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Electronic structure and electron–molecular vibration interaction in dimerized †Pd„dddt…2‡2X
„where X5AuBr 2, SbF6, TeClx… salts studied by IR spectroscopy

Andrzej Łapiński* and Roman S´wietlik
Institute of Molecular Physics, Polish Academy of Sciences, Smoluchowskiego 17, 60-179 Poznan´, Poland

~Received 22 June 1998; revised manuscript received 15 October 1998!

Polarized reflectance spectra of three isostructural charge-transfer salts@Pd(dddt)2#2X ~whereX5AuBr2,
SbF6, TeClx, x55 or 6, and dddt55,6-dihydro-1,4-dithiin-2,3-dithiolate ligand! have been measured in the
frequency range 650 to 40 000 cm21 at room temperature. Moreover, we studied absorption spectra~400 to
40 000 cm21) as well as Fourier transform near-infrared Raman spectra of@Pd(dddt)2#2TeClx powders. All the
compounds contain strongly dimerized Pd(dddt)2 stacks. The nature of electronic bands is discussed. A
plasma-edge-like dispersion in@Pd(dddt)2#2AuBr2 and @Pd(dddt)2#2SbF6 crystals is analyzed in terms of
Drude-Lorentz model. The band-structure parameters are determined by assuming a one-dimensional tight-
binding model. Deviations between the experimental data and expectations of a one-electron model suggest
considerable contributions of electron-electron and electron-phonon interactions to the electronic structure of
the materials. The coupling of electrons with the totally symmetric C5C vibrations of Pd(dddt)2 (ag modes!
in @Pd(dddt)2#2AuBr2 and @Pd(dddt)2#2SbF6 salts is discussed in terms of an isolated dimer model and the
suitable electron-phonon coupling constants are determined. The origin ofag phonon mode splitting is con-
sidered.@S0163-1829~99!06123-8#
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I. INTRODUCTION

The organic donor bis~ethylenedithio!tetrathiafulvalene
~BEDT-TTF or ET! and various acceptors form the mo
numerous group of presently known organic conductors
superconductors.1 In the search for new interesting charg
transfer salts exhibiting high-electrical conductivity ma
modifications of BEDT-TTF molecule were synthesized. T
square planar metal complexesM (dddt)2 ~whereM5Ni, Pd,
Pt, Au, and dddt55,6-dihydro-1,4 dithiin-2,3-dithiolate
ligand!2,3 are structurally very similar to BEDT-TTF sinc
the only difference lies in that the central C5C bond in
BEDT-TTF is replaced by a metal~Fig. 1!. The M (dddt)2
donors and various inorganic acceptors were success
used for preparation of many organic metals a
semiconductors.4–11 In the group of Pd(dddt)2 and Ni(dddt)2
salts there exist crystals that preserve metallic proper
down to the lowest temperatures but none of them exhi
superconductivity.7,9–11 The BEDT-TTF andM (dddt)2 salts
with the same anions often possess very similar crystal st
tures but their physical properties can be quite different. T
series of charge-transfer salts based onM (dddt)2 is the sec-
ond large group of conducting materials based on
transition-metal complexes. Up to now the most attention
been paid to molecular conductors yielded by metal co
plexes M (dmit)2 ~where M5Ni, Pd, Pt, Au, and dmit5
4,5-dimercapto-1,3-dithiole-2-thione ligand!.12 In this group
three Ni(dmit)2 and three Pt(dmit)2 salts exhibit supercon
ductivity under pressure and one Ni(dmit)2 salt becomes su
perconductor at ambient pressure. A specific feature of
discussed charge transfer salts is the presence of condu
layers formed by BEDT-TTF,M (dddt)2, or M (dmit)2 mol-
ecules alternating with the insulating layers of acceptors
BEDT-TTF and M (dddt)2 salts, or donors in the case o
M (dmit)2 salts.
PRB 590163-1829/99/59~24!/15669~11!/$15.00
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Usually, the molecules yielding conducting charg
transfer salts exhibit a relatively large splitting between
highest occupied~HOMO! and the lowest unoccupie
~LUMO! molecular orbitals. For example, in BEDT-TTF th
energy gap between HOMO and LUMO is about 2 eV a
the partially filled valence bands are only derived from o
kind of molecular orbital leading to the so-called ‘‘one-ba
systems.’’ The HOMO and LUMO ofM (dddt)2 and
M (dmit)2 are very similar in orbital character and for bo
molecules the energy difference between HOMO and LUM
is relatively small~about 0.4 eV!,3,13,14therefore, for the ad-
equate description of the conduction band in the salts form
by these molecules both HOMO and LUMO orbitals have
be taken into account yielding the so-called ‘‘two-ba
systems.’’15–17 For example, in the case ofM (dddt)2 or
M (dmit)2 dimers the valence orbitals are given by the
phase and out-of-phase combinations of the HOMO orbi
~i.e., HOMO1 and HOMO2) and the LUMO orbitals~i.e.,
LUMO1 and LUMO2). Consequently, in the conductin
layer consisting of such dimers the four valence levels
each dimer yield four bands. The valence bands are form
by strong S•••S contacts. The filling of these bands depen
on the number of electrons in the valence orbitals and
strength of interaction between molecules in dimer.

