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The electronic structure of the organic conductors bis-tetramethyltetraselenafulvalene-X
[(TMTSF),X] and bis-tetramethyltetrathiafulvalene-X [(TMTTF),X] has been investigated by means
of polarized optical and infrared reflectance measurements. Analysis of plasma edges in reflectance
is used to extract information on transfer integrals. Measurements of infrared reflectance provide
information on the energy of charge-transfer processes and on electron-molecular vibration cou-
pling. Far-infrared measurements allow comparison with low-frequency transport properties, and
give clues to the transport mechanisms. The main results may be summarized as follows: The
(TMTSF),X class of materials has chain-axis transfer integrals of order 0.25 eV at 300 K and 0.28
eV at 30 K. The b-axis transfer integral is found to vary from 18 to 24 meV for different X. The
(TMTTF),X class has a chain-axis transfer integral of the order 0.18—0.20 eV. No b-axis plasma
edge is observable. The infrared conductivity spectra of the materials consist of a broad electronic
band with superimposed vibrational fine structure. The band is centered at 300 cm~! in the best
(TMTSF),X conductors and at 2200 cm™~! in (TMTTF),PFg, an organic conductor of moderate con-
ductivity. The electron-molecular vibration coupling constants for TMTSF and TMTTF appear to
be qualitatively similar to those of TTF (tetrathiafulvalene). A new feature is the observation of
considerable coupling to modes involving methyl groups, suggesting that a sizable charge density is
located near these groups. The electronic band in (TMTSF),PF, sharpens at low temperature, and a
pseudogap at 180 cm~! is formed at temperatures above the metal-insulator transition. This
behavior is discussed in terms of a possible spin-density-wave contribution to the conductivity. The
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spin-density-wave amplitude is estimated to be 0.02u 5.

I. INTRODUCTION

Organic conductors based on the donor molecules
TMTSF (tetramethyltetraselenafulvalene) and TMTTF
(tetramethyltetrathiafulvalene) combined in a 2:1 ratio
with various monovalent, inorganic ions (such as PFg™,
AsF¢~, ClO,~, ReO,, Br—, etc.) are of great current in-
terest.”? The TMTSF group comprises mostly good or-
ganic metals, typically with conductivities o(300 K)=600
Q 'cm~!, and o(T)~T~2 (Ref. 3). Observed ground
states include superconductivity®® (T, =1 K, ambient or
small hydrostatic pressure), antiferromagnetism,®~% and
nonmagnetic insulators.” The TMTTF group contains
generally organic metals in the intermediate class
[0(300 K) =1—100 @~ !cm™!] with broad conductivity
maxima and semiconducting behavior at low tempera-
tures.!® The application of high pressure induces metallic
behavior!! and makes the materials look more like the
selenium analogs, although superconductivity has not been
safely identified. In both classes it is found that counter-
ions with lower than octahedral symmetry often perturb
the electronic properties through order-disorder transfor-
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mations, which change the crystal symmetry.'?

Several features are identical for all materials in the two
groups. Most important are the crystal structure and the
band filling. The triclinic unit cell'*!* contains one anion
and two donor molecules with a slipped overlap, qualita-
tively like that of the TTF stack in TTF-TCNQ
(tetrathiafulvalene-tetracyanoquinodimethane).’> Howev-
er, in contrast to TTF-TCNQ, the stacking axis (a) is al-
most normal to the molecular plane, resulting in a zigzag
type of stack. Neighbor stacks interact through short in-
termolecular separations forming sheets of molecular
stacks (along the b axis) alternating with sheets of anions
(along the ¢ axis). Thus a highly anisotropic band struc-
ture results.

The basic one-electron, one-dimensional band structure
is sketched in Fig. 1. The conduction band is a half-filled
hole band. The small gap at the zone edge follows from a
small dimerization associated with the zigzag structure.
The size of this gap (as estimated from intermolecular dis-
tances) is normally assumed to vary strongly from materi-
al to material and may have implications for superconduc-
tivity, etc.!®
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FIG. 1. One-electron, one-dimensional band structure of

(TMTSF),X and (TMTTF),X in the stacking direction. Note
that the lattice constant a comprises two organic molecules.

Attractive features which make physical interpretation
simpler include the presence of one kind of stack only, the
virtual absence of mixing between excitations in the
molecular plane and excitations in the stacking direction
(except for the anomalous vibrational features discussed
below), and a charge density given by stoichiometry.

The purpose of the present paper is to describe experi-
ments on optical and infrared properties, which we have
made over the last few years. We shall discuss the impli-
cations of these studies for band structure, electron-
molecular-vibration (emv) coupling, phase transitions, and
conductivity mechanism. Preliminary results have previ-
ously been reported in Refs. 17 and 18. Related to our
work has been the studies by Kikuchi et al.'® on the
overall optical properties of (TMTSF),ClO,, the work on
vibrational assignments and emv coupling by Bozio and
co-workers,”®?!  and far-infrared investigations on
(TMTSF),C10, by Ng et al.?*?* and Challener et al.?*
Helberg® has conducted studies concerning the orienta-
tion of the principal axes in the visible range.

The plan of the paper is the following. First, we discuss
experimental procedures. Next, we address the electronic
structure of these materials for a, b, and ¢ polarizations.
We then describe in some detail the signatures of emv
coupling and the distribution of oscillator strength in the
chain-axis direction. For the single case [(TMTSF),PFg]
where far-infrared spectra have been obtained, we give a
detailed analysis of the data and discuss our results in re-
lation to the dc transport properties.

