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We have measured the ac response in the radiofrequency-to-millimeter-wave spectral range in the
compound (NbSe,),I, which undergoes a transition to a charge-density wave below room tempera-
ture. The pinned-mode resonance appears around 35 GHz, and it is analyzed assuming a simple
harmonic-oscillator model. The temperature dependences of the parameters, the effective mass m *,
pinning frequency wo, and damping constant 7* are extracted, and their temperature dependence
compared with the various theories. The response well below the pinning frequency in the radiofre-
quency spectral range is analyzed assuming a phenomenological expression for both Reo and Imo,
used earlier for other materials in their charge-density-wave states. In contrast to a temperature-
independent pinning frequency, both the low-frequency dielectric constant € and the threshold field
for the nonlinear conduction E are strongly temperature dependent, with €éE approximately con-
stant. The observed features are also contrasted with results obtained on other materials in their

charge-density-wave states.

I. INTRODUCTION

Various aspects of charge-density-wave (CDW) con-
duction have been explored by a range of experimental
techniques which focus on the nonlinear and/or
frequency-dependent response of the ground-state con-
densate.! Central to the ac response is the notion of
CDW pinning by impurities and lattice imperfections.
This leads to the shift of the oscillator strength from zero
to finite frequencies. Damping associated with the dy-
namics of the collective mode leads, together with possi-
ble disorder effects, to a broadening of the spectral
response, while the total oscillator strength is determined
by the effective mass m * of the ground state. The above
features have been examined in the model compounds
TaS;,? (TaSe,),I,> and K, ;M00;,* which have semicon-
ducting behavior below the so-called Peierls transition to
the CDW state, and also in NbSe;, which remains metal-
lic due to the partial destruction of the Fermi surface by
the charge-density-wave formation.

In this paper we examine the ac properties of a hither-
to less intensively studied material, (NbSe,),I, which un-
dergoes a Peierls transition at Tp~210 K.> We find a
well-defined pinned-mode resonance centered at wy/27
=35 GHz, which can be described by an enormous
effective mass m*/m,~10* (where m, is the free-
electron mass) and a strongly temperature-dependent
damping constant 7*. The maximum conductivity, given
by o cpw=ne?r* /m*, where n is the number of electrons
condensed in the CDW state, is close to the conductivity
which would be observed in the absence of the Peierls
transition, suggesting that 7*/m* ~7/m, where 7 and m
refer to the relaxation time and band mass for the single-
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particle conduction process. The conductivity measured
in the radiofrequency spectral range is not in agreement
with the parameters which characterize the pinned-mode
resonance (within the framework of a simple harmonic-
oscillator description), and is suggestive for a strongly
temperature-dependent long-time tail. The temperature
dependence of the low-frequency dielectric constant is
also examined and contrasted with the temperature
dependence of the pinning frequency and of the threshold
field E for the onset of nonlinear dc conduction.

In Sec. II, we describe our sample preparation and
analysis together with the experimental methods. The
experimental results are summarized in Sec. III, while
Sec. IV summarizes our analyses. The conclusions are
described in Sec. V. Part of our experimental results
have been published earlier.

II. EXPERIMENTAL METHODS

In contrast to (TaSe;),I, the ternary compounds
(NbSe,), I crystallize with various stoichiometries,’ and
compounds with x =2,% 3.3,8 and 3 (Ref. 9) have been
identified in the literature. The compound (NbSe,);I is a
semiconductor, and the state appears to be that of a sim-
ple band semiconductor with no apparent nonlinear and
frequency-dependent response. Both (NbSe,),I and
(NbSe,); ;I undergo metal-insulator transitions, the form-
er at Tp =210 K, the latter at Tp =270 K, and both tran-
sitions are due to the formation of charge-density waves.
The conductivity was found to be nonlinear in both ma-
terials below Tp.

(NbSe,), I crystals were grown by us using the standard
thermal gradient technique, by mixing the appropriate
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amount of starting ingredients together and heating
them to 800°C (hot end, with the cold end approximately
50°C lower) in a closed capsule. Two visually well-
distinguishable types of crystals were formed after a
period of a few days. Crystals of type 4 have well-
defined three-dimensional character, with typical dimen-
sions of 1X1X10 mm?3. Powder x-ray measurements
agree with published data on the x =3 compound, and
also the dc resistivity, shown in Fig. 1, agrees with experi-
ments reported earlier on this compound. We also recov-
er a sharp phase transition at 7 =279 K, as evidenced by
the logarithmic derivative, displayed in the inset of Fig.
1. We believe therefore that our crystals of type A corre-
spond to (NbSe,);I. In contrast, some crystals from the
same preparation batch (type B) are distinctively more
fiberlike (similar to TaS;), and have typical dimensions of
0.1X0.1X5 mm>. Powder x-ray measurements give
reflections which closely correspond to published data on
(NbSe,),I. The dc conductivity, shown in Fig. 2, signals
a well-defined phase transition (see the logarithmic
derivative in the inset of the figure) at T'=230 K, some-
what above the transition temperature of T =210 K re-
ported for this compound. We believe therefore that our
type-B crystals correspond to (NbSe,),I. The different
transition temperature most probably corresponds to a
slightly different I composition, and not to substantial
disorder (which also would suppress the transition), as
the transition is sharp and not significantly smeared, as
would be expected for important disorder effects.

