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Accurate measurements of the polarized re6ectance spectra of the series of isostructural organic
conductors (TMTSF)qC104, (TMTSF)qPFs, (TMTTF)2Br, and (TMTSF)qPFs (where TMTSF de-
notes tetramethyltetraselenafulvalane and TMTTF denotes tetramethyltetrathiafulvalene) at room
temperature are reported. A dimerized molecular chain model is used to analyze these spectra as
well as those previously reported [C. C. Homes and J. E. Eldridge, Phys. Rev. B 42, 9522 (1990);
J. E. Eldridge and C. C. Homes, ibid. 43, 13971 (1991)j for (TMTSF)2BF4 and (TMTSF)2Re04
and the corresponding conductivity spectra obtained by Kramers-Kronig transformation. The com-
plex structures observed in the spectra are successfully accounted for by assuming that the double
occupancy of the band states is effectively excluded so that the Fermi level lies inside a narrow gap
induced in these materials by a small dimerization of the molecular stacks. The spectral changes
observed among different members of the series are reproduced by varying a limited number of model
parameters in a way that follows closely the known changes of the crystal structural properties. Fit-
ting of the experimental data enables us to estimate the parameters of the band structure, namely
the transfer integral and the dimerization gap amplitude. Use of self-consistent relations inherent in
the adopted model allows us to conclude that a static potential rather than a Peierls-type phonon-
induced mechanism plays the dominant role in driving the formation of charge-density waves and
the opening of the gap. The same model analysis accounts for the presence of vibronic structures in-
duced by the coupling of the conduction electrons with intramolecular vibrational modes of TMTSF
or TMTTF. It has been thereby possible to evaluate the coupling constants for the individual vi-
brational modes with a greater degree of reliability than in previous attempts. The general physical
picture of the studied materials at room temperature as narrow-gap correlated semiconductors is
brie8y discussed.

I. INTRODUCTION

The rapid evolution of the field of organic molec-
ular conductors has gone through two distinguish-
able successive stages. At first, the interest was mainly
focused on highly one —dimensional (1D), electronically
incommensurate materials such as tetrathiafulvalene-
tetracyanoquinodimethane (TTF-TCNQ) and the TTF
mixed-valence halides. These crystals are characterized
by very weak interactions between the molecular chains
(or stacks) making up their structures and by an aver-
age number of carriers per molecule which cannot be ex-
pressed by a simple rational number (the Fermi wave
vector is thus incommensurate with the reciprocal lat-
tice vectors). They exhibit an intrinsic instability of
the metallic state towards a Peierls-type metal-insulator
(M I) transition th-at prevents the observation of su-
perconductivity. In this respect, the discovery of su-
perconducting transitions in the radical cation salts of
TMTSF (where TMTSF denotes tetramethyltetraselena-
fulvalene), known as the Bechgaard salts, represented a
turning point. Compared to previously known materials,
two differences are readily recognizable in the Bechgaard
salts. Their chemical formula, (TMTSF)2X with X an
inorganic closed-shell anion, directly implies a carrier
density of half a hole per molecule, and thus a commensu-
rate electronic structure. In a one-electron tight-binding

scheme these materials would be quarter-filled band sys-
tems. Furthermore, there is evidence that at low tem-
perature and under an applied pressure the behavior of
the Bechgaard salts is closer to highly anisotropic two di-
mensional (2D) than to quasi-1D. The enhanced stabil-
ity of the metallic state and the absence of Peierls-type
transitions is most likely attributable to the increased
dimensionality of the electronic structure.

Since the discovery of the Bechgaard salts a great deal
of research activity has been focusing on radical ion salts
with 2:1 stoichiometry and with relevant interstack inter-
actions up to the point that the electronic bands become
almost isotropically 2D with closed Fermi surfaces. This
is the case of, e.g. , the (BEDT—TTF)2X (where BEDT-
TTF denotes bis(ethylenedithio) tetrathiafulvalene) salts
as well as other cation radical salts of TTF
derivatives. More recently, the anion radical salt
Cu(DM-DCNQI) 2 (where DM-DCNQI denotes 2,5-
dimethyl-N, N -dicyanoquinonediimine) and its analogs
have been shown to possess a quasi-2D structure and
a metallic state stable down to very low temperature.
With respect to these systems, the Bechgaard salts may
be thought to represent a bridge between 1D and 2D
materials, particularly if one considers also their sulfur
analogs (TMTTF)2X (where TMTTF denotes tetram-
ethyltetrathiafulvalene) . In fact, on the one hand,
(TMTTF) 2PFs undergoes a spin-Peierls transition, that
is a clear signature of 1D behavior, and on the other hand
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(TMTTF)2Br under moderate pressure exhibits a stable
metallic state and possibly a superconducting transition.

Spectroscopic studies, especially in the near- to far-
inkared part of the spectrum, have proved to be one of
the most effective tools for gaining information on the
structural, electronic, and phase transition properties of
organic molecular conductors. Experimental estimates
of the important electronic interactions can be obtained
by analyzing specific features of the spectra. For in-

stance, the electronic bandwidth can be evaluated from
a Drude fitting of the plasma edge in reflectance spectra,
the presence of narrow gaps or pseudogaps can be mon-
itored &om the far-in&ared conductivity, the electron-
phonon coupling constants can be obtained &om the vi-

bronic structures observed in the semiconducting phases.
The role of direct electron-electron correlations can be
assessed by searching for the possible presence of charge
transfer (CT) bandss or by comparison of the measured
oscillator strength with theoretical estimates of the opti-
cal sum rule for independent electrons. It is worth noting
that, as shown theoretically, the on-site electron correla-
tion (U) of the Hubbard model~ ~~ may play a particu-
larly important role in quarter-filled band systems such
as the 2:1 salts.

In the past few years we have proposed an approach
to the analysis of optical data pertaining to 1D quarter-
6lled systems whereby all the important features of the
spectra carrying relevant information on the electronic
structure and interactions can be analyzed by the use
of a single theoretical model. 3 ' Such a model is
clearly oversimpli6ed if compared with the very compli-
cated structure of real organic molecular conductors, yet
it contains enough features to allow one to model the in-

terplay of some of the most important interactions. The
main limitation is found in dealing properly with electron
correlations. As is mell known, this is as yet an unsolved

problem, particularly if one is interested in correlation
functions and optical properties of an ideally infinite
system. With respect to this problem, the only degree
of &eedom we have with our model is either to treat the
charge carriers as ordinary electrons (or holes) or to con-
sider them as spinless particles. The two schemes would

correspond to the limits of no correlation or of in6nite
on-site repulsion U in a simple Hubbard model.

As a first application of our approach we have com-
pared stack-axis-polarized conductivity spectra measured
at room temperature for (TMTTF)2PFs, (TMTTF)2Br,
and (TMTSF)2PFs with calculations carried out accord-
ing to the two schemes. The large-U limit proved to
be clearly superior for the first salt. However, a simi-
lar conclusion for the other two materials could not be
safely drawn in view of the limitations of the model used
and of uncertainties in the accuracy of the experimen-
tal data. In particular, the large-U calculations did not
account for the contributions to the optical functions
of intraband transitions involving charge carriers ther-
mally excited across a narrow dimerization gap. In cal-
culations presented in a later work we have included
the above feature as well as the ability to account for
the coupling of electrons to many intramolecular modes.
One additional important modification to be discussed

below has also allowed us to get insights into the ori-
gin of the gap. Comparison was then made with room-
temperature polarized reflectance and conductivity spec-
tra of (TMTSF)2C104, a material which is considered
to be representative of the Bechgaard salts with metallic
behavior. It was suggested that the large-U limit applies
also to the TMTSF salts with comparatively large room-
temperature dc conductivity. On account of the small
stack dimerization, this implies that at room temperature
they should be regarded as strongly correlated semicon-
ductors with very narrow gaps. The gap amplitude is
largely determined by the interaction with static poten-
tials rather than by a Peierls mechanism.