II. EXPERIMENTAL

Single crystals of the materials were prepared electro-
chemically as described elsewhere.®> Microanalysis showed
2:1 stoichiometry within experimental limits (0.5%). All
samples were elongated in the a-axis direction and had
most often reasonable quality (001) faces. Measurements
have been done for the electric field along the stacking a-
axis direction, and along the b’ axis, which designates the
direction in the a-b plane, which is perpendicular to the a
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axis. A few samples have been investigated in unidenti-
fied faces in directions approximately perpendicular to a
and b'.

In a triclinic crystal nothing can be said a priori about
the optical axes. However, the observed conductivity an-
isotropies® suggest that a and b’ are principal axes at low
frequencies, where charge-transfer excitations dominate,
i.e., in the infrared range. Helberg?® has found that a is a
principal axis through the visible as well, although the
other axes rotate in this range. Thus the measured b’-axis
spectra are not representative of a principal axis in the en-
tire frequency range.

Owing to the opaque nature of the crystals, all measure-
ments were done as reflectance. As reflectance standard
we used evaporated gold or aluminum giving an accuracy
of order 1% on the absolute value.

Various instruments were employed. The far infrared
(10—700 cm~!) was covered with a Michelson interferom-
eter, combined with a wire grid polarizer and a cooled
bolometer detector. Two Perkin-Elmer grating mono-
chromators (PE-16U and PE-98) provided radiation in the
(350—20000)-cm ! range. Some measurements in the
(5000—30000)-cm ! range were done with a fused quartz
prism monochromator (PE-98). A Perkin-Elmer polarizer
(gold grid on AgBr) was used from 350—5000 cm™!,
while Glan-Thompson prisms and plastic (dichroic) polar-
izers were used at higher frequencies. A variety of detec-
tors has been employed including thermocouples, PbS
cells, Golay cells, and photomultipliers. As radiation
sources, a mercury arc, a Globar, a tungsten filament
lamp, and a xenon high-pressure arc have been used for
the far infrared, intermediate infrared, near infrared, and
visible to near ultraviolet, respectively.

Most measurements were done on single crystals, a few
mm long and up to 0.5 mm wide. However, for far-
infrared and in some cases intermediate-infrared measure-
ments, mosaics of optically aligned crystals were con-
structed to ensure an acceptable S /N ratio. After the pri-
mary reflectance measurements these mosaics were
covered with gold and the measurements repeated. In this
way the effective filling factor of the mosaic can be reli-
ably estimated, and simultaneously undesired diffraction
or interference effects of the mosaic are revealed. Such ef-
fects were only observed in the very far infrared, for El |b’,
where the small crystal dimension is comparable to the
wavelength of the radiation. In the data presentation, it
has been assumed that the gold-covered mosaic provides a
usable reference spectrum.

Low-temperature spectra were obtained by thermally
anchoring the sample to a controlled cold finger. Radia-
tion shields with suitable holes were used. However, in all
cases a considerable amount of 300-K radiation was ab-
sorbed in the sample. To estimate the actual sample tem-
perature, a TTF-TCNQ crystal was placed in the sample
position, and the well-known resistivity versus tempera-
ture of this material®® was used as a calibration. The re-
flectance and absorbance properties of TTF-TCNQ (Ref.
27) are quite comparable to those of the (TMTSF),X ma-
terials in the range of 300-K radiation. It has been found
that with the mounting technique employed sample tem-
peratures cannot be lowered below about 25 K.
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III. ELECTRONIC STRUCTURE
OF THESE COMPOUNDS

In Fig. 2 is presented typical near-infrared—visible-
reflectance spectra of (TMTSF),AsF¢ and (TMTTF),PF,
taken at 300 K for polarizations along a and b’. The
broad features are identical to those found in many other
organic conductors, as, for example, TTF-TCNQ (Ref.
28): The stacking direction (a) displays a sharp drop in
the near infrared with a minimum at 8000 and 7600 cm ~!
for the two materials, respectively. The position agrees
with earlier studies on (TMTSF),PF¢,!” (TMTSF),ClO,,"’
and on polycrystalline samples of the (TMTTF),X salts.!°
This reflectance edge is associated with the plasma
behavior of the conduction electrons. From the minimum
and up through the visible no transitions can be identified.
In contrast, TTF-TCNQ displays a number of bands for
polarization along the chain axis.?®

A. Molecular excitations in the transverse direction

For E| |b" the reflectance is low and rather dispersion-
less throughout the range: Here the materials are highly
anisotropic. In the visible at least two absorption bands
can be seen. In (TMTTF),PF¢ there is a band at 17000
cm~! and a shoulder at 22000 cm~!. The bands in
(TMTSF),X can be seen more clearly in Fig. 3(a), where
two polarizations perpendicular to the chain axis in
(TMTSF),SbFg are shown, and in Fig. 3(b) where the tem-
perature dependence for (TMTSF),AsF¢ along b’ is
presented. There are two distinct absorption bands at ap-
proximately 15000 and 18000 cm ™! and a rise towards
another band above 25000 cm~'. There may be a weak
band near 10000 cm~!. Similar bands were found by Ki-
kuchi et al.!® in (TMTSF),ClO, (b’) and must therefore be
characteristic for the TMTSF stacks.

An interesting feature is that the 18000-cm ™! band is
strongest in the b’ polarization, while the 15000-cm~!
band is strongest in the other polarization. The long axis
of the TMTSF molecule is about 65° off the b’ axis.!
Thus it appears that the 15000-cm ™! transition is polar-
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FIG. 2. Polarized room-temperature reflectance of

(TMTSF),AsF¢ and (TMTTF),PF¢ from 5000 to 27000 cm—!.
The stacking axis a corresponds to ||, while 1 is the b’ direction.
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FIG. 3. Polarized reflectance of (TMTSF),X perpendicular to
chain axis. (a) (TMTSF),SbF for two different polarizations at
T=300 K, and (b) (TMTSF),AsF¢ for ﬁ| |b' at T=300, 100, and
30 K. The frequency range is 5000—27 000 cm !,

ized along the long axis of the TMTSF molecule, while
the 18000-cm~! band is polarized along the short axis.
The main effect of lowering the temperature is a sharpen-
ing of the bands.

