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The far-infrared bolometric response of a thick single crystal of TTF-TCNQ at 12 K has been
used to give directly 1—R, where R is the power reflectivity, for radiation polarized with El |B: and
wave numbers from 10 to 830 cm~!. Accurate and high-resolution values of R are obtairied. These
have been combined with measurements at higher energies and a Kramers-Kronig analysis per-
formed to yield the optical properties. The conductivity shows a strong resonance at 35 cm™!,
which has been attributed to the phase mode of the pinned charge-density wave, in agreement with
Tanner, Cummings, and Jacobsen [Phys. Rev. Lett. 47, 597 (1981)]. We find, however, no large res-
onance at higher wave numbers but instead a strong broad midgap conductivity possibly attributable
to solitons. The optical properties are confirmed by comparison with powder transmission measure-
ments. The effect of small particles on the powder and thin-film spectra is demonstrated. Finally,
temperature-dependent powder measurements have been used to show the activated nature of the
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anomalous E||b vibrational spectrum.

I. INTRODUCTION

Recently Tanner, Cummings, and Jacobsen! measured
the far-infrared reflectivity from a mosaic of tetrathiaful-
valene tetracyanoquinodimethane (TTF-TCNQ) single
crystals at several temperatures. A Kramers-Kronig
analysis of the measured spectrum at 25 K yielded a con-
ductivity which contained a strong feature around 40
cm~!, which was assigned to the pinned charge-density
wave (CDW), and a much stronger feature around 290
cm™ !, which was unassigned. The CDW at 40 cm~! was
in disagreement with our interpretation of the bolometric
spectrum, which gave a pinning frequency? of 3.4 cm—},
and the strong 290-cm ! feature was also in disagreement
with our bolometric spectra’>~® and various other mea-
surements of far-infrared transmission through
powders.”~® Our interpretation® of the bolometric spec-
trum had been that for E||E, where b is the high-
temperature conducting direction, the bolometric signal
saturates to 1—R, where R is the reflectivity, at the
pinned CDW and above the semiconducting gap, but that
in the gap the spectrum contained absorption features.
Tanner et al.' suggested that, on the contrary, the entire
spectrum was saturating to 1—R, in which case our re-
flectivity resembled that measured directly by them. We
have determined that this is indeed the case. Our tech-
nique, however, has allowed us to obtain the very high re-
flectivity more accurately than is possible by a direct
method with a mosaic of single crystals, and our resulting
conductivity spectrum, while now agreeing with the
pinned CDW around 35 cm™! as measured by Tanner,
does not contain the very strong 290-cm~! feature. We
also find the CDW to have a larger oscillator strength
than that reported by Tanner, with a corresponding de-
crease in effective mass, and we speculate that solitons
may be responsible for the very high conductivity in the
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semiconducting gap.

Another difficulty with the far-infrared properties of
TTF-TCNQ over the last few years has been the interpre-
tation of the powder spectra. Why has the pinned CDW
at 33—40 cm ™! not been observed in powder absorption,
which instead seems to give a broad CDW with a pinning
frequency’ of 80 cm~™!? Why did the powder spectra
seem to indicate a semiconducting energy gap at all tem-
peratures,” while this is known not to be the case? We
have used the reflectivity spectrum obtained by the
bolometric technique to generate all of the various optical
properties, including the absorption coefficient of the
powders. By including small-particle effects it has been
possible to reproduce, with good agreement, both the
high-resolution far-infrared powder spectra of our own,
presented here for the first time, and the general features
of the thin-film data of Tanner et al.” Thus, the questions
just raised can be satisfactorily answered.

With the powder spectrum understood it became possi-
ble to identify features in the necessarily unpolarized
powder absorption with those which have been studied in
great detail in the polarized bolometric spectra.’ In par-
ticular, many vibrational features in the EHE spectrum,
which have been assigned to librations and other normally
infrared-inactive modes, were predicted to be activated at
low temperatures by coupling with the CDW due to the
Peierls distortion. It was, however, impossible to test this
prediction with the bolometric technique since it works
only at low temperatures. Here we will present powder
spectra at different temperatures which will confirm the
activated nature of these anomalous absorption features.

