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Infrared studies of single crystals and thin films of the one-dimensional organic metal tetrathiofulvalene-
tetracyanoquinodimethane (TTF-TCNQ) are presented. The frequency-dependent conductivity, o (w), and
dielectric function, €,(w), are obtained by Kramers-Kronig analysis of the single-crystal reflectivity. The results
indicate the existence of an energy gap (E, = 0.14 eV) in the optical spectrum. Transmission and reflection
measurements on sublimed thin films of TTF-TCNQ yield results for the response functions in excellent
agreement with those obtained from single crystals. The thin-film data are presented for several temperatures,
both above and below the metal-insulator transition. The energy gap is present at all temperatures; reduction
of the temperature sharpens the structure, but the metal-insulator transition is all but invisible at these
frequencies. At low temperatures the overall level of the conductivity in the far infrared decreases as the
pinned collective mode appears, centered in all films measured to date at 80 cm ~'. The data are analyzed in
terms of a simple two-fluid model described by a collective mode and a single-particle excitation spectrum.
Quantitative estimates of the collective-mode oscillator strength, .Qp ~ 500 cm ™!, effective mass, M* ~300m*,
where the band mass is m* ~3m,, and lifetime, 77! ~0.5 cm ™' near 60 K, are obtained from the infrared
conductivity and dielectric functions. A consistent picuture of TTF-TCNQ is developed in terms of a Peierls-
Frohlich conductor with the Peierls gap established and the Frohlich mode sliding at temperatures above 58

K and pinned at temperatures below 58 K.

I. INTRODUCTION

This paper presents the results of an extensive
study of the infrared properties of tetrathiofulva-
lene-tetracyanoquinodimethane (TTF-TCNQ). The
central feature is the existence of an energy gap
(fw,=0.14 eV) in the infrared conductivity which
is present at all temperatures studied.'? Taken
together with previous work on the dc electrical
conductivity, >® microwave conductivity and di-
electric constant’ ™ near infrared and optical re-
flectance, 1'% magnetic susceptibility,!* specific
heat, 1516 and x-ray diffraction, !’ these results
allow a reasonably consistent picture to be drawn
of TTF-TCNQ in terms of a Peierls-Frohlich!®'!®
conductor with the Peierls!® gap established and
the Fréhlich mode!® sliding at temperatures above
58 K and pinned?”?! at temperatures below 58 K.

The early suggestion® of superconductive fluctu-
ation phenomena in TTF-TCNQ was based on the
existence of the relatively large and strongly tem-
perature-dependent dc electrical conductivity.

The existence of high conductivities in pseudo one-
dimensional systems is necessarily a many-body
effect resulting from attractive electron-electron
interactions. For example, Bychkov, 22 Berezin-
skii, # and Gagolin, Mel’nikov, and Rashba® have
shown rigorously that, for independent electrons
in a strictly one-dimensional (1D) system con-
taining impurities or defects, the conductivity
decreases as the temperature is lowered, ap-
proaching zero with a temperature dependence
determined by the ratio of the impurity and phonon
scattering rates, T;n,/T,n(T).
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The early suggestion® that the electron-electron
correlations in TTF-TCNQ are mediated by soft
phonons near 2k led Bardeen® to point out that,
although the correlations might indeed result from
the Peierls instability, the resultant lattice dis-
tortion need not be static with fixed phase from
chain to chain but dynamic, giving rise to giant
density waves in the solid. Frohlich® first dem-
onstrated that coupling of the electron to these
giant density waves in 1D systems can lead to
superconductive behavior. In effect, the electrons
“surf-ride” on the giant density waves in the
underlying lattice, and electron scattering is in-
hibited by the strong coupling of the electron-lat-
tice system. Because of the absence of long-
range order in one-dimensional systems and the
existence of dissipative processes for the giant
density-wave mechanism, one can expect large
enhanced conductivities but not true persistent
currents.

It is useful to look at the Frohlich state from an
energy-band point of view. Following Allender,
Bray, and Bardeen,?® we show in Fig. 1 an ideal-
ized €(k) vs k for a one-dimensional tight-binding
metal with zero current [1(a)] and with a finite
current [1(b)]. The fact that the energy gap is
tied to the Fermi surface in the moving frame of
reference suppresses single-particle back scatter-
ing across 2k and gives rise to enhanced conduc-
tivity. In the actual system, as a result of the
one-dimensional fluctuations which are present
above the three-dimensional interchain ordering
temperature, the energy gap becomes a pseudo-
gap; but at least schematically the same ideas
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FIG. 1. Band structure of the Peierls-~-Frohlich con-
ductor. (a) Zero current; (b) finite current showing the
shift in the energy gap.

apply.

Figure 1 suggests the existence of two kinds of
electronic excitations in such a Peierls-Frthlich
conductor.

(i) A collective mode of the coupled electron-
lattice system: Since the Peierls-Frohlich state
can be viewed as a coherent superposition of
polarons, it is not surprising that the collective
mode has a large effective mass M* dominated by
the electron-phonon coupling.!® In addition, since
the many-body collective behavior suppresses
scattering, one anticipates an extremely long col-
lective-mode scattering time 7.

(ii) Single-particle excitations across the
pseudo-gap: These are analogous to the simple
excitations in a semiconductor and correspond to
shake-off excitations in which an electron is ex-
cited, leaving the underlying lattice fixed. The
single-particle excitations should have the simple
band mass m* and a relatively short single-parti-
cle scattering time 7,

Schrieffer® and Lee, Rice, and Anderson, %
have pointed out the extreme sensitivity of the
Frhlich giant density-wave mechanism to pin-
ning. The physical point is that charged impuri-

ties, defects, and intrinsic interchain coupling all
conspire to fix the phase of the collective mode
and thereby pin it and inhibit motion. In this
case, the pinning effects provide a restoringforce
to the collective-mode motion and shift the col-
lective-mode osciliator strength from zero fre-
quency to a finite pinning frequency wg.

Based on the above considerations, one can
construct ‘a schematic diagram of o, (w) vs w
showing the characteristic features of the collec-
tive mode and single-particle excitations as
shown in Fig. 2. Inthe conducting state [Fig.
2(a)] the collective mode is centered at zero fre-
quency, with a width determined by the collec-
tive-mode lifetime 7,(7T). The energy gap leads
to a broad minimum in 0,(w) with the single-par-
ticle (semiconductor interband) transitions show-
ing up at higher frequencies. When the frequency
exceeds the single-particle scattering rate, the
usual Drude roll-off [0,(w) = (Ne?/m*)/w?r,,] is ex-
pected. Pinning of the collective mode will shift
the oscillator strength into the infrared and prob-
ably broaden it considerably [Fig. 2(b)].

The fundamental signature of the Frohlich state
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FIG. 2. Schematic representation of the frequency -
dependent conductivity of the Peierls-Frolich conductor
showing the collective-mode peak and the single-particle
oscillator strength at higher frequencies. (a) Conduct-
ing state with collective mode centered at zero frequen-
cy. (b) Insulating state, with the collective mode pinned
at a low frequency.
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is, therefore, relatively high electrical conduc-
tivity, op=Nge?r,/M*, in the presence of apseudo-
gap in the electronic excitation spectrum. The
high conductivity is expected to be extremely sen-
sitive to pinning by defects and impurities. At
sufficiently low temperature, interchain Coulomb
coupling of the charge-density waves or 3D band
structure effects will cause a three-dimensional
ordering transition at which point the phase of the
charge-density wave is pinned, leading to a high
dielectric constant insulating state. These are
precisely the features observed in the frequency-
dependent condutivity and dielectric function of
TTF-TCNQ.

Besides the theoretical work discussed above,
there have been a number of microscopic calcula-
tions of the conductivity of one-dimensional sys-
tems. Many of the issues have not been resolved
at this time. Luther and Peschel?’ have calcu-
lated the conductivity in the Tomonaga model ex-
actly for small momentum transfer. They obtain
large fluctuation enhancements of the conductivity.
Similar results were reported by Mattis.? Fuku-
yama, Rice, and Varma,?® on the other hand,
find, in a calculation where impurities are the
only momentum-dissipation mechanism, that fluc-
tuations enhance the resistivity not the conduc-
tivity. The effects that lead to pinning in the
ordered state give a resistivity enhancement in
the fluctuation regime. Patton and Sham®® also
get a resistivity enhancement in the case where
the Peirels’s distortion is commensurate with the
lattice. However, in the incommensurate case,
including random impurities, Patton and Sham®
find that phonon-drag terms lead to an enhanced
fluctuation conductivity. The pinning term has no
effect above the temperature where the ordered
state sets in. Sokoloff*? finds that weak impurities
do not always pin the charge-density wave, which
distorts to accomodate the impurity. In effect,
near the impurity the charge-density wave is
made up of a superposition of the undistorted wave
and a localized impurity mode so as to minimize
the energy of interaction with the impurity. Rice?®
has made a semiphenomenological calculation of
the conductivity due to the sliding mode and finds
the conductivity increasing as the temperature is
reduced with maximum values for TTF-TCNQ on
the order of 10*~12° @ cm™. The final resolu-
tion of these theoretical studies is not yet clear.
Therefore, our point of view in this paper will be
to continue to develop detailed experimental data
on 0,(w) and €,(w) and to compare the results with
the phenomenological model of the Peierls-Froh-
lich state.

Short communications on the infrared conduc-
tivity of TTF-TCNQ films' and single crystals®
have been published by us eariier. Torrance and
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Nicoli®** measured the absorption of TTF-TCNQ
powders dispersed in KBr and in polyethylene and
have obtained curves for the conductivity which
are, in their major features, in agreement with
our results. Chaudhari et al.? have measured
the infrared and visible transmission of oriented
TTF-TCNQ films and obtained results similar to
those here. Poehler et al.® have measured the
polarized response of a single crystal to a num-
ber of lines from a far-infrared laser and found
at 4.2 K an increase in absorption at 220 cm™

(0. 03 eV), which they attributed to photoconduc-
tivity across a small gap associated with the 58 K
metal-insulator transition. This edge will be seen
here to be present at all temperatures below 320
K and to be nearly independent of temperature.
Eldridge®” has measured the bolometric response
of a single crystal to a Michelson interferometer
and found at 7 K many more optical-phonon modes
than expected, a strong absorption edge beginning
at 320 cm™, and a broad asymmetric peak at 7
cm™ which he attributes to a pinned Frohlich
mode.