The spectroscopic methods, especially in infrared~IR! re-
gion, are very useful for investigations of crystalline organ
conductors providing information about electronic structu
electron-electron and electron-phonon interactions.18 How-

FIG. 1. Molecular structure of BEDT-TTF and M(dddt)2
15 669 ©1999 The American Physical Society
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15 670 PRB 59ANDRZEJ ŁAPIŃSKI AND ROMAN ŚWIETLIK
ever, despite the fact that so many interesting crystals
discovered in theM (dddt)2 family, to our knowledge rela-
tively few optical studies have been performed.19–22 In this
paper, we present the studies of polarized reflectance sp
of three crystals formed by Pd(dddt)2 donors and linear
(AuBr2) or octahedral (SbF6 and TeClx x55 or 6! anions.
The@Pd(dddt)2#2TeClx (x55 or 6! is a stable metal down to
the helium temperature (sRT511–25 V21cm21), the
@Pd(dddt)2#2SbF6 undergoes a metal-insulator phase tran
tion at TM2I5200 K (sRT51 – 2 V21cm21) and the
@Pd(dddt)2#2AuBr2 exhibits semiconducting propertie
(sRT52.0 V21cm21).9 The HOMO-LUMO gap in
Pd(dddt)2 equals to 0.40 eV,13 what gives rise to the ‘‘two-
band structure’’ in the studied systems. Some prelimin
spectroscopic data have been published in Ref. 22.

It is known that the Pd ions tend to form metal-me
bonds; therefore, most of the charge-transfer salts derive
Pd(dddt)2 donor have very similar crystal structure consi
ing of the stacks of Pd(dddt)2 dimer units~dimerized stacks!.
The Pd(dddt)2 moieties inside the dimer strongly intera
mostly due to Pd•••Pd bonds. The interaction betwee
dimers inside the stacks is weak, while the ‘‘side-by-sid
interactions via short S•••S contacts between the dimers
neighboring stacks are stronger. The stacks of Pd(dd2
dimers form conducting layers, which alternate with the
sulating anion layers. The @Pd(dddt)2#2AuBr2 and
@Pd(dddt)2#2SbF6 crystals are isostructural.23,24The unit cell
of @Pd(dddt)2#2AuBr2 crystals is triclinic, space groupP1̄,
with a56.498 Å , b58.443 Å , c515.799 Å , a582.07°,
b583.35°, g567.82°, V5793.0 Å,3 Z51; and the inter-
atomic Pd•••Pd distance inside Pd(dddt)2 dimer equals to
3.043~0! Å,23 The @Pd(dddt)2#2SbF6 crystals have the fol-
lowing unit-cell parameters:a56.498 Å , b58.374 Å , c
516.238 Å, a586.81°, b587.30°, g568.48°, V

5820.4 Å ,3 space groupP1̄, Z51; and the intradimer Pd
•••Pd distance equals to 3.034~1! Å .24 Due to bad crystal
quality the crystallographic studies of@Pd(dddt)2#2TeClx
(x55 or 6! have not been done but we expect that the str
ture is very similar. It is supposed that in@Pd(dddt)2#2TeClx
salt the anions can be present as two-charge TeCl6

22 or one-
charge TeCl5

2 anions,9 which gives rise to a disorder in th
anion layers and the existence of Pd(dddt)2 dimers with dif-
ferent charge density.

II. EXPERIMENT

The Pd(dddt)2 salts were obtained by electrochemic
oxidation of a neutral Pd(dddt)2 complex in nitrobenzene on
a Pt anode under constant current;1 mA at 24.5oC. Typical
dimensions of the crystals in the form of elongated pla
were about 130.230.01 mm3.

Polarized reflectance spectra were measured from
best-developed crystal face, that is parallel to the conduc
Pd(dddt)2 layers. Infrared measurements from 650
6500 cm21 were carried out on a Fourier transform infrar
~FT-IR! Perkin-Elmer 1725X spectrometer equipped with
suitable FT-IR microscope. The incoming IR beam was
larized with a gold wire grid deposited on AgBr substrate.
home made microreflectometer was used to measure
spectra within the frequency region 9000 to 40 000 cm21,
re

tra

i-

y

l
of
-

’

)
-

-

l

s

he
g

-

he

using the Glan-Thompson prism as a polarizer. Between
available@Pd(dddt)2#2AuBr2 crystals it was possible to find
samples thin enough to perform the polarized transmiss
measurements. The polarized reflectance or transmission
periments were performed in two polarizations: with t
electrical vector of polarized light parallelEi and perpen-
dicularE' to the Pd(dddt)2 stacking axis. To study the elec
tronic bands in more detail, we measured also the absorp
spectra~from 400 to 40 000 cm21) of finely powdered crys-
tals dispersed in KBr pellets. All the measurements w
performed at room temperature.

The frequency dependent optical conductivity and the r
part of the dielectric function were obtained by Krame
Kronig analysis of the reflectance data. The low-frequen
data were extrapolated to zero frequency assuming a con
value. For@Pd(dddt)2#2SbF6 and @Pd(dddt)2#2AuBr2 above
40 000 cm21 the reflectance data were extended asR
'v22. For @Pd(dddt)2#2TeClx above 6500 cm21 the spectra
were extrapolated on the basis of the data
@Pd(dddt)2#2SbF6 and above 40 000 cm21 asR'v22.

Moreover, we studied the Fourier transform near-infrar
~FT-NIR! Raman scattering for@Pd(dddt)2#2TeClx powders
at the exciting wavelength of 1064 nm~1.17 eV! by using a
FT-IR Bruker IFS 66 equipped with a FRA 106 Bruker a
tachment for FT-Raman spectroscopy.

