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Abstract The polarized reflectance spectra were measured on five
[M(dmit)2] salts, i.e. Cs[Pd(dmit)2]2, MesAs{Pd{(dmit)z]2, MeaN-
[Ni(dmit)2]2z, Me2Etz2N[Ni(dmit)2]2, and EDT-TTF[Ni(dmit)z]}. Plasma
frequencies, and band parameters were estimated from the spectra
by use of the Drude-Lorentz model. In the two palladium salts
experimental evidences were presented for the anomalous '"LUMO-HOMO
energy level inversion" due to strong dimerization.

INTRODUCTION

[M(dmit)z] salts (M=Ni, Pd, Pt) are hopeful candidates for the
molecular superconductor together with TTF derivatives’ salts. Until
now four [M(dmit)z] salts are known to become superconductors under
pressure.l-3 The calculation of molecular orbital showed that the LUMO
of [M(dmit)2], expected to form conduction band, has b2g symmetry?
while the HOMO with biu symmetry forms the conduction band in the
cases of the TTF derivatives’ salts.? This implies that the character
of S-S interaction in this system is expected to be different from
that in BEDT-TTF or other TTF derivatives. Moreover anomalous LUMO-
HOMO energy level inversion was recently suggested from the band
structure calculation of Cs[Pd(dmit)z2]2. However, few experimental
evidences for the predicted band structures have been hitherto
reported. In this article we show the results of optical study on five

[M(dmit)z] salts to examine the band structures.
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Results

MeaN[Ni (dmit)z]2

In this salt, there are two types of conduction sheets. One has the
stacking axis parallel to the [110] (see Fig. 1(a)), the other
parallel to the [T10] axis. Each conduction sheet is separated by the
cation, Me4N*, with the repeating distance, c¢/2. Figure 1(b) shows the
reflectance spectra for the light polarization parallel to the a-axis
and b-axis which are the principal axes of the monoclinic lattice. It
was reported that the resistivity of this salt raises in low
temperature region under ambient pressure and the temperature
dependence of the resistivity varies from sample to sample.2:4 But the

measured reflectance spectra look Drude-like down to 20K and any
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FIGURE 1 (a)Crystal structure and (b)reflectance spectra of
MesN[Ni(dmit)2]2. The solid line in Fig. 1(b)
represents the Drude-Lorentz fit to the reflectance
spectra.
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sample dependence was not observed.5 This suggests the resistivity
anomaly frequently observed in this material is not the inherent
behavior. The plasma frequencies for the infrared metallic dispersions
were obtained from the reflectance spectra by use of the Drude-Lorentz
model assuming the complex dielectric function & (w ) expressed by the

following equation,

E(w)=€c- wp2/(W2+iy w )-JZ Qpi?/( w?-w;2+iTljw) (1)

where &€c¢, wp, 7Y and [wj, Qpj, I'j] denote the back ground
dielectric constant, the plasma frequency of intra-band transition,
the relaxation rate of the free carriers and the parameters of the
Lorentz oscillator for the j-th excitation, respectively. The obtained
plasma frequencies are 5.5% 103cm~! (w pa) for the //a spectrum and
3.2x 103¢m~! (w pv) for the //b spectrum. Due to the molecular
arrangement in Fig. 1(a), both the //a and //b spectra include the
component parallel and perpendicular to the stacking axis. Therefore
it is necessary to deduce the plasma frequency parallel and
perpendicular to the stacking axis ( wp//y, Wpl) in order to
estimate the anisotropy within ab-plane. It was made by solving the

following simultaneous equation,

wpal=wp/ss%cos?20 + wpl 2sin2 @ (2)

wpb2=wp/ss/%sin28 + wpl 2cos?2 O

where O 1is the angle between the a-axis and the stacking axis. Thus
obtained plasma frequencies (wp//, wpl) are 6.0x 103cm~! and 2.0X
103cm~1, respectively. If we assume the effective transfer integrals
parallel and perpendicular to the stacking axis, they are estimated
to be 0.10eV, and 0.02eV by use of the (wps/, @wpl) values. These
values of transfer integrals are consistent with the results of

extended Huckel calculations.*

Cs[Pd(dmit)2]2

The crystal structure of this material is similar to
MeaN[Ni(dmit)2]2. The degree of dimerization is much stronger than the
latter, and besides there are short S-S contacts between conducting

