was estimated to
be about 0.1—0.15 eV. Torrance et al. examined the
band parameters of TTF salts, (TTF)X (X=Closo,
Broe, and Io7).'® They estimated the parameters, Ues
and ¢, to be 1.25 eV and 0.28 eV, respectively. Because
they used the dimer model to obtain these parameters.
Uer must be larger than 1.25 eV. Therefore, we con-
clude that the on-site Coulomb energy of BMDT-TTF
salt is significantly smaller than that of TTF salts.
This is in accord with the extended molecular struc-
ture of BMDT-TTF in comparison with TTF.
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