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Polarized infrared reflectance measurements have
been made on TTF-TCNQ single crystals at tempera-
tures between 25 K and 300 K. Measurements were
made for frequencies between 7 em~! (1 meV) and
20,000 cm=! (2.5 eV). These measurements support a
charge density wave mechanism for the high dc con-
ductivity of TTF-TCNQ and provide estimates for
the 60 K lifetime and the low-temperature pinning
frequency of the charge density wave, A value,
300 cm~! (0.04 eV), for the semiconducting energy
gap is also obtained.

I. INTRODUCTION

In this paper we describe the chain-axis optical prop-
erties of TTF-TCNQ at temperatures between 25 K and

300 K. These data were obtained from polarized reflec-
tance measurements that spanned the frequency range be-
tween 7 cn~! (1 meV) and 20,000 em~! (2.5 eV). The re-
sults are in reasonable agreement with previous polar-
ized reflectance studies of this material.l™™ They
indicate that at low temperatures the low energy elec-
tronic properties of TIF-TCNQ are dominated by charge
density wave (CDW) effects,>-10 At 25 K, in the insu-
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lating regime, a pinned CDW phase mode is seen at 40 cm™l
and there is a very sharp peak at 250-300 em~! resulting
from excitations across the single-particle gap.11 At
60 K the dc conductivity is dominated by the sliding CDW or
Frohlich mode; the energy gap 1s smeared by thermal effects.
At 300 K single-particle effects are at least as important
as collective effects and no well-defined gap 1s observed.
In addition, at all temperatures there is evidence for
coupling of conduction electrons to molecular vibrations. }2
CDW phenomena arise from the Peierls instability in
linear-chain materials. This instability produces a peri-
odic variation of conduction electron charge density along
the one-dimensional chain and induces an energy gap at the
Fermi surface. When the wavelength of the CDW is incommen-
surate with the lattice constant (as is the case for
TTF-TCNQ13,1%) it is possible to have a sort of supercon-
ductivity first described by Fr&hlich: wunder the influence
of an applied field, the CDW can move rigidly through the
lattice and contribute to the dc conductivity. The life-
time of this current-carrying collective mode should be
comparable with the lifetime of a low energy phonon and
should be much longer than the lifetime of a single-
particle electronic excitation.

This Peierls-Fr8hlich viewpoint leads to very definite
predictions for the optical properties of a one dimensional
metal.l® At high temperatures, the frequency dependent
conductivity should be single-particle-like; the conducti-
vity should be that of a Drude metal with effective mass
equal to the band mass and carrier scattering time equal to
the single particle lifetime. Once the Pelerls instability
has set in (perhaps 150 K in TTF-TCNQ!"*), there should be a
gap in the single-particle spectrum; the dc conductivity is
due to a long-lived sliding CDW which has a relatively high
effective mass, At the lowest temperatures, the CDW is
pinned by three-dimensional interactions, which always oc-
cur 1n any real materialj the gap in the single-particle
spectrum persists but instead of high dc conductivity there
is a pinned CDW mode at very low frequencies. This pinned
mode is an oscillation in the CDW phase (i.e. in the loca-
tion of the CDW relative to the underlying lattice).

IT. EXPERIMENTAL DETAILS

The polarized reflectance of TTF-TCNQ single crystals was
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measured using a Michelson interferometer in the far-
infrared region and a grating monochromater at higher
frequencies.1® The samples were cooled in an Air Products
Helitran continuous flow refrigerator. The far-infrared
measurements were made with a mosaic which consisted of
nine TTF-TCNQ single crystals, each V1.2 by 0.15 cm in size,
The higher frequency measurements were made on one of these
large crystals. Reference spectra were obtained by meas-
uring the reflectance of gold-coated mosaics (in the far
infrared) or crystals (at higher frequencies). By compar-
ing the signal reflected by a sample to that reflected from
the same sample coated with gold, accurate values for the
reflectance could be obtained.

The sample temperature was inferred from the dc resis-
tancel” of one of the crystals in the mosaic. This cali-
bration was important because radiation from the spectrom-
eter and from the room heated the sample, causing it to
remain at a higher temperature than indicated by the ther-
mometer in the Helitran, The offset at low temperatures
was large: the thermometer indicated 6 K; the sample tem-
perature was 25 K.

ITI. RESULTS

Figure 1 shows the b-axis reflectance of TTF~-TCNQ at 25 K,
60 K and 300 K. The plasma edge is clearly seen between
5000 cm™! and 7000 cm~! at all three temperatures. There
is considerable structure in the reflectance between

300 em~! and 2200 cm‘l, the region where the TTF and TCNQ
molecules have their frequencies of internal vibration.!®
At 300 K and 60 K the far-infrared reflectance has nega-
tive slope and approaches unity as the frequency goes to
zero, as expected for a good conductor. In contrast, the
25 K reflectance has a very strong feature between 40 cm-1
and 300 cm~1; below 40 cm~! the reflectance has positive
slope.