The plan of the paper is as follows: In Sec. II,
sample preparations and infrared experimental
techniques are described. Section III presents
room-temperature (300 K) polarized reflectance
studies of single crystals of TTF-TCNQ, which
are analyzed via a Kramers-Kronig scheme to ob-
tain o, (w) and €,(w) for both the b and a crystal-
lographic directions. Section IV describes the
data obtained on sublimed thin films at tempera-
ture from 5 to 320 K. Transmission and reflec-
tion measurements on the same specimen are
analyzed to obtain o,(w) and €,(w). This section
also contains a discussion of the importance of
small particle depolarization effects. Section V
discusses a fit to the data using a Lorentzian os-
cillator and Drude relaxation time. The oscillator
strength sum rule is used to obtain an estimate of
the effective mass of the electrons, and a discus-
sion of the plasma edge in terms of the loss func-
tion is given. Section VI describes the data in the
context of the Peierls-Frohlich model and of the
Lee, Rice, and Anderson concept of pinning of the
collective mode. We are led to a simple two-
fluid model and give an estimate of the oscillator
strength, effective mass, and lifetime of the col-
lective mode. In Sec. VII we consider deviations
of the measured conductivity from a Drude-Lo-
rentz model and calculate the frequency depen-
dence of a complex relaxation rate. Section VIII
is a summary.

There are a number of complex functions of
frequency which describe the response of matter
to electromagnetic waves, such as the complex in-
dex of refraction N, conductivity o, and dielectric
function €. All of these are related toone another. .
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In this paper, we have chosen to always present
the data as the real part of the conductivity o, (w)
and as the real part of the dielectric function €, (w),
since these are the quantities measured at zero
frequency. They are related via the Kramers-
Kronig integral transforms

0, (w,)dw
e -1p [ gL, )

and can be written together as the complex conduc-
tivity

olw) =0, (w) —ilw/4m [€(w) -1]
or complex dielectric function

e(w) = €(w) +i(dn/w)oy (w).
II. MATERIALS AND INFRARED TECHNIQUES

High-purity TTF and TCNQ were prepared by
methods similar to those described earlier. #7138
The products were purified by multiple gradient
sublimation and handled in inert Ar (99.999%)
atmosphere.

TTF-TCNQ single crystals were grown by dif-
fusion in a solution of ultrapure acetonitrile using
a specially designed vessel and programmed tem-
perature control. The crystals grow in the form
of flat needles with the long axis of the crystal
coincident with the principal conducting (crystal-
lographic b) axis of the solid. The largest crystal
face contains the crystallographic a-b plane.

Wwith careful selection, crystals can be obtained
with excellent surfaces suitable for optical re-
flectivity experiments.

In addition to single crystals, polycrystalline
films were used in this study. The films were
prepared by vacuum sublimation of the high-purity
salt TTF-TCNG. The sublimation was carried
out at temperatures in the range (80-110) °C in a
Varian high-vacuum evaporator at pressures
below 2%x107° Torr using a tantalum boat. The
source to substrate distance was chosen (for con-
venience) to be 5 cm, and the substrates were
held at 10 °C by attaching them to a water-cooled
copper block. Known amounts of TTF-TCNQ
were used, and the film thicknesses were obtained
to an accuracy of +25% from the source-substrate
configuration. Thinner films under transmitted
light exhibited the yellow-brown color character-
istic of pure TTF-TCNQ and a matte finish;
thicker films were flat black. Scanning electron
micrographs showed that the films consisted of
many small well-formed single crystals, with
typical dimensions 3x0.5%0.1 um?, growing on
the substrate with random orientation. Debye-
Scherrer x-ray patterns showed the films had
crystallized in the bulk structure, and chemical
analysis confirmed the 1:1 TTF-TCNQ salt.
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Substrates and film thickness were chosen to
give reasonable transmission at all frequencies.
Measurements in the range 20-350 cm™ were
performed on 1-2-pum-thick films grown on sap-
phire, Mylar, and polyethylene, while 2000-3000-
A-thick films on KBr were used from 300 to 4000
cm™,

Infrared spectra were recorded using a Perkin-
Elmer 225 spectrophotometer over the region
300-5000 cm™, and a Grubb-Parsons-Michelson
interferometer over the region 20-500 cm™. The
Perkin-Elmer 225 is a double beam grating in-
strument using a Golay cell detector and is equipped
with a gold wire grid polarizer. The low-
temperature measurements on this instrument
were made using an Air Products Helitran cryotip
with CsI windows. The reflectance measurements
employed a Perkin-Elmer microspecular reflec-
tance insert, which gives an angle of incidence of
approximately 10° from the normal to the crystal-
lographic a-b plane, in the a-c* plane.

The Michelson interferometer had a gallium-
doped germanium bolometer-detector operating at
1.2 K. The detector Dewar employed standard
light-pipe optics with the sample mounted on a ro-
tating disc. The reflectance insert used is shown
in Fig. 3. Just above the sample is a beam split-
ter which consists of a mitered right-angle bend
with a hole drilled in the brass mirror. The beam
splitter passes part of the incident radiation to the
sample and reflects part of the return to the ad-
jacent mitered corner whence it passes on to the
detector. Both a sample and a reference mirror
are attached to the copper rotator disc (along with

FROM INTERFEROMETER

FIR

_ROTATOR ROD

BEAM SPLITTER

SPECIMEN

ABSORBENT
MATERIAL

TO DETECTOR

FIG. 3. Far-infrared reflectance insert.
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FIG. 4. Polarized reflectance of TTF-TCNQ single
crystals over the whole region, 50—-10000 cm™, The
dashed lines below 350 cm™! indicate data derived from

the unpolarized reflectance of an oriented mosaic.

a thermometer and heater for temperature control)
and either may be placed in the beam. The actual
rig has the sample and the clear hole located 90°
apart rather than 180°, as shown in the figure, so
that the rotator rod can pass by on axis. This
insert is expected to show an insertion loss of a
factor of 4 (2 at each incidence on the beam split-
ter); the measured loss is a factor of 5. There is
considerable leakage or stray reflection; with no
sample mounted, the signal at the detector is 30%
of that from a mirror. The raw data are corrected
for this background before further analysis.

III. SINGLE-CRYSTAL REFLECTANCE

The measurements were performed on single
crystals, approximately 2% 10 mm?, using as
grown surfaces. Figure 4 shows the polarized
reflectance at room temperature for E Il b and
Ella in the range 50-10000 cm™. The dashed
lines in the range 50-300 cm™ were obtained from
unpolarized reflectance from a carefully aligned
mosaic of single crystals mounted on thin gold
wires. The individual crystals were again approxi-
mately 2x10 mm?, and five or six were used to
fill the far-infrared beam. ®(E Il b) is obtained by
assuming ®R(E Il a) is constant at the 300 cm™ value
so that R(E Il b) = 2Rpeas — R(E !l a).

®R(E Il a) is essentially frequency independent ex-
cept for several sharp resonances which are iden-
tified as arising from various intramolecular vi-
brations.

®R(E 1 b) is less than 72% throughout the inter-
mediate-infrared regime. A broad resonant struc-
ture is seen around 1200 cm™ in addition to diverse
sharp resonances trom molecular vibrations and
possibly lattice phonons. ®(E Il b) remains con-
siderably below the values that would be expected
from a simple metal with a dc conductivity of
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500-1000 'cm™ and a well-shaped plasma edge
at 7000 cm™. 1713 The relatively low reflectance
values at long wavelengths thus imply an energy
gap E, =hw, with w,7,;~1 where 7, is the single-
particle scattering time appropriate to excitations
near the gap edge.

Since the polarized reflectance is known for
frequencies up to 37000 cm™ a Kramers-Kronig
analysis® 3 is expected to give reliable results in
the infrared regime. We have used data from our
measurements between 50 and 5000 cm™; the data
of Bright et al.'? between 5000 and 10000 cm™;
and the data of Grant et al.'® between 10000 and
37000 cm™. Beyond these frequencies conven-
tional extrapolation schemes were employed. In
the range 0<w <50 cm™ it was assumed either that
®(E I b) behaves according to the Hagen-Rubens
formula ® =1 - (2w/710)!/2 with 0~60 Qcm™,
chosen so a smooth connection with the data was
obtained, or that ®(E Il b) was constant. The value
for ®(E Ila) was assumed constant in this limited
low-frequency range.

The high-frequency extrapolation must simulate
interband transitions and, at very high frequencies,
free-electron behavior. For the b-axis data, we
have used the standard approximation ® (w)=&(w,)
X (wo/w)P with w, =37000 cm™, P, =2 (correspond-
ing to interband transitions), wg=200000 cm™,
and P,=4 (corresponding to free-electron be-
havior). The a-axis high-frequency extrapolation
was chosen to give the best agreement with the
measured a-axis absorption coefficient of Bright
et al.'? as discussed below.

The sensitivity to the choice of extrapolation
procedures is illustrated by the following examples:
Assuming ®(E Il b) constant for w <50 cm™ leads to
changes in o and € of less than 2% for w > 500 cm™
and yields even lower values for o (the dotted
curve in Fig. 5 below 200 cm™) than the Hagen-
Rubens extrapolation (the dashed curve below 200
cm™) in the gap region. Thus the data above 200
cm™ are insensitive to the detailed low-frequency
extrapolation procedure. Assuming constant re-
flectance above 37 000 cm™ leads to changes less
than 10% for any w <10* cm™ and has negligible
effect below 500 cm™.

The frequency-dependent conductivity o,(w) and
dielectric function €,(w), as obtained from the Kra-
mers-Kronig analysis, are shown for E Il b and
Ella in Figs. 5-11.

The main feature in o} (Fig. 5) is a resonant
structure with an absolute maximum at approxi-
mately 1100 cm™, with a strong relatively narrow
minimum centered at approximately 1400 cm™, At
higher frequencies a smooth Drude-like frequency
dependence is observed.