The present work aims at putting on firmer experi-
mental grounds the conclusions previously suggested on
the basis of preliminary results. This is achieved by im-

proving and extending the experimental data and their
analysis. In particular, we have measured accurate po-
larized reflectance data for a series of (TMTSF)2X and
(TMTTF)2X salts whose room-temperature structures
are known and exhibit a smooth variation of some rele-
vant crystallographic parameters. On the one hand, this
enables one to check the scaling of the electronic and
optical properties with the smoothly varying structural
ones. On the other hand, it allows us to be confident in
extending our conclusions to materials with very small
amplitude of the stack dimerization and of the semicon-
ducting gap.

In Sec. II we give some details of the materials
preparation, of the instrumentation and procedures used
for measuring reflectance spectra, and of the methods
adopted for the data reduction. The specular reflectance
spectra (15—9000 cm ~) polarized parallel to the stack-
ing axis measured at room temperature are reported in
Sec. III. The in&ared conductivity spectra obtained by
Kramers —Kronig transformation of the above data as
well as of room-temperature reflectance spectra recently
reported ' for (TMTSF)2BF4 and (TMTSF)2Re04
are also given. An outline of the theoretical model used
in analyzing the experimental data is provided in Sec. IV
followed by the presentation of the results of the model
fitting of the data. In Sec. V we discuss the parameters
obtained and propose a general picture of the physical
properties of the Bechgaard salts at high temperature
based on our optical studies. A summary and some final
remarks are given in Sec. VI.

II. EXPERIMENT

TMTSF and TMTTF were synthesized and purified
as previously reported. Single crystals of the studied
compounds have been prepared by the standard electro-
crystallization method. The crystals grow mainly along
the stacking a direction and have a needle-shaped habit.
They have typical dimensions of 4—8 mm along the a
axis and 0.2—0.4 mm along the transverse directions. The
crystals are dark colored and have good specular surfaces
with a high metalliclike reflectivity. Samples suitable for
polarized reflectance measurements with typical dimen-
sions of 2—4 mm have been obtained as xnosaics of 2—4

optically aligned crystals.
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For (TMTTF) 2PFs, (TMTTF) 2Br, (TMTSF)2PFs,
and (TMTSF)zC104, we have measured the room-
temperature reHectance spectra R(u) in the region 10—
10000 cm with radiation at near-normal incidence po--
larized along the stacking direction. The instrumentation
used for the measurements consisted of a Fourier trans-
form in&ared spectrometer (Bruker IFS 113v) equipped
with a specular reflectance insert having an incidence an-
gle of about 10'. An InSb photovoltaic cell, an MCT pho-
toconductor, and a Ga-doped Ge bolometer were used
as detectors in the near-, mid-, and far-in&ared regions,
respectively. Spectral resolutions of 2 cm in the far-
and midin&ared and 4 cm in the near-in&ared were
adopted.

The high reflectivity of the studied materials in the
far- and midin&ared requires a great accuracy in the
measurements. In fact, for the (TMTSF) 2PFs and
(TMTSF)2C104 salts in the spectral region &om 10 to
4000 cm ~, R(u) is always greater than 0.8. This implies
that the spectral information about the optical functions
is contained in the less than 20%%uo deviation &om 1.0 of
the reflectance. It is clear that, in order to obtain sig-
nificant data, the measurements must be done with an
accuracy of a few percent. Owing to the irregular and
discontinuous reflecting surfaces of the mosaic samples
and to the single-beam measurement technique, this has
required the adoption of a complex normalization pro-
cedure for the reflectance data. For every sample and
in all the spectral regions the measured reflectance spec-
trum has been obtained as the ratio between the power
reflected &om the mosaic surface and that reflected &om
the mosaic itself coated with a thin layer of evaporated
gold. The gold layer is considered as an ideal reflector
that however accounts for the natural discontinuities of
the mosaic surface. To correct for the instrumental Huc-

tuations, the resulting spectrum has also been multiplied
by the inverse ratio of two reflectance spectra measured
&om a Bat aluminum mirror before and after the gold
deposition. The mirror was mounted at the side of the
mosaic on the same holder anchored to an X-Y position-
ing system. This allows the alternate positioning of the
sample and of the reference mirror on the focus of the
incident beam in a reproducible way.

In&ared conductivity spectra u(ur) have been obtained
through a Kramers-Kronig- transformation of the re-
Bectance data. This requires an integration over the full
&equency axis from zero to infinity that is achieved as fol-
lows. We have extended the reflectance spectra to the vis-
ible and ultraviolet region with literature data. In partic-
ular, for the TMTSF compounds we have used the data
on (TMTSF) 2C104 &om Refs. 26 and 27, for the TMTTF
compounds the data on (TMTTF) 2PFs &om Ref. 28, and
those on (TMTTF)210s from Ref. 29. For frequencies
above the ultraviolet region we have imposed on R(~) an
cu dependence that is typical of free electrons. In the
low-frequency limit we have extrapolated R(ur) to zero
&equency with a Hagen-Reubens behavior

R((u) = 1 —(2(u/z. cry, )

This is typical of ordinary metals and appears to be suit-
able to account for the finite room-temperature dc con-

ductivity o's, of the materials considered. In Eq. (1), crd,
is chosen in order to match the low-&equency limit of the
measured reflectance.

III. RESULTS

Figure 1 (a)—(d) reports the reHectance spectra
(15—9000 cm ~) of (TMTSF)2C104, (TMTSF)zPFs,
(TMTTF)2Br, and (TMTTF)2PFs measured at room
temperature with the electric vector of the linearly polar-
ized incident radiation parallel to the stacking a axis. For
the last three compounds, our spectra compare rather
well with those already reported by Jacobsen et al.
particularly for what concerns the most prominent spec-
tral changes observed on going &om one sample to an-
other. However the reflectance values we measured for
(TMTSF)2PFs and (TMTTF)2Br in the region below
4000 cm ~ are up to 10 '%%uo higher than those of Ja-
cobsen et al. Furthermore, we observe a shallow min-
imum in the reHectivity of (TMTSF)2PFs between 500
and 2000 cm ~ whereas the previously measured room-
temperature reflectance decreased monotonically. The
peak we measure around 1250 cm ~ for (TMTTF)2Br
does not reach the high reHectance value (R = 0.9) re-
ported by Jacobsen et al. On the other hand, our spec-
trum of (TMTTF)2PFs practically coincides with the
previous data. For (TMTSF)2C104 comparison is only
possible in the plasma edge region where our data agree
with those published by Kikuchi et al.

A common feature of the measured spectra is a com-
paratively large value of the reHectance in the far- to
midin&ared with a rapid drop to values of a few per-
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FIG. 1. E~~a polarized infrared reSectance spectra of (a)
(TMTSF)zC104, (b) (TMTSF)2PF6, (c) (TMTTF)2Br; (d)
(TMTTF)qPF6 at room temperature. Note the logarithmic
&equency scale.
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cent around 7000 cm . Superimposed on the high-
reflectance region there are narrow peaks of varying am-
plitude at &equencies typical of molecular vibrations. In
agreement with the dc conducting nature of the materials
at room temperature, the reflectance value tends to unity
as the &equency approaches zero. As previously noted,
the reflectance levels in the midin&ared parallel the in-
crease in dc conductivity in the order (TMTTF)2PFs
& (TMTTF)zBr & (TMTSF)2PFs & (TMTSF)zC104.
This implies that the B = 1 limit at zero &equency is
reached with a smaller slope in the more conducting ma-
terials in agreement with the Hagen-Reubens relation,
Eq. (I). Other changes observed when comparing the
spectra in the order of increasing conductivity of the ma-
terials are a decreasing depth of the broad reflectance
minimum in the midin&ared and a decreasing amplitude
of the peaks superimposed on this minimum.

Measuring reflectance spectra in the far-in&ared re-
gion &om highly reflecting mosaics of tiny single crystals
presents some problems originating &om diffraction ef-
fects. In fact, below a typical &equency of 100 cm
when the wavelength of the incident radiation becomes
comparable to the transverse dimensions of the needle-
shaped crystals, the sample itself acts as a small grat-
ing that diffracts the far-in&ared radiation. As a result
spurious effects may appear in the measured reflectance
spectra: (i) modulations of the reflected intensity with
narrow frequency periodicities; (ii) a gradual decrease
of the reflectance level as the frequency approaches zero.
The latter effect has been attributed to a loss of efIiciency
of the spectrometer optics. Our procedure for obtain-
ing absolute reflectance values by normalization against
the reflectance of the gold-coated mosaic allows us to
correct for the gradual drift but leaves a residual mod-
ulation of the spectra on approaching the low-frequency
limit that is observable in the spectra of Fig. 1, notably
in that of (TMTSF)2C104 [Fig. 1(a)]. We have verified
that this is due to the fact that, although the shape of the
modulations is preserved, its amplitude is larger for the
gold-coated than for the bare sample. Thus, normalizing
the spectra does not completely eliminate the effect.