sheets mediated by the terminal thiones.® Figure 2 shows the
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temperature dependence of the reflectance and conductivity spectra for
the light polarization parallel to the a-axis and b-axis. The
reflectance spectra include three characteristic dispersions. They are
Drude-like dispersion below 3X 103e¢m~! commonly observed in the
organic metals, weak dispersion about 4X 103c¢m~! and strong dispersion
around 11X 103cm-1, respectively. The first dispersion is fairly
isotropic within the ab-plane in comparison with Mes4N[Ni(dmit)z2]2
salt. Its line shape changes below 50K to the one that indicates the
gap formation due to metal-insulator transition (Tui=60K).® The second
dispersion is observed only in the //a spectrum. Similar dispersion
was also observed in the spectrum of Me4N[Ni(dmit)z2]2, and

MesAs[Pd(dmit)2]}2. The third dispersion is strongly polarized along
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FIGURE 2 (a)Reflectance spectra and (b)conductivity spectra
of Cs[Pd(dmit)2]z.
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the a-axis, which splits into two bands below the phase transition
temperature. We analyzed the reflectance spectrum by use of the Drude-
Lorentz model (Eq. (1)). In the curve fitting procedure we neglect
the dispersion around 4X 103cm!, since this has small intensity, and
its line shape was hardly reproduced by the Lorentz function. The
obtained plasma frequencies for the intra-band transition are 6.0Xx
103cm-1(//a) and 6.2X% 103cm-1(//b), respectively at 80K. These values
show isotropic nature of the electronic structure in this material in

contrast with MeaN[Ni(dmit)2]2.

Me4As[Pd(dmit)2]2
This salt is isostructural with Cs[Pd(dmit)2]2.7 The crystal
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FIGURE 3 (a)Reflectance spectra and (b)conductivity spectra of
Me4As[Pd(dmit)z]2.
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structure within the conduction sheet is almost same as that of the Cs
salt, but the interaction between terminal thiones is negligible in
this salt due to the bulky Mes4As*. Contrary to the Cs salt, the
electronic property of this material is semiconductive even at room
temperature. This is against the prediction from the simple tight
binding calculation. Electron-electron interaction seems to play an
important role in this material. Figure 1 shows the reflectance and
conductivity spectra of this material. The broad dispersion about 10X
103¢cm~! appears in this salt as well as in Cs[Pd(dmit)z]2 salt. The
conductivity spectra show the existence of an energy gap even at room
temperature, and the gap becomes clearer on lowering the temperature.
The plasma frequencies in the infrared region are calculated by
integrating shaded area of the conductivity spectra. The results are
[6.6X 103em Y (R.T.), 5.6% 103cm~1(200K), 5.4% 103cm~L(20K)] for the
//a spectra, and [3.5%x 103cm~1(R.T.), 4.3% 103cm ! (200K), 4.9X 103cm-1
(20K)] for the //b spectra, respectively. It should be noted that the
significant increase of the plasma frequency was observed for the //b

spectrum with a decrease in temperature.

EtsMe2N[Ni (dmit)2]

This material is metallic down to 1.5K, but does not exhibit
superconductivity.® Reflectance spectra were measured within the be-
plane for the polarization parallel to the a-axis and c-axis. Figures
4(a) and 4(b) show the crystal structure within the bec-plane and the
reflectance spectra, respectively. Drude-like dispersions appear for
both polarizations. A dispersion about 4% 103cm-! grows up with a
decrease in temperature. The plasma frequencies at 25K were estimated
to be 4.2x103cm ! (//b), and 5.9x 103em-1(//c), respectively, by use
of Eq. (1). The optical masses were calculated to be 5.9me(//b) and
3.0me(//c), respectively, by use of these plasma frequencies.