III. RESULTS

The room-temperature reflectance spectra over the e
measured spectral range for the electrical vector of polari
light parallel Ei and perpendicularE' to the stacking axis
are shown in Fig. 2 and Fig. 3, respectively. F
@Pd(dddt)2#2AuBr2 and @Pd(dddt)2#2SbF6 the experimental
data are missing between 6500 and 9000 cm21, whereas the
spectra of@Pd(dddt)2#2TeClx have been only measured i
the frequency range 650 to 6500 cm21. For polarizationEi
the reflectance spectra of@Pd(dddt)2#2AuBr2 and
@Pd(dddt)2#2SbF6 salts are similar: in the low-frequency re
gion some narrow peaks, typical for molecular vibration
and at higher frequencies some electronic features are
served, whereas for polarizationE' the vibrational features
are not found. Analogous behavior shows the reflectanc
@Pd(dddt)2#2TeClx crystal within the measured frequenc
range. The polarized absorption spectra
@Pd(dddt)2#2AuBr2 crystal for both polarizations are show
in Fig. 4.

The optical conductivity spectra derived by Kramer
Kronig transformation for polarizationEi andE' are shown
in Figs. 5, 6, and 7. The conductivity spectrum
@Pd(dddt)2#2TeClx crystal for polarizationEi , and the spec-
tra of both@Pd(dddt)2#2AuBr2 and @Pd(dddt)2#2SbF6 crys-
tals exhibit semiconductorlike behavior for both polariz
tions, while the spectrum of@Pd(dddt)2#2TeClx crystal for
E' reminds the spectra of metallic-like materials. The re
parts of the dielectric function derived by Kramers-Kron
analysis of the reflectance spectra are shown in Figs. 8 an

At low frequency, the conductivity spectra for polariz
tion Ei show vibrational features being mostly the cons
quence of interactions between the charge-transfer trans
and theag phonon modes of Pd(dddt)2 molecule~Fig. 7!.
The IR bands, together with the proposed assignment
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PRB 59 15 671ELECTRONIC STRUCTURE AND ELECTRON-MOLECULAR . . .
listed in Table I. In Ref. 26 the Raman spectra of sin
crystals were measured~excitationl56328 Å ) and the fol-
lowing lines related to Pd(dddt)2 vibrations ofag symmetry
were detected: for@Pd(dddt)2#2AuBr2 at 1306 cm21 ~C5C!,
913 and 877 cm21 ~C-S!, 379 cm21 ~Pd-S!; and for
@Pd(dddt)2#2SbF6 at 1309 cm21 ~C5C!, 914 and 875 cm21

~C-S!, 379 cm21 ~Pd-S!. The vibrational peaks forEi are
dominated by the two strong bands at about 1190
1150 cm21, which we relate to the coupling of the C5C
vibrations of Pd(dddt)2 with the charge transfer. The pre
ence of such doublet is a characteristic feature of the
spectra ofM (dddt)2 salts: for example, it was previousl
observed in the spectra of@Pt(dddt)2#2IBr2 at about 1200
and 1150 cm21 Ref. 19 and the spectra o
@Ni(dddt)2#3(HSO4)2 at about 1250 and 1160 cm21.20,21

The weaker band situated at about 1100 cm21 in the studied
Pd(dddt)2 crystals was also found in the spectra
@Pt(dddt)2#2IBr2 and@Ni(dddt)2#3(HSO4)2 crystals at about
1080 cm21 ~Ref. 19! and 1120 cm21,20 respectively, and we
attribute it also to the C5C vibrations of Pd(dddt)2 ~see the
discussion in Sec. IV D!. It should be also noted that in th
spectrum of@Pd(dddt)2#2TeClx crystal the band at abou
1100 cm21 is much stronger than the analogous band in

FIG. 2. Polarized reflectance spectra of@Pd(dddt)2#2AuBr2 ,
@Pd(dddt)2#2SbF6, and @Pd(dddt)2#2TeClx crystals at room tem-
perature for polarization of the electrical vector of the incident lig
parallel to the Pd(dddt)2 stacking axis~note the logarithmic fre-
quency scale!. Dotted lines show the Drude-Lorentz fits.
d

R

e

spectra of@Pd(dddt)2#2AuBr2 and @Pd(dddt)2#2SbF6 crys-
tals. On closer examination of the spectra of our cryst
some additional weaker vibrational bands can be also dis
guished~Table I!.

For polarization perpendicular to the Pd(dddt)2 stacks
(E') the vibrational bands due to the electron-phonon c
pling are not observed. This is in agreement with the co
mon behavior of IR spectra of BEDT-TTF salts measured
the direction of strong ‘‘side-by-side’’ S•••S interactions.25

Instead, we observe some very weak peaks which may
attributed to the IR active in-plane modes of Pd(dddt)2 mol-
ecule~Figs. 4 and 6!.

For polarizationEi the vibrational bands are partially su
perimposed on a broad electronic absorption with the ma
mum at about 5300 cm21 ~Figs. 5 and 7!. This electronic
feature is a superposition of two bands at least. As see
Figs. 4 and 5 ~upper panel!, in the spectrum of
@Pd(dddt)2#2AuBr2 crystal one can distinguish a strong
band centered at 5350 cm21 and a weaker one centered
2650 cm21. Similar conclusion results from the analysis
the conductivity spectrum of@Pd(dddt)2#2TeClx crystal, nev-
ertheless, for@Pd(dddt)2#2SbF6 the existence of two low-