II. OPTICAL PROPERTIES

The full curves in Figs. 1 and 2 show portions of the
12-K bolometric spectra obtained from a single crystal of
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TTF-TCNQ approximately 30 um thick, for radiation po-
larized with EH?{ and EHE, respectively. Reference 3
contains both high-resolution spectra of this region to-
gether with lower-resolution spectra up to 900 cm~™!. It
also contains a derivation of the expression for I, /I, the

I
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intensity absorbed, relative to that incident on the crystal,
which produces the bolometric signal, in terms of the
power reflectivity R, the absorption coefficient a, and the
average crystal thickness d. The equation is reproduced
here as follows:

I 1—R% 2

where
tanyp=2k /(n24+k*—1) . 2)

Figure 2 in Ref. 3 shows the behavior of this expression
as a function of ad, which is in effect to “saturate” to
1—R as ad becomes very large. This is the expected re-
sult when no radiation is transmitted through the sample,
since the absorbed intensity is then simply that which is
incident minus that which is reflected. Some of the ab-
sorption features in the E||@ spectrum are sufficiently
strong to saturate at the peaks, and this produced false
structure in the bolometric spectrum resulting from the
dips in the reflectivity, which is well described in Fig. 9 of
Ref. 3.

Because of the very high reflectivity in the E[ [E polari-
zation,!® however, which would be unaffected by vibra-
tional modes of the usual strength, and because of the an-
ticipated low absorption in the semiconducting gap, the
E||b spectrum between 30 and 300 cm~! was attributed
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FIG. 1. 12-K bolometric spectra of TTF-TCNQ for E||@ ob-
tained from two single crystals, one 30 um thick and the other
200 pm thick. Expression for I4 /I, is given in the text. Notice
the increased signal from the thicker crystal, demonstrating that
it is proportional to absorption coefficient. Spectra saturate to
1—R near the resonance peaks, and this is the cause of the false
dip at 122 cm ™!, where the full and dashed lines coincide.
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to absorption features. Further support for this interpre-
tation was given in Ref. 3. The recent reflectivity mea-
surement by Tanner et al.,! however, prompted us to in-
vestigate further. We decided to obtain a bolometric spec-
trum from a very thick crystal through which the E||b ra-
diation would have little chance of passing, giving a signal
almost certainly proportional to 1 —R. The dashed curve
in Fig. 1 is the result for E||Z with a 200-um-thick crys-
tal. The signal is considerably increased from the 30-um-
thick case, as expected from the increased thickness and
absorption, except at the peaks, and false dip at 122 cm™l,
where it was already known to be saturated. Figure 2
shows the corresponding spectra for —E:| |E It is apparent
that there is very little difference from the 30-pm-thick
spectrum and the many sharp features remain. Conse-
quently, the many sharp features and detailed structure
seen in the E||b bolometric spectrum are due to the reflec-
tivity and not the absorption coefficient, as supposed earlier.

It is important for us to emphasize a few points at this
juncture. The recent vibrational analysis® performed by
us, involving the measurement of small frequency shifts
upon deuterating the compound, as well as the compar-
ison with the tetraselenafulvalene tetracyanoquinodi-
methane (TSeF-TCNQ) spectra, is still completely valid.
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FIG. 2. 12-K bolometric spectra of TTE-TCNQ for E||b, ob-
tained from two single crystals, one 30 um thick and the other
200 pm thick. Expression for I, /I, is given in the text. Notice
the little difference between the two spectra, indicating that for
both crystals the spectra are proportional to 1 —R.
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It makes no difference whether we measure the absorption
or reflectivity features. The earlier experiment to suppress
the bolometric response relative to the photoconductive
response in order to obtain the semiconducting energy-
band gap’ also remains valid, and the gap of approximate-
ly 300 cm™! is unchanged. Our earlier interpretation? of
the rise in the bolometric spectrum around 10 cm~™! to
yield a CDW pinned at 3.4 cm™! is, however, invalid. It
is also clear that the vibrational modes which are so af-
fecting the reflectivity are extremely strong and must
therefore be coupling with the CDW.

The E] |b bolometric spectrum from the 200-um-thick
crystal is unquestionably proportional to 1 —R. Since R is
so large, the technique is therefore a very powerful one for
obtaining the small difference between R and unity. We
have measured the spectrum up to 830 cm ™! and our re-
sulting reflectivity is shown in Fig. 3. This spectrum was
calibrated by two independent methods. The first was to
match it to the directly measured reflectivity from 830 to
8000 cm~! at 15 K from Jacobsen.!! The second method
was to compare the E||Z and ﬁ||g bolometric responses
between 500 and 900 cm™ !, a region in which they are
both saturated to 1—R. Taking the E||Z reflectivity’ to
be 0.14, we obtained an average value of 0.86 for R( E! Ib)
between 500 and 900 cm~!, which agrees with Fig. 3. The
polarizers used were from Cambridge Physical Sciences.
A KRS-5 substrate model with a 99% degree of polariza-
tion was used above 300 cm ™!, and a polyester model with
93% polarization was used below 300 cm™—!. The Mylar
beam splitters provided an additional 75% E| |E polariza-
tion. These were placed just before the sample chamber of
a Research and Industrial Instruments Company model
no. FS-720 Michelson-type Fourier spectrometer in which
the sample was mounted on a cold finger. A wedge-
shaped light guide immediately in front of the sample pro-
vided some focusing without destroying the polarization.
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FIG. 3. Power reflectivity of TTF-TCNQ at 12 K for E||b
derived from the bolometric spectrum. Resolution is 1 cm ™! up
to 200 cm~! and 5 cm~! from 200 to 800 cm~!. Notice the
suppressed zero.