Figures 6 and 7 show the single-crystal o}(w)
data over a broader spectral range. The Drude-
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FIG. 5. Real part of the conductivity of TTF-TCNQ
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20-4000 cm™. The dashed and dotted curves at low
frequencies indicate two different extrapolation proce-
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FIG. 7. Real part of the conductivity of TTF-TCNQ
single crystals for E Il b vs frequency from 300-37 000
cm™, The frequency scale is logarithmic.

like regime (2000-8000 cm™) is interrupted by the
onset of absorption at 9000 cm™, probably due to
excitonic or interband transitions.

The corresponding behavior of €} (Figs. 8 and 9)
is that of an insulator with a resonance sufficiently
strong to give negative values between 1000 and
6000 cm™, At lower frequencies ef is quite high
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FIG. 8. Real part of the dielectric function of TTF-
TCNQ single crystals for both Ellb and E lla vs frequen-
cy from 20-4000 em™.
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FIG. 9. Real part of the dielectric function of TTF-
TCNQ single crystals for Ellb vs frequency from 300—
37000 cm™'. Notice the logarithmic frequency scale.
The dashed curve at high frequencies shows the data
magnified by a factor of 20.

with a maximum value of 82 near 300 cm™, while

the dielectric behavior in the far infrared is not
known directly. The existence of large dc and
microwave conductivities (0%.=0% ae~10° Qlcm™)
implies that €}(w) crosses zero and is negative at
very low frequencies.

The a-axis conductivity and dielectric function
are shown in Figs. 5, 6, 8, 10, and 11. The main
features are the molecular lines and the absence
of any sign of metallic behavior. The frequency-
dependent conductivity remains small and increases
slowly out to approximately 10* cm™. At the
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FIG. 10. Real part of the conductivity of TTF-TCNQ
single crystals for E lla vs frequency from 300-37 000
em™!. Notice the logarithmic frequency scale.
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FIG. 11. Real part of the dielectric function of TTF-

TCNQ single crystals for E lla vs frequency from 300—
37000 cm™. The frequency scale is logarithmic.

highest frequencies, where the intramolecular
transitions dominate, the a-axis and b-axis con-
ductivities become comparable. e€{ (Fig. 11) is
falling off slowly from 4.5 to approximately 3

with increasing frequency. The contributions
from the various sharp molecular modes are seen
clearly. There is no C-H stretching mode. These
measurements were made on TTF-TCNQ : D8
crystals because of their large size.

The extrapolation procedure at high frequencies
for the a direction was chosen to give the best
possible agreement between the calculated and
measured absorption coefficient in the visible. The
absorption coefficient ¢ = 2kw/c is shown for the
two directions in Fig. 12. The directly measured
single-crystal a-axis absorption of Bright et al.'12
(in the visible part of the spectrum) is also shown
in the figure.

The data of Bright et al.''!2 (and the color of
thin crystals under transmitted light with E Il @)
show a strong increase of absorption for E lla at
frequencies above 25000 cm™ (3.5 eV). The re-
flectance data of Grant ef al.'® is, however, quite
smooth in this region accounting for the less steep
rise in the absorption coefficient derived from the
Kramers-Kronig transform. The absorption coef-
ficient for E Il b is in reasonable agreement with
the data of Chaudhari ef al.® on epitaxial films.

IV. THIN-FILM DATA

In this section we present the data obtained from
measurements on thin films of TTF-TCNQ. Fig-
ures 13 and 14 show the absorption coefficient o
uncorrected for reflection. This is given by

a == (1/d) InT/T 4y,
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FIG. 12. Absorption coefficient of TTF-TCNQ single

crystals for Ellb and E lla vs frequency from 300-37 000

cm™l. These data are derived from the complex con-

ductivity. The dotted line is the measured absorption
coefficient for E lla for a thin single crystal (see Ref. 10).

where d is the film thickness in cm, Tis the trans-
mission of a film on a substrate, and T, is the
transmission of the uncoated substrate. The ab-
sorption coefficient is not a particularly well-de-
fined quantity in the present case, since the film
thickness is less than the wavelength or skin depth,
so that the infrared intensity does not decay in any
exponential way while passing through the film. It
does, however, provide a qualitative measure of
the excitation spectrum in the film.

Figure 13 shows the absorption coefficient at
three temperatures for frequencies between 30
and 4000 cm™. Data in the range above 300 cm™
are from films grown on KBr, 200-300 cm™ from
films grown on Mylar, and 30-200 cm™ from films
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FIG. 13. Absorption coefficient of TTF-TCNQ films
at three temperatures vs frequency from 30—4 000 cm™'.
The frequency scale is logarithmic. The weak absorp-

tion at low frequencies indicates an energy gap.
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FIG. 14. Absorption coefficient of a TTF-TCNQ film
on sapphire at five temperatures vs frequency from 20—
270 em™,

grown on sapphire (5 and 70 K) and polyethylene
70 and 300 K). Note that the absorption coefficient
between 300 and 4000 cm™ at room temperature is
quite similar to that obtained from the single-
crystal measurements.

There are maxima at 1250 and 2400 cm™ with an
increase of nearly an order of magnitude between
200 and 1000 cm™. At lower temperatures the
edge becomes much steeper and somewhat stron-
ger. The steep onset of the absorption coefficient
at 250 cm™ separates rather neatly two infrared
regions. In the middle infrared (250-4000 cm™)
there is high absorption and the structure asso-
ciated with the conductivity reaches a maximum
near 1000 cm™. On cooling from 300 to 65 K the
absorption coefficient is substantially increased,
while further cooling to 5 K makes very little dif-
ference. In the far infrared (30-250 cm™) the
absorption coefficient is much lower and, while
cooling from 300-65 K gives a large increase in
absorption coefficient, reduction of the tempera-
ture to 5 K decreases the absorption while a broad
maximum appears around 80 cm™, The low-fre-
quency and low-temperature data are shown in
more detail in Fig. 14 which gives the absorption
coefficient of a TTF-TCNQ film on sapphire be-
tween 25 and 280 cm™ for five temperatures be-
tween 5 and 100 K. As the temperature is in-
creased the over-all strength of the absorption is
increased and the broad maximum seen at 80 cm™
at 5 K becomes progressively weaker. Also seen
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FIG. 15. Real part of the conductivity of a TTF-
TCNQ film on KBr at room temperature vs frequency
from 300—4 000 cm™!. The dotted and dashed curves il-
lustrate the difficulties caused by scattering: the solid
curve includes the scattering correction.

on Fig. 14 are a number of sharp absorption lines.
Most noticeable are temperature-independent lines
at 119 and 234 cm™ and temperature-dependent
lines at 51, 163, and 178 cm™,

The complex conductivity c=0, - (i w/4m) (¢, = 1)
may be determined from normal-incidence mea-
surements of the reflectance and transmittance of
a film. This was done for superconductors in the
far infrared by Palmer and Tinkham.*® The prob-
lem of finding the reflectance and transmittance of
a film ona substrateisa relatively straightforward,
if tedious, boundary-value problem which has been
solved by a number of authors interested in inter-
ference filters. The clearest paper we know of is
by Hadley and Dennison.* The solution can be
very simple if the film is thin with respect to its
skin depth and the wavelength of the light, since it
may then be obtained from the boundary conditions
on the field vectors, treating the film as a sheet of
surface current.*® The results for the transmit-
tance and reflectance of the film are

4dnyn,
[ny+ 15+ @n/c)0yd? +[(w/c)(e; - 1)AE

Tp= (2)

[725 = 7y + (4n/c)oyd ) +[(w/c) (e, = 1)d P

[ny +ny+ (@1/c)o,dP? +[(w/c)(e, - 1)d]? @

where d is the film thickness, #, is the index of
refraction of the medium in which the incident and
reflected radiation is traveling, and n, is the index
of the medium in which the transmitted wave is
traveling. Notice that the expression for the re-
flectance is changed by interchange of #, and n,
(turning the specimen over). After corrections
for absorption within the substrate and for effects
of the uncoated side of the substrate, including
multiple internal reflections, o,(w) and |€;(w)-1]
can be calculated from the measured external
transmittance and reflectance.

Figure 15 shows the real part of the conductivity
over the frequency range from 300 to 4000 cm™.
Since the films are composed of randomly oriented
crystallites, we have plotted 3(c,) where (o) is
the conductivity calculated as described above.
Since 0§ < of (and presumably the same is true for
o1), the quantity 3(o,) corresponds to the b-axis
conductivity. This allows direct comparison with
the single-crystal results. The dotted line gives
the result of using the transmittance and reflec-
tance with the radiation incident on the exposed
front surface, and the dashed line gives the result
obtained from transmittance and reflectance with
the radiation incident through the substrate on the
rear surface. The two curves are similar at low
frequencies but begin to separate at about 900 cm™,
with the relative differences becoming large as the
frequency increases.

As the matte appearance of the films under
visible light suggests, the problem is caused by
scattering. This was quantitatively demonstrated
by a sample tipping experiment performed at
4000 cm™. A TTF-TCNQ film and a gold mirror
were placed in the reflectance attachment of the
Perkin-Elmer and progressively tipped away from
the specular reflectance position. As shown in
Fig. 16, the signal from the gold mirror cuts off
at the 6° acceptance half angle of the instrument
as expected, while that from the TTF-TCNQ film
has an average value of 2% through the next 8°.
This leads to a direct estimate that the fraction of
the radiation that is nonspecularly reflected is, at
4000 cm™, 50% of the amount specularly reflected.

We adopt the following scheme to correct for the
scattering. By conservation of energy

Tr+®p+@p=1 (front),
(4)

Tp+®F+QL=1 (rear),

where the primes indicate the incident radiation
traveling in the substrate and @(Q@’) is the intensity
absorbed in the film when the radiation is incident
on the front (rear) surface. Because of scattering
and the finite acceptance angle of the instrument
not all of the reflected or transmitted radiation is
detected. Equations (4) are modified to read
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T ey +®py+Sp+@p=1 (front), (5)
Tpy+Rey+SE+8F=1 (rear),

where S (%) is the intensity scattered, in all
directions, when the radiation is incident on the
front (rear) film surface. T gy, &gy, and ®%, are
the apparent film coefficients deduced from the
measured data. Making the reasonable ad hoc as-
sumption that the scattered radiation is propor-
tional to the measured signal, p=K(w)(T py+®Rpy)
and S =K()(T gy +REy), comparison of Egs. (21)
with (22) leads to the conclusion that

Tp=Q+K)T gy,
Rp=1+K)Rpy, (6)
Rh =1 +K)R%y.
Using the identity
r=n®p—-(m-1)(1-"Tg), )

where 7 is the index of refraction of the substrate,
Egs. (6) can be solved to find

=11 = Tpy) = nRpy + Ry .