t

FIG. 3. Polarized reflectance spectra of@Pd(dddt)2#2AuBr2 ,
@Pd(dddt)2#2SbF6, and @Pd(dddt)2#2TeClx crystals at room tem-
perature for polarization of the electrical vector of the incident lig
perpendicular to the Pd(dddt)2 stacking axis~note the logarithmic
frequency scale!. Dotted lines show the Drude-Lorentz or Drude
the case of@Pd(dddt)2#2TeClx fits.
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15 672 PRB 59ANDRZEJ ŁAPIŃSKI AND ROMAN ŚWIETLIK
frequency electronic bands is not so clear~Fig. 5!. For po-
larizationE' the conductivity spectra are also dominated
a strong electronic absorption but it is centered at lower
quency: about 2300 cm21 for @Pd(dddt)2#2AuBr2, about
2600 cm21 for @Pd(dddt)2#2SbF6 and about 1800 cm21 for
@Pd(dddt)2#2TeClx ~Fig. 6!. The electronic absorption for E'

is supposed to be a superposition of analogous band
those observed for polarizationEi but the oscillator strength
distribution is different. For example, for@Pd(dddt)2#2AuBr2
the intensity of band at 2650 cm21 is larger than that of the
band at 5350 cm21 ~Fig. 4!.

At higher frequencies the optical conductivity spec
show another electronic band at about 10 600 cm21 ~Figs. 5
and 6!. To study the electronic features in more detail w
measured also the absorption spectra of@Pd(dddt)2#2TeClx
salt dispersed in KBr pellet~Fig. 10!. We observed a strong
band at about 9300 cm21 and three higher-frequency band
situated at about 14 600, 26 800, and 37 000 cm21. The main
vibrational bands are present at the frequencies: 1405 (m),
1346 (w), 1300 (m), 1285 (m), 1249 (s), 1230 (s),
1191 (m), 1163 (m), 1155 (m), 1112 (w), 1090 (w),
921 (w), and 893 cm21(w). The strong bands at 1249 an
1230 cm21 dominate the vibrational spectrum of powder
salt and should be assigned to the in plane IR active vib
tions of Pd(dddt)2 ~probably C5C vibrations of b1u symme-
try!. Since the planes of Pd(dddt)2 are nearly perpendicula
to the best-developed crystal face, such strong bands ar
observed in the reflectance spectrum. The bands 1191
1155 cm21 as well as 1112 and 1090 cm21 we attribute to
the C5C vibrations of Pd(dddt)2 coupled with electrons
The positions of C5C bands in KBr spectrum differ from
those found in reflectance data~Table I!. This difference can
be related to the interaction with KBr matrix. In addition,
degeneration of the sample due to the preparation of the

FIG. 4. Polarized infrared absorption spectra
@Pd(dddt)2#2AuBr2 crystal for polarization parallelEi and perpen-
dicular E' to the stacking axis.
-

as

a-
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nd
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pellet surely enhances the disorder existing
@Pd(dddt)2#2TeClx crystals.

We investigated also FT-NIR Raman scattering of po
dered@Pd(dddt)2#2TeClx crystals in KBr pellet and the fol-
lowing peaks were found: 1347 (m), 1264 (w), 1228 (m),
1164 (w), 897 (s), 886 (s), 833 (w), 759 (w), 519 (w),
453 (m), and 380 cm21 (s). We assign the bands at 134
1264, and 1228 cm21 to the Raman active totally symmetri
C5C vibrations of various Pd(dddt)2 ions (ag modes!, i.e.,
@Pd(dddt)2#0, @Pd(dddt)2#1 and @Pd(dddt)2#21, respec-
tively. The disorder existing in@Pd(dddt)2#2TeClx salt is
considerably increased by powdering of the sample and le
to the charge localization; as a result different Pd~dddt!2 ions
are created. The doublet 897 and 886 cm21 is due to C-S
vibrations and the band at 380 cm21 corresponds to Pd-S
stretching. The obtained Raman frequencies can be c
pared with the single-crystal data reported in Ref. 26:
neutral @Pd(dddt)2#0 the C5C vibration was observed a
1350 cm21, the C-S vibration at 896 cm21, and Pd-S vibra-
tion at 378 cm21.

IV. DISCUSSION

A. Electronic features

The low-frequency electronic absorption, i.e., with ma
mum at about 5300 cm21 for polarizationEi and at lower

FIG. 5. Optical conductivity of the studied crystals as obtain
by Kramers-Kronig analysis of the reflectance data parallel to
Pd(dddt)2 stacking axisEi .
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PRB 59 15 673ELECTRONIC STRUCTURE AND ELECTRON-MOLECULAR . . .
energies, i.e., below 3000 cm21 for polarizationE' , should
be related to the charge transfer process: Pd(ddd2

1

1Pd(dddt)2
05Pd(dddt)2

01Pd(dddt)2
1 (CT2 band!.20,27 For

polarization parallel to the stacking axis (Ei) this electronic
absorption can be a superposition of the intra- and interdi
transitions inside the Pd(dddt)2 stacks but we assume that
is mainly due to the intradimer transitions, since the inter
tions between dimers are much weaker. For polarizationE'

these bands correspond to the CT2 charge-transfer excitation
taking place between the neighboring Pd(dddt)2 stacks~side-
by-side interaction between molecules!. Note that, due to the
strong S . . . S interactions between stacks, the energies
CT2 bands forE' are lower than the suitable energies f
polarizationEi . On closer examination of broad CT2 bands
it results that they are a superposition of two electronic f
tures at least, what should be related to the existence of
ferent charge-transfer transitions. Because of the sm
HOMO-LUMO splitting in the Pd~dddt!2 molecule, different
CT2 charge-transfer transitions inside the Pd(dddt)2 dimers
are possible. For polarization perpendicular to the sta
(E') the structure of CT2 band can be explained in the sam
way, however, due to different overlap of molecular orbit
in this direction, the oscillator strength distribution betwe
the two peaks is different.

