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We report on the infrared bolometric spectrum of orthorhombic TaS; between 400 and 1550
cm~! at ~100 K, well below the charge-density-wave transition (at 220 K). The bolometric sig-
nal is observed to increase dramatically when the voltage across the sample exceeds the thresh-
old for non-Ohmic conductivity. The wavelength and temperature dependence of this unusual

bolometric ‘‘switch-on’’ are reported.

Orthorhombic TaS3;, which undergoes a commensu-
rate charge-density-wave (CDW) transition at
~220 K, 2 has recently been observed to exhibit
non-Ohmic conductivity and other unusual electronic
properties in the CDW state.>™ These properties,
which had previously been observed in NbSes,” are
considered indicative of CDW motion through the
crystal, the so-called ‘‘Fréhlich mode.”” Above
~100 K there is a sharp threshold voltage Vr, only
above which TaS; exhibits these anomalous proper-
ties. Below this temperature, the threshold behavior
disappears, presumably because crystalline disorder
destroys the coherence of the CDW state,? with
separate domains responding individually to applied
fields.

There have been a variety of theories put forth to
explain the dc and rf properties of the depinned
CDW,? but none of these address the question of the
CDW response at higher frequencies, where the
internal dynamics of the CDW may become impor-
tant. There has also been little experimental work on
the optical properties of NbSe; and TaS; because of
the difficulty in preparing samples wide enough for
transmission or reflection experiments. We have cir-
cumvented this problem in orthorhombic TaS; by
taking an infrared spectrum (400—1550 cm™) using
the sample as a bolometric detector. We feel that the
unusual properties of TaS; merited such an investiga-
tion, despite the difficulty in interpreting the bolo-
metric signal, V3, which is, in general, a complicated
function of the reflectivity R and absorptivity a.!°
The spectrum is only readily interpreted if the sample

thickness d >> 1/a(v), in which case ¥z~ [1—R(v)]

(Ref. 10); however, it is impossible to estimate a(v)
for TaS; at present.

In the course of our investigation, we have dis-
covered that as the dc voltage across the sample is in-
creased above the non-Ohmic threshold the
bolometric signal increases extremely rapidly. We
have studied this very novel effect as a function of
wavelength and temperature. To assure ourselves
that we were not being misled by instrumental ef-
fects, we also measured the bolometric response of
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semiconducting NbS3, !! which has a similar morphol-
ogy to TaS3; no unusual behavior was observed for
NbS;. In this Communication, we report on the
results of this study.

Fibers of orthorhombic TaS; and NbS; were
prepared by heating stoichiometric amounts of the
metal and sulfur at ~600 °C in evacuated quartz
tubes for several weeks. Below 200 K, the conduc-
tivity of TaS; is activated, with an activation energy
A =585 cm™!, in agreement with the results of Sam-
bongi et al.! Our NbS; samples are semiconducting at
room temperature, with a low conductivity of o ~2
x1072 Q'cm™! and activation energy A=736 cm™.

Samples, typically ribbons 3 mm X 30 um X3 um
in size, were mounted by heat sinking their ends
into indium pedestals soldered onto a sapphire sub-
strate. The sample was placed at the image of the
exit slit of the monochromator of a Perkin-Elmer
model 301 spectrophotometer. A mirror could be
switched in place to deflect the monochromatic beam
onto a blackened pyroelectric detector with a flat
spectal response. In the present experiments, the
light was not polarized and was incident on the sam-
ple from a large solid angle (A8 ~90°).

The sample was cooled by using a miniature nitro-
gen gas refrigerator'? equipped with a KRSS window.
Temperature was stabilized to 30 mK by using a
diode thermometer and resistive heater. [In compar-
ing TaS; data from separate runs, the sample, whose
resistance and activation field (see below) were moni-
tored, was used as a self-consistent thermometer.
Absolute temperatures cited are correct to ~5 K,
temperature differences to ~0.5 K (Ref. 13)]. The
bolometric data were taken with a constant dc current
passed through the sample, and the alternating vol-
tage Vjp across the sample at the chopping frequency,
14 Hz, was measured with a lock-in amplifier. TaS;
data were taken up to 112 K; at higher temperatures,
the sample resistance and Vp became excessively
small, and data have not yet been taken. The resis-
tance of the NbS; sample was sufficiently large (14.5
M Q) that data on it were taken at room temperature.