J. E. ELDRIDGE AND FRANCES E. BATES 28

The background spectra were obtained with a Golay
detector with a diamond window which has a flat
response from 10 to 1000 cm ™!, apart from a 12% broad
transmission dip around 500 cm~! due to the diamond.
The measurements were taken at a fairly high sample tem-
perature (~12 K) and with a low chopping frequency in
order to maximize the bolometric response relative to any
photoconductive response which would contribute to the
signal above the band gap of about 300 cm™—!. The photo-
conductive response was estimated to be less than 4% of
the total'? in this region. The photogenerated carriers rap-
idly decay mainly by phonon emission, thereby heating
the crystal and causing a bolometric response, as obtained
below the gap. Further experimental details may be found
in Ref. 3.

The high value of the reflectivity in Fig. 3 should be
noted and the spectrum compared with that obtained by
Tanner et al.! Many features are common to the two
spectra: dips at 10, 90, 120, 180, 260, 350, 450, and 600
cm™!, and broad peaks around 80 and 320 cm~!. The
main disagreements are in the magnitude or absolute value
of R, which is so important when R is so large and a
Kramers-Kronig analysis is to be performed. We find the
120-cm ™! dip to extend only to 0.9 rather than 0.8, and
for R to drop gradually but fairly constantly from 0.94 at
300 cm ™! to 0.84 at 800 cm ™!, where it has been matched
to the value of Jacobsen. In contrast, the reflectivity in
Ref. 1 climbs after 300 cm~! to a value of unity at 600
cm~!. These are the causes of the main difference be-
tween the conductivity spectrum we will obtain and that
presented by Tanner et al. Their work consisted of a
direct measurement of reflectivity from a mosaic of crys-
tals, which was then coated with evaporated gold, and re-
placed in the cryostat to give a reference spectrum. This
is a very difficult experiment in which a small error in the
absolute magnitude is not unexpected.

Above 8000 cm~! we used the room-temperature data
from Grant et al,'® which extended to 36000 cm~!. In
Fig. 4 we show, on a logarithmic frequency scale, the re-
sulting reflectivity curve up to 10000 cm™!, just beyond
the plasma edge. (This frequency range is a good one to
show the powder absorption later.) We performed a stan-
dard Kramers-Kronig analysis. Above 36000 cm~! the
value of R was assumed constant. This allows the
Kramers-Kronig integral to be easily solved'* and gives a
high-frequency correction to the phase angle 6 which is
obtained in the analysis. This correction is very small for
wave numbers in the far infrared. A low-frequency extra-
polation below 10 cm™!, where we were unable to mea-
sure, was also required. The optical properties in this re-
gion however are very sensitive to the extrapolation
chosen. The dip in reflectivity below 50 cm~! seen in Fig.
3 is believed to be real and not due to a decrease in the
Golay response, simply because it is seen only for EHE
and not for E1b.? (It is also seen in Ref. 1) We have
therefore linearly extrapolated this decrease below 10
cm~! to a value of 0.93 at zero frequency. This gives a
static real part of the dielectric constant €,(0) equal to
3000, in agreement with the measured microwave values.
Unfortunately this extrapolation gives very small but neg-
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FIG. 4. Solid curve is the power reflectivity of TTF-TCNQ
at 12 K for _E| IB’ up to just beyond the plasma frequency on a
logarithmic frequency scale. Values up to 830 cm™! were ob-
tained from the bolometric spectrum: 830—8000 cm™' from
Ref. 11 with 83-cm~! resolution and above 8000 cm™' from
Ref. 13 with 800-cm™! resolution. Dashed curve is the phase
angle 6 obtained from a Kramers-Kronig integral of the reflec-
tivity.

ative values of 6 below 20 cm~! with a minimum of

—0.45° at 10 cm ™! (see Fig. 4 for a plot of @ from 10 to
10000 cm ™). This produces nonphysical negative values
of conductivity in this region. This, however, is thought
to be due to errors of a few percent in the reflectivity
somewhere in the entire spectrum, which corresponds to
the accuracy of the various experimental results. Initially
negative values of 6 are a common indication of incorrect
high-frequency extrapolations or small errors in the mea-
sured value of R when R increases with frequency from
the origin. A low-frequency extrapolation which would
keep the conductivity positive below 20 cm~! would give
a value of €,(0) equal to 8000, which is almost certainly
too high.