FIG. 6. Optical conductivity of the studied crystals as obtain
by Kramers-Kronig analysis of the reflectance data perpendicula
the Pd(dddt)2 stacking axisE' .
er

-

f

-
if-
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The electronic band at about 10 600 cm21 observed for
both polarizations can be attributed to the charge-tran
transition: Pd(dddt)2

11Pd(dddt)2
15Pd(dddt)2

01Pd(dddt)2
21

(CT1 band!.20,27 The position of this band can be approx
mately described by the value of the effective Coulomb
teraction, which is proportional to (U-V), the Hubbard pa-
rameters for on-site and nearest-neighbor Coulomb repul
energies, respectively. Assuming thatV is small the position
of this band is a measure of the on-site Coulomb repuls
between charges on the same Pd(dddt)2 molecule. The value
U510 600 cm21 is comparable to those found for Pt(dddt2
~Ref. 19! and Ni(dddt)2 ~Refs. 20 and 21! salts, as well as
BEDT-TTF salts,20 but it is considerably larger than thos
found for Ni(dmit)2 salts ~5560 and 8000 cm21).28 The
high-frequency electronic features at about 14 600, 26 8
and 37 000 cm21 are related to intramolecular excitations
Pd(dddt)2.

B. Electronic structure

As seen in Fig. 5, a maximum of optical conductivity
about 5200 cm21 is observed for the stacking axis polariz
tion Ei . Such conductivity maximum is usually related to th
presence of a gap in the electronic excitation spectru
Analogous behavior is found in the perpendicular polari
tion E' for @Pd(dddt)2#2AuBr2 and@Pd(dddt)2#2SbF6 salts,
whereas it is different for@Pd(dddt)2#2TeClx crystal~Fig. 6!.

d
to

FIG. 7. Optical conductivity within the region of vibrationa
bands~polarizationEi).
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The low-frequency electronic dispersion of crystals exh
iting semiconducting properties is usually analyzed by
Drude-Lorentz dielectric function. In the studied Pd(ddd2
crystals this absorption is expected to be a superpositio
two electronic contributions. Consequently, the experime
reflectance should be analyzed using a sum of two Lore
oscillators but such procedure is not reliable in the case o
strongly overlapping bands. For this reason we have fi
the experimental data by a single Drude-Lorentz function

«~v!5«`1
vp

2

v0
22v22 ivG

, ~1!

where vp is the plasma frequency,v0 is the center fre-
quency,G is the scattering rate, and«` represents all higher
frequency contributions to the dielectric function.

The fits were made to the data between 1800
6500 cm21 and the best results are listed in Table II. T
distinct deviations from Drude-Lorentz behavior observed
lower frequencies are due to the short-range electr
electron and electron-phonon interactions, nevertheless,
assumed that the plasmon frequency is insensitive to the
tailed nature of these interactions.29 For polarizationEi an
additional Lorentz term was introduced in the fitting proc

FIG. 8. Real part of the dielectric function of the studied cryst
as obtained by Kramers-Kronig analysis for light polarized para
to the Pd(dddt)2 stacking axisEi .
-
a

of
al
tz
o
d

d

t
n-
is
e-

-

dure to describe the structure around 10 600 cm21 ~see Fig.
2!. The application of function~1! to the reflectance data o
@Pd(dddt)2#2AuBr2 for Ei is not very satisfactory~Fig. 2!,
probably due to the two-banded structure, but a better re
is obtained for polarizationE' ~Fig. 3!. In the analogous
way, acceptable fits were also obtained for@Pd(dddt)2#2SbF6
in both polarizations.

On the other hand, the reflectance of@Pd(dddt)2#2TeClx
crystal for polarizationE' was fitted with a simple Drude
dielectric function

«~v!5«`2
vp

2

v~v1 iG!
, ~2!

wherevp ,«` and G have the same meaning as in Eq.~1!.
The fit was made to the data between 1800 and 6500 cm21,
the best fit parameters are«`52.9, vp57200 cm21, G
55650 cm21, and the fit quality is shown in Fig. 3~bottom
panel!.

The fit results allow us to determine the band-struct
parameters for@Pd(dddt)2#2AuBr2 and @Pd(dddt)2#2SbF6
crystals. The effective mass of carriersm* is related to the
plasma frequency by the equation

s
l

FIG. 9. Real part of the dielectric function of the studied cryst
as obtained by Kramers-Kronig analysis for light polarized perp
dicular to the Pd(dddt)2 stacking axisE' .
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TABLE I. Frequencies (cm21) and assignments of vibrational bands for polarizationEi ~see text!.

@Pd(dddt)2#2AuBr2 @Pd(dddt)2#2SbF6 @Pd(dddt)2#2TeClx Assignment

1283w 1292w 1219w
1261w

1196s 1193s 1190s ag(C5C)
1170w

1154s 1154s 1140s ag(C5C)
1124m 1128m 1113s ag(C5C)

1109w
1094m 1098m 1092s ag(C5C)
924m 936m ag~C-S!

913m 892m 908m ag~C-S!
-
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25

4pne2

m*
, ~3!

where n is the concentration of carriers,e is the electron
charge and the values ofvp are derived from the Drude
Lorentz model.29 The concentration of holes was found fro
the structural data23,24 to be n51.26131021 cm23 for
@Pd(dddt)2#2AuBr2 and n51.21931021 cm23 for
@Pd(dddt)2#2SbF6 @assuming one positive charge per tw
Pd(dddt)2 molecules#. For @Pd(dddt)2#2AuBr2 we found
m* /m051.05 andm* /m051.02 for the direction paralle
and perpendicular to the stacking axis, respectively. In
case of @Pd(dddt)2#2SbF6 crystal we obtained the valu
m* /m051.01 for both directions. The effective masses
holes are almost the same in the two main directions
they are nearly equal to the mass of free carriers. Since
studied compounds possess ‘‘two-band’’ electronic structu
it should be emphasized that the estimated effective ma
m* are mean values over LUMO and HOMO holes.