Kramers —Kronig transformation of the reflectance data
of Fig. 1 yields the conductivity spectra shown in Fig. 2
for the spectral range 15—6000 cm . The conductiv-
ity spectra (c) and (d) of Fig. 2 have been obtained
by performing a Kramers-Kronig transformation of the
stack-axis-polarized reflectance data of (TMTSF)2BF4
and (TMTSF)2Re04 at room temperature recently re-
ported by Homes and Eldrjdge. ' This was done in or-
der to make all the conductivity spectra of Fig. 2 directly
comparable by using the same extrapolation procedure.

Note that the far-infrared conductivity of
(TMTSF)2C104, shown as a dashed curve in Fig. 2(a),
has been obtained by averaging the reflectance mod-
ulations attributed above to diffraction efFects. We
have checked that a Kramers-Kronig transformation per-
formed on the raw data yields a modulated conductivity
whose average coincides with the data shown in Fig. 2(a).
We believe that this procedure, while it certainly washes
out any real structure that is present in the spectral re-
gion involved, does not affect the general shape of the
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FIG. 2. E~~a polarized infrared conductivity spectra (15—
6000 cm ) of (a) (TMTSF)zCI04., (b) (TMTSF)2PFs, (c)
(TMTSF)zBF4, (d) (TMTSF)2Re04., (e) (TMTTF)2Br; (f)
(TMTTF)2PFs at room temperature. The spectra (c) and

(d) have been obtained by Kramers —Kronig transformation
of the reflectivity data of Homes and Eldridge from Refs. 22,
23.

conductivity spectrum which is crucial in revealing the
presence of narrow optical gaps. Support for this view
comes from the fact that for (TMTSF)2C104, as well as
for the other measured compounds, the far-in&ared con-
ductivity extrapolates to a dc value in agreement with
direct transport measurements.

As already noted by Jacobsen et al. , a most salient
feature of the spectra of Fig. 2 is the fact that in all cases
they display a conductivity maximum at finite frequency
in contrast to the simple Drude behavior of ordinary met-
als. The conductivity maximum shifts to higher frequen-
cies as the midinfrared reflectance level decreases (Fig. I)
and as the dc conductivity also decreases. This is in itself
suggestive of an optical gap and possibly a transport gap
of increasing amplitude.

Accompanying the shift to higher &equencies of the
conductivity maximum, there is an increase of the am-
plitude of the midin&ared structures attributed to the
coupling of electrons to intramolecular vibrations of the
TMTSF and TMTTF units (EMV coupling). Note that
the band shapes of these structures change depending
on their frequency location relative to the conductiv-
ity maximum. They appear as absorptive peaks when
their &equency is well below that of the broad maxi-
mum, otherwise they display typical Fano antiresonance
line shapes. Accounting simultaneously for the shift in
frequency of the conductivity maximum and the increase
in amplitude of the EMV structures is a key feature of
our analysis (see below) that yields important informa-
tion on the electronic properties of the studied materials.

1600
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IV. MODEL ANALYSIS

At room temperature all the studied materials are
isostructural. They crystallize in the triclinic sys-
tem (space group Pl, Z = 1) with the molecular stacks
parallel to the crystallographic a axis. The molecules
are piled in a zigzag arrangement with their molecular
planes almost perpendicular to the stacking axis. The
columns are arranged side by side to form sheets par-
allel to the (001) plane separated in the c direction by
sheets of anions. The two organic molecules in a unit cell
lie on general positions and are connected by inversion
symmetry points. A schematic side view of the stacks
is sketched in Fig. 3 where the horizontal bars repre-
sent the planar molecules and the large crosses the coun-
teranions. Within a stack, the interplanar distances dq
and d2 show a slight alternation corresponding to a small
dimerization. The amplitude of the lattice dimerization,
b,d = ~dq

—d2~, varies from salt to salt, being greater in
the sulfur-containing materials. The counteranions are
placed out of the molecular planes along alternate direc-
tions so that the TMTSF stacks experience &om them
a potential of period a with its maxima (and minima)
centered between the molecular planes.

By stoichiometry (one electron is fully transferred to
the inorganic anion), the one-electron structure consists
of quarter-filled hole bands. According to currently ac-
cepted criteria, the room-temperature electronic struc-
ture can be considered as quasi-1D ' and the open
Fermi surface is made up of two warped planes at
kE = +a*/4. The gap due to the dimerization and to
the anion potential opens at +a*/2, that is, away from
the Fermi surface so that transport and optical proper-
ties are little afFected by its presence in the one-electron
picture. We have estimated that a gap of the expected
amplitude implies a transfer of only a few percent of the
oscillator strength &om intraband to interband optical
transitions. ' As a matter of fact, marked deviations
&om a simple Drude behavior are experimentally ob-
served for most organic molecular conductors, notably
quarter-filled dimerized ones. 9 ~ 2 The most apparent
among them are (i) a shift of the conductivity maximum
&om zero &equency, and the associated appearance of
optical gaps or pseudogaps; (ii) the appearance of struc-
tures in the spectrum attributable to EMV and electron—
intermolecular-phonon (EIP) couplings; (iii) deviations

&om the partial optical sum rule. '2

Previous work ' ' has shown that it is possible to
account for most of the properties of the infrared spectra
of dimerized quarter-filled conductors in terms of a model
we have previously developed for the optical properties
of an infinite molecular chain system with coupling of
electrons to intra- and intermolecular phonons and to a
static potential. Successful results can however be ob-
tained only by considering an electronic band structure
in which doubly occupied states are forbidden. The ap-
plicability of this model to a wide series of Bechgaard
salts and the implication of the results are the subject of
the rest of this paper.

A. Dimerised molecular chain model

The dimerized molecular chain model was origi-
nally developed for a 1D molecular chain system carry-
ing general twofold commensurate charge-density waves
(CDW's) with components centered between the molec-
ular sites, i.e., on the bonds (b-CDW) and on the molec-
ular sites (a-CDW). Structurally, this corresponds to in-
cluding a lattice dimerization (LD) and an alternating
molecular deformation (AND). It should be noted that,
by virtue of their crystal symmetry, the Bechgaard salts
and their sulfur analogs at room temperature can only
bear a b-CDW since all molecular sites are equivalent. In
the following we shall then briefly outline the model in
the corresponding reduced form.

The model system consists of an assembly of non-
interacting molecular chains composed of N identical
molecules. Each chain is subject to a LD whose ampli-
tude is Ad = 4uo where uo is the longitudinal displace-
ment of the molecules &om their location in the undi8-
torted chain. The LD corresponds to a periodic lattice
distortion whose period is twice the regular chain spac-
ing d, hence the wave vector of the LD is qp ——x/d.
The electrons in the chains are also subjected to a static
potential, say &om the inorganic anion chains and from
some mean-Geld electron correlation, of period 2d acting
between sites, i.e., on the bonds, with an amplitude B .
The electrons are also coupled to an arbitrary number of
intramolecular vibrational modes and to one longitudinal
acoustic phonon branch.

In the site representation the corresponding Hamilto-
nian for a single chain is

0 = Hz+ Hzv+ Hv,
with

HE = —t) (at+, a„+H.c.)
fL ~CT

+ ) (—1)"(at+, a + H.c.),
n, cr

(2)

FIG. 3. Schematic side view of a single molecular stack
surrounded by the inorganic counteranions. Horizontal bars
represent the planar molecules and large crosses the coun-
teranions. dq and d2 are the alternating interplanar distances
in the dimerized stack.

where a (a ) is the annihilation (creation) operator
for an electron or hole of spin 0 = +1/2 on the nth site,
t is the transfer integral for the regular chain, and
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Ei,/2 represents an alternating modulation of the aver-
age transfer integral t produced by the static potential
and the chain dimerization. The latter contribution rep-
resents the static effect of the coupling of the electronic
system to the longitudinal acoustic phonon at qo. Such
a coupling is expressed by the derivative (Ot/Bu) p calcu-
lated at the equilibrium position of the molecules in the
undistorted chain.