According to the work by Zahradnik et al.?® on TTF+
and by Gleiter et al.?° on the neutral molecules, the con-
duction electron resides in a b;, orbital with lowest al-
lowed transitions to and from b,, and b3, orbitals. Solu-
tion spectra indicate the presence of a weak absorption
band at lower energy than the others, tentatively identified
as a forbidden b;,—a, transition allowed by vibronic
coupling. If the 10 000-cm ™! band is real, it may be due
to the latter transition, and thus opens the possibility of an
excited level about 1.2 eV from the bottom of the conduc-
tion band. This is comparable to the one-electron band-
width estimated below. The 15000-cm~! excitation
should then be to or from a bj; level, while the 18 000-
cm~! band corresponds to a transition to or from a by
level. These assignments are based on the observed polari-
zations.>°

We note that the spectrum is qualitatively different
from those of (TMTTF),PF (presented here),
(TMTTF)Br,,3! and (TSF)Br,,>! which all show a strong
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band in (15000—18 000)-cm~! range and a weak shoulder
at 22000 cm~!. Thus it is conceivable that the electronic
structure of TMTSF may deviate in a qualitative way
from other tetrachalcogenafulvalenes. This point deserves
further clarification.

B. Chain-axis transfer integral

Returning now to the chain-axis polarization, the ab-
sence of bands in the visible is a clear consequence of the
orientation of the molecules. The transition dipoles of
low-lying intramolecular transitions are close to perpen-
dicular to the stacking axis. However, any charge-transfer
excitation along the stack would be observed. It seems
that there is only one such charge-transfer band, i.e., that
associated with the plasma edge. There is no sign of local-
ized excitations corresponding to double occupancy on
TMTSF molecules (the so-called U band). Such excita-
tions are seen in several TTF halides,?! but may be expect-
ed to be very weak when the carrier density is low.3?

In Fig. 4 we show the temperature dependence of the
E]Ia spectrum of (TMTSF),AsFs. The only significant
change is a small blue shift (=500 cm™!) of the plasma
edge on cooling. A similar shift has been observed in
(TMTSF),ClO, by Kikuchi et al.,'° and is quite similar to
the shift of the edge in TTF-TCNQ.* The shift may be
associated with thermal contraction, which results in an
increase in bandwidth.

The near-infrared chain-axis reflectance of organic con-
ductors is customarily analyzed in terms of the Drude
model for the dielectric function:

o) @ (1)

€w)=€, ooil)
o, is the bare plasma frequency, €, is the background
dielectric constant, and I is a relaxation rate. This model
is indeed found to represent the TMTTF and TMTSF ma-
terials very well in the vicinity of the plasma edge, in part
because unlike the TCNQ salts, there are no absorption
bands near the edge to take into account.

Assuming a one-electron band, w, is given by>*

l aZGk

_ak_,i flex) )

wh=(e?/#€) 3,

BZ

where BZ represents the Brillouin zone, f(€;) is the
Fermi-Dirac occupation number, and d%;/dk}, indicates
a derivative along the polarization of the electric field.
For a one-dimensional tight-binding band with transfer
integral ¢, intermolecular spacing d, volume per molecule
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FIG. 4. Chain-axis reflectance of (TMTSF),AsF¢ at T =300,
100, and 30 K. The frequency range is 5000—27 000 cm™!. No-
tice the logarithmic reflectance scale.

Vm, and number of carriers per molecule p, Eq. (2) yields
(at T=0)

2 4td%e? .
=——F5__SIn

= Tp
P eV,

> (3)

Here d =a /2 and p=0.5. Thus the dimerization associat-
ed with the zigzag structure is neglected, making the re-
sulting transfer integral an average value.

Table I gives Drude parameters and transfer integrals
for (TMTSF),AsFg at three temperatures, and for
(TMTSF),PF¢ and (TMTTF),PF4 at room temperature.
The Drude parameters have been obtained by fitting Eq.
(1) to the logarithm of reflectance. In this way the plasma
minimum and the low values of reflectance above the edge
are well reproduced, ensuring a precise determination of
o, and €,. The results for (TMTSF),AsFs and
(TMTSF),PF¢ compares very well with those reported by
Kikuchi et al.'® on (TMTSF),ClO,. Other materials like
(TMTSF),SbF¢ and (TMTSF),ReO, are found to have
very similar edge positions. Thus it appears that the
whole (TMTSF),X group has nearly the same w, =9900
cm™!+29% at room temperature, with a 5% increase on
cooling. In TTF-TCNQ w, increases about 10% on cool-
ing,3? but this is partly due to a change in carrier density.
Eliminating this carrier density change the shifts are al-
most identical.

Estimates of transfer integrals based on Eq. (3) are gen-
erally found to be reliable for highly conducting organic
salts in the sense that they vary consistently with expecta-

TABLE 1. Drude parameters and transfer integrals for the chain axis.

Material T (K) €. w, (em™!) ' cm™) t; (eV)
(TMTSF),AsFg 300 2.56 9940 1230 0.25
(TMTSF),AsF; 100 2.52 10270 1030 0.27
(TMTSF),AsF; 30 2.55 10470 1160 0.28

(TMTSF),PF 300 2.42 9700 1520 0.25
(TMTTF),PFq 300 2.50 8 860 1380 0.20
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tions from material to material,>! with varying tempera-
ture,’® and so forth. The value found for (TMTSF),X,
t,=0.25 eV at room temperature, is surprisingly large.
However, estimates of this quantity based on thermoelec-
tric power, which depends on both the band structure and
the details in the scattering mechanism, give ¢, =0.35 eV,
assuming acoustic one-phonon scattering.>> Also a recent
reanalysis of TMTSF-DMTCNQ (dimethyltetracyano-
quinodimethane),36 yields t=0.25 eV for the TMTSF
stack. This stack is regular, with a slipped overlap almost
identical to that in (TMTSF),X.