The low-wave-number form of €,(¥) may be seen in
Fig. 5. It is similar to that obtained by Tanner except that
it has larger extreme values, both positive and negative,
and then remains small and negative until n =k at the
plasma edge near 7500 cm ™.

The imaginary part of the dielectric constant has not
been presented since it contains the same information as
the conductivity, given in units of Q~!cm~! by

nkv

30 °
where n and k are the refractive index and extinction coef-
ficient, respectively, both of which were obtained from R
and 0, and ¥ is in wave numbers. Figure 6 shows the con-

ductivity up to 500 cm~!. The large lower resonance with
a peak between 33 and 35 cm ! is identified as the pinned

g=

(3)
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FIG. 5. Real part of the dielectric constant €; of TTF-TCNQ
at 12 K for E| |1_; in the region of the pinned CDW. Above 200
cm~! it continues to be relatively small and negative until the
plasma frequency near 7500 cm ™.

CDW. It is close in pinning frequency to that reported by
Tanner, but has more than twice the oscillator strength.
While the pinning frequency remains constant, the width
and strength of the peak are sensitive to the low-frequency
R extrapolation. It may be seen that there is no large res-
onance near 290 cm~! as found by Tanner. Instead we
have very high conductivity in the band gap (below 315
cm™!) with an increase following the CDW starting just
about 100 cm~—!. The conductivity above the gap in Fig. 6
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FIG. 6. Conductivity o of TTF-TCNQ at 12 K for E||b.
Strong sharp feature at 35 cm~! is identified as the phase mode
of the pinned CDW. Notice the strong conductivity in the gap
below 315 cm ™.
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is about 1000 Q~'cm™!, approximately the same as the
peak value at room temperature,’” but we must admit that
it is so small in comparison with the conductivity in the
gap that it does not resemble a gap at all. The cause and
strength of the midgap absorption must surely be related
to the pinned CDW at lower energy. The dip at 320 cm ™!
which seems to coincide with the gap edge has been as-
signed to an activated vibrational mode®® even though it
is so much wider than the others observed. The absorp-
tion coefficient to be presented in Sec. III, however,
resembles more closely that expected for a semiconductor,
with the absorption above the energy gap being greater
than that below. We next examine the question of solitons

in the gap.
The oscillator-strength sum rule in our units
(@~ 'ecm™!) can be written
1 84cm—! _
Qf,:ﬂ f T odv. 4)

T 0

Integrating to the dip at 84 cm™! gives Q,=3270 cm™!,
Again, in our units ({2, in units of cm™!), one can write

41ne’ .
Q: — ;2 n4:ne , (5)
(27c) VM

where m, is the electronic mass, n is the combined
electron-hole densities per unit volume (equal to 2.4 for
0.6 charge transfer with V=840 A3), and M* is the
pinned-mode effective mass. This gives M* =24m,, even
lighter than that found by Tanner. Taking an average of
the TCNQ-band effective mass of 2.4 and the TTF-band
effective mass of 5.2, one has m) =3.8m,, which gives
M*=6.3m}. A fairly large uncertainty, say 30%, can be
associated with these numbers due to the low-frequency
extrapolation of R.

Rice et al.'” predicted the existence of new, nonlinear,
current-carrying elementary excitations, known as “¢”
particles or ‘“solitons,” to occur with weakly pinned
CDW’s. Berlinsky'® has considered these excitations in
his review on CDW effects. In contrast to the small-
amplitude phase oscillations of the CDW condensate,
which is responsible for the large conductivity peak at 35
cm ™!, the solitons involve large changes in the phase and
are confined to a finite region which propagates down the
chain with a well-defined velocity. Physically they corre-
spond to propagating compressions or rarefactions of the
combined electron density, separating segments having
common uniform phase and acting rather like domain
walls. The minimum energy'>!® required to create a soli-
ton is E, where

Eo=t(m*/m{)" ¥, ©)
and vr is the pinning frequency of 35 cm™!. This gives
Ey=112 cm~!. Optically, however, one would need to
create a soliton-antisoliton pair which has a threshold en-
ergy of 2E;=224 cm~!. Above this one would expect a
continuum of conductivity due to this process until the
energy-band edge is reached. This may explain the high
end of the midgap conductivity in Fig. 6.