The dynamic coupling of the electrons to v intramolec-
ular vibrational modes and to one intermolecular phonon
mode is expressed in the usual way by

EV y y ~i L,i n, o'

(n =O, 1) .

46' (Ot &

NMu) 2
(qp) i,Bu) p

.sin (kd) [n(Egp) —n(Ei„)]
(e~q + IDI, I2)i&2

(12)

Ey„are the energies of two tight-binding bands sepa-
rated by a gap of amplitude 2]Asl located at the bound-
aries (—7r/2d, 7r/2d) of the reduced zone of the distorted
chain. From Eq. (4) the gap structure depends on the am-
plitude of the static potential B, the coupling constant
(Bt/Ou)p and the amplitude of the chain dimerization
uo. In addition, the last two parameters are related to
the gap amplitude Ap by the self-consistent relation

H~ = ) ae„a s+ ) Ar, a„+ a„
k, cr k, cr

(6)

(5)

As customary, ' the linear EMV coupling constant is

g, = (Bc/Bq, )p where e is the unpaired-electron molec-
ular orbital energy and q, is the ith dimensionless in-
tramolecular normal coordinate, which is bound by sym-
metry to be totally symmetric in order to give a nonzero
linear coupling constant with a nondegenerate molecular
orbital. The derivative is calculated at the equilib-
rium geometry of the molecule carrying a formal frac-
tional charge of p electrons or holes. The EIP coupling is
expressed linearly through the modulation of the trans-
fer integral t by the longitudinal displacement u„of the
molecules from their equilibrium location in the distorted
chain. ' Hv is the vibrational Hamiltonian in the har-
monic approximation.

The representation of the one-electron Hamiltonian
HE in the reciprocal space (with k ranging over the ex-
tended Brillouin zone from —x/d to vr/d) is

where M is the molecular mass, ur, (qp) is the unrenor-
malized &equency of the acoustic mode at the Brillouin
zone boundary, and n(e) is the appropriate distribution
function (see below). If any two of the parameters up,
(ctt/Bu)p, B and b, s are known, say &om structural
and spectroscopic data, the other two are uniquely de-
termined by the use of Eqs. (4) and (12) . This allows us
to estimate the individual contributions of the acoustic
phonon and the static potential to the total gap.

By Fourier transforming Eq. (5) and applying the
transformation Eq. (9), the coupling term H@v reads:

Hzv= ). ). V:„(k,q)Q. (q+vq, )
k,q, ~ P, fL,YA

'U

+) V„*„(k,q)Q;(q+ vqp) A„+ „A.
i=1

where v = 0, 1, Q, (q), and Q, (q) are the Fourier compo-
nents (in the extended zone representation) of the inter-
and intramolecular coupled modes, respectively, and:

where

and

e„= 2t cos(kd—), (7)

1V'„(k, q) = ) g (k+ tqp, q+ vqp)
j=o

x f„',+„(k + q)f,(k), (14)

al, +&~. ~ = ) f„i(k)AI,„~ (n, l = 0, 1),

where

Ag =id, i s(sknd) .

Equation (6) is the Hamiltonian of a split tight-binding
band and can be reduced to a diagonal form, HE

EI,„A~&„Ar,„, , by the transformation

1
V.*. (k q) = ).g;f.*,i+.(k+q)f-i(k)

1=0
(15)

are the coupling constants in the reciprocal space. The
usual coupling constant for acoustic phonons g (k, q) =
2i(8t/Ou)p(sin(kd) —sin[(k + q)d] j has been introduced
in Eq. (14).

The in&ared optical properties of the model are defined
through the complex dielectric function

—(e„+EI,„)
[("+&-)'+I& I']"' ' S(~) soo + Sinter(~) + &intra(~) (16)

[(e. + &~-)'+ l&~l']" '

(1o) In Eq. (16) e is the core dielectric constant which is
usually taken as real. s;„t„(ur) is the interband con-
tribution deriving from the direct electronic transitions
from the lower band Ik, o) to the upper one lk, 1), and
&om the vibronic coupling of these transitions with the
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inter- and intramolecular vibrational modes. s';„t, (~) is
the intraband contribution deriving &om the electronic
transitions within a single energy band. Corresponding
to the random-phase approximation, for the calculation
of the matrix elements of H&v in Eq. (13) we replace
the phonon coordinate operators by their average value,

(Q (q, u)) (cr = e,i; i = 1, . . . , v), oscillating at the same
frequency as the applied field E'(id).

Calculation of the interband contribution to the dielec-
tric function in the linear response approximation yields

~'-t-(~) = —
~V X(~)+) X.(~)

a
(17)

where V is the volume per molecule and o. = e, i with
i = 1, . . . , v. In the Eq. (17) the first term is the dielectric
susceptibility for the single-particle excitation across the
gap)

j = ).).[j.»n(kd)(f'pf p —f'if i)
n, tn

+ ij cos(kd)(f„'i f~p —f„'pf~i)]A~„A„, (19)

with

28j, = ——(td + upAb), (20)

2e t'

j,= ——
l

2tup+ d
It ( 2)

The terms in the summation of Eq. (17)

(21)

n(Ei,„)—n(Eg )
E~

xVi „(k,0)j„(k), (22)

account for the spectroscopic effects deriving from the
vibronic couplings of the electrons with the intra- and in-
termolecular phonons. The average values of the phonon
coordinates (Q (q, u)) are calculated by solving the set
of (v + 1) linear coupled equations defined in Eqs. (3.7)—
(3.10) of Ref. 14. For systems carrying only a b-CDW,
like those considered, the vibronic susceptibilities g (u)
are nonzero only for the intramolecular modes (o. = i)
that derive their vibronic activity &om the phase oscilla-
tions of the b-CDW.

For the intraband contribution to the dielectric func-
tion, the model ass»mes a Drude-like behavior

~( )=).).(E E ),
n(Ei,„)—n(Ei, )

EA;n —Ea~ —&~ —»I'&nter

where I';„t„ is a phenomenological damping parameter
for the electronic interband transitions, and j„(k)
(kn, 0

l
j]km, u) is a matrix element of the current density

operator

4me 0 Eg„

k,n

(24)

When the dimerized chain model is used to calculate
the optical properties of a system containing an aver-

age number of carriers per molecule p = 0.5, that is, a
quarter-filled band system (with reference to the undis-
torted structure), it yields markedly different results de-

pending on the form adopted for the distribution function
n(e, T). In particular, we have considered

&. —E~~~'(T) l
ng(e, T) = f 1+ —exp

2 ( kgT )
(25)

If one assumes ( = 2, Eq. (25) is simply the Fermi-Dirac
distribution function with an additional factor of 2 to em-
body the summation over the spin degrees of freedom. It
is therefore appropriate when the carriers are assumed
to behave as ordinary electrons or holes. With ( = 1,
Eq. (25) describes the statistics for carriers behaving as
spinless fermions. It is appropriate when the double oc-
cupancy of the band states is forbidden. In the simple
Hubbard model this occurs when the U/t ratio tends to
infinity. The two different statistics of course imply two
different locations for the Fermi energy and wave vector.
At T = 0 K, with ( = 2 the lower band is half filled and
the Fermi wave vector is at z'/4d whereas with ( = 1 the
Fermi energy is at the center of the dimerization gap44

and the Fermi wave vector is at the Brillouin zone limit.
At finite temperatures, [E~(T)]~-i ———k~T ln 2.

The optical properties calculated using the dimerized
chain model with ( = 1 or with ( = 2 display remark-
able differences which are conveniently discussed with
reference to the in&ared conductivity spectrum. As the
dimerization opens a gap away from the Fermi surface
in the ( = 2 case, at dimerization amplitudes on the or-
der of those commonly found in quarter —filled molecular
conductors (& 10% of the total bandwidth), the transfer
of oscillator strength &om intraband to interband transi-
tions is only a few percent. ' Thus, the in&ared conduc-
tivity remains essentially Drude-like with a maximum at
zero frequency and a small bump due to interband tran-
sitions at energies of order hu = 4t.