A relevant material for comparison is TSF-TCNQ.
TSF (tetraselenafulvalene) is the parent molecule of
TMTSF (i.e., with no methyl groups). The overlap pat-
tern of TSF molecules in TSF-TCNQ (Ref. 37) is similar
to that of TMTSF in (TMTSF),X. The interplanar dis-
tances are 3.52 and 3.65 A, respectively. Thus if the
methyl groups had no drastic effects on the orbital, the
TSF stack would be expected to have a slightly larger ¢
than a TMTSF stack. In contrast, Welber et al.3® find
t=0.15 eV for the TSF stack. Although this value de-
pends on an estimate for the TCNQ stack in this material,
to make it much larger would be inconsistent with the
data. The main conclusion of this discussion is that the
attached methyl groups do indeed significantly perturb the
highest occupied molecular orbital in TMTSF in a way to
enhance the stacking overlap. Molecular vibration studies
(see below) indicate that charge may be displaced towards
the methyl groups.

The results for (TMTTF),PF¢ given in Table I should
be regarded with reservation. The material is not highly
conducting [0(300 K) ~20 Q~'cm™!].!1° Also infrared
measurements, reported below, indicate that the charge-
transfer band is centered around 2200 cm ™!, which is not
vanishing compared to w,. Fitting to a Drude-Lorentz
model
@y

B (coz—a)é-r)—i—icol" ’

Aw)=€, (4)
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where #wcr is the energy of the dominant charge-transfer
excitation, yields w, =8600 cm™', which with the model
of Eq. (3) gives 1~0.18 eV. However, this model is diffi-
cult to reconcile with a low dc conductivity and a charge-
transfer band at such a high frequency. So a considerable
uncertainity in the estimate of ¢ for (TMTTF),X remains.

C. Transfer integral perpendicular to chain axis

In this section we present and discuss data relevant to
the so-called transverse plasma edge in (TMTSF),X.!718
Figure 5 gives the b’-axis reflectance of (TMTSF),PFg at
300 and 25 K from O to 1800 cm~!. At 300 K, R drops
rapidly from unity and becomes rather flat above 500
cm~!. The peaks at 560 and 835 cm~! are due to vibra-
tional modes in the PF~ ion.>® At 25 K the overall re-
flectance remains rather high up to 700 cm™!, while it
drops rapidly to low values on the high side of the split
PF¢~ bands. The rise in reflectance occurs gradually with
cooling; there is no indication of a sudden transition. A
minimum is located around 1200—1400 cm™!, while at
higher frequencies R reaches a level of about 9% with no
significant structure until the visible. In addition to these
overall features, there is considerable vibrational fine
structure in the far infrared.

We understand this behavior as arising from metallic
properties in the b’ direction: At 300 K the plasma edge
is overdamped, while at 25 K it is reasonably sharp, al-
though with a lot of superimposed features from molecu-
lar vibrations. Figure 6 presents the corresponding
frequency-dependent conductivity as obtained from
dispersion analysis.>* As expected o,(w) is rather flat at
room temperature. The extrapolated dc level is about 20
Q~'em™!, a bit higher than the reported® value of 4
Q- 'em~!. At 25K o,(w) rises below 1000 cm ™!, reach-
ing a level near dc of 140 Q- 'cm™!, again larger than the
dc conductivity,*® which is 30 Q !em~!. It seems con-
ceivable that the dc conductivity is inhibited by macro-
scopic defects.
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FIG. 5. Polarized reflectance for ﬁ| |b' of (TMTSF),PFg at T=25 and 300 K. The frequency range is 10—1800 cm™ L,
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FIG. 6. Frequency-dependent conductivity of (TMTSF),PF¢ for E| |b’, as obtained by dispersion analysis of reflectance data. Data
are given for T=25 and 300 K in the frequency range 10—1800 cm~".

At both 25 and 300 K we note that most of the vibra-
tional lines appear as superimposed bands with no clear
evidence for coupling effects. One exception may be the
dip in 0,(w) below 100 cm~! at 25 K. Apart from this,
there is no evidence for a gap along b’. In order to verify
the interpretation of the b’-axis spectra, we have per-
formed a series of measurements on other materials.

Figure 7 shows the b’-axis reflectance for
06 T T T T T
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FIG. 7. Polarized reflectance for E||b’ of (TMTTF),PF; at
T=30 and 300 K. The frequency range is 500—1500 cm™..

(TMTTF),PF¢ at 300 and 30 K in the range 600—1500
cm~!. The only spectral feature is the 835-cm~! PF¢™
line; there is no rise in reflectance level as temperature is
lowered. A similar check has been done on (TMTTF),Br,
which is the best metal in the TMTTF group, down to 300
cm~!; again no sign of metallic behavior is seen. These
data show that the high b'-axis reflectance level in
(TMTSF),PF¢ occurs only for the TMTSF chain system.
Inspection of the crystal structure'® suggests that the plas-
ma edge is associated with transfer of charge from
TMTSF stack to neighbor TMTSF stack. The transfer is
mediated by a rather high transfer integral. A change in
the donor molecule from selenium to sulfur apparently di-
minishes the transfer integral considerably, so that the rise
in reflectance is unobservable in the measured range.