If the 35-cm™! mode is a phase oscillation of the CDW
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which is pinned by a cosine potential due to the Coulomb
attraction between oppositely charged chains, then one has
to consider all of the solutions of the sine-Gordon equa-
tion. Above v and below 2E, there will be discrete solu-
tions representing various orders of “breather” modes of
soliton-antisoliton pairs, of which the strong mode at v is
the first.'” Calculations of the strength and energy of
these modes are currently in progress!® in order to see
whether these contribute to the conductivity in this region.

III. COMPARISON WITH POWDER SPECTRA

When one obtains such “unusual” results for the optical
properties of a compound, it is natural to try to confirm
them with another technique. The absorption and reflec-
tivity are both too strong for transmission studies through
single crystals, and so we have looked at fine powders. As
mentioned in the Introduction several questions also need
to be answered concerning the results one obtains with
powders and films.

Experimentally we performed the powder measure-
ments much as Bozio and Pecile’ have done. A few crys-
tals are ground in Nujol mull for 15 or 20 min and the
mixture is then applied to a wedged TPX (TPX is the
Mitsui and Co., Ltd. trademark for methyl-pentene poly-
mer) or polyethylene window. The window is then insert-
ed into our Janis Supervaritemp Dewar in which the cool-
ing is achieved by helium gas. The temperature is known
to well within a degree and can be controlled with com-
parable accuracy. The samples were found to not cycle
very well and so fresh ones were prepared for each run.
The absorption depended, of course, on the amount of ma-
terial on the window. Our spectra extended only to 300
cm™! since low-temperature powder-absorption data
above this frequency already exist.®°

The solid curve in Fig. 7 shows, over the same logarith-
mic frequency scale, the absorption coefficient o given by
172

Jel—e i )

a=4rk v=4mv )

which is the appropriate expression for the bulk material.
It is immediately apparent that the pinned CDW does not
stand out as clearly in a as it does in the conductivity.
This is because a is proportional to o divided by n, and n
is very large at the low end of the spectrum. The CDW is
nevertheless responsible for the broad absorption feature
between 30 and 100 cm~!. This is not seen, however, in
either our present powder measurements or in the thin-
film data of Tanner et al.” Our measured powder spec-
trum in this region is plotted as the upper trace in Fig. 8.
Instead, this shows absorption which is low at 30 cm™~!
and increases to a gentle maximum around 100 cm~l.
Figure 14 of Tanner’ shows a more pronounced broad
feature centered around 80 cm~!. It is now clear that
these do result from the pinned CDW, but small-particle
effects (or Rayleigh absorption) are responsible for mask-
ing the CDW and shifting the absorption peak to higher
frequencies.

There are various starting points and formalisms for the
attenuation produced by small particles, but we will use
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FIG. 7. Absorption coefficient a of TTF-TCNQ at 12 K for
E||b. Curve for the bulk material was calculated from Eq. (7)
using the dielectric constants from Figs. 5 and 6. Other two
curves were calculated from Eqgs. (8)—(10) using the same
dielectric constants. Dashed curve is the thin-film absorption
coefficient with g /e, :7;3 and a filling factor of unity.
Dotted-dashed curve applies to one of our Nujol mull powders
with g /€, = ﬁ and a filling factor of 0.05. This spectrum has
been arbitrarily scaled up by a factor of 8 to match the bulk case
in the region of agreement.
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the results obtained by Tanner and Jacobsen,” modified
for powder particles in an oil mull in which the filling fac-
tor f is small. We have also preferred to work with both
parts of the dielectric constant rather than using the con-
ductivity. Starting then with Eq. (11) of Ref. 7 one ob-
tains, for the average dielectric constants of the powder,

TTF-TCNQ 20K
POWDER ABSORPTION

a+b

MEASURED

4 CALCULATED E||b

| | L L L
(0] 50 100 150

WAVE NUMBER (cm™")

FIG. 8. Measured and calculated absorption coefficient of
TTF-TCNQ at 20 K up to 200 cm~!. Measured spectrum is
In(Io /I). Calculated spectrum was obtained from Fig. 7 with
g/€m= Tslﬁ and f=0.05. Features seen for E[ | @ are so indicat-

|

200

ed. E| [f; features common to the two spectra are also indicated.
Two spectra have been vertically displaced for ease of compar-
ison.
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by_ S €
T3 A (8)
() 3 [14(g€d/en) P+ (ged/en )2
and
(8y=e, +L e+ (gl +(d))/em} o

3 | [1+(g€}/en) P+ (geb /e )

where g is the depolarization factor of the particles, f is
the filling factor (volume fraction of crystals in the medi-
um), and ¢,, is the real dielectric constant of the medium.
In the thin-film case €,, is a composite of the ELb dielec-
tric constant of the crystals and that of free space. In our
case it is a composite of this ELb value, approximately 5,
and the dielectric constant of Nujol mull, equal to 2.15.
Equations (8) and (9) assume that €2 >>€5 and €5. This is a
correct assumption in our experimental region with €3 ris-
ing from 350 at 300 cm ™! to 35000 at 33 cm™!, while €2
is only about 25 at the peak of the strongest feature,’ 120
cm~!. This does not, however, mean that Elb features
should not be expected in the powder-absorption spec-
trum. They will be seen because once again a is propor-
tional to €, divided by n and # is large for E[IE As given
in Ref. 7, g varies between zero for a long needle particle
and unity for a slab.