The ( = 1 case produces a conductivity spectrum
which is dominated by interband transitions with an on-
set at the dimerization gap energy Lu = 2Ap. Thus,
at low temperatures the conductivity maximum clearly
shifts at finite frequency (Fig. 4, full curve ). At high tem-
peratures when the dimerization gap is of order k~T, a
Drude-like intraband contribution coming &om the ther-
mally excited carriers may partially mask the optical gap
(Fig. 4, dashed curve ). However, even for small dimer-
ization gaps the most distinctive feature of the optical
spectra calculated for the f = 1 case is the presence of

&intra(~) — tL~/(~ + ttL'I intra) 1

where u„and I'; t, are the plasma &equency and a
phenomenological damping parameter for the electronic
intraband transitions, respectively. The plasma &e-

quency is calculated &om the band structure in the self-
consistent-field approximation ~
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FIG. 4. Conductivity spectra calculated according to the
dimerized molecular chain model in the ( = 1 scheme. Full
curve: T = 0 K spectrum consisting of interband transitions
only; dashed curve: room-temperature spectrum including
intraband transitions.

well-de6ned vibronic structures in the midinfrared fre-
quency region. This is due to the fact that in the dimer-
ized chain model the vibronic structures derive from the
EMV coupling involving the interband transitions only
[cf. Eq. (17)]. In the ( = 2 case, such transitions occur at
markedly higher energy and with much smaller oscillator
strength than in the ( = 1 case. Thus the vibronic fea-
tures are vanishingly small and practically undetectable
unless the dimerization gap becomes comparable to the
bandwidth.

At higher order of perturbation theory the optical
spectra may display features attributed to the coupling
with intraband transitions. This is known as the Hol-
stein effect and is expected to yield spectroscopic
features weaker and of a different shape with respect to
those considered in our model. In ordinary metals and
superconductors the Holstein effect is observed only at
low temperatures. In the discussion to follow we make
the reasonable assumption that the contribution of the
Holstein effect to our room-temperature spectra can be
neglected.

The previously reported results obtained by com-
paring experimental data with calculations carried out
for the ( = 2 and ( = 1 cases have shown that only the
latter is capable of reproducing satisfactorily the mea-
sured spectra. The fact that distinctive vibronic struc-
tures can be observed in all the spectra of Fig. 2 has
prompted us to use the same scheme in the analysis of
the experimental data presented in the following section.

B. Fitting of the experimental data

Our analysis of the room-temperature infrared data of
the studied materials has been based on the compari-
son of the experimental stack-axis-polarized refiectance
and conductivity spectra with those calculated through
the 1D model mentioned above in the spinless-fermion,
( = 1, case. As noted in Sec. III the most impor-
tant features of the conductivity data shown in Fig. 2
are the location of the main conductivity peak at 6-
nite frequencies, i.e., the existence of an optical gap,
and the presence of vibronic structures whose intensi-

ties are strongly correlated with the amplitude of the
gap. In particular, as the principal maximum of the con-
ductivity shifts to higher frequencies the vibronic struc-
tures become increasingly pronounced. This behavior ap-
pears to be correlated with the amplitude of the stack
dimerization and becomes particularly evident in going
from TMTSF to TMTTF compounds when the dimer-
ization amplitude becomes greater. A key point of our
analysis has been to investigate quantitatively the exist-
ing correlations between dimerization amplitude, optical
gap, and location and intensity of the vibronic structures
by comparing measured and calculated spectra for the
series of compounds (TMTSF)2C104, (TMTSF)2PFs,
(TMTSF) 2BF4, (TMTSF) 2Re04, (TMTTF) 2Br, and
(TMTTF) 2PFs, which display an increasing stack dimer-
ization and a correlated increasing amplitude of the op-
tical gap.

For the calculation, in the ( = 1 scheme, of the
room-temperature stack-polarized optical functions B(~)
and 0(~), the input parameters include (i) the struc-
tural parameters, namely the average interplanar dis-
tance between the molecules within the stack d = ]a~/2 =
~dq+dq~/2, the amplitude of the LD, uo ——Ad/4, and the
molecular volume V; (ii) the electronic parameters, that
is the average charge transfer integral t, the gap ampli-
tude Ab, the damping factors for the intra- and interband
electronic transitions I';„q, and I';„t„,and the dielectric
core constant s; (iii) the molecular mass M, the fre-
quency ~„and the damping factor p„of the coupled
intermolecular phonon; (iv) the frequencies ~, , the EMV
coupling constants g, , and the damping factors p,. of the
v coupled intramolecular totally symmetric modes.

A limited number of input parameters have been ad-
justed to fit the experimental data. The values of
the structural parameters have been derived from the
room-temperature structural data, which are known for
all the studied compounds. Also the frequencies
of the totally symmetric vibrational modes of the neu-
tral TMTTF and TMTSF molecules and of their radi-
cal cations are well known. 4 In particular, for the fre-
quencies u, of the coupled intramolecular modes we have
adopted values appropriate for the isolated TMTTF or
TMTSF molecules with a formal charge of p = 0.5. These
values have been estimated by taking the average of the
frequencies of the neutral molecule and of the correspond-
ing radical cation. Owing to the poor knowledge of the
intermolecular modes in the studied compounds, we have
used an effective 6xed value for the frequency of the single
coupled acoustic phonon. On the basis of the available
literature data, ' values of 50 cm and 10 cm have
been assigned to the parameters u and p„respectively.
Therefore the only adjustable parameters are the average
transfer integral t, the gap amplitude Ab, the EMV con-
stants g, , the damping factors I';„t „I';„t, , and p, , and
the dielectric core constant I . The EIP coupling con-
stant (Ot/Bu)o and the amplitude of the anionic potential
8 have been estimated in a self-consistent way using the
relations (4) and (12) of Sec. IV A. This has permitted
us to disentangle the phononic and anionic contributions
to the gap amplitude.

The general criterion adopted to analyze the exper-
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imental data has been to reproduce simultaneously all
the principal spectral features of both the conductivity
and re8ectance spectra. It is noteworthy that each of
these spectral features is afFected mainly by one definite
model parameter. This has allowed us to identify rather
unique and reliable sets of parameters even though the
goodness of the fit could only be appreciated by visual in-
spection. Attempts at performing least-squares fittings
by the use of the available computer routines for data
analysis proved to be impractical because of the lengthy
calculations required.

The experimental and calculated reBectance spec-
tra in the range 15—9000 cm and the corre-
sponding experimental and calculated conductivity
spectra in the range 15—3000 cm are reported
in Fig. 5 and Fig. 6, respect ively, for the six
studied compounds (TMTSF)2C104, (TMTSF)2PFs,
(TMTSF)2BF4, (TMTSF)2Re04, (TMTTF) 2Br, and
(TMTTF)2PFs. For the two compounds (TMTSF)2BF4
and (TMTSF)2Re04, the experimental reflectance data
are those recently reported by Homes and Eldridge.
As shown in the figures, the ( = 1 calculations allow a
satisfactory fit of both the conductivity and reQectance
spectra for all the studied materials. Note that the in-
tegrated areas, the reaectance values and the location
of the plasma edges, the conductivity levels in the in-
&ared, and the EMV structures are simultaneously fit-
ted to a quite satisfactory level of accuracy. In going
&om (TMTSF)2C104 to (TMTTF)2PFs through the se-
ries of studied compounds, the experimental refiectance
and conductivity spectra show increasing deviations &om

simple Drude behavior, correlated with the decrease of
the dc conductivity and the increase of the stack dimer-
ization. The level of the midin&ared refiectance decreases
and the dispersive vibronic structures become more ap-
parent. In the conductivity spectra such deviations are
perhaps more evident. They display an increasing op-
tical gap and a corresponding enhancement of the vi-
bronic structures whose band shapes also depend on. the
gap amplitude. The overview provided by Figs. 5 and
6 allows one to conclude that the spinless-fermion calcu-
lations are indeed able to reproduce in a quite accurate
manner the progressive changes of shape of the experi-
mental re6ectance and conductivity spectra for the full
sequence of the studied materials.