Typical results of Vg/Vy. vs Vg for TaS; and NbS;
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are shown in Fig. 1. The bolometric signal is given
by

Vs
—B A
Vdc T‘

where AP and AT are the absorbed power and the
average temperature modulation of the sample (at
the chopping frequency w), and « and c are the ef-
fective thermal conductance and heat capacity. [In
general, V3 may be enhanced by a photoconductive
signal,'® but our measured signals were in quadrature
with the chopping signal (wc ~10«), indicating that
photoconductive contributions were small.] For an
Ohmic resistor, such as NbS;, the logarithmic deriva-
tive is independent of current, and therefore Vg/ Vg,
is expected to be independent of V., as we observed
[Fig. 1(a)].

On the other hand, for TaS;, V/V increases
dramatically at very small voltages, as seen in Figs.
1(b) and 1(c). Also plotted in Fig. 1(b) is the resis-
tance Vy4/I The bolometric increase occurs just as
the non-Ohmicity becomes apparent, although we did
not determine if there was a sharp non-Ohmic
threshold for our samples at these temperatures.
[Some of the resistance variation observed is due to
Joule heating, but at the largest currents used, this
accounted for only a 1% decrease in resistance (i.e.,
AT ~0.3 K).] It should be noted that the bolo-
metric increase is not due to an increase in the sensi-
tivity, |81n V4/08T|, which decreases as the material
goes non-Ohmic [see Fig. 1(c)]. Behavior qualita-
tively similar to that shown in Fig. 1 was observed in

dln Vdc

e =AP/(k+iwc)

»
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all five TaS; samples checked, although the size of
the effect [a/bin Fig. 1(b)] varied from 2—9. All
data reported on here were from a single sample.

As seen in Fig. 1, after reaching a maximum,
Vg/ Vg4 starts decreasing with increasing voltage; at
the higher temperatures measured, this peak appears
as a plateau. We have not yet investigated this
“‘high-field’’ behavior, but have characterized the
“‘low-field”’ rapid increase of Vg/V4. For further
discussion, we refer to this increase as the ‘‘switch-
on’’ effect. We have defined three quantities that
characterize the effect [see Fig. 1(b)]: the ratio a/b,
where a is the peak (or plateau) height and b the
low-field value of Vg/V4, the width W (10%—90%)
of the switch region, and the ‘‘switch-on voltage’’ ¥V,
at which Vp/ V4 has changed by 50%. These parame-
ters are plotted in Fig. 2. Also shown in Fig. 2(a) is
the non-Ohmic activation field V,, defined by fitting
the high-field resistance to’

R'=R;1+R;lexp(— Vo/V) 2

where R, is the measured low-field resistance. This
expression neglects the effect of a threshold voltage
Vr, but is expected to hold for voltages ¥V >> Vr,*
and it provides a convenient parameter to character-
ize the non-Ohmicity. The switch-on voltage V, is a
factor of 10 smaller than Vy; in comparison, Zettl and
Griiner’ found (at 170 K) that V= % V,. For each
wavelength, the temperature dependence of V; and
W roughly follow that of V), i.e., they are indepen-
dent of temperature above 95 K, and increase below
this. These observations, and the lack of any
switch-on effect in NbS;, suggest that the effect is
indeed due to the depinning of the CDW.
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FIG. 1. Bolometric signal divided by the dc voltage, Vg/Vgc, vs V4 of NbS; and TaS; at different wavelengths and tempera-
tures is shown. The vertical scales for (a)—(c) are arbitrary and not related. Lines are drawn as a guide to the eye. Also shown
in (b) are the resistance of the TaS; crystal at 96.8 K vs ¥, and the parameters ¥, W, a, and b, discussed in the text. Shown
in (c) is the measured bolometric sensitivity |(81n¥/87T),| at 96.8 K; it decreases when V. exceeds threshold.
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FIG. 2. Parameters V;, W, and a/b, described in the
text, are plotted as a function of temperature for different
infrared frequencies, with representative error bars. Also
shown in (a) is the non-Ohmic activation voltage V,. W
and ¥ roughly track ¥, with temperature (the line is a
guide to the eye), indicating the correlation of the switch-on
to the CDW depinning. However, there is no strong tem-
perature or frequency dependence of a/b.

There does not appear to be any well-defined
wavelength dependence to V;, W, or a/b. This is re-
flected in the two spectra taken at 4 and 10 A (.e.,
below and above the switch-on) at 96.8 K, shown in
Fig. 3. To improve the signal-to-noise ratio of the
4-uA data, we excited the sample with an ac current
(at 1 kHz) rather than dc, and used a heterodyning
circuit to do a phase-sensitive measurement of the
modulating signal at the chopping frequency. The
two spectra are remarkably similar, the only signifi-
cant difference being that the shoulder at 625 cm™!
and broad peak at 825 cm™! are relatively larger in
the 10-uA spectrum. Specific features of the spec-
trum will be discussed in a later publication.