The E}]g absorption coefficient of the powders is then
given by
(20— |

) (10)

ab=4ny

and calculated using both Egs. (8) and (9) to give the com-
plex value (€%). This is important since, if one assumes
that the absorption is merely proportional to ¢ or €, and
uses Eq. (8) alone, one then has the problem of a false
“resonance” produced when gef /e, equals —1, re-
membering that € is negative.

Figure 7 shows, along with the bulk absorption coeffi-
cient, two cases of powder absorption. The dashed curve
applies to the thin-film case with a filling factor of ap-
proximately unity and a value of g/e,, =i, since the
films consisted of crystallites with relative dimensions,
which if assumed to be ellipsoidal, gave g=15. This
should be compared with the 4-K curve in Fig. 13 of Ref.
7. The agreement is excellent both in shape and magni-
tude. Note the maximum of 6X 10*, down from 10° for
the bulk case (see Fig. 12 of Ref. 7). Notice also the at-
tenuation of the maximum between 2000 and 3000 cm ™!
relative to the 1000-cm™! peak, which is mainly due to
the /3 factor. The most dramatic effect is, however, the
steep cutoff below 300 cm™! which is due to the small-
particle effects with g/e,, =55, since the cutoff occurs
where g/€,, ~1/€5. This suppressed absorption at all
temperatures led to the erroneous assumption of an energy
gap at all temperatures.

Figure 8 shows our measured powder spectrum in the
range 25—200 cm~!. The calculated absorption with
8 /€, =55 does not agree with this spectrum. Instead the
best agreement in overall shape of the spectra is obtained
with g /€,, = 525 and the resulting calculated spectrum is
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shown in both Figs. 7 and 8. In Fig. 7 this has been arbi-
trarily scaled to match the bulk absorption coefficient in
the region of agreement. Above this region, which ends at
approximately 300 cm~!, the absorption is strongly re-
duced due to the filling factor (i.e., when €, ~fe€5/3).
The value of f=0.05 used in the calculation was the ap-
proximate value of our mulls when freshly prepared. The
Nujol evaporates in time, increasing the value of f.

It may be seen that the cutoff due to small-particle ef-
fects, which now occurs when €5~3500, suppresses the
low-energy CDW absorption below about 50 cm™! and
produces a very broad absorption feature centered around
90 cm ™! or so. This also agrees with the thin-film data in
this region. Why is the depolarization factor so much
lower in this region? It is most probably due to the in-
teraction between particles as outlined by Tanner et al.’
The dipole fields due to neighboring particles can be
greater than the external field and so they suppress the
small-particle effects. In this wave-number region the ab-
sorption is low and so both the powder and the thin-film
samples are thick and such interaction is enhanced. (The
thin-film data from 300 to 4000 cm ™! was obtained from
very thin films in which such interaction would be small
and the expected depolarization factor would apply.) The
agreement in Fig. 8 between the experimental and calcu-
lated fine structure may also be seen to be very good. All
of this structure has been studied in detail and most of it
assigned to various vibrational modes.> Arrows on the
calculated spectrum indicate some of the EHE features
which are observed experimentally.

When we first studied the isotope-induced frequency
shifts of the features in the bolometric spectrum,’ it was
not clear whether we should have identified the peaks or
the dips. We therefore chose the sharpest features. These
have mostly turned out to be antiresonance dips in the
conductivity of Fig. 6, while in both the reflectivity and
absorption coefficients, they are peaks above 120 cm™!
and dips below 120 cm~!. This is because of the large
negative value of €2 below 120 cm™!, as seen in Fig. 5.
Once again the importance of calculating a from Eq. (10)
is emphasized since Eq. (8) alone would give inverted ab-
sorption features below 120 cm~!. The El |d experimental
features, which are obviously missing from the calcula-
tion, are also indicated in Fig. 8."°

The features indicated with an arrow in Fig. 8 are the
large ones, yet we also find agreement with the much
smaller ones. Figure 9 is a similar plot of an expanded
section from 90 to 130 cm ™!, and once again arrows show
the excellent agreement between the powder spectrum and
that calculated using the bolometric data as input. The
bolometric spectra were taken with 0.5-cm~! resolution.
For the Kramers-Kronig analysis, however, points were
taken only every 1 cm™!. This is why the calculated
curve in Fig. 9 is disjointed.