In the third crystallographic direction the transfer in-
tegral should be negligible and no rise in R is expected.
Figure 8 shows the low-temperature reflectance of
(TMTSF),AsF¢ along b’ and along the direction, which is
approximately perpendicular to @ and b’. Clearly no edge
is seen in this third dlrectlon, the main feature again being
a counterion absorption line.>

As final examples we show in Fig. 9 the b’-axis edges in
(TMTSF);SbFs and (TMTSF),ClO,. The 300-K b-axis
lattice constant in (TMTSF),SbFs is*! 7.728 A while in
(TMTSF),CIO, it is** 7.678 A. The latter material has
one of the most dense packings in the family, and it ap-
pears from Fig. 9 that this packing results in a significant
blue shift of the transverse plasma edge, as might be ex-
pected.

For more quantitative estimates we have fitted the
Drude model of Eq. (1) to the low-temperature edges of
different materials. The sharp anion lines are modeled by
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FIG. 8. Polarized reflectance for E||b’ and E~||c* of
(TMTSF),AsF¢ at T=30 K. The frequency range is 400—1400
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including extra oscillators. We have assumed the back-
ground dielectric constant to be the same, €,=3.5, in all
cases, as estimated from the reflectance level in the
(3000—4000)-cm™—! range. Results based on room-
temperature spectra show little change in oscillator
strength, but are less accurate. In our earlier paper17 we
used a simple effective mass model to estimate the
transfer integral from the plasma frequencies. As pointed
out by Kwak,* the proper analysis also involves the chain
axis transfer integral. For a simplified approach we con-
sider a rectangular lattice with a tight-binding band

e(ky,ky)=2t,cos

ka% +2t,cos(kyb) . ®)

Assuming an open Fermi surface and ¢, <<t, we obtain
from Eq. (2)

2 2\/5 e2b2 i

@ = B (6)
PP eV, a

Thus apart from prefactors, the oscillator strength is
suppressed by a factor of #,/¢,. This is a result of the
open Fermi surface, which produces many cancellations in
the contributions to Eq. (2).

In Table II are given the resulting plasma frequencies
and transfer integrals. Note that ¢, correlates well with
the b-axis lattice constant. Note also that 7, ~0.1¢, so that
the assumption that ¢, <<t, may be questionable. Howev-
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er, the values given are in reasonable agreement with re-
sults from band-structure calculations reported by
Grant.** The implied band-structure anisotropy varies
from 15 in (TMTSF),SbF¢ to 12 in (TMTSF),ClO,. It
should be noted that the transverse bandwidths are of or-
der 800—1100 K, so that the b-axis band curvature is sig-
nificant at all temperatures of interest.

D. Chain-axis intraband excitations

Apart from slight shifts in the position of the plasma
edge, the near-infrared chain-axis spectra of different ma-
terials look the same. As we shall see, this is not the case
in the infrared region, where the effects of emv coupling
and of metal-insulator transitions are evident.

The following materials will be discussed. (1)
(TMTSF),PF; in its metallic phase, representing the high-
ly conducting group of materials. (It was not possible to
do measurements on this material below the metal-
insulator transition at 12 K.) (2) (TMTTF),PF; as a typi-
cal example of a material with intermediate conductivity
[0,(300 K)=20 @~ 'cm~'].!1° (3) (TMTTF),Br which is

TABLE II. Drude parameters, transfer integrals, and b-axis lattice constant in (TMTSF),X, —F:] |b’.

X e @, (cm~") T (cm™) 2, (meV) b (A)
Clo,~ 3.50 2020 250 24 7.678 (Ref. 42)
SbF¢~ 1510 300 18 7.728 (Ref. 41)
AsFg~ 1670 350 20 7.711 (Ref. 41)
PF¢~ 1830 500 22 7.711 (Ref. 13)
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(TMTTF),Br, and (TMTTF),PF¢ at T=300 K. The frequency
range is 10—10000 cm™! for (TMTSF),PF¢, and 350—10000
cm™! for the (TMTTF)X salts.

the best metal in the (TMTTF),X group [o, (300 K)=260
Q~'em™11,1° and which may be considered an intermedi-
ary between the two groups. Figure 10 shows the chain-
axis polarized reflectance spectrum of these materials at
300 K. The main differences clearly appear below 3000
cm™), i.e, in the range of molecular vibrations. The ma-
terial with lowest conductivity [(TMTTF),PF¢] has the
strongest vibrational lines.

Figure 11 presents the frequency-dependent conductivi-
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FIG. 11. Frequency-dependent chain-axis conductivity of

(TMTSF),PF¢, (TMTTF),Br, and (TMTTF),PF¢ at T=300 K.
The results are obtained by dispersion analysis of reflectance
data. The frequency range is 10—10000 cm~! for
(TMTSF),PFg, and 350— 10000 cm ™! for the (TMTTF),X salts.
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ties (determined by dispersion analysis*¥). The spectra can
be viewed as broad peaks with fine structure of vibrational
origin. These peaks are centered at 300, 1000, and
2200 cm~! for (TMTSF),PF,, (TMTTF),Br, and
(TMTTF),PFg, respectively. Thus there seems to be a
correlation between the position of the broad band and the
metallic quality, for example, measured by the dc conduc-
tivity. For an ideal metal [described by the Drude model,
Eq. (1)], the electronic band is centered at zero frequency.
We note that for the materials in Fig. 11 the o(w) curves
can easily be extrapolated to the proper dc values.

The physics behind the shift of oscillator strength to
higher frequencies is not well understood. It appears that
Coulomb correlations play a role, i.e., they give rise to a
partial localization of the wave functions (as in a Mott in-
sulator); consequently oscillator strength shifts away from
zero frequency. These ideas have been discussed qualita-
tively by Hubbard.*> If, on the other hand, the electronic
band is close to zero frequency, one may hope that models
based on delocalized carriers [such as Eq. (2)] apply.