K= =1y + R py =Ry (®)

It is thus possible to take three independent sets
of data (I, ®, and ®’) and deduce from them three
unknowns [0, l€; —1|, and K(w)]. When this is

done, the results for o(w) at room temperature
are shown as the solid line in Fig. 15. This is a
much improved result as it closely resembles the
single-crystal conductivity. Furthermore, it
satisfies the sum rule on the conductivity,

[ otwrdw=3at, (9)
0

using a Drude extrapolation above 4000 cm™.

Figure 17 shows the conductivity of TTF-TCNQ
films over the whole frequency range from 20 to
4000 cm™ at four temperatures. The data were
obtained from a film grown on KBr (300-4000
cm™), one on Mylar (100-400 cm™), and one on
sapphire (20~200 cm™). As the temperature is
lowered, the over-all width of the peak is de-
creased and the height of the peak increased. The
inset shows the temperature dependence of the
location of the peak in 0,(w). This is actually de-
termined from a fit of a Drude-Lorentz expression
for the conductivity, as will be discussed below.
Note that the minimum in o,(w) centered at 1400
cm™ shows up in the film data as well as the
single-crystal data. This minimum becomes
shallower and less well-defined at lower tempera-
tures.

As described in our earlier publication,® the
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FIG. 17. The real part of the conductivity oy(w) vs
frequency at selected temperatures. The inset shows the
temperature dependence of the peak in oy(w).
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FIG. 18. The dielectric function €(w) vs frequency at
selected temperatures as determined from Kramers-
Kronig transform of the data of Fig. 17. The insert
shows the temperature dependence of the crossover fre-
quency where €;=€,.=2.4.

values for €,(w) determined directly from the film
transmission and reflection data and those calcu-
lated from a Kramers-Kronig transform of the
0,(w) data have the same shape but differ by an
almost constant amount (approximately 10) through-
out the entire region. The origin of this offset is
straightforward. The transverse dielectric con-
stant (below 4000 cm™) is larger than the core
value €..,=2.4, assumed earlier. Figure 9
shows that for these frequencies €] ~4. The values
for ef* appropriate to the c* direction are not
known. However since the c¢* conductivity is
greater than that along a, one might expect e{* to
be correspondingly larger. For the films ef=3(€1)
- €7 - €*. To obtain agreement with the single-
crystal data for ef and the Kramers-Kronig trans-
form of the film conductivity requires ef* ~10, a
not unreasonable value.

Figure 18 shows the dielectric function €,(w) at
four temperatures as determined from Kramers-
Kronig transformation of the data in Fig. 18. The
dc and microwave values of the conductivity were
used as the low-frequency extrapolation; this en-
sures that €, is large and negative at low frequen-
cies when the temperature is greater than that of
the metal-insulator transition. A Drude extrapola-
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tion, using the parameters of Bright et al.,'? was
used above 400 cm™. The insert in Fig. 18 shows
the frequency at which €; crosses €.,;,=2.4. This
is the best definition of the energy gap presently
available.

The dielectric function is negative (metallic) at
high frequencies, but changes sign between 900 and
1200 cm™ becoming large and positive (like that of
a small gap insulator) at low frequencies. In the
far infrared e'{(w) is decreasing (toward negative
values) at temperatures above 60 K, whereas the
5 K data show e'{ increasing toward the large
values observed at microwave frequencies, 8

These TTF-TCNQ films are composed of a large
number of small randomly oriented crystallites.
The room-temperature dc conductivity of the film
falls below 305(0)~ 300 2 1cm™, but rather is
closer to that of a polycrystalline compaction
0,(0)~6 Qlem™. Thus there is clearly some
crossover frequency above which the conductivity
derived from the film data corresponds to intrinsic
properties of single crystals TTF-TCNQ and be-
low which small-particle effects dominate.

The problem of a composite medium was solved
for isotropic spheres in an insulating matrix by
Maxwell-Garnett*® and has been recently discussed
by Gentzel and Martin, ** by Barker, * and by Tan-
ner, Sievers, and Buhrman. The theory must
be extended to include anisotropy in shape and con-
ductivity and to include the effects of interacting
particles. We adopt a simple model system: ran-
domly oriented crystallities such that

E By~ E|, (10)
where E is the electric field vector and b is a unit
vector along the crystal axis. The brackets de-
note an average over all crystailites. We treat
the medium as having a volume fraction 3 f (where
f is the filling factor of the film) of crystallites
with their highly conducting b axes e_:factly along
the electric field. The others have ELb and are
taken as part of the matrix in which the highly con-
ducting crystals are suspended. The particles,
then, have complex dielectric function €’ and the
matrix has dielectric function €,. The result®
of the calculation is that the average dielectric
function (e€) of the medium is given by

3fe (€ - €,)
€, +8(1-3)(e-¢,)’

where g is the depolarization factor of the parti-
cles. This is found from the solution of the ap-
propriate boundary-value problem and has values
between zero (long needle) and unity (slab). The
dimensions of the crystallites in these films are
typically 3X0.5%0.1 um3, If these are taken as
ellipsoid axes, then g,~0.01, g,~0.1, and g,
~0.9.

(€ =¢€,+ (11)



3392 TANNER, JACOBSEN,
The important term in Eq. (11) is the second
one in the denominator. For a conductor, as w
- 0 the imaginary part of €®~ « and it dominates
the entire expression. In this low-frequency re-
gime, the internal electric field is dominated by
depolarization effects.
We set f~1 as appropriate for a film, and the
equation is substantially simplified. The dielec-
1
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tric function of the medium is then the transverse
dielectric function of TTF-TCNQ €,,=€,. This
will be taken as real and independent of frequen-
cy in the far infrared. Taking real and imaginary
parts we find

30’
1+(2g€”/3€l)—eg]2 (81g0%/3we ¥

(o= [ (12)

(€)=

The final term in the denominator of Eqs. (12) and
(13) determines the low-frequency response. At
high frequencies, where (87g/3we )01, (o)
=308, At the lowest frequencies where (8ng/
3we )ot> 1, (o)~ (3we,/8mg) (0})™. For the
dielectric function at high frequencies, (e,)~ 3(€}
+2¢,) while at low frequencies, (€,)~€,/2g.

The cutoff frequency below which small-parti-
cle effects become important is given by

w.=(81g/3€,)0}. (14)

Since ¢ (w) is frequency dependent, w, is also.
The cutoff frequency is then in effect the highest
frequency for which w,>w. The single-crystal
results (Fig. 5) gives 03(w)~100 ' cm™ when w
=200 cm™!, From earlier considerations, the
transverse dielectric constant is €,=3(ef+€{*)~ 7.
If the highly conducting b axis is the long dimen-
sion of the crystallites, then g=0.01 and w,~ 6
em™, If the crystals are elongated along the a
axis, then w,~60 cm™

Interaction among the particles will serve to
reduce the cutoff frequency. The particles have a
d_1.p01e moment p = QPH_Q w/w)Em, where Em
(P,,) is the electric field (polarization) vector in-
side the particle and Q is the particle volume. If
the field Em from one particle dipole moment is
significant at the surface of the neighbor, then the
particles interact via their polarization, and a
polarization current can propogate through the
film. Taking 7 as the mean distance between
particle centers, than 73 is the volume allotted to
one particle so that »= (Q/’f)”3~ (3Q2)/3, The
volume of a particle is Q= nxixaxs, where x;, %,
and x; are the three semiaxes. In the TTF-TCNQ
film the dimensions stand in the proportion x,:x,:x;
=6:1:0.2. Either x, or x, can be the crystal b
axis; x, is always the ¢* axis. For the purpose
of this estimate we take b =(39/47)!/3 (equivalent
to taking ac = b or b~ x,). The field from the dipole
moment of a particle at the nearest surface of a
neighbor at r is therefore

- 3n-E)n-E )
o= (& )RR oAy A60/), (19

(b +2¢,) + 22 (€ — €) + (28/9€,) (1 + 22) [(] — €, + (470 l/w)zj 13)
[1+(28€}/3¢,) - 5gF + (8ngo}/3we,

|

where n is a unit vector along 7 and €, is the di-
electric constant of the medium surrounding the
particle. Taking n along Ehl and substituting for
the internal field using the standard expression

Ein= €mEext/ [gEb + (1 —g)€m] ’

one finds

|Edin‘
_l( (€1= 1) +(4n0,/w)? )1/2 B
Te\[1+g(e, - €/ )P+ (4mgo,/we ) ext! -

(16)
At high frequenc1es w>>4n0 and |€;| =€, so that

IEm IEml As the frequency is reduced
IEdu,I/I E”tl increases until at low frequencies,
wg (4ng/e€ )0l 7
we have
| Eais| = (1/8) | Egee| > | Euel . (18)

Under these circumstances, in zeroth order most
of the field at a given particle comes from the po-
larization of its neighbors thus reducing the sur-
face charge at the particle boundaries. Conse-
quently, small-particle effects are suppressed by
interparticle capacitive displacement currents, and
the film can be treated as a bulk medium to fre-
quencies below w, (note that the dipolar coupling
fields become important for w= w,).