The upper end of our powder measurements, 100—330
cm™!, is shown in Fig. 10, with lower resolution. The
sample used to obtain this spectrum had to have less
powder present than that used for Fig. 9 due to the higher
absorption, and we again found that the effective depolari-
zation had changed. The best agreement was obtained
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FIG. 9. Detailed portion of the spectra shown in Fig. 8.

with g /€, = Wlob‘ Notice the broad peak at 315 cm~! to-
gether with the medium dip at 260 cm~! and the very
shallow dip at 240 cm~'. In contrast to the lower-wave-
number features, these latter features are peaks in the con-
ductivity, and therefore dips in the reflectivity and absorp-
tion coefficient. The 260-cm™! dip is due to a TCNQ
mode and the 240-cm ™! dip is due to a TTF mode.> The
apparent peak between these two modes, at 253 cm ™!, was
taken as an absorption peak by Bozio and Pecile.’ The
broad 315-cm~! feature was assigned by them to be

TTF-TCNQ 20K
POWDER ABSORPTION
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200 250 300
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FIG. 10. High-wave-number range of our powder measure-
ments on TTF-TCNQ at 20 K. Measured spectrum is In(Zo /).
Calculated spectrum was obtained from Egs. (8)—(10) with
g/emz—mlm and £=0.05. 120-cm~! E||Z feature is indicated.

1

1 |
100 150

EHY; features common to the two spectra are also indicated.
Two spectra have been vertically displaced for ease of compar-
ison.
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another TCNQ mode, vo(a,), whereas we feel it may be an
indication of the band edge. This would disappear at the
insulator-metal transition, as it is observed to do, just as
an activated vibration would. Etemad® chose to assign the
dip at 340 cm™! following this broad peak, seen more
clearly in Fig. 7, to an activated vibration (of TTF in this
case). Again the same comment applies.

It may be mentioned at this point that the large 290-
cm™! conductivity peak of Ref. 1 would be very notice-
able in the powder spectra of Fig. 10. The shape and
magnitude of the powder spectrum above our region of in-
terest depends very much on the filling factor and the
medium, as well as the size of powder particles and thick-
ness of the samples. Furthermore, the simplified theory
used here involves some assumptions which are not valid
at high wave numbers. Small-particle scattering and re-
tardation effects?® must also be considered. It is therefore
difficult to calculate the powder absorption seen by other
workers at higher wave numbers.

IV. E||b ACTIVATED VIBRATIONS

In our recent vibrational analysis® of the bolometric

spectra of TTF-TCNQ we found features for ﬁ| |§ which
had isotope shifts corresponding to the following: libra-
tions about the long axis of the molecules (z axis), a strong
quartet due to TTF with the same isotope shifts as a z li-
bration but which we assigned to vy(a, ), a torsion about
the central bond, acoustic-lattice vibrations, totally sym-
metric gerade vibrational modes, and nontotally sym-
metric gerade vibrational modes. All of these resonances
are infrared inactive in the undistorted phase of TTF-
TCNQ [except for vig(a,), which should be weak]. The
lack of symmetry caused by the Peierls distortion could
activate them but they would still be very weak. Since
they are all so strong they must be coupling with the
CDW, obtaining the associated electronic oscillator
strength. Of the above types of vibration only the totally
symmetric gerade modes are commonly seen as a result of
a periodic lattice distortion and a CDW. We reasoned,
therefore, that if the above vibrational modes were indeed
becoming infrared activated, it may be because they
represent a component of the distortion itself. The
bolometric technique is a low-temperature technique and
we were therefore unable to monitor the temperature
dependence of these features at that time. The present
powder spectra now allow us to do that.

Figure 11 shows the lower-wave-number portion of the
spectrum at several temperatures. Nine features which are

known to be E||b have been indicated and numbered. All
of them may be seen to have strong temperature depen-
dences, as predicted. Feature 1 was tentatively assigned to
an activated acoustic-lattice mode (see Table 2 in Ref. 3).
Its disappearance by 51 K confirms the low-temperature
activation. Feature 2 is a result of the small-particle “cut-
off,” best visualized in Fig. 7. Although reduced, it is still
present at 51 K, as one would expect. Features 3—5 were
assigned to mixed lattice modes involving R, librations.
Their disappearance at the insulator-metal transition also
confirms their activation. Feature 6 is the TTF quartet
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FIG. 11. Measured powder spectra of TTF-TCNQ at four
temperatures. Nine distinct ﬁ| |§ features are indicated with a
number and referred to in the text. E||7 features are indicated
as such. Resolution is 1 cm™".