The description of electronic structure may be continu
by applying a simplified tight-binding band-structure mod
proposed by Jacobsenet al.30 to estimate the anisotropy i
the conducting layer. In this model it is assumed that the
response near the plasmon frequency is insensitive to
detailed nature of the short-range electron-electron
electron-phonon interactions, which yield deviations in t
low-frequency range. If transfer integrals parallelt i and per-
pendiculart' are introduced, the band structure can be r
resented as

FIG. 10. Electronic absorption spectrum of@Pd(dddt)2#2TeClx
powders dispersed in KBr pellet~weight concentration 1:2000!
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E~ki ,k'!522t icos~kidi!22t'cos~k'd'!, ~4!

where di is the mean molecular repeat distance along
stacks andd' the repeat distance perpendicular to the stac
The transfer integralt i is an average value along the stac
and t' is a weighted average of several interchain trans
integrals in the correct band structure. Subsequently, we
estimate the optical anisotropy factor (vpi /vp')(d' /di)
which equals to 1.65 for@Pd(dddt)2#2AuBr2 ~molecular re-
peat distancesdi53.89 andd'56.00 Å ) and it has the
value 1.90 for@Pd(dddt)2#2SbF6 ~molecular repeat distance
di53.89 andd'56.04 Å ). For@Pd(dddt)2#2AuBr2 the re-
spective valuet' /t i estimated on basis of the numerical r
sults of Ref. 30 is 0.54, andt'50.10 and t i50.05 eV.
Analogously for @Pd(dddt)2#2SbF6 we obtained t' /t i
50.48, t'50.14, andt i50.07 eV ~Table II!. From these
data it results that in both salts the bands are nearly isotr
and the expected Fermi surface is closed.

C. Sum rule

When one-electron model is applicable, the electro
structure parameters can be achieved by the standard p
sum rule31

I s~v!5
2

«0pE0

v

s~v8!dv8, ~5!

F m0

m*
GNe f f~v!5

m0«0

64Nce
2

I s~v!, ~6!

where m* is the effective mass of the carriers,m0 is the
electronic mass,Nc is the number of conduction electron
per unit volume, and in the case of the saturation limitI s(v)
is vp

2 . Deviations from such behavior will lead to a satur
tion limit of I s(v) being lower thanvp

2 .
In Fig. 11 we showI s(v) andvp

2 for @Pd(dddt)2#2AuBr2

crystal ~upper panel! and @Pd(dddt)2#2SbF6 crystal ~bottom
panel! estimated from the optical conductivity parallelEi
and perpendicularE' to the stacking direction. In order to
calculate the values of the integralI s(v), the optical con-
ductivity was extrapolated tov→0 using a constant value
While only a small deviation from the sum rule~5! is found
for polarization E' , the deviation for polarizationEi is
higher, especially in the case of@Pd(dddt)2#2SbF6. This de-
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TABLE II. Transport parameters obtained from the analysis of the reflectance spectra by the
Lorentz model.

Salt Polarization «` v0 (cm21) vp (cm21) G (cm21) m* /m0 t (eV) 4t (eV)

@Pd(dddt)2#2AuBr2 Ei 3.3 5510 5700 2240 1.05 0.05 0.20
E' 3.9 2620 5320 1890 1.02 0.10 0.40

@Pd(dddt)2#2SbF6 Ei 2.4 4930 6730 4150 1.01 0.07 0.28
E' 3.6 2660 5490 2680 1.01 0.14 0.56
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viation may be due to electron–molecular vibration~EMV!
coupling as well as short-range electron-electron inter
tions. Since the EMV-coupling phenomena are only found
the direction parallel to the stacking axisEi and the devia-
tions from Eq.~5! dominate in this direction, we suggest th
the EMV coupling contributes to a high extent to this dev
tion. Nevertheless, a contribution of the electron-electron
teractions can be also considerable.

In the stacking directionEi , the value ofI s(v) at first
rises in the low-frequency region, begins to level off at
value near 1.0131030 s22 and 0.6431030 s22 in the near
infrared for @Pd(dddt)2#2AuBr2 and @Pd(dddt)2#2SbF6, re-
spectively, and then rises rapidly again above the onset o
high-frequency electronic bands, reaching 5.4231030 s22 at
21 900 cm21 for @Pd(dddt)2#2AuBr2 and 5.0231030 s22 at
21 400 cm21 for @Pd(dddt)2#2SbF6. From the plateau value
of the integrated oscillation strengths in the ne
infrared, assuming Ne f f for @Pd(dddt)2#2AuBr2 and
@Pd(dddt)2#2SbF6 to be 0.5, we estimatem* 51.00m0 and
m* 51.56m0, respectively.