Crystals of TTF-TCNQ have been found’ to grow
in two habits; needles elongated along the b axis
and needles elongated along the a axis. Conse-
quently it is possible that the thin-film crystallites
are mixed, and a range of cutoff values can be ex-
pected. Using the theoretical results derived
above, we can develop an experimental criteria to
determine when small-particle effects become im-
portant, There are a number of low-frequency
bending fundamentals in the TCNQ molecule, most
noticeably the mode at 119 cm™ in TTF-TCNQ.
This corresponds to an out of plane bending of the
= C(CN), wings and is polarized basically along the
b axis of the crystal.*” At this frequency o} in-
creases. If (0,) also increases, then (0,) <0} and
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w>w,. On the other hand, if (0,) decreases then
(o)« (03]t and w<w,. As seen in Fig. 14, the line
appears as a resonance and not as an antiresonance.
Hence w, is well below 119 ecm™ and probably be-
low 50 cm™ where another resonance line is seen.
Figures 19 and 20 show two examples of the far-
infrared conductivity of TTF-TCNQ films, grown
on polyethylene and sapphire, respectively, at
temperatures both above and below the metal-in-
sulator transition. At low temperatures there is
a broad structure centered at 80 cm™, As the tem-
perature is raised above the metal-insulator tran-
sition this structure disappears while the over-all
level of the conductivity increases by a factor of
two. As the temperature is further increased to
300 K, this level drops by a factor of three (see
also Figs. 13 and 14). Notice that the values of
oi(w) obtained from the film at 300 K are almost
identical with those from the single crystal using
the Hagen-Reubens low-frequency extrapolation.
Although the two different films have quite simi-
lar shapes for oi(w), there is a significant differ-
ence in the magnitude. This may be partially a
consequence of uncertainty in the film thickness
and perhaps also of different rates of film growth
on different substrates. The film grown on Mylar
had numerical conductivity values quite similar
to those on polyethylene. The film data reported
earlier had lower numerical values than those
here, because we were unaware of the radiation
leakage problem in the far-infrared reflectance
insert. This had almost no effect on the shape of
the conductivity-versus-frequency curves but sys-

tematically reduced their values. Figure 20,
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of the conductivity of a thin film grown on sapphire.
Temperatures above and below the metal -insulator tran-
sition are shown for the frequency range 20-220 cm-!.

then, shows the eorrected data for the sapphire
film,

Visible on Figs. 19 and 20 are conductivity
peaks, most noticeable at 50, 119, 163, and 180
cm™ in the low-temperature data and at 119 and
163 cm™ in the high-temperature data. These are
all resonances (increases in conductivity) satisfying
the criterion developed above. At 70 K the con-
ductivity of the film grown on polyethylene is
falling at frequencies below 50 cm™ suggesting
that the small-particle effects are beginning to be-
come important. This is not the case for the film
grown on sapphire as shown in Fig. 20. It seems
likely that the substrate affects the detailed parti-
cle growth so that different substrates will lead
to different low-frequency cutoffs.

The existence of molecular resonances and over-
all reproducibility of the data implies that the
thin-film data for o,(w) can be trusted at least out
to 50 cm™, At lower frequencies depolarization
effects become increasingly more important. The
maximum centered at 80 cm™ at low temperature
appears to be an intrinsic feature of the films.,
However the detailed shape on the low-frequency
side may be distorted by small-particle effects.

Transmittance and reflectance measurements
were made at lower frequencies (2-30 cm™) with
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a lamellar grating interferometer. *® The single
specimen studied was a rather poor film on Mylar.
The conductivities were found to continue to de-
crease with decreasing frequency; however the
conductivity at 4.2 K was always less than that at
70K. 0,(2em™)S1 Q'em™ at 4.2 K and 0,(2cm™)
~20 Q°'ecm™ at 70 K. Although small-particle ef-
fects are undoubtedly important at the lowest fre-
quencies, it seems that even at 2 cm™ we are not
fully into the low-frequency regime where (o)

« (1/¢8), i.e., where the denominator in Eq. (12)
has completely taken over.

V. GENERAL FEATURES, BAND STRUCTURE, AND
OPTICAL MASSES

The properties of TTF-TCNQ in the visible and
near-infrared spectral regions were described in
earlier publications. ! The measured single-
crystal reflectance for E Il b showed a plasma edge
between 5000 and 7000 cm™ and “metallic” reflec-
tivity at lower frequencies. The results were com-
pared with a Drude-Lorentz expression for e(w),

€(w) = €,(w) +igy(w)

= €qre + W/ (Wl - &P —iw/Ty), (19)

or equivalently for the conductivity,

o(w) =0,(w) +0y(w)

(wWB/4m)WT iw

=m_ﬂ(€mre—l)- (20)

Here w, is the effective energy gap and 7, is the
single-particle relaxation time. The unscreened
plasma frequency w, is a measure of the oscillator
strength since

wi:BJl; (71(w)dw=%_[J wey(w)dw . (21)

The conclusion of Bright et al. was that for the
frequencies measured, 5000-10000 cm™, the data
were accurately described by the conventional
Drude expression, implying that (w,/w)®<< 1 and
that 7, is approximately constant throughout the
interval. However, the single-crystal data in
Figs. 4, 5, and 8 and the film data in Figs. 17 and
18 clearly show that at lower frequencies there is
an energy gap with w,~1100 cm™,

We have interpreted the over-all features of
0y(w) for E b as arising from single-particle ex-
citations across an energy gap. In one-dimension-
al systems the onset of absorption across a direct
gap is described by a joint density of states pro-
portional to (w - w,)™?/2, so that one can identify w,
with the frequency of maximum conductivity, i.e.,
the resonance frequency in the Drude-Lorentz
expression. Because w,7,,~ 1, the conductivity is

not simply proportional to the joint density of
states but must also include the indirect transitions
involving multiple phonon processes which give
rise to the conventional Drude absorption in met-
als. We therefore approximate the frequency-
dependent conductivity with the Drude-Lorentz
expression given in Egs. (19) and (20). The real
part of the conductivity is given by

0y(w) = (wB/4m) WP1g/ [P + T3 (? - W3P],  (22)
and the real part of the dielectric function by

(W) = €ore + Wil = )/ [(WB = PV 4 /T
(23)

Notice that when w=w,, 0,(w)=wir, /47 (its maxi-
mum value), while €,(w,)=€.. The fit to the
room-temperature single-crystal data is shown
as the dashed lines on Figs. 21 and 22 using w,
=9560 cm™ and €,..=2.4. The resulting fit yields
w,=1100 cm™ and 7,,=3.1x107% sec. The value
of T4, is consistent with that obtained earlier from
single-crystal experiments near the plasma edge.?
The corresponding fits to the film data are shown
in Fig. 23 as the solid lines, again using w,=9560
cm™, The calculated curve was obtained by adding
to the conductivity in Eq. (41) a small constant
conductivity 0, =60 Qcm™. This gives a small
but noticeable improvement to the fit. The room-
temperature parameters are found to be w,=1150
cm™ in excellent agreement with the single-
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FIG. 21. Fit of the Drude-Lorentz model [Eq. (22)]
to the real part of the conductivity of TTF-TCNQ for a
single crystal with Ell5, over the frequency range 100—
4000 cm™!. The parameters are listed in Table 1.



13 INFRARED STUDIES OF THE ENERGY GAP IN...

ENERGY (eV)

(o] 02 04
T T I

(TTF)(TCNQ) 1
300K

Ellb

DIELECTRIC FUNCTION

_2011111111|I|111111|1
[0} 1000 2000 3000 4000

FREQUENCY (cm')

FIG. 22. Fit of the Drude-Lorentz model [Eq. (23)]
to the real part of the dielectric function of TTF-TCNQ
for a single crystal with E |l b over the frequency range
100—4 000 cm™!. The parameters are listed in Table I.

crystal data, and 7, =1.8x10" sec™!, somewhat
shorter as might be expected from surface scat-
tering and chain defects. Table I summarizes
the parameters for all the calculated curves.

The Drude-Lorentz model given by Eqs. (19)
and (20) is expected to provide an adequate descrip-
tion of the over-all features of the small band-gap
one-dimensional semiconductor because of the
singularity in the density of states at the band edge.
We have also obtained excellent fits to the single-
crystal reflectivity data for KTCNQ* and to a,(w)
and €,(w) for the one-dimensional conductor
K,Pt(CN),Br,.; - 3H,0(KCP). *°

At frequencies below the onset of interband tran-
sitions (i.e., <10* cm™), we expect the over-all
oscillator strength to be associated with a single
relatively narrow energy band with a small band
gap at the Fermi surface owing to the Peierls’s
effect. The near-ir single-crystal reflectivity
data were analyzed by writing the measured plas-
ma frequency in the conventional form

w?= 4Nt /m* (24)

where N is the density of electrons in the band,
and »* is the optical effective mass calculated in
a tight-binding model.

Additional information can be extracted from the
oscillator strength using the sum rule. The effec-
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tive number of electrons per unit cell participating
in optical transitions for energies less than 7w is
given by

m (1 1 1/41rNce2
m;Nm(m-(B | ol(www) S (25)

where N, is the number of unit cells per unit vo-
lume. N ,=4.7x10*! cm™ for TTF-TCNQ. The
result of this calculation is shown in Fig. 24.
N.¢(w) has a gentle plateau just below the onset of
interband transitions at about 10* cm™. The ex-
trapolated saturation value (i.e., associated with
the solid-state region below the interband edge) is

Neggm/m*=0.2, (26)

This value is in excellent agreement with previous
estimates based on the oscillator strength as ob-
tained from the plasma frequency. Assuming
nearly complete change transfer, N,,,~1 and m*
=5m,. If N.4 is less than unity (incomplete charge
transfer), »* must be correspondingly reduced.
Since the low-temperature x-ray measurements!’
show that N, =~ 0.6 we conclude that the optical
mass is approximately 3z,

Above 10* cm™, N, (w) rises steeply due to
what are presumably excitonic and interband tran-
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FIG. 23. Fit of the Drude-Lorentz model [Eq. (22)]

to the real part of the conductivity of TTF-TCNQ, de-
rived from film data, at 320 and 65 K, over the frequen-
cy range 20-4 000 cm™, The parameters are listed in

Table 1.
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TABLE I. Drude-Lorentz parameters.

Temperature Tsp 1/7g W,
(K) (cm™) (sec) (cm'r) (cm™) €core
TTF-TCNQ single crystal 300 1100 3.1x10°1 1640 9560 2.4
TTF-TCNQ film 320 1150 1.8x10715 2800 9560 2.4
TTF-TCNQ film 160 1040 3.4x10°1 1450 9560 2.4
TTF-TCNQ film 65 950 3.8x107% 1300 9560 2.4
TTF-TCNQ film 5 980 3.8x10°15 1300 9560 2.4

sitions. No attempt has been made to identify the
structure in o} at these high frequencies.