The values of the electronic parameters used for the
calculations are reported in Table I along with the rele-
vant structural parameters, d, b,d, and V taken &orn
the literature. The values of the average transfer in-
tegral t range &om 0.27 eV for (TMTSF)2C104 and
(TMTSF)2BF4 to 0.18 eV for (TMTTF)2PFs, which
correspond to full bandwidths (W = 4t) of 1.08 and
0.72 eV, respectively. The gap amplitude 2Ag increases
&orn 0.050 to 0.174 eV in going from (TMTSF)2C104 to
(TMTTF) 2PFs. These are, respectively, the most metal-
lic and the most dimerized of the six studied compounds.
For the TMTSF salts the gap amplitude is small and rep-
resents about 5'%%up

—
9%%up of the total bandwidths. For the

TMTTF salts the percentage gap amplitude is larger,
ranging from 12'%%up up to 24%%up.

In our model calculations the gap opens at the Fermi
surface, which is shifted to the reduced zone bound-
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FIG. S. Room-temperature experimental (full curves) and
calculated (dashed curves) E~~a reilectance spectra of (a)
(TMTSF)sC104-, (b) (TMTSF)qPFs., (c) (TMTSF)sBF4., (d)
(TMTSF)2Re04., (e) (TMTTF)qBr; (f) (TMTTF)qPFs in the
range 15—9000 cm

FIG. 6. Room-temperature experimental (full curves) and
calculated (dashed curves) E~~a conductivity spectra of (a)
(TMTSF)&C104, (b) (TMTSF)sPFs., (c) (TMTSF)~BF4, (d)
(TMTSF)sRe04., (e) (TMTTF)sBr; (f) (TMTTF)gPFs in the
range 15—3000 cm
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TABLE I. Structural and electronic interaction parameters for (TMTSF)gX and (TMTTF)2X salts.

C104

(TMTSF)2X
pF6 BF4 Re04

(TMTTF) 2X
e PF6

d (A.)
Ad (A)
v (A')
t (eV)
As (eV)
I';ntar (Cm ')
&intra (cm )

3.63
0.01

347.2
0.27
0.025

250
600

2.30

3.64
0.03

357.2
0.25
0.031

300
450

2.00

3.62
0.03

342.2
0.27
0.032

650
800

2.00

3.64
0.00

355.2
0.25
0.046

450
400

2.20

3.51
0.03

308.2
0.20
0.050

500
1000

2.10

3.57
0.10

337.8
0.18
0.087

300
500

2.00

Structural data from Ref. 33.
Structural data from Ref. 34.

'Structural data from Ref. 35.

"Structural data from Refs. 36—38.
'Structural data from Refs. 37 and 38.

aries for spinless fermions. This quali6es all the studied
compounds as narrow-gap 1D semiconductors. For the
TMTSF materials, and also for (TMTTF)2Br, the gap
amplitude amounts to just a few (2—4) kgT at room tem-
perature and the experimentally observed dc conductivi-
ties are easily accounted for in terms of the contribution
fiom thermally excited carriers. The intraband optical
transitions involving these carriers are responsible for the
finite far-infrared conductivity observed for the TMTSF
compounds. Note that the plasma frequency, that is, the
intraband oscillator strength, is calculated through Eq.
(24) using the same values of t and As as for the rest
of the spectrum. The only adjustable parameter with
regard to the intraband transitions is I';„q, .

We wish to emphasize that the picture of these materi-
als as correlated semiconductors stems &om our analysis
of the room-temperature optical data and it is not meant
to apply to other temperature or pressure regimes. As
discussed in more detail in the following section, whereas
most of the TMTTF salts behave as 1D semiconduc-
tors also at lower temperatures, there is experimental
evidence of a metalliclike behavior of the crystals with
smaller dimerization gap, namely the (TMTSF)2X salts,
among which are those that become superconductors.

Inasmuch as our calculations succeed in reproducing
the vibronic effects in the reflect, ance and conductivity
spectra, the analysis of the measured data yields addi-
tional important information concerning the EMV and

EIP coupling. Tables II and III report the values of the
frequencies ~;, the EMV coupling constants g, , and the
damping factors p;, of the coupled intramolecular modes
used to 6t the experimental data of TMTSF and TMTTF
compounds, respectively. It should be noted that the
same set of EMV coupling constants has been used for
the four TMTSF salts and, with some expected modifica-
tions, also for the two TMTTF salts. This clearly reflects
the fact that, to a fairly good level of approximation, the
EMV coupling constants are molecular properties that
carry over from one crystal to another.

V. DISCUSSION

Table IV reports the parameters of the electronic struc-
ture of the studied compounds as deduced from our anal-
ysis of the optical spectra. Beside determining the contri-
bution of the interband transitions, the same parameters,
through Eq. (24), account for the oscillator strength of
the intraband transitions expressed by the plasma fre-
quency ~„. Also reported are the optical relaxation time

1/(27rcl'; t, ) and the zero-frequency optical con-
ductivity of the Drude model cr ~t(0) = u„w For the.
sake of comparison with the values of the Gtting pa-
rameters, Table IV also reports the average values of
the intrastack transfer integrals calculated by quantum-
chemical methods using different orbital basis sets,
and two sets of values for the room-temperature dc con-

TABLE II. Frequencies, coupling constants, and damping factors of the coupled totally sym-

metric intramolecular modes of TMTSF.

a~ mode no.

V10

(u, (cm ')
1599
1469
1060
920
452
282

g* (eV)

0.04
0.10
0.01
0.03
0.04
0.03

p, (cm ')
20
20
20
20
20
20

p, (cm ')
30
30
30
30
30
30

From Ref. 24.
From Ref. 51.

'For (TMTSF)sPFs and (TMTSF)sC104.
For (TMTSF)qBF4 and (TMTSF)qRe04.
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TABLE III. Frequencies, coupling constants, and damp-
ing factors of coupled totally symmetric intramolecular modes
of TMTTF.

a~ mode no.

V3

V9

&10

~, (cm ')
1603
1478
1098
938
563
508
288
222

0.03
0.12
0.03
0.03
0.02
0.06
0.01
Q.01

p, (cm ')
20
30
20
20
10
30
20
2Q

From Ref. 24.

ductivity. The first one, o'p„comes from direct experi-
mental measurements, whereas the second one, crHR,
reports the values assumed by the dc conductivity in our
Hagen —Reubens extrapolations of the experimental re-
flectance data see [Eq. (1)].

In going from (TMTSF)2C104 to (TMTTF)2PFs, the
parameters of the electronic structure follow coherently
the changes of the crystal structures and of the trans-
port properties. In particular, the values of the esti-
mated average transfer integral t scale properly with
those of the calculated ones, reported in Table IV, and
with the average interplanar spacing d shown in Table I.
In terms of absolute magnitudes, the t values estimated
&om optical data are much closer to those calculated us-
ing single-( (Refs. [52,53)) rather than double-( (Ref.
54) atomic orbitals, despite the fact that the latter basis
set is assumed to yield more accurate results. Drude
analyses of the plasma edge in room-temperature re-
Hectance spectra of (TMTSF)2C104, (TMTSF)2PFs, 2

and (TMTTF)2PFs, 2s have given values of the transfer
integrals of 0.23, 0.25, and 0.20 eV, respectively. These
values are rather close to our estimates although our anal-
ysis is based on a quite difFerent model.

The width of the gap As displays the right tendency
to increase as the dimerization amplitude Ad increases
and the dc conductivity decreases as shown in Tables I
and IV. Note that the features of the spectra depend on
the gap amplitude Ag but are insensitive to the specific
driving force for the formation of the b-CDW which orig-
inates the gap. Useful information on the mechanism
for the b-CDW formation can be gained by the use of
the self-consistent relations Eqs. (4) and (12), along with
the available structural information. For all the stud-
ied materials, independent of the inorganic counteran-
ion, the contribution of the static potential 2B accounts
for almost all of the dimerization gap Ag. That means
that the gap is brought about mainly by the efFect of a
4k~ static potential rather than &om a phonon-induced
Peierls mechanism. This is a priori evident for the case
of (TMTSF)2Re04 whose reported crystal structure ex-
hibits a vanishing dimerization amplitude. Note that this
would also imply a vanishing EIP coupling constant. By
using for the constant (Bt/Bu)p the largest value found
for the other compounds, that is, 0.15 eVA. ~, the an-
ionic contribution is still prevalent (86% of the total gap
amplitude) and the corresponding self-consistent value
for the stack dimerization amplitude is 0.04 A. , a value in
the same range as those found for the other (TMTSF) 2X
compounds.