In the direction perpendicular to the stacking axisE' ,
I s(v) rises rapidly in the low-frequency region, begins

FIG. 11. Sum rule calculations based on the optical conducti
data for @Pd(dddt)2#2AuBr2 ~upper panel! and @Pd(dddt)2#2SbF6

~bottom panel!. The straight lines represent the plasma frequenc
obtained by fitting of the Drude model to the dispersion of refl
tance.
c-
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level off at a value near 0.6431030 s22 and 0.9631030 s22

in the near infrared for @Pd(dddt)2#2AuBr2 and
@Pd(dddt)2#2SbF6, respectively, and then rises rapidly aga
above the onset of the high-frequency electronic ban
reaching 1.6131030 s22 at 21 700 cm21 for
@Pd(dddt)2#2AuBr2 and 2.2131030 s22 at 21 500 cm21 for
@Pd(dddt)2#2SbF6. From the plateau values of the integrat
oscillation strengths in the near infrared, assumingNe f f of
@Pd(dddt)2#2AuBr2 and @Pd(dddt)2#2SbF6 to be 0.5, we es-
timate m* 51.56m0 and m* 51.02m0, respectively. These
data and the effective masses calculated from plasma
quency are compared in Table III.

D. Electron-phonon coupling

It is well known that in conducting charge transfer cry
tals the electrons interact strongly with the totally symmet
vibrations of molecules~so calledag modes! and strong
bands corresponding to this interaction dominate their
spectra.18,27In organic conductors formed by the TTF deriv
tives the strongest electron–molecular vibration~EMV!–
coupling effect is observed for the C5C stretching vibra-
tions. For example, BEDT-TTF molecule has two C5C
vibrations of ag symmetry: n2(ag)51551 cm21 and
n3(ag)51493 cm21.32 These modes are coupled stretchi
vibrations of both central and ring C5C bonds and their
proximity leads to a strong mixing. In theM (dddt)2 and
M (dmit)2 complexes the central C5C bond is replaced by a
metal, therefore, their salts are good systems for invest
tions of the interactions between electrons and the C5C ring
bond vibrations. In Ni(dmit)2 there is one C5C normalag
mode at 1408 cm21.33 Similarly asM (dmit)2, theM (dddt)2
complex has one totally symmetricag mode attributed to
C5C stretching: the Raman scattering experiments h
shown that for neutral Pd(dddt)2 molecule this mode lies a
1350 cm21.26

The EMV coupling phenomena in conducting charg
transfer salts were analyzed in terms of various models
pending on structure of the molecular stacks. Microsco
theories for regular stacks or stacks consisting of qu
isolated dimers, trimers, tetramers orn-mers have been
developed.34 In the studied crystals the conducting laye
consist of Pd(dddt)2 dimers, therefore, the model of isolate
dimers with one unpaired electron seems to be the most
propriate. However, as discussed above, the vibrational C5C
mode of Pd(dddt)2 is split into a doublet, as was also foun
in the IR spectra of Pt(dddt)2 and Ni(dddt)2 salts.19,20 The
origin of the doublet structure should be explained by
proposed model of electron-phonon coupling.
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TABLE III. The effective mass of the carriers calculated for@Pd(dddt)2#2 for @Pd(dddt)2#2SbF6 and
@Pd(dddt)2#2AuBr2

The ratio m*/m0 calculated @Pd(dddt)2#2AuBr2 @Pd(dddt)2#2SbF6

Ei E' Ei E'

From sum rule 1.00 1.56 1.56 1.02
From vp5(4pne2/m* )1/2 1.05 1.02 1.01 1.01
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In general, the splitting ofag phonon modes is attribute
to unevenly localized charge distribution between the m
ecules forming the salt. The frequency ofag mode depends
on the equilibrium charge distribution and coupling of d
ferent oscillators with charge-transfer results in a double34

However, such explanation seems to be not appropriat
our case since only one line in the C5C region was found in
Raman spectra of@Pd(dddt)2#2SbF6 and@Pd(dddt)2#2AuBr2

salts,26 proving thus an uniform distribution of charge de
sity between the Pd(dddt)2 monomers in dimers. The poss
bility that splitting is a consequence of the coupling of theag

mode with intra- and interdimer charge-transfer excitatio
should be also ignored since the oscillator strength is ne
evenly distributed between the two peaks of the doublet.

We suggest that theag mode splitting should be related t
the existence of the ‘‘two-band’’ electronic system in t
studied materials. The doublet is a consequence of coup
of C5C ag phonon mode with HOMO and LUMO electron
As shown above~see, e.g., Fig. 4!, one can distinguish a
least two CT2 charge-transfer excitations in the electron
spectra for the polarization parallel to the stacking axisEi .
These bands could be related to the charge-transfer tra
tions of different electrons~HOMO or LUMO! which inter-
act with theag phonon mode yielding the doublet structur
However, as mentioned above, in the@Pd(dddt)2#2TeClx
crystal there exist molecules with different charge dens
i.e., Pd(dddt)2

0, Pd(dddt)2
0.51 and Pd(dddt)2

1 . The frequency
of the totally symmetric C5C vibration decreases gradual
with decreasing the number of valence electrons in
M (dddt)2 complexes.26 Consequently, different doublets i
IR spectrum of @Pd(dddt)2#2TeClx could be assigned to
Pd(dddt)2 moieties with different charge. We relate tent
tively the doublet at 1190 and 1140 cm21 to the
Pd(dddt)2

0.51 and the weaker doublet at 1113 and 1092 cm21

to Pd(dddt)2
1 ions. It is to be supposed that i

@Pd(dddt)2#2TeClx the concentration of Pd(dddt)2
1 ions is

quite large, therefore, the respective peaks are relati
strong.