which we assigned to vig(a,). This may be seen more
clearly in Fig. 12 with each component indicated. We
have proposed that the quartet was a result of “zone fold-
ing” due to the 43d periodicity of the Peierls distortion

TTF - TCNQ
Powder Absorption

(lo/ 1)

£n

L | Il |

90 100 110 120 130
Wave number (cm™")

FIG. 12. Detailed portion of the powder spectrum of TTF-
TCNQ at 20 and 40 K showing the TTF quartet assigned to
viola, ), indicated as feature 6, and feature 5 which is thought to
be a mixed lattice mode involving an R, libration of the TTF
molecule. The quartet is gone at 40 K, just above the 38-K tran-
sition temperature for the 4@ periodicity of the Peierls distor-
tion.
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below 38 K. The fact that the quartet is gone by 40 K,
whereas the activated mixed mode (feature 5) is still
present up to the insulator-metal transition, supports our
interpretation. Returning to Fig. 11, features 7, 8, and 9
were assigned to TTF v,;(b,,), TCNQ vyg(a, ), and TCNQ
v31(bag), respectively. TTF v, (b,,) (feature 7) is very
small by 40 K and is gone by 51 K. The activated TCNQ
modes are seen more clearly in Fig. 13. TCNQ wv(a,)
(feature 8) is weak but still visible at 71 K (the 181-K
spectrum is somewhat noisy), while TCNQ v3;(by,)
(feature 9) is very small at 60 K and gone by 71 K. These
findings are consistent with the view of one-dimensional
fluctuating distortions on the TCNQ chains above the
metal-insulator transition and the development of the
TTF distortion below 49 K. The proximity of some of the
features make it difficult to present detailed integrated-
intensity—versus—temperature plots as we have recently

done for the E||7 spectrum.?!

V. CONCLUSION

In conclusion, we have used the bolometric technique to
indirectly obtain the reflectivity of TTF-TCNQ at 12 K
for radiation polarized along the chain axis E| |B’ Since R
is so close to unity for E||b, our measurement of 1—R
gave us detailed, high-resolution structure in R which
would be very difficult to detect by direct means. A
Kramers-Kronig analysis has been used to give the optical
properties. The resulting conductivity spectrum is unusu-
al. A very strong resonance at 35 cm ! has been attribut-
ed to the phase mode of the pinned CDW, in agreement
with Tanner et al.! This is followed by a strong broad
conductivity feature in the semiconducting gap below 315
cm~! starting with a gentle edge just above 100 cm™!.
This conductivity is higher than that above the semicon-
ducting gap, rendering chemical impurities unlikely candi-
dates responsible for much of the midgap conductivity. A
possible explanation in terms of solitons and the higher-
order breather modes, of which the phase mode of the
pinned CDW is the first, has been suggested. We attribute
the very large peak at 290 cm ~! found by Tanner et al.! to
inaccuracies in their absolute value of R.

We have confirmed the optical properties obtained by
comparing the structure in the calculated absorption coef-
ficient with that which we have measured using very fine
powders. The agreement is very good. The most impor-
tant parameter is the magnitude of small-particle effects,
which severely reduces the absorption coefficient below a
cutoff wave number. Reasonable effects are observed for
both our powder measurements and previous thin-film re-
sults. It has been shown that these effects mask the
pinned CDW and falsely indicate a semiconducting gap at
all temperatures. E| |d features are also seen to be prom-
inent in the powder spectra, even though their conductivi-
ties are very small compared with E| |E features. This is
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FIG. 13. Measured powder spectra of TTF-TCNQ at eight
temperatures. Two E||b features labeled 8 and 9 are referred to
in the text. Broad E||b feature at 315 cm ™" is also indicated, as
well as the 120-cm ™" E||Z lattice mode. Resolution is 2 cm™".

because their absorption coefficients are comparable.

Finally we have used the powder spectra to follow the
E] |b vibrational features as the temperature is raised
through the insulator-metal transition. All of the features
are reduced and eventually disappear, but not all at the
same rate. This confirms the activated nature of these vi-
brations which are coupling with the CDW at low tem-
peratures. These vibrations include acoustic modes, mixed
lattice modes, R, librations, normally weak infrared
modes such as vg(a, ), which is a torsion about the central
bond of the TTF molecule, and normally infrared-inactive
gerade modes of both molecules, including both totally
symmetric @, modes and non-totally-symmetric b
modes. We feel that these modes represent a component
of the Peierls distortion at low temperatures.
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