If the switch-on effect were due to a specific optical
mode turning on, one would not expect to see the
entire spectrum enhanced at 10 uA. On the other
hand, if the enhancement were due to a broad
‘“‘white’’ process, one would expect to see the various

phonon features washed out at 10 wA. That the
switch-on effect amplifies the entire spectrum, rough-
ly independent of frequency, suggests that it is ther-
mal in origin. However, neither the specific heat nor
thermal conductivity is expected to be effected by the
CDW depinning, certainly not as abruptly or strongly
as the bolometric signal; in fact, no field dependence
of the thermal conductivity was observed in NbSe;, 14
and a thermal origin to the switch-on effect seems
unlikely.

Therefore, in spite of its weak wavelength depen-
dence (which may be partially due to the large range
of incident angles), we feel that the bolometric
switch-on is optical in nature. The bolometric signal
remains in quadrature with the chopping signal at
high currents, so the switch-on is not due to photo-
carriers with a field dependent mobility, e.g., the
CDW excited across a pinning gap (~1073 cm™).> 1
Changes in the optical activity may be induced by
drastic changes in the domain configuration with
electric field. At 100 K, the CDW is thought to be in
a disordered state with small commensurate domains.
As the voltage is increased past V7, the CDW be-
comes depinned incoherently in individual domains®;
at larger voltages, the CDW response becomes
coherent. Therefore, for V ~ V7, there may be a
realignment (and growth) of domains.

In conclusion, we have observed that at ~100 K
orthorhombic TaS; shows a sharp switching-on of
bolometric signal in the infrared when an electric
field comparable to the non-Ohmic threshold field is
exceeded. The switch-on is only weakly wavelength
dependent in the spectral region investigated, making
its interpretation at present very difficult.
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FIG. 3. Bolometric signal Vg of TaS; at 96.8 K, normal-
ized to the pyroelectric signal ¥y, is plotted as a function of
infrared frequency. Spectra are shown for two different ex-
citation currents. The arrows denote frequencies at which
optical filters and/or gratings were changed and spectra re-
normalized.



21 ENHANCED BOLOMETRIC RESPONSE OF TaS; IN THE NON-OHMIC . . . 3919

ACKNOWLEDGMENTS

We wish to thank P. C. Eklund and D. B. Tanner for useful discussions regarding the spectrophotometer and W.
Fuqua for developing the heterodyning circuit. This work was supported in part by the Research Corporation.

IT. Sambongi, K. Tsutsumi, Y. Shiozaki, M. Yamamoto, K.
Yamaya, and Y. Abe, Solid State Commun. 22, 729
1977).

2M. Ido, K. Tsutsumi, T. Sambongi, and N. Mori, Solid
State Commun. 29, 399 (1979).

3T. Takoshima, M. Ido, K. Tsutsumi, T. Sambongi, S. Hon-
ma, K. Yamaya, and Y. Abe, Solid State Commun. 35,
911 (1980).

4A. H. Thompson, A. Zettl, and G. Griner, Phys. Rev. Lett.

47, 64 (1981).

SA. Zettl and G. Griner, Phys. Rev. B 25, 2081 (1982).

6G. Griiner, A. Zettl, W. G. Clark, and A. H. Thompson,
Phys. Rev. B 23, 6813 (1981).

TFor a review of the properties of NbSe3, see N. P. Ong,
Can. J. Phys. 60, 757 (1982).

8C. M. Jackson, A. Zettl, G. Griner, and A. H. Thompson,

Solid State Commun. 39, 531 (1981).

9For a collection of papers on recent work, see Proceedings of
the International Conference on Low-Dimensional Conductors,
Part C, edited by A. J. Epstein and E. M. Conwell, Mol.
Cryst. Liq. Cryst. 81, (1982).

10, E. Eldridge, Solid State Commun. 19, 607 (1976); 21,
737 (1977).

HF. Kadijk and F. Jellinek, J. Less-Common Met. 19, 421
(1969).

12MMR Technologies, Mountain View, Calif. 94043.

13Sample heating from irradiation from the globar source
was < 0.25 K at all wavelengths.

143 W. Brill, C. P. Tzou, G. Verma, and N. P. Ong, Solid
State Commun. 39, 233 (1981).

15John Bardeen, Mol. Cryst. Liq. Cryst. 81, 1 (1982).