The values found for the efFective EIP coupling con-
stant (Bt/Bu)p are affected by some uncertainty. We do
not base our estimates of ( Bt /Bu) pon direct experimen-
tal data. In fact for a dimerized stack displaying only
a b-CDW, the totally symmetric intermolecular modes
responsible for the modulation of the intrastack transfer
integral are not infrared active. ~4 Our estimates, based
on self-consistency criteria, consider only one effective
coupled mode modulating the intermolecular distances
along the stack. Owing to the dependence on the square
of the intermolecular mode frequency ~, [see Eq. (12)],
our (Bt/Bu)p estimates are strongly dependent on the
value assumed for this frequency. The (Bt/Bu)p values

TABLE IV. Transfer integrals, gap properties, EIP coupling constant, plasma &equency, and transport properties for
(TMTSF)2X and (TMTTF)sX salts. (See text for the definition of symbols. )

C104
(TMTSF)2X

PFG BF4 Re04
(TMTTF)sX

Br PFG

t (eV)
t. ). (eV)
tcalc (eV)
Es (eV)
2B (%)
(Bt/Bu), (eVA ')
~~ (cm ')
~(10 "s)
cr.p, (O) (n 'cm ')
~a. (n 'cm ')
&HR (0 cm )

0.27
0.24
0.37
0.025
97.
0.06
5763
8.85
922
670'
690

0.25
0.23
0.36
0.031

86
0.15
4881
11.80
882

540
500

0.27

0.032
86

0.15
5038
6.64
529

540
540

0.25
0.23
0.36
0.046
100
0.00
3614
13.27
544
300
300

0.20
0.13
0.24
0.050

97
0.05
3135
5.31
163
240
160

0.18
0.11

0.087
88

0.11
1323
10.62

58
40
40

From Refs. 52 and 53.
From Ref. 54.

'Prom Ref. 55.

From Ref. 56.
From Ref. 57.
From Ref. 58.
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reported in Table IV have been obtained assuming for
u, the reasonable value of 50 cm . ' With a presum-
ably overestimated value of 100 cm for u, we obtain
for (Bt/Bu)o values in the range 0.20—0.60 eVA i, with
a corresponding 2B contribution to the gap of 88% and
42/o respectively.

The knowledge concerning the EIP coupling is quite
poor. This is principally due to the fact that both the
&equencies and the coupling constants of the intermolec-
ular modes are strongly dependent on the crystal struc-
tures. This prevents the transferability of the experimen-
tal data kom one structure to another, and makes it diffi-
cult to compare our estimated (Bt/Bu) o values with those
of previous works. For (TMTSF)2PFs there are some
theoretical and experimental indications. Semiempirical
quantum-chemical calculations, s based on a single-( ba-
sis set, indicate values in the range 0.20—0.35 eVA.
One phonon scattering analysis of the low-temperature
resistivity dataso gives a value of about 0.31 eVA
this estimate is however dependent on the frequency
of the scattered intermolecular phonon and on the to-
tal bandwidth. Using our value for the (TMTSF)2PFs
bandwidth, the EIP coupling constant value rises to 0.45
eVA i. The above discussion demonstrates that the
present indirect estimates and calculations of the EIP
coupling constants are still affected by a rather large de-
gree of uncertainty.

For the ( = 1 calculations, when the gap amplitudes
are of the order kIBT, as is the case of the studied com-
pounds at room temperature, there is a strong Drude-
like intraband contribution to the optical functions com-
ing from thermally excited carriers. As illustrated in
Fig. 4, this contribution is quite important in determin-
ing the shape of the calculated room-temperature con-
ductivity spectra in the low-frequency region. Accord-
ing to Eq. (24), the oscillator strength of the intra-
band transitions, as expressed by the plasma frequency

~„, is uniquely fixed by the electronic parameters t and
Ag. The values of these parameters are, to a very large
extent, determined by the other features of the spectra
such as the interband transitions, the frequency location
of the conductivity maximum, and the vibronic struc-
tures. Therefore, in order to reproduce the partial filling
of the optical gap presented by the conductivity data,
the only free parameter is the optical relaxation time
r = 1/(2xcI';„i, ). The value chosen for this parameter
should also yield a zero-&equency optical conductivity
a ~t(0) = ur„co7mparable with the directly measured dc
conductivity o's„as well as with the values (O'HR) as-
sumed by the dc conductivity in our Hagen-Reubens ex-
trapolations of the experimental reflectance data. The
values of u„reported in Table IV become smaller in
going from the most metal/ic (TMTSF)zC104—to the
most nonmetallic —(TMTTF)2PF4 compound, mainly
as a consequence of the increasing dimerization gap. As
shown in Table IV, the values of cr „i(0) scale as those
directly estimated for hard, and those of oHR. The values
assumed for the relaxation time v are in an acceptable
range ' but do not show any particular trend.

A very important aspect of our fit has been the ability
to reproduce the vibronic structures shown by the opti-

cal spectra. Particular attention has been devoted to fit
the conductivity data, which, by their absorptive charac-
ter, are more influenced than the reflectance data by the
optical gap and by the related vibronic coupling effects.
There are two important points to note concerning the
two sets of EMV coupling constants g; for the TMTSF
and TMTTF molecules reported in Tables II and III.

First, in our calculations the molecular vibrational fre-
quencies u,. have not been considered as adjustable pa-
rameters but have been fixed to the values appropriate
for the half-ionized isolated molecules. In this way all the
EMV coupling effects, that is, the intensities of the vi-

bronic structures and their ftequency shifts in respect to
the unperturbed frequencies of the half-ionized molecules,
are parametrized by the dimerization gap Ap and by the
EMV coupling constants g, .

The second point comes &om the fact that, by their
definition, the EMV coupling constants have to be con-
sidered as microscopic molecular properties that are
transferable &om crystal to crystal. For this reason we

have forced the values of the g s to be the same for the
four (TMTSF)2X compounds and, with some modifica-
tions, also for the two (TMTTF)2X compounds. In this
way we are rather confident in our estimated g, values
for the TMTSF and TMTTF molecules.

The comparison with previous estimates ' is not
very informative inasmuch as previous analyses have used
different models and consider the unperturbed frequen-
cies ~, as adjustable parameters. There is perhaps an-
other point to note concerning the expected similarity
between the microscopic properties of related molecules
like TTF and its derivatives. In fact the TTF, TMTTF,
and BEDT-TTF molecules have similar highest occupied
molecular orbitals ' with a charge density distribution
concentrated near the central region of the molecules, and
similar C=C and C—S stretching az modes with almost
the same values of the vibrational frequencies.
With regard to the vibrational modes that involve mostly
the central atoms, our estimated values for the EMV
coupling constants of the TMTTF molecule are in good
agreement with the related ones of TTF obtained by the
fitting of experimental data, ss and those of BEDT-TTF
coming &om electronic calculations.

The overall strength of the EMV interactions can be
measured in terms of the total dimensionless coupling
constant A = g",. i A, = P," i 2n~g; /her, where ny

(erat) i is the density of states per molecule per spin
in the gapless band for the undistorted molecular stack.
Alternatively, we can estimate the small-polaron binding
energy E„=P,". ig;/hw, . From the data in Tables II
and III, we get representative values of A = 0.23 and 0.37
and Ez ——126 meV and 168 meV for the TMTSF and
TMTTF salts, respectively. The strength of the EMV
interactions is therefore moderately strong with a larger
dimensionless coupling constant for the TMTTF salts be-
cause of the narrower bandwidth, and hence larger n~.