IV. ELECTRON-MOLECULAR-VIBRATION
COUPLING EFFECTS

We will now turn to a discussion of the vibrational
features. It is of value to include data on (TMTSF),ReO,,
which has a sharp metal-insulator transition at 183 K, re-
lated to anion ordering.’ The reflectance and conductivity
of (TMTSF),ReQ, are shown in Fig. 12 for temperatures
above and below the metal-insulator transition. Note that
the low-temperature spectrum is similar to that of
(TMTTF),PF4 at 300 K, even though (TMTSF),ReO, at
40 K is believed to be an ordinary semiconductor, where
the low conductivity is due to a gap at the Fermi level,
caused by a 2k potential.’

Because most vibrational modes in the range of interest
are polarized in the molecular plane, vibrational features
polarized along the chain direction, i.e., almost perpendic-
ular to this plane, are believed to be due to the Rice effect
following from the emv coupling.*®*’ This coupling is
nonzero only for the totally symmetric @, modes and fol-
lows from the fact that the orbital energy levels in general
will change when the size of the molecule is modulated.

A. Vibrational mode assignments

As basis for the discussion we list in Table III the cal-
culated @, modes for TMTSF, as given by Bozio et al.?!
We also include calculated coupling constants for the
analogous modes in TTF*,* where appropriate.

In addition we show o(w) for (TMTSF),PFs and
(TMTTF),PF¢ (at 300 K), and (TMTSF),ReO, (at 40 K)
on an expanded frequency scale in Fig. 13. (TMTTF),PF
and (TMTSF),ReO, both show a very strong resonance in
the 1500-cm™! range. This band is believed to be due to
the (a,,4) mode®*! involving the central C=C stretches.
As seen in Table III calculations indicate a large coupling
to the electrons for this mode. It also clearly has the ef-
fect of producing a broad minimum in o(w) for
(TMTSF),PFs. Other modes which are of unambiguous
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FIG. 12. Infrared properties of (TMTSF),ReO, above ’ -1

(T=300 K) and below (T=40 K) the metal-insulator transition
at T=183 K. In (a) is shown the chain-axis reflectance in the
range 400—10000 cm~!, and in (b) the resulting frequency-
dependent conductivities in the range 400—3000 cm~'. Notice
the different conductivity scales at 7=300 and 40 K.

resolved. Finally the strong mode at 390 cm in
(TMTTF),PFj is the (a,,0,0) mode.”

Another mode, seen at 910 cm~! in both materials,
should be the (a,z,ws) mode involving the methyl groups.
This assignment may safely be made in the case of
(TMTTF),PF, since the line is almost completely polar-

TABLE III. A, vibration modes for TMTSF (Ref. 21).

Calculated 8o for similar mode in
frequency TTF* (Ref. 48)
No (cm™1) Dominating character (cm™1)
1 2954 C—H stretch 90
2 2862 C—H stretch
3 1630 C=C stetch, central plus ring 360
4 1548 C=C stretch, central plus ring 940
5 1440 H—C—H bend
6 1365 C—C—H, H—C—H bend
7 1087 C—Se stretch, C—CHj; stretch, C—C—H bend
8 929 C—CHj; stretch, C—C—H bend
9 453 C—Se stretch, C—CHj stretch 360
10 299 C—Se stretch, ring deformation 630
11 240 Se—C—CH; bend
12 146 C—Se stretch, ring deformation 40
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ized along the chain axis (see Fig. 7, where it is absent).
For (TMTSF);ReO, an assignment is less unambiguous,
because ReO,~ is known to have an absorption band very
close to this positon.21 However, because the ReO,~ band
is of comparable intensity to similar bands in PF¢~ at 835
cm ™!, and because these PF¢~ bands are only weakly seen
in the chain-axis polarization in (TMTTF),PF,, we con-
clude that most of the strength in the band is due to cou-
pling with the (a,,w3) mode. Furthermore, such a cou-
pling may also account for the sudden drop in o(w) in
(TMTSF),PF; at about the same frequency.

Similarly, the dip in the (TMTSF),ReO, spectrum at
1370 cm~! may be due to coupling to the (az,ws) mode,
which also involves the methyl groups. Bozio et al.?! ar-
gue that this coupling constant should be very small, be-
cause little electron density is expected near the methyl
groups, and suggest that the dip could be caused by anhar-
monic interaction between the fully symmetric modes. In
our opinion the spectra can be taken as evidence for con-
siderable electronic coupling to the methyl group modes.
It follows that there must be a considerable charge density
near the groups, and this observation may provide a clue
to understanding the large difference in transfer integrals
between TTF (TSF) and TMTTF (TMTSF).

B. Dimer model

A proper theory for the emv coupling effects in these
materials does not exist. However, it turns out that a
model based on isolated dimers describes the results rather
well. It should just be kept in mind that the resulting pa-
rameters may have to be reinterpreted at a later stage. In
the dimer theory*’ the dielectric function is described by

2
@p

€w)=€,+ (7)

0i[1—D(w)]—0*—ioy.

Here co; is a measure of the strength in the charge-transfer

band, wcr determines its position in the absence of vibra-
tional coupling, y, is a relaxation rate, and €, is a back-
ground dielectric constant. The function D(w) describes
the modes and the coupling strengths:
Ag?
D@)=3 55— . ®

a Wg— O —Il0Yq

In Eq. (8), w, and y,, respectively, are the bare frequency
and inverse lifetime of mode «, and A, is a dimensionless
coupling constant. This quantity is related to the coupling
constant g, by

2 2
460 Wp 8ga

ne’a? wir 04

A= , (9)
where n is the dimer density, and a is the spacing between
molecules.