In @Pd(dddt)2#2SbF6 and@Pd(dddt)2#2AuBr2 salts the av-
erage charge residing on Pd(dddt)2 equals to10.5e and the
vibration of Pd(dddt)2 molecules with such charge densi
couple with HOMO and LUMO electrons yielding two pea
at about 1195 and 1154 cm21 ~Table I!. At lower frequency
in the spectra of@Pd(dddt)2#2SbF6 and @Pd(dddt)2#2AuBr2
salts we find also two doublets: 1128 and 1098 cm21, 1124
and 1094 cm21, respectively. Similarly as in
@Pd(dddt)2#2TeClx salt, these doublets could be related
the Pd(dddt)2

1 ions. However, in these salts the Pd(dddt2
1

ions are not so numerous as in@Pd(dddt)2#2TeClx , there-
fore, the respective bands are much weaker.
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The EMV coupling phenomena in@Pd(dddt)2#2AuBr2
and @Pd(dddt)2#2SbF6 salts have been analyzed in terms
the model of isolated Pd(dddt)2 dimer. The solution of
EMV-coupling problem for an isolated tetracyanoqui
odimethane~TCNQ! dimer with one electron per two TCNQ
molecules has been given by Rice, Yartsev, and Jacobs35

The complex dielectric function is

«~v!5«`1

4pne2d2
2t2

vCT

vCT
2 @12D~v!#2v22 ivG

, ~7!

where vCT determines the position of the charge-trans
peak in the absence of vibrational coupling,G is an elec-
tronic relaxation rate,«` is the background dielectric con
stant, t is the chain-axis transfer integral,d is the spacing
between the molecules andn5N/V is the molecular density
(N is the number of molecules in the cluster andV is the
volume of the system!. The function

D~v!5(
a

lava
2

va
22v22 ivga

, ~8!

is the phonon propagator. Theva andga refer to the unper-
turbed resonant frequencies of the totally symmetric vib
tional modes and corresponding linewidths, respective
The la are dimensionless coupling constants, related to
electron–molecular vibration~EMV!–coupling constantsga
by

la5
8t2ga

2

vCT
3 va

. ~9!

TABLE IV. The calculatedag mode frequencies and linea
electron–molecular vibrational–coupling constants, and the
bronic parameters used in the dimer model fit to@Pd(dddt)2#2SbF6

and @Pd(dddt)2#2AuBr2

@Pd(dddt)2#2AuBr2 @Pd(dddt)2#2SbF6

«` 3.4 «` 2.4
t (eV) 0.27 t (eV) 0.28
vCT (cm21) 5500 vCT (cm21) 4900
G (cm21) 2240 G (cm21) 2700
2D (eV) 0.42 2D (eV) 0.24

va (cm21) ga (cm21) la va (cm21) ga (cm21) la

1306 961 0.16 1309 831 0.18
1175 161 0.005 1172 144 0.00
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We have analyzed our infrared results within the fram
work of this isolated dimer model taking into account t
available structural data. The fit of the dimer model to t
experimental data was done in two ways using a nonlin
least-squares method and the procedure described
Ref. 35. Firstly, the model was fitted separately to ea
component of the doublet structure and the followi
dimensionless EMV-coupling constants were obtain
for @Pd(dddt)2#2SbF6 salt l(1193 cm21)50.17 and
l(1154 cm21)50.24; for @Pd(dddt)2#2AuBr2 salt
l(1196 cm21)50.15 andl(1154 cm21)50.21; neverthe-
less the fit was rather unsatisfactory. Subsequently, we in
duced to the model an additional phonon mode
1175 cm21 to simulate the low-frequency component of t
doublet structure and performed calculation using the sa
parameters describing electronic transitions as in the
method. This approach gave much better agreement with
perimental reflectance: the suitable parameters are liste
Table IV and the fit qualities are shown in Fig. 12. Bo
calculations gave similar values of the EMV-coupling co
stants for the high-frequency component of the doublet st

FIG. 12. Fit of the dimer model~dotted line! to the reflectance
spectra of@Pd(dddt)2#2SbF6 and @Pd(dddt)2#2AuBr2 crystals for
polarization parallel to the stacking axisEi ~solid line!.
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ture, therefore, we believe that this is a proper estimation
the parameter describing the EMV coupling for C5C mode
of Pd~dddt!2. The EMV-coupling constant for the low
frequency component is probably larger as results from
calculation using the first approach. Nevertheless, we wan
emphasize that our analysis in terms of the dimer model i
be considered as a preliminary approach, since a pro
model should generate the doublet structure. The work
under progress.

V. CONCLUSIONS

In this paper, we have presented and discussed the in
red spectra of three Pd(dddt)2 charge-transfer salts in whic
Pd(dddt)2 donors are arranged to form strongly dimeriz
stacks. A systematic analysis of the spectra allowed us
obtain important information about the electronic structu
and various interactions in these organic conductors.
though the compounds show metallic-like behavior at ro
temperature, the spectral studies revealed the energy ga
electronic excitation spectra. The charge-transfer featu
confirm the existence of two-band electronic structure. In
the salts, due to the short-range electron-electron
electron-phonon interactions, the low-energy electronic d
persion deviates strongly from a simple Drude-Loren
model. Average transfer integrals were derived for the dir
tions both parallel and perpendicular to the Pd(dddt)2 stacks.
Our data confirm that the crystals are two-dimensio
conducting salts in which side-by-side interactions betwe
the neighboring stacks exceed those of face-to-face type
tween the dimers in stacks. Spectral features related to
electron–molecular vibration–coupling phenomena w
analyzed in terms of the dimer model and suitable coupl
constants were estimated. The origin of doublet structure
the C5C vibrational bands is discussed in terms of the co
pling with LUMO and HOMO electrons. Our spectral da
prove that the electronic charge-transfer excitations
Pd(dddt)2 salts should be studied in more detail.
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