The plasma edge in the single-crystal reflec-
tance spectra indicates a well defined longitudinal
excitation, interpreted as a volume plasmon. This
is confirmed by the loss function Im(1/€) shown in
Fig. 25. This function has resonances at fre-
quencies corresponding to electromagnetically
coupled longitudinal oscillations which could be ex-
cited by (for example) charged particles. Hence
the loss function is essentially proportional to the
energy-loss spectrum of fast electrons traversing
a solid sample in the b direction. The plasmon
line is seen to be quite sharp with a half width of
1600 cm™! and plasmon energy of 6100 cm™ (0. 756
eV) in agreement with the value inferred from
Bright et al., % w,/€}/2 =6120 cm™, The struc-
ture at higher frequencies is again due to interband
transitions. A weaker line is seen at 2.8x10*
cm™,
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FIG. 24. Number of effective electrons, obtained
from the oscillator strength sum rule, for TTF-TCNQ
for two polarizations, vs frequency from 300 to 37 000
cm™l. Notice the logarithmic frequency scale. The
gentle plateau for E b implies the exhaustion of the
single tight-binding band oscillator strength just below
the onset of interband transitions.

The loss function shown in Fig. 25 has been
studied directly by Ritsko ef al.5! via electron en-
ergy-loss experiments (inelastic electron scat-
tering) from oriented films of TTF-TCNQ. The
observed loss function is in excellent agreement
with that presented here over the region of energy
overlap. The frequencies, widths, and intensities
of the loss peaks are nearly identical to those
shown in Fig. 25. The detailed agreement gives
additional confidence in the optical constants as
derived from the reflectivity data by the Kramers-
Kronig analysis.

Optical properties for Ella, At dc and micro-
wave frequencies the transverse conductivity is
small 0,~1 (R cm)™ at room temperature.*? The
magnitude and temperature dependence of o, was
explained by diffusive transport caused by the
thermal disorder in the lattice at finite tempera-
tures.

This conclusion is entirely consistent with the
a-axis optical data as shown in Figs. 5, 6, 8, 10,
and 11. There is no observable a-axis plasma
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FIG. 25. Loss function Im(1/€) of TTF-TCNQ, ob-
tained from the optical constants for E b, vs frequency
from 300 to 37000 cm™. Notice the logarithmic fre-
quency scale. The results are in excellent agreement
with the electron energy-loss measurements of Ritsko
et al. (Ref. 51).
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frequency; €j(w) never crosses zero. This is as
expected for such an anisotropic system where

Wy << w} since the transverse effective mass is ex-
tremely large. Consequently (wj)?7%<< 1 and the
transverse plasma oscillations are overdamped.
In effect, band theory is not appropriate and a dif-
fusive transport theory is implied.

Application of the sum rule to oj(w) is presented
in Fig. 24. No plateau of any kind is observed.
Basically (m/m¥) N, (w) remains small through-
out the solid state region (w< 5000 cm™!) and then
increases sharply at the onset of interband transi-
tions.

The a-axis dielectric function is shown in Fig.
11. Above 300 cm™, €j(w) varies slowly and in-
creases with decreasing frequency with the ex-
pected steps associated with intramolecular bond-
vibration resonances clearly visible. The value
obtained for €} at 300 cm™ is approximately 4. 5,
considerably below the value of 30 obtained at
microwave frequency (10*° Hz) at room tempera-
ture., The excess low-frequency dielectric con-
stant must arise from additional structure in o(w)
at long wavelengths.

The magnitude of 0{(w) at 300 cm™ is about
2 (2 ecm)™:; i.e., comparable to that found at dc
and microwave frequencies. The observed fre-
quency dependence of 0j(w) in the interval below
5000 cm™ is interesting in the context of studying
diffusive transport in thermally disordered solids.
A detailed theoretical analysis in this regime is
not presently available.

V1. ENERGY GAP AND PINNED MODE

The experimental results presented in Secs. III
and IV of this paper are consistent with the model
described in Sec. I, that of a Peierls-Frohlich
giant density-wave conductor. In this section these
results will be analyzed in the context of this mod-
el. The existence of an energy gap in the excita-
tion spectrum of TTF-TCNQ is a principal result
of this paper. TTF-TCNQ is not a simple metal.
It has the optical properties of a semiconductor
but conducts at dc (7 >58 K) due to a narrow peak
in 0,(w) centered at zero frequency, which we call
the collective mode. Using the mean-field result®
connecting the gap energy (%w,=0.14 eV) and the
characteristic temperature 7,, one obtains

T,=hw,/3.5ks~ 430 K, (27

well above room temperature. This is consistent
with the presence of a gap in the energy spectrum
at all temperatures (see Figs. 3 and 15).

A high mean-field temperature for TTF-TCNQ
was suggested by Lee, Rice, and Anderson® in
order to explain the temperature dependence of
the magnetic susceptibility. The susceptibility is
a measure of the density of states at the Fermi

level and, in TTF-TCNQ, increases considerably
on going from 60 to 300 K.!* This was explained>®
as arising from fluctuation effects below the mean-
field temperature. Fluctuations are known to be
important in 1D systems and allow for states in
the gap for T< T,, so that the theoretical density
of states does not have a well-defined energy gap
until temperatures well below T,.

The infrared conductivity however does show a
distinct energy gap even at room temperature.

We conclude that the gap in 0,(w) is in essence a
mobility gap caused by the strong dynamic fluctua-
tions in local potential due to the inherent fluctua-
tions in the one-dimensional Peierls-Frohlich
state below the mean-field temperature. The ex-
istence of a mobility gap in KCP has been noted by
Zeller® and by Briesch et al.’® Below the three-
dimensional ordering temperature, the ordered
state would be expected to lead to a true semicon-
ducting gap, and indeed the residual background
conductivity in the gap region below 200 cm™ de-
creases significantly compared with that at 70 K
(see Figs. 14, 19, and 20).

The over-all temperature dependence seen be-
tween 200 and 10000 cm™ is mainly a sharpening
of the whole structure with decreasing temperature
(Figs. 17 and 18). In agreement with the near-ir
studies, ' the relaxation time 7, changes by ap-
proximately a factor of two with most of the change
taking place between 320 and 70 K. This sharp-
ening may be due to the vanishing of the phonon
absorption term in 74(w) and perhaps also in part
due to the above mentioned fluctuation effects.

In addition to the sharpening of the spectrum, a
small nonmonotonic shift of the gap position is ob-
served as indicated by the position of the conduc-
tivity maximum (see Fig. 17) and by the zero
crossing of the dielectric function (see Fig. 18).
The behavior is similar to that of the maximum in
the Lee, Rice, and Anderson®® fluctuation density
of states although no quantitative comparison can
be made.

The far-infrared reflectivity studies (beyond
50 cm™) are incomplete in that single-crystal data
are not yet available. Such experiments must
await the existence of large single crystals. How-
ever, the measurements on thin-film samples
demonstrate the important features, seen in Figs.
13, 14, 19, and 20. As the temperature is de-
creased from room temperature, the average value
of the far-infrared conductivity first rises by a
factor of three and then, below the 58-K metal-
insulator transition, falls by a factor of two at
low temperatures. Below 58 K a broad resonant
structure appears, centered at 80 cm™. Its
strength grows rapidly between 58 and 40 K and
remains relatively unchanged below 40 K.

The temperature dependence of the average val-
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ue of the conductivity in the far ir must be under-
stood in the context of a high-temperature metallic
state with a metal-insulator transition at 54 K.
The 54-K transition is a three-dimensional or-
dering of the TTF-TCNQ system as evidenced by
thermodynamic studies which show a phase transi-
tion with structure in the specific heat'® and spin
susceptibility.!* Below this temperature, the dc®
and microwave” *1° conductivities fall dramatically.

The increase in far-ir conductivity with de-
creasing temperature is consistent with the two-
chain model developed in connection with the mag-
netic susceptibility. * The metallic chain would
be expected to show an increasing conductivity as
the temperature is lowered, then below the three-
dimensional ordering temperature, to fall to a
small value. The absolute value in the gap region
(Figs. 19 and 20), although small, is of order 100
Q1cm™ which is comparable to conductivities in
other conducting TCNQ salts.

Alternatively, the residual conductivity may be
that of the other two directions, in which case it
must be mostly due to 0$*, since below 300 cm™
0{<3 Qlem™ at room temperature (Fig. 10).

This would require 0{(,,~40 2cm™ in the far-ir.
As the temperature is reduced this would rise as
does the dc conductivity. At the three-dimension-
al ordering temperature, the energy gap is estab-
lished in all directions and the conductivity will
fall accordingly.

A variety of measurements suggest the existence
of an activation energy A in the low-temperature
phase with magnitude of order A =80 K. dc con-
ductivity, *~® microwave conductivity, " and elec-
tron-spin susceptibility!* all yield values of this
order. However, the optical data show no sign of
the large oscillator strength expected for a direct
electronic transition at frequencies below 200 cm™,
Moreover, the energy gap (w,~1050 cm™) ob-
served in the metallic regime persists into the
low-temperature phase. The only significant
change is the disappearance of the collective mode
near w=0 and the associated appearance of the
large dielectric constant due to the pinned mode.
Evidently, the smaller activation energy indicated

-6

by x(7) has little or zero optical oscillator strength.

In a previous publication, we interpreted the
low-temperature 80 cm™ resonance as the pinned
mode associated with the collective state.! Ac-
cording to Lee, Rice, and Anderson, 21 3 collective
mode which carries a finite amplitude charge-
density wave will be pinned below the three-dimen-
sional ordering temperature leading to a metal-
insulator transition at which the collective-mode
contribution to o, will shift away from zero fre-
quency to a characteristic pinning frequency w,.