The ac response was examined at several distinct fre-
quencies in the micro- and millimeter-wave spectral
range. At 9 and 17 GHz, cavity-perturbation techniques
were employed, '° and we used a bridge configuration!' at
higher frequencies. Both methods give both Reo(w) and
Imo(w), which are extracted from the measured shift and
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FIG. 1. Temperature dependence of the dc and 35-GHz

resistivity of (NbSe,);I. The inset shows the logarithmic deriva-
tive d (log,oR)/d (1/T) vs temperature.
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FIG. 2. Temperature dependence of the dc and 35-GHz
resistivity of (NbSe,),I. The inset shows the logarithmic deriva-
tive d (log,oR)/d (1/T) vs temperature.

change of absorption in case of cavities, and from the
measured attenuation and phase shift in case of bridge-
configuration measurements. In the radiofrequency spec-
tral range a Hewlett Packard 8725 network analyzer,

' operating between 4 and 500 MHz in a continuous-

frequency mode, was used. Both the bridge and
network-analyzer methods utilize a home-built gas-flow
system, which operates in the 20-300-K temperature
range, and the cavity-perturbation measurements were
performed in conventional He* cryostats down to 1.5 K.

III. EXPERIMENTAL RESULTS

Figure 3 shows results of measurements of the real part
of the conductivity, Reo, normalized to its room-
temperature value versus temperature obtained with dc
methods (solid curve), network analyzer (0.5 GHz),
cavity-perturbation methods (9 and 17 GHz), and mi-
crowave bridges (35, 60, and 94 GHz). The conductivity
was found to be frequency independent within the
experimental error of approximately 20%, well above
the transition temperature. While the behavior is semi-
conductor like at frequencies well below or above 35
GHz at temperatures below T, the metal-semiconductor
transition is wiped out for frequencies ranging from ap-
proximately 30 to 60 GHz. Below Tp, at 35 GHz the
conductivity reaches values up to a factor of 3 higher
than the room-temperature value, while the dc conduc-
tivity decreases by 5 orders of magnitude between T, and
100 K.

The temperature dependence of the dielectric constant
€ calculated from the imaginary part of the conductivity,
Imo, is displayed for several frequencies in Fig. 4. This
dependence shows three essential features. First, € is
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FIG. 3. Temperature dependence of the conductivity of (NbSe,),I at different frequencies.

rather small at w /27 =35 GHz, where there is a peak in
the real part of conductivity. The maximum value of
about 3.5X 10* is nevertheless much smaller than, for ex-
ample, in NbSe;, where values up to 10° were reported. '
Second, at frequencies above 35 GHz, the dielectric con-
stant is negative, with absolute values which increase
monotonically with decreasing temperatures and which
are typically 1 order of magnitude smaller than those for
frequencies below 35 GHz. Third, € is zero above Tp, as
expected for a metal.

The conductivity calculated from the reflection
coefficient measured in the radiofrequency range from 4
to 600 MHz with a HP network analyzer is plotted as a
function of frequency in Fig. 5 for a temperature of 170
K. The overall features are the same for all temperatures
below T'p, while the frequency-dependent contribution to
the conductivity disappears more or less abruptly above
this temperature. In the low-frequency range up to 10-70
MHz some uncertainty may arise from the subtraction of
the Ohmic part of the conductivity measured with a
different setup; at higher frequencies this error becomes
negligible. The real part of the CDW conductivity,
shown in the upper part of Fig. 5, as well as the imagi-
nary part, shown in the lower part, shows a linear
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FIG. 4. Temperature dependence of the dielectric constant of
(NbSe,),I at various frequencies.
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FIG. 5. Frequency dependence of Reo(w) and Imo(w) in the
radiofrequency spectral range at 7=170 K.

behavior in a log-log plot, indicating a % law,
o(w)= A (iw/wy)® with a < 1, at least above 20 MHz.

IV. DISCUSSION

We first note that the overall behavior observed is rath-
er similar to that found for (TaSe,),I (Ref. 3) (although
the dielectric constant has not been reported on this
latter compound). The overall similarity is quite remark-
able, particularly because the details of the w-dependent
response are determined by factors like the residual im-
purity concentration, not expected to be the same in the
two materials. However, the absence of enhanced ac
response in (NbSe,);I, as shown in Fig. 1 together with
the results reported in Figs. 3 and 4, clearly demonstrates
that o(w) observed below the single-particle energies is
associated with the charge-density-wave ground state.
Consequently, we believe that our measurements reflect
the dynamics of the collective mode.

One of the fundamental characteristics of charge-
density-wave dynamics is the strongly frequency-
dependent response at frequencies well below those which
correspond to the single-particle gap A.! The mode can
be represented by an effective mass!?