We have fitted this model to the reflectance of
(TMTTF),PF¢ at 300 K and (TMTSF),ReO, at 40 K.
The quality of the fits may be seen in Figs. 14 and 15.
The parameters found are listed in Table IV with the as-
signments described above.

Although the results look fairly reasonable, it seems
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FIG. 14. Chain-axis reflectance of (TMTTF),PF¢ at T=300
K as measured and as calculated by fitting the dimer model to
the data. The frequency range is 350—3000 cm .

that both the predicted coupling constants and the fre-
quency shifts are too small. For example, in
(TMTTF),PFs the (az,04) mode has g4=300 cm~! as
compared with the calculated value of 940 cm~! for
TTF* (Table III). The mode is located at 1185 cm ™! and
the bare frequency should be 1378 cm™! according to
Table IV. Torrance et al.*® found by Raman spectroscopy
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FIG. 15. Chain-axis reflectance of (TMTSF),ReO, at T=40
K as measured and as calculated by fitting the dimer model to
the data. The frequency range is 400—2500 cm—!.
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TABLE IV. Dimer charge oscillator parameters for (TMTTF),PF, (300 K) and (TMTSF),Re0, (40 K).
(TMTTF),PF¢ (300 K) (TMTSF),Re0, (40 K)
®, (cm™!) 8580 9800
wcr (em™Y) 2220 1700
Ye (cm™1) 1460 300
€, 2.64 2.60
Mode ®g (cm™}) gq (cm™1) Yo (cm™1) wg (cm™Y) g, (cm™1) Yo (cm™1)
ag,w; 1600 36 17
Ag, w4 1378 300 71 1452 140 10
ag,w¢ 1370 44 17
ag,07 1090 30 5 1062 16 10
ag, s 930 75 75 920 45 14
ag, w9 444 41 14
ag, 010 460 200 45

that w,=1476 cm™! in another TMTTF compound with
the same molecular charge. Bozio et al.?° have also deter-
mined coupling constants from the dimer model. They
base their calculation on the frequency shifts predicted by
the dimer model, and therefore obtain somewhat different

values: For (TMTTF),BF, they report g,=670 cm~—! and"

g10=480cm L.

In conclusion we state that although the interpretation
of the model described by Eq. (7) may be questioned, it
seems clear that it describes the real spectra quite well. It
is actually also possible by adjusting wcy to lower values
to reproduce the qualitative features of, for example, the
(TMTTF),Br and (TMTSF),PFg spectra.

V. CHAIN-AXIS CONDUCTIVITY OF (TMTSF),PF;

A. Results

We now turn to the ag-axis properties of (TMTSF),PFq
at three temperatures: 300, 100, and 25 K and concen-
trate on the range 0—1200 cm~!. Figure 16 shows the re-
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FIG. 16. Chain-axis reflectance of (TMTSF),PF, for T=25,
100, and 300 K. The frequency range is 10—1200 cm™".

flectance starting at 10 cm~!. Apart from the fine struc-

ture, most of which is unidentified, two features are re-
markable. (1) R goes to unity at low frequencies in a
non-Drude manner. The Drude model predicts
1—-R~Ve for w«T, while we find in the low-
temperature data a reflectance near unity extending to 20
cm~! and then a sudden drop to 80—82 %. (2) The 25-
and 100-K reflectance rises again at higher frequencies.
At 25 K there is a range from 400 to 900 cm~! where R is
95—-99 %.

These features have important consequences for the
frequency-dependent conductivity and dielectric function,
which we have calculated by dispersion analysis, and
present in Figs. 17 and 18. The basic features are clear:
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FIG. 17. Frequency-dependent chain-axis conductivity of
(TMTSF),PF, for T=25, 100, and 300 K. The results are ob-
tained by dispersion analysis of reflectance data. The valid fre-
quency range is 10—1200 cm~!. However, the curves are extra-

polated towards the known dc values below 10 cm~—*.
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FIG. 18. Real part of the chain-axis dielectric function of
(TMTSF),PF¢ for T=25, 100, and 300 K. The results are ob-
tained by dispersion analysis of reflectance data. The frequency
range is 10—1200 cm—!.

A dominant peak in o,(®) around 300 cm~! grows up
with decreasing temperature. This growth is accompanied
by a suppression of the far-infrared conductivity. The up-
turn towards the dc values indicated in Fig. 17 is implied
by, but not contained in the data. At 25 K there is virtu-
ally an excitation gap up to 180 cm~!. The distribution of
oscillator strength [i.e., the area under the o,(w) curves]
can be estimated from the data. At 25 K about 70% of
the total strength (as given by w),) is contained in the 300-
cm™! peak. Furthermore, it is possible to make a reason-
able estimate of the strength in the narrow mode near dc,
if €w) is modeled as a sum of three terms:

Beo, Q
?(m)=6w+ — . >
wi—?—iol  olo+iy)

(10)

where the second and the third terms represent the dom-
inant peak and the narrow mode, respectively.