A pinned Frohlich mode has apparently been ob-
served in KCP in the far ir by Bruesch and
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Zeller, %5%

Additional evidence of the pinned mode is ob-
tained from microwave studies of TTF-TCNQ at
low temperatures. "®1° Values of the conductivity
and dielectric constant along different crystallo-
graphic axes were determined using the cavity
perturbation method of Buravov and Shchegolev®®
on crystals having normal or transverse crystal-
lographic habits., The results at the lowest tem-
perature (T=4.2 K) show™1 the microwave con-
ductivity along the principal conducting b axis ex-
ceeds the dc values by three orders of magnitude
[05(4.2 K)=1 Q1cm™] and the real part of the di-
electric constant is unusally large [€}(4. 2 K)
=(3.2£0.7)x10%]. In contrast, the dielectric con-
stant in the transverse a direction was found to be
€1(4.2 K)=6+2. The large value for €} and the
dielectric anisotropy have recently been confirmed
with dielectric resonator techniques. ®

Both 0} and €} can be understood in terms of the
pinned mode. The low-temperature microwave
results showing the conductivity exceeding the dc
values by three orders of magnitude are inter-
preted as arising from the tail of the 80 cm™
broad maximum. The low-frequency dielectric
function of the pinned Frohlich state contains two
contributions, a single-particle contribution (pro-
portional to w%/w?) and a collective-mode contribu-
tion. The infrared optical studies indicate that
more than 99% of the single-particle oscillator
strength lies at frequencies above 150 cm™, con-
tributing less than 100 to €} (4.2 K). Thus the
major contribution to e'i (4.2 K) is associated with
the pinned mode. Note that in Fig. 18, the data
in the metallic regime (320, 160, and 65 K) all
show e’;(w) decreasing toward zero in the far ir;
whereas at 5 K, E’{(w) increases in the far ir to-
ward the large microwave value. Estimates of
€}(w) from a Kramers-Kronig integral, calculated
by extrapolating the far-infrared conductivity
through the value for the 10-GHz microwave con-
ductivity 05=0.5 cm™!, yield a pinned-mode con-
tribution of (0.5-1)x10°. The width and central
frequency of the pinned mode are expected to be
sensitive to defect and surface pinning mecha-
nisms which would be largest in thin films., The
low-temperature dielectric constant (ei) was found
to increase in magnitude with increasing sample
purity, ” a result also noted recently for the elec-
tronically one-dimensional salt KCP.®* The effect
of trace amounts of nonspecific impurities in TTF-
TCNQ is to decrease the low-temperature value
of €} from approximately 3x10° to (0.5-1)x 10°
while simultaneously diminishing the excess micro-
wave conductivity characteristic of known pure
samples. Both of these effects are consistent
with increased pinning at low temperatures due to
impurities and surface effects. Single-crystal
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polarized far-ir transmission and reflection ex-
periments are in progress in our laboratory. 58
The results imply a shift of the pinned mode in
single crystals to lower frequencies as expected.
Single-crystal direct-absorption measurements
(apparently unpolarized) imply a pinning frequency
of approximately®” 7 cm™,

The temperature dependence of the pinned mode,
as illustrated in Fig. 14, is unusual. There is
no shift whatever in the center frequency, but
rather the strength of the mode goes away rapidly
between 40 and 60 K. This is just opposite to ex-
pectations based on straightforward considerations
in which one might argue that the pinning frequency
would go soft as the temperature is raised towards
T,p, with the oscillator strength remaining ap-
proximately constant. Allender, Bray, and Bar-
deen®® have shown that N, the number of carriers
per unit volume participating in the collective
mode, is given by N =Na?(T)/a%(0) where A(T)
is the order parameter of the Peierls-Frohlich
state. It has the BCS or mean-field temperature
dependence®® with characteristic temperature 7T,
~430K. N shouldthereforebe roughly temperature
independent below 200 K and, as aresult, so should
the collective-mode oscillator strength given by

Q% = 47N pe® /M * =8f 0, p(w)dw, (28)
0

where M* is the effective mass of the coupled
electron-lattice mode and 0, the collective-mode
contribution to the conductivity.

The oscillator strength in the pinned mode (nor-
malized to the low-temperature value) as a func-
tion of temperature is shown in Fig. 26. To find 2%
it is necessary to separate the contribution to the
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FIG. 26. Oscillator strength in the pinned mode seen
in TTF-TCNQ films vs temperature from 4.2 to 70 K.
Full circles, film on sapphire; open circles, second
film on sapphire; triangles, film on polyethelene; rect-
angles, film on Mylar.

conductivity of the pinned collective mode from
that of other sources. We have taken the zero to
be somewhat below the minimum conductivity be-
tween 130 and 200 cm™, At 4,2 K this is at o
=40 Q! cm™ for the film grown on polyethylene
and at 0=25 Q'cm™ for the film grown on sap-
phire. At higher temperatures the zero level in-
creases. Figure 26 demonstrates that the oscil-
lator strength of the pinned mode is not constant
below T;,~58 K. We conclude that the contribu-
tion that is disappearing from the pinned mode is
reappearing in the collective mode at zero fre-
quency. As the temperature is raised toward T,y
fluctuations and/or thermal excitations act to depin
portions of the chain, leaving them free to slide
for some time before being repinned. If ¥ is the
order parameter describing the three-dimensional
ordering, the oscillator strength in the pinned
mode will go as ¢?.

The temperature dependence below 75 of the
dc and microwave conductivities and of the micro-
wave dielectric constant can be understood in
terms of this depinning of regions along the chains.
The dc®® and microwave conductivities® show a
change of slope between 35 and 40 K, rising more
steeply above these temperatures. The values of
the dc conductivity at 43 and 300 K are numerically
equal. Thisis consistent with an increasing fraction
of high-conductivity regions above these temperatures.

The structural data'’ are in agreement with these
observations. Between 38 and 54 K, the super-
lattice peaks shift and broaden toward the diffuse
1 D scattering characteristic of 7>54 K. As the
superlattice Bragg peaks disappear the pinned-
mode oscillator strength shifts to zero frequency.

If some portion of a chain is highly conducting
(with the collective mode at zero frequency), the
polarizability and, hence, the dielectric constant
of the chain will increase. Overscreening in the
metallic sense (leading to large negative dielectric
constants) is prevented by both the finite lifetime
and finite spatial extent of the high-conductivity
chains. This physical situation can be treated
using an effective-medium theory. A volume
fraction f of the material contains unpinned chains,
viewed as long ellipsoids lying along the b axis.
The ellipsoids have depolarization factor g and
(complex) dielectric function €(w) =1 ~ Q2/(w?
+iw/Tc) characteristic of a metal. The remainder
of the material, occupying volume fraction (1 —f)
=%(T)/¥?(0), contains pinned chains with dielec-
tric constant €,. Then, using Eq. (11) we find
immediately that the low-temperature (complex)
dielectric function is given by

FI2+€n(wi+in/T,)]
e -N/fen] -1 -0 - NP +iw/70)
(29)

e"(w)=e,,,+[
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where we have used €, > 2w2/3w%>1. Except for
the second term in the numerator thisisa Lorentz-
ian oscillator of strength fQ2/[1 -g(1 -f)] and
resonant frequency

wozﬂb{g(l -f)/[em - €mg(1 —f)]}llz . (30)

The second term in the numerator of Eq. (29) is
only important for frequencies w >,/€%/2>w,. At
zero frequency the real part becomes, taking €,
=€3(0, 0) (the microwave dielectric constant 4.2 K),

€20, T)/€(0, 0)=1+1(T)/g[1-f(D)]. (31)

As the temperature is raised, f(T) increases, 1 -f
decreases, and g decreases (the depinned regions
get longer and longer). The result can be an in-
creasing or decreasing € '{(0, T) depending on
whether g or f is the stronger function of 7. We
conclude from the far-ir and microwave studies
that for TTF-TCNQ the depinning commences
near 40 K coming to completion near 58 K where
the dc conductivity is maximum.

The collective-mode lifetime 7. has not yet been
measured directly but it can be estimated from
the measured dc conductivity and the collective-
mode oscillator strength ©Z, since

op=(1/4mMQ%r.. (32)

An upper limit to Q, can be estimated from the
single-crystal data. Assuming 1/7. is less than
the lowest measuring frequency, we can write
€,~100 - Q%/w?. There should be a local minimum
in ®R(E 1 b) when €, =0 (at w;,=Q,/10) with a rapid
rise toward ®(E Il b)=1 at lower frequency. This
does not happen above 50 cm'l, SO we can conserva-
tively construct the inequality £, <1000 cm™,

Since 05(300 K)~10® (2cm)?, 77}<3%x10' sec™

(16 cm™). Assuming an increase of oscillator
strength of less than a factor of 2 in cooling to 58
K where the peak conductivity is between 10*-10°
(2cm)™ yields the result ;' <10 sec™ (0.5 cm™).
The collective-mode lifetime is enhanced over the
single-particle scattering time by at least two
orders of magnitude at room temperature and more
than three orders of magnitude near 60 K. This
comparison represents one of the clearest indica-
tions of coherence in the “metallic” state of TTF-
TCNQ.

The strength of the collective mode can also be
estimated from the 4.2 K thin-film data seen in
Figs. 19 and 20. The temperature dependence has
been discussed above (Fig. 26). At4.2K, @,
~400 cm™,

Using the definition

Q2=47Npe?/M* = wlm*/M*, (33)
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we estimate M* =~600m*. Allender, Bray, and
Bardeen?® have found an expression for the effec-
tive mass of the collective mode

M* 167r2< kT, \*1
m* TE(3) wy, A’

(34)

where X is the dimensionless electron-phonon cou-
pling constant and hwz,,F is the energy of the 2k
phonon which drives the Peierls distortion. Lee,
Rice, and Anderson? obtained an essentially simi-
lar expression

M*/m*=14 (Eg/ﬁkaF)z/R, (35)

which differs only by a numerical factor, Craven
et al.’® have shown that, if the Peierls distortion
does not affect the bandwidth of the high-tempera-
ture metallic state,

E,=(8/e)Epe™. (36)

Using the generally agreed upon'®®! value of E,

~0.2 eV (1600 cm™) and E,=0.14 eV, we obtain
A=0.7. Then, from either (34) or (35), using

Wy, =50 cm™! (a little below w,), one obtains M*
=8007* near the experimentally determined

value. The value of X is of order unity in general
agreement with the value obtained by Bright et al .*?
from the temperature dependence of the optical
scattering time 74,(7). Given the uncertainty of
the various parameters, the over-all numerical
consistency is satisfactory. 58

VII. DEVIATIONS FROM DRUDE-LORENTZ BEHAVIOR

In this section we discuss the deviations from
the Drude-Lorentz form in the single-particle
spectral range above the gap; i.e., »>10° cm™,
The dominant feature is the relatively sharp mini-
mum in ¢,(w) seen in both the single-crystal data
and the film data in the vicinity of 1400 cm™, This
resonant structure suggests either a correspond-
ing resonance in the complex relaxation rate I'(w)
or a frequency-dependent complex gap function.
The possibility of the secondary maximum arising
from band-structure effects (e.g., two gaps corre-
sponding to a two-chain model) can be ruled out by
noting that such structure would sharpen at low
temperatures. In contrast, the data of Figs. 13
and 17 show the strongest effects at room temper-
ature with no sharpening evident,