The temperature dependence of the reflectance at
higher frequencies consists of a sharpening of the plasma
edge and an increase of the reflectance with decreasing
temperature. At 500-600 cm~! the 25 K reflectance is near-
ly unity.
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IV, DISCUSSION

We have used Kramers-Kronig analysis19 of the reflectance
to obtain frequency dependent conductivity, oj(w),

(Figure 2) and the real part of the dielectric function,
€1(w), (Figure 3). These curves have many features, which
we will describe one at a time in the following subsec-
tions.

A. Room Temperature Conductivity

On a scale that extends from zero to 10% Q7! cm‘l, the

300 K conductivity does not vary much., The low frequency
value is 900 9~! cm~!, in agreement with the dc conduc-
tivity.l7 There is a broad dip in the infrared and a small
peak around 800-1000 cm~!.
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FIGURE 2., The fre-
quency dependent con-
ductivity of TTF-TCNQ
between 10 cm=! and
20,000 cm~!, Note the
logarithmic frequency
scale. Data are shown
for temperatures of

25 K, 60 K and 300 K,

FIGURE 3. The real
part of the dielectric
function of TTF-TCNQ
between 10 cm** and
20,000 cm-1. Note the
logarithmic frequency
scale. Data are shown
for temperatures of

25 K, 60 K and 300 K.
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B. Electron-molecular Vibration Interaction

Many antiresonances or dips occur in the 300 K conductivity.
Each of these dips occurs near the frequenc¥ of an Ag vi-
bration of either the TTF or TCNQ molecule; 8 these data
suggest that electron-molecular vibration interactions!?
play an important role in the electronic properties of
TTF-ICNQ. Most of these features are seen in the 60 K and
34 K spectra as well.

C, Charge-density Wave Phenomena

The conductivity at 60 K has a strong maximum at the low-
est frequencies. This maximum extrapolates to give a 60 K
de conductivity of between 6000 Q-1 cm~1 and 10,000

Q! em~1, in good agreement with the dc conductivity of
good but not extraordinary TTF-TCNQ crystals. 17 we attri-
bute this narrow zero frequency peak in the conductivity

to a sliding CDW. The conductivity quickly falls to around
1000 -1 em=!; this value probably represents the single-
particle contribution to the 60 K conductivity.

The 25 K conductivity is a0 Q! em~?! at 10 em~!. A
strong peak appears at 40 cm~!, which we attribute to the
charge density wave, now pinned by the three-dimensional
ordering which occurs in TTF-TCNQ at 38 K. (Only below
38 K do we see evidence for the pinned mode in our far-
infrared data.) The ?inning frequency is higher than pre-
viously suggested for TTF-TCNQ; the pinned mode is,
however, relatively unambiguous in our data.

The effective mass of the CDW can be inferred from the
oscillator strength sum rule, As described in an earlier
publication,“ this sum rule gives at 25 K an effective mass
of W80 mg or ~20 m* (me is the free electron mass and m* is
the band mass). The lifetime of the sliding CDW at 60 K
can then be calculated to be 1.6 x 10712 sec by assuming a
Drude form for the CDW conductivity. Alternately, the
lifetime can be inferred for the width of the peak in
01(w) at zero frequency. The full width at half maximum
is A10 cm~!; the width corresponds to a lifetime of
"5 x 10-13 sec. 1In contrast, at the plasma edge 22
Tgpv6 x 10715 sec. There are two orders of magnitude dif-
ference between the lifetime of the CDW and of single par-
ticle excitations at the plasma frequency.

The 25 K real dielectric function has as its dominant
feature the structure between 20 cm-! and 100 cm~! associ-
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ated with the CDW. The zero frequency value of e;(w) 1is
3200, in good agreement with microwave measurements.23 At
60 K and above the low frequency dielectric constant is
negative, consistent with the finite dc conductivity at
these temperatures.

D. The Energy Gap

The 25 K 01(w) has a very strong narrow maximum at 300
em~l. The width of this peak is only 200 cm-!. This fea-
ture is probably the single-particle energy gap in TTF-TCNQ.
With 2A ~300 cm‘l, the mean-field Peierls transition tem
perature T, = 2A/3.5 = 130 K. This value is consistent
with many other estimates. The gap structure is still pre-
sent (though somewhat smeared) at 60 K but is almost com-
pletely washed out at 300 K. Note, however, that at all
temperatures €j(w) is positive for a substantial range of
far-infrared frequencies., At 300 K, this range extends
from 60 cm™! to ~500 cm~!. A positive dielectric constant
is the signature of an absence of free-carrier excitations
in this frequency or energy range.

V. CONCLUSIONS

Our data support the picture of TTF-TCNQ as a Peierls-
Frohlich conductor. The high dc conductivity around 60 K
and the high microwave dielectric constant around 25 K re-
sult from charge-density wave effects. A sort of phase di-
agram of the electronic structure of TTF-TCNQ on tempera-
ture frequency axes can be inferred from our data, along
with conductivity,17 resonance,2l+ and structuralla studies.
It is shown on the top of the next page.
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