At 25 K, B=0.70 (see above) and w, =300 cm~!. Thus
at 31 cm ™!, where €,(w) crosses zero (see Fig. 18), the first
two terms represent an approximately frequency-
independent background dielectric constant of about 800.
The last term will cancel this contribution at 31 cm ™! for
Q,=900 cm~'. Finally with® 04025 K)=5x10*
Q~lem™!, the halfwidth ¥ may be estimated to 0.3 em™ !,
which corresponds roughly to 10 GHz. Thus the results
indicate that o(w) should fall rather rapidly through the
microwave range. 35-GHz data® do in fact yield a some-
what higher resistivity than dc data in this temperature
range, and perhaps more significantly, o35 gy, increases
more slowly with decreasing temperature below 50 K than
does ogc.
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B. Background

In order to interpret the data, it is useful to describe
shortly the far-infrared properties of other highly con-
ducting organics. The far-infrared properties of
(TMTSF),ClO; have recently been measured by Ng
et al.”® and by Challener et al.?* (TMTSF),ClO, has no
metal-insulator transition, but rather a superconducting
transition at 1.3 K.> The reflectance at helium tempera-
tures is high (96—99 %) up to 30 cm~! and then falls
abruptly to 90%. Although this behavior is somewhat
similar to (TMTSF),PF, there is considerable structure
below 30 cm™!: o,(w) displays a double-peak structure
which, however, rapidly disappears with increasing tem-
perature. With the applied extrapolations o,(w) rises gra-
dually from a minimum at 30 cm™! on going to higher
frequencies. Thus the sudden increase in (TMTSF),PF; at
180 cm ! is absent.

The far-infrared conductivity of TTF-TCNQ (Ref. 27)
at the conductivity maximum (7=60 K) also shows some
similarities with that of (TMTSF),PF¢. There is a peak in
o(w) at 300 cm™!, usually attributed to a fluctuating
Peierls gap,?’ a rather low conductivity in the (20—200)-
cm™! range, and then a rise towards the dc value. The
low-frequency rise is thought to be due to charge-density-
wave contributions to the conductivity.

C. Spin-density-wave model

Returning to the (TMTSF),PF, data, a comparison with
(TMTSF),ClO, hints that the difference in the far-
infrared properties is related to the known differences in
physical properties: (TMTSF),ClO; is known to have less
tendency towards a spin-density-wave (SDW) instability
than (TMTSF),PF,, where a SDW ordered state is found
below 12 K.® Thus we may assume that the observed gap
is a threshold for SDW excitations. These should have a
sharp gap™® as observed. Under this assumption, the
behavior is analogous to that of TTF-TCNQ: The narrow
contribution to o(w) at dc is due to current carrying, slid-
ing SDW’s (Ref. 51) and the single-particle contributions
are suppressed by a pseudogap, originating from the spin-
density waves. These SDW’s have a wave vector which
just spans the Fermi surface. This interpretation assumes
that there are important SDW fluctuations above the actu-
al transition temperature. In spite of the rather large b-
axis transfer integral, the fluctuations appear to be rather
one dimensional: The absence of a pseudogap along b’ (cf.
Fig. 6) suggests that the transverse correlation length is
limited to a few lattice constants.

That magnetic order may exist in the conducting
state in these materials is independently confirmed
by the observation of antiferromagnetic resonance in
(TMTSF),Cl0,.%> This shows that a SDW structure may
be present without suppressing the dc conductivity. In a
sense we are speaking about an itinerant antiferromagnet.
But the real antiferromagnetism as detected in the macro-
scopic susceptibility® does not occur until full three-
dimensional order is established.

Pursuing the idea of important SDW fluctuations we
may estimate the amplitude of the SDW’s from the gap
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size, using the simplest possible mean-field theory, which
predicts>>

E,=2epexp[ —1/py(ep) U] =20 . (11)

Hp

Here pu/pp is the amplitude (as fraction of the Bohr mag-
neton), p;(er) is the single-spin density of states at the
Fermi level €r, and U is an effective Coulomb repulsion.
With ¢, =0.28 eV we have €x=0.16 eV and p,(er)=0.80
eV~!'. The observed gap at 180 cm™! corresponds to
E;=22 meV. Then Eq. (8) gives U=047 eV and
w/ug=2.3%. Other estimates of /up span this value,
ranging from’ 0.6% to® 10—20 %.

Finally we note that E, =22 meV is the direct, optical
gap. The observed thermodynamic gap of 4 meV (Ref.
54) in the semiconducting state indicates that below 12 K,
the SDW wave vector does not nest the full Fermi surface.
Incomplete nesting has been discussed in detail by Kwak>’
in connection with the occurence of quantum oscillations.
In view of the large transverse coupling, it will lead to a
considerable reduction of the thermodynamic gap, even if
the direct gap is unchanged.

V. CONCLUSIONS

In summary, we have made extensive measurements of
the optical properties of (TMTSF),X and (TMTTF),X
compounds. The data have been analyzed to obtain infor-
mation about the electronic properties of these materials.

We have obtained three independent indications that the
highest occupied molecular orbital on (TMTSF)? or
(TMTSPF)* differs qualitatively from the corresponding
TTF and TSF orbital: (1) The visible spectrum shows new
structure, (2) the chain-axis transfer integral is unusually
large (z, =0.25 eV at 300 K) for a slipped overlap, and (3)
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the anomalous emV spectra indicate considerable charge
density near the methyl groups. This latter conclusion
also holds for TMTTF.

The chain-axis infrared spectra for a series of com-
pounds in the (TMTSF),X and (TMTTF),X family show a
charge-transfer band. The position of this band correlates
with the metallic character: a low-peak position corre-
sponds to a high-dc conductivity. The vibronic features
can be modeled very well using a simple dimer charge os-
cillator model.

The conducting (TMTSF),X compounds display the
unique feature of a b-axis plasma edge near 1000 cm .
Bandwidth anisotropies are found to be in the range
12—15 for different materials, and indicate open Fermi
surfaces with significant two-dimensional character.

Finally, in (TMTSF),PFg the charge-transfer band is
centered at 300 cm~' and sharpens up with decreasing
temperature. At 25 K a virtual gap appears at 180 cm~ 1,
This gap is interpreted as an onset of excitations in a
spin-density-wave structure, and implies that the dc con-
ductivity is dominated by spin-density-wave transport.
Analysis suggests a small-amplitude spin-density wave of
0.02up at 25 K.
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