Gutfreund, Horowitz, and Weger®? assumed that
the structure had its origin in T-(lw), associated
with resonant scattering of the electrons by 2k
optical phonons, arising from the C=N molecular
vibrations. Such a frequency dependence can be
incorporated into a generalized Drude-Lorentz ex-
pression,

(wy/4mw _iw 1
WD () = i(w2—w?) 4y \ceore™ )

o®(w) = (87



where I'(w) =T'{(w) + il5(w) is the complex relaxa-
tion rate. Solving for the real and imaginary parts,
I'y(w) and Ty(w), in terms of the measured complex
dielectric function, one obtains

47rw§c’1’(w,
""2[611,("‘)) - €core]2+ 16‘”2[0?(“’)]2 ’

win[ed(w) - €,010) w? - WE

I‘z(w) :—Z[—w €?(0))L-— €“c“or'e'—2'] . 1%611 U?('J.’)] + —_Q) o
(39)

Note that I',(w) is completely determined by the
experimental data and the two parameters wﬁ and
€corer I'2(w) involves the additional parameter w,.
Using the experimentally determined dielectric
function as obtained from the single-crystal data
of Fig. 3, we have determined I';(w) and I'y(w) as
shown in Fig. 27, using the values w,=9560 cm™,
€core=2.4, and w,=1150 cm™, The arrows at
6000 cm™ on I'; indicate the range of values in 1/7
found at room temperature by Bright et al.'?

The mechanism proposed by Gutfreund et al.%? is
the direct analogue of the Holstein process of
phonon emission effects on the far-ir conductivity
of metals, This process was first described by
Holstein®® and observed experimentally by Joyce
and Richards® and Brandli and Sievers.® A recent
detailed theoretical treatment is given by Allen
and Silberglitt.®® The process involves an initial
state with a photon at energy v and the coupled
electron-phonon system at zero temperature; the
final state has an electron at energy &,, a hole at
&,, and a phonon at energy w,. Energy conserva-
tion indicates that such a process only occurs when
the photon frequency exceeds the phonon frequency;
at that point a steplike increase in I';(w)=71"}(w) is
expected. Following Allen and Silberglitt®® we
write the frequency-dependent transport lifetime
in the form

Fl(/‘)) =

(38)

ENERGY (eV)
02 04 06

T T T T T

(TTF)(TCNQ) |

300K |

ellp

25001O 4
r
[
|

= 2000 H
o F .
& | i <
w L T, Liz =
[= | w
& 1 g
[+ 1 ) =
Z 1000~ 7 -
g o=
x 1 X
j <
o r, 3
3 1 o
(o} o o
|
500 — _l‘,‘
| T RTINS RS T H S U S I | L
o 1000 2000 3000 4000 5000 6000

FREQUENCY (cm'')

FIG. 27. Real and imaginary parts of the relaxation
rate in TTF-TCNQ for E b vs frequency from 300 to
6000 cm™,
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7Nk, w) = an'if dQ (w - Q)a’F(k, w), (40)
where
o*F(k, ) =8> B(q, ©)5(8,.) (41)

is the product of the square of the electron-phonon
matrix element (¢?) and the phonon density of
states written in terms of the phonon spectral
weight function B(g, w). Assuming, initially, an
Einstein phonon spectrum, we write

Tk, )= 2(g%/) | "9 (0 - Q)
0
X[3(Q = wg) = 8(Q+ wp)], 42)

; 0 ’ w< o
Tk, w) = 1 (43)

2m( g%/ w)(w=wy), w>w,.
Thus, as expected, the Holstein process results in
a steplike increase in 7};(w) resulting from the on-
set of the process. This result disagrees with the
calculation of Gutfreund et .52 but is in good
agreement with a Golden-Rule calculation and with
experiment in other systems.**®® The effect of
phonon softening and the appearance of broad struc-
ture in B(2k, w) is to further broaden the step.
In no case does a resonant structure result,

We conclude that, within the context of conven-
tional theory, the observed structure in o,(w) is
not attributable to resonance structure in the re-
laxation rate, Cn the other hand, the steplike
structure predicted by Eq. (43) is not observed.
The dynamic coupling of the conduction electrons
to the C=N modes may be considerably weaker than
suggested by analysis of the bond-length changes
in TCNQ salts. In addition, it appears likely that
the models are just too simple, For example, in
addition to a possible frequency dependence to 7;;,
the gap function may be complex (A=A;+74,). A
reexamination of the data in terms of a Drude-
Lorentz oscillator with a complex gap function
yields structure reminiscent of that observed in
strong-coupling superconductors.’” However, a
more detailed theoretical picture is required be-
fore these more subtle features of the optical data
can be understood.

VIII. SUMMARY AND CONCLUSIONS

The infrared studies presented in this paper pro-

vide detailed experimental information on o,(w)

and €,(w) as a function of temperature for TTF-
TCNQ. The results unambiguously establish the
existence of the energy gap in the b-axis excita-
tion spectrum. These infrared studies, together
with earlier studies of de®=® and microwave’1°
transport properties provide strong evidence of a
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coherent many-body state, having a current-car-
rying collective mode at zero frequency with sin-
gle-particle excitations at higher frequencies.

o%(w) is thus qualitatively similar to that obtained
from infrared studies of superconductors.

The detailed microscopic mechanism responsi-
ble for the important electronic properties of TTF-
TCNQ is not yet clear. Many of the features are
in agreement with expectations based on the devel-
oping understanding of the Peierls-Frohlich sliding-
mode state. On the other hand, BCS pairing in
one dimension would also show the qualitative fea-
tures seen in the data. The major questions which
arise in this context relate to the remarkably high
mean-field temperature and the apparent pinning of
the current-carrying state at low temperatures.
Evidently further experimental and theoretical work
is required in order to provide the correct micro-
scopic understanding.

Using the conventional mean-field result, 7w,
=3.5kyT,, with w,=1050+100 cm™, we obtain 7,
=430 K, in reasonable agreement with previous
estimates of T, from other measurements. One-
dimensional fluctuations at temperatures below
T, smear the density of states such that the peak
at the gap edge does not renormalize monotonically,
The metal-insulator transition results from three-
dimensional ordering with an associated pinning of
the Frdhlich mode.

The single-crystal results for the frequency de-
pendent b-axis conductivity can thus be summarized
as follows:

(i) Zero frequency (dc) The conductivity
is approximately 10° (2 cm)! at room temperature
increasing to values exceeding 10*-10° (Q c¢m)™!
near 58 K.

(ii) Microwave frequency (10!° GHz)" %% The
conductivity is approximately 10° (2 cm)™! at room
temperature increasing to values exceeding 10%*-
10° (2 cm)™! near 58 K. At both dc and microwave
frequencies it appears likely that the peak conduc-
tivities are defect limited so that the intrinsic value
may be even higher. However, a peak value ex-
ceeding 2X10* (2 cm)™! is conservative.

(iii) Infrared frequencies (50-10000 cm~1)%11-13,
There is an energy gap with magnitude 7w, ~0.14
eV above which the single-particle conductivity is
Drude-like with a well-defined plasma frequency
nw,~1.2 eV, Except for the structure near 1400
cm™!, the conductivity and dielectric function are
well described by a Lorentzian oscillator with
resonant frequency w,, strength wﬁ, and full width
at half maximum T;},. The temperature dependence
is weak with the single-particle scattering time
varying by about a factor of 2 between 300 and 60
K.

(iv) Visible frequencies (10000-37 000 cm™!)!=13;
The conductivity arises from interband transitions

3,4,6,68,
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and intramolecular electronic transitions. The
conductivity along the b axis is still five to ten
times greater than along the a axis.

The thin-film results! for the frequency-depen-
dent conductivity extend the single-crystal results
as follows:

(a) Far-infrared frequencies(20-200 cm!): The
conductivity is relatively small but weakly metallic
(increasing with decreasing temperature) above
the 58-K metal-insulator transition. At lower
temperatures the over-all level of the conductivity
decreases as the pinned mode appears, centered
in all films measured to date at 80 cm™, The low-
temperature data show no evidence of a smaller
energy gap with magnitude E,/k,~150 K, as in-
ferred from the temperature dependence of the
magnetic susceptibility and transport properties
below 58 K. We conclude that the optical transi-
tions associated with this smaller gap have little
or no oscillator strength.

(o) Infrared frequencies (200-4000 cm™): The
energy gap is present at all temperatures. Reduc-
tion of the temperature sharpens the structure,
but the metal-insulator transition is all but invisi-
ble at these frequencies, These results are
sketched graphically in Fig. 28, which is drawn
to qualitatively describe the frequency dependence
of o} (w) at 300, 60, and 4.2 K.

Much of the discussion surrounding the study of
TTF-TCNQ and related systems has centered on
the dc electrical conductivity. However, it is now
generally agreed that the intrinsic conductivity ex-
ceeds 10* (2 cm)™!, and there is strong evidence
that the peak value is approximately 10° (@ cm)™!

l05 I T ] T I T I T

N (TTF) (TCNQ) |
—~ \\ esese 3050 K
e Io"'—\ -—— 60K i
_° — 4.2K
P \
-
=
>
-
(&)
2
[a)
2
(e}
o

FREQUENCY (cm')
FIG. 28. Schematic picture of the real part of the

conductivity of TTF-TCNQ, at three temperatures, vs
frequency from 0.3 to 10* em™ (microwave to near-ir).
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both at dc* and microwave® frequencies, The sensi-
tivity of the one-dimensional conductor to impuri-
ties and defects has been established.*” How-
ever, it is most important to view the dc and mi-
crowave conductivities in the context of our over-
all experimental knowledge of o,(w) and €,(w) as
presented in this paper and in our earlier work,!"2
TTF-TCNQ is not a simple metal., There is an
energy gap; the dc conductivity arises from an ex-
tremely narrow collective-mode peak centered at
zero frequency in this quasi-one-dimensional sys-
tem,
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