* 2
m*_ s 4A ,
}\'ka;

(1)

where A is the electron-phonon coupling constant, and
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ok, is the phonon frequency at wave vector ¢ =2k, by

a so-called pinning frequency w, describing the interac-
tion between the collective CDW mode and impurities,
and by a phenomenological damping constant 7*. In
terms of a classical description the equation of motion is
d’> | 1 dx , , _ eE(w)

T T @
where x denotes the center-of-mass coordinate of the col-
lective mode and E the applied ac field. Such a descrip-
tion has been applied to describe the frequency-
dependent response of the model compounds NbSe;,
TaS;, and (TaSe,),I.>* While 7* and o, are phenomeno-
logical parameters, and consequently their magnitude
and temperature dependence cannot be directly com-
pared with theory [Eq. (1)], in particular the relation be-
tween m * and A has been confirmed by an experiment on
the above materials.> It has, however, been shown!? that
A is much larger in NbSe; than that value inferred from
the mean-field relation between the single-particle gap
and the transition temperature Tp, and also an unusual
phonon mode was found!* by neutron scattering in
(TaSe,),I at energies corresponding to the pinned-mode
energy #iw, prompting speculation that the weakly
damped ac response at millimeter-wave frequencies is not
related to the CDW mode.

In (NbSe,),I we find an underdamped ac response, the
main characteristics of which can, at least at not too low
temperatures, be described in terms of Eq. (2). The
description also leads to a large effective mass m *, in ac-
cordance with Eq. (1). Our observation reinforces the
earlier conclusion that o () in these compounds is due to
the collective response of the pinned charge-density-wave
mode.

In order to characterize the collective-mode response
we have used Eq. (2) to describe both Reo(w) and
Imo(w) at certain selected temperatures. Fits to Eq. (2)
are displayed in Fig. 6, with the temperature dependence
of the parameters which enter into Eq. (3), m*/m, w,,
and 1/2m7*, shown in Fig. 7.

We first note that the harmonic-oscillator response
gives an excellent overall description of both Reo(w) and
Imo(w) at temperatures not far below the Peierls transi-
tion, a feature also noted in (TaSe,),I. Also, in (NbSe,),I,
the response is weakly damped, and w,7~1 in this tem-
perature range. However, the experimentally determined
values of Imo(w) at 9 and 17 GHz are by a factor of 3—4

‘higher than the values given by the single-oscillator mod-

el,
ne’r* iw/T*
R ’
m* (03—w*)+iow/r*

ocpwlw)= (3)

using the same parameters w, and 7* as obtained from a
fit to Reo(w). The description gets progressively less ap-
propriate when the temperature decreases, and at low
temperatures it is evident that o(w) cannot be described
in terms of a single-degree-of-freedom harmonic-
oscillator response. Another observation relevant to that
made above is also clear in Fig. 3: while the high-
frequency response is only weakly temperature depen-
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dent, the response at low frequencies (below 30 GHz)
progressively freezes out with decreasing temperature.
This feature has recently been suggested!® to be the
consequence of the dynamics of the internal degrees of
freedom: disorder due to randomly distributed impurities
leads to a ““glassy”” behavior, with low-frequency behavior
characterized by the buildup of internal polarizations.
These in turn have to be screened by uncondensed elec-
trons; hence the response is strongly temperature depen-
dent. In contrast, at high frequencies such internal polar-
ization effects have less importance.

frequency (GHz)

(b)

Im o/oy,

frequency (GHz)

FIG. 6. (a) Reo(w) vs frequency at various temperatures.
The solid, dotted, dashed-dotted, and dashed lines are fits to a
harmonic-oscillator response, with parameters given in Fig. 7.
(b) Imo(w) vs frequency at various temperatures. The solid,
dotted, dashed-dotted, and dashed lines are fits to a harmonic-
oscillator response, with parameters given in Fig. 7.
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FIG. 7. Temperature dependence of the effective mass, pin-
ning frequency, and damping constant.

The parameters, which are described by fitting the ex-
perimental results to Eq. (3), are displayed in Fig. 7. In
contrast to the results in TaS3,2 and in NbSe;, the damp-
ing frequency 1/2m7* observed here depends strongly on
temperature below approximately 130 K, while it tends
to saturate at higher temperatures as T—Tp. We note
that the theory of CDW damping by Takada, Wong, and
Holstein, '® which assumes scattering with thermally am-
bient phasons as the predominant mechanism for CDW
damping, predicts that 1/7*~T? in fair qualitative
agreement with our experimental results. In the absence
of detailed knowledge of the parameters which enter in
the relation, we cannot make a direct comparison be-
tween1 ghe coefficient measured and calculated by Takada
et al.

The pinning frequency w, is found to be independent of
temperature, and its value of approximately 40 GHz is
comparable to the one found in (TaSe,),I.° It is some-
what surprising that different materials show similar pin-
ning frequencies, which