The calculation of the transfer integrals based on the extended
Huckel method suggested that the two transfer integrals, which are
depicted p1, p3 in Fig. 4a, excel others. Hence we adopt the
simplified band structure, neglecting all the transfer integral except
for p1 and p3. By virtue of this simplification the energy dispersion

is described by the following equation,
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& (k)=% (p32+2p12(1+cosk * b)+ 4papicos(k+ b/2)cos(k- ¢/2))1/2 (3)
The plasma frequencies are calculated by
wpx2=(e2/7t2h2)f6 25 /6 kxzf((k)) dk (4)

where subscript x represents the direction of either a-axis or b-axis,
and f(& ) is the Fermi distribution function. By use of these
equations transfer integrals were estimated from the plasma

frequencies to be 0.10eV(p1), and 0.12(p3). Figure 4(c) shows the
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FIGURE 4 (a)Crystal structure, (b)reflectance spectra, and

(c)calculated band structure of Et2MezN[Ni(dmit)z]z.
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lowest and second lowest band calculated from these parameters. The
shapes of both energy dispersion curve and Fermi surface roughly agree

with those calculated by Extended Huckel method.

a ~EDT-TTF[Ni(dmit)2]

This salt is metallic down to 4.2K.® Figure 5 shows the reflectance

spectra and crystal structure of this salt. In this salt there are two
different kinds of conduction sheets. One is made of [Ni(dmit)z]
units, and the other is made of EDT-TTF units. Both conduction sheets
have column structure and each column is elongated along either b-
axis (for the [Ni(dmit)z]’s sheet) or [110]} axis (for the EDT-TTF’s
sheet). The reflectance spectra are well reproduced by the Drude
formulla for both polarizations. The plasma frequencies obtained by
use of the Drude model (Eq.(1)) are 8.6% 103cm~!(//b) and 5.6x 103cm!
((001) L b). The ratio of oscillator strength is 2.4, suggesting small

anisotropy within the ab-plane.
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FIGURE 5 (a)Crystal structure and (b)reflectance spectra of
a -EDT-TTF{Ni(dmit)z].

Discussion

As shown in Fig. 1 ~ Fig. 5, strong and broad dispersion about 10~ 11X
103¢cm-! appears in the [Pd(dmit)2] salts, but not in any of

[Ni(dmit)2] salts. This dispersion is assigned to the one originated
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from the intermolecular interaction. The intensity parameter, IO , of
this broad band was estimated from the observed conductivity spectrum

by the following equation,

B 5000cm~1
Ig -8f50000m_1 0 (w)dw (5)

The values of intensity parameters, obtained from the conductivity
spectra at various temperatures, are [200X 106cm~2~ 240X 108cm-2] for
Cs[Pd(dmit)2]2, and [160X 108cm~2~ 190% 106cm~2 ] for Mes4As[Pd-
(dmit)z]2. Such a large intensity is quite anomalous for the CT
transition in 2:1 salts. In order to understand this phenomenon, let
us consider the three cases (1)-(3) shown in Fig. 6. For simplicity,
we will assume that the value of t is the same for HOMO’s, and for
LUMO’s within the dimer and that neglect all of other transfer
integrals. This assumption is consistent with the results of the
calculation of the overlap integral.

In the material with strong dimerization, the inter-band
transition, having the character of the transition from dimer’s
bonding orbital to its antibonding orbital, appears at the energy of
2t in the case (1). (See Fig. 6(a).) The intensity parameter is
expressed by Iy =4m e2d2t/Vh2 in this case, where V and d are the
volume of the dimer, and a-axis component of the spacing of the dimer.
If we assume t=0.7eV, the optical transition is expected to appear at
the excitation energy of 2t=1.4eV (11x 103cm-1) with the intensity
parameter 72X 108 cm2 for the //a spectrum. This intensity value is
too small to explain the observed one.

If the energy difference between HOMO and LUMO is larger than 2t
as in the case (2), the intensity parameter should be the same as in
the case (1). (See Fig. 6b.) Hence the case (2) also fails to explain
the observed large intensity parameter.

If the energy difference between HOMO and LUMO is smaller than 2t
as shown in the case (3), we can expect a large intensity parameter,
because two electrons filling the LUMO band, as well as one hole in
the HOMO band in the dimer are expected to give transitions
corresponding to the 10~ 11x 103¢m~! dispersion. (See Fig. 6c.)
Therefore the intensity parameter could be three times as much as the

value estimated for the cases (1) and (2), which is consistent with
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FIGURE 6 Schematic energy level of Cs[(Pd(dmit)z]2, and
MesAs[Pd(dmit)z ]2

the observation. Thus we can conclude that the conduction band of this
salt is mainly made from HOMO. This conclusion seems to be consistent

with the isotropic plasma frequencies in the [Pd(dmit)z2] salt.
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