We should now turn to a discussion of the physical
implications of our finding that the optical properties of
the Bechgaard salts and of the related sulfur derivatives
can be successfully accounted for only if one assumes a
distribution function, Eq. (25), that precludes the dou-
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ble occupancy of the electronic band states, namely the

( = 1 scheme. This type of statistics applies both to
the case of on-site electron correlation much larger than
the bandwidth, U » 4t, and to the occupancy of lo-
calized polaron or defect states by strongly correlated
electrons. Indeed, there is theoretical and experimen-
tal evidence that quasi-1D systems are particularly sub-
ject to localization phenomena caused by disorder, po-
laronic effects, and electron correlations. The Hub-
bard model, which is widely accepted as a means of
describing theoretically various types of low-dimensional
materials such as organic charge transfer conductors, con-
ducting polymers, and high-T, ceramic superconductors,
presents strongly localized states in the U -+ oo case.70

Disorder effects are expected to play a negligible role
in the studied materials, which exhibit a high degree of
crystalline perfection. Instead, electron correlations do
play an important role in at least some of them, notably
in the sulfur compounds. It is therefore quite nat-
ural to assume that the on-site electron correlation U
causes electron localization, in various degree, in all of
the studied materials. Numerically exact extended Hub-
bard model calculations carried out for short chain seg-
ments (tetramers) have in fact shown~r'72 that, provided
one focuses on the excitation spectrum up to energies of
the order of U, it is not required that the on-site corre-
lation energy be exceedingly larger than the one-electron
bandwidth in order for the low-energy spectra to behave
as if double occupancy was effectively excluded.

The above discussion leads one to propose a somewhat
schematic picture of the (TMTTF)2X and (TMTSF)2X
salts at room temperature as small-gap magnetic semi-
conductors. The gap is due to the anion potential, the
stack dimerization, and, possibly, to the nearest-neighbor
electron correlation. The Fermi level is shifted inside this
gap because of the on-site correlation. However, this pic-
ture contrasts with direct evidence of the presence of a
real Fermi surface coming, e.g. , from low-temperature
magnetotransport measurements. One possible way to
reconcile these views is to assume that on lowering
the temperature the effect of the electron correlations
changes dramatically.

Temperature changes may come into play in two pos-
sible ways: (i) because of the eKects of the changing
phonon population and (ii) by way of changes induced
in the crystal structure due to anisotropic lattice con-
traction. An increasing phonon population with increas-
ing temperature has the obvious consequence of reduc-
ing the carrier mean &ee path. It is not uncommon
that the mean &ee path of organic molecular conductors
is comparable to or even smaller than the intermolec-
ular spacing. In effect, the increasing phonon popula-
tion may play an important role regardless of the for-
mation of small polarons and of the transition to inco-
herent hopping transport. In fact, the narrowing of the
bandwidth, effective also in the polaron band regime,
increases as the temperature rises and could eventually
lead to values of the U/t ratio large enough to split the
band of doubly occupied states off that of singly occu-
pied ones. It has also been pointed out that in ma-
terials such as the (TMTSF)2X salts the polaron band

narrowing is anisotropic; more precisely, it is such as to
increase the 1D character of the band structure. It is
worth noting that the discrepancy between the values of
the transfer integrals we have obtained and those esti-
mated from quantum-mechanical calculations employing
double-( basis functions may originate in the inability of
the latter to account for the polaron effects.

For some of the studied materials, x-ray scattering
investigations ' provide direct information on the ef-
fects of temperature on the structural properties. On
cooling, a lattice contraction occurs mainly along the
transverse b direction while the amplitude of the stack
dimerization decreases. Correspondingly, the band struc-
ture tends to change progressively &om quasi-1D to
anisotropic 2D and the dimerization gap narrows. On
account of the narrowness of this gap, particularly in
the TMTSF salts, a direct consequence would be the
transition from a 1D semiconductor to a 2D semimetal.
In addition, an increased effectiveness of the screening
of the Coulomb repulsions could reduce their impor-
tance and make the double occupancy of the electronic
states increasingly allowed, eventually leading to a metal-
lic structure. The above-mentioned anisotropic polaron
band narrowing could enhance the temperature effects by
adding its contribution to that of the structural changes.

VI. CONCLUSIONS

A systematic analysis of the optical properties of
several members of the family of the Bechgaard salts
(TMTSF)2X, and their sulfur analogs (TMTTF)qX, has
allowed us to obtain a wealth of information on the elec-
tronic structure and interactions in these organic CT con-
ductors. The approach adopted in this paper has been
rather unusual in the comprehensive character of the data
analysis. Such analysis has achieved the aim of account-
ing simultaneously for all the complex structures of the
refiectance and conductivity spectra in a wide frequency
range from the far to the near infrared. Furthermore,
the variation of a limited number of model parameters,
guided by the known crystal structural properties, has
allowed us to reproduce the spectral changes observed
among different members of the series.

The electronic structure of the studied compounds has
been modeled as a 1D split tight-binding band character-
ized by a transfer integral t and by a dimerization gap A~.
An essential prerequisite to succeed in reproducing the
observed spectral features has been to exclude the dou-
ble occupancy of the band states so that the Fermi level
shifts inside the dimerization gap. As a result, the elec-
tronic properties of the (TMTSF)2X and (TMTTF)2X
salts at room temperature resemble those of 1D narrow-
gap semiconductors with gap amplitudes ranging from
5%%ua to 9'%%u0 of the total bandwidth in the selenium com-
pounds and from 12% to 24%%u0 in the sulfur ones. The
smallest gap amplitudes amount to just a few k~T at
room temperature, so that the metallic character of the
Bechgaard salts can be easily accounted for in terms of
a comparatively large concentration of thermally excited
carriers.

The estimated values of the parameters t and Eg fol-
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low closely the changes in the structural properties of the
studied materials, the former being related to the average
interplanar spacing between molecules along the stacks,
the latter to the structural dimerization Ad. The trans-
fer integrals t assume effective values which account for
polaron band narrowing effects as well as for a possible
renormalization due to the finite values of the electron
correlations.

Knowing the amplitude Ad of the structural dimer-
ization and assuming a sensible value for the frequency
of the phonon mode associated with the dimerization, it
has been possible to clear up the relative roles of the EIP
coupling and of the static potential in driving the for-
mation of the b—CDW and the opening of the gap. It
turns out that in all the studied compounds the key role
is played by the static potential, so that the dimerization
of the organic stacks is appropriately described as a struc-
tural effect caused by the commensurate inorganic anion
sublattice rather than by a phonon-induced Peierls insta-
bility. By exploiting the same self-consistency argument,
we have also been able to get hints on the range of values
to be assigned to the EIP coupling constant (clt/Bu)o. It
should be emphasized, however, that this is by no means
a direct experimental estimate of this type of coupling,
which is still one of the worse-known features of these
materials and of organic CT conductors in general.

The deviations &om a simple Drude behavior, observed
to various extents in the spectra of the studied materi-
als, have played a pivotal role in our analysis and in al-
lowing us to draw the above conclusions. Among those
deviations possibly the most important is the presence
of vibronic structures induced by the coupling of the
conduction electrons with the intramolecular vibrational
modes of TMTSF or TMTTF. The &equency location,
the amplitude, and the shape of these spectral features
are determined by the electronic parameters t and A~ and

by the EMV coupling constants g;. It has been thereby
possible to evaluate these last constants with a greater
degree of reliability than in previous attempts. This is
due to the fact that a single set of values has allowed us
to reproduce the vibronic features in the whole series of
Bechgaard salts despite the changing structural and elec-
tronic properties. A similar result has been obtained also
for the sulfur analogs (TMTTF)2X. Keeping in mind
the expected similarity of the EMV coupling in a num-
ber of molecular structures derived from TTF, including
BEDT-TTF, we have recently used the information ob-
tained with the present work to try and assess the role of
phonons in establishing the superconductivity in organic
CT crystals as well as to predict the magnitude of the
isotopic effect on the critical temperature.

We finally recall that the overall picture of the
(TMTSF)zX and (TMTTF)zX salts as quasi-1D
strongly correlated semiconductors with narrow or very
narrow gaps is suggested to hold only in the high-
temperature range. An increased dimensionality (or
reduced anisotropy) at lower temperature induced by
changes in the structural properties and in the phonon
populations may cause important changes in the elec-
tronic properties. Spectroscopic studies to probe this
possibility and complement those reported in the present
paper are presently under way in our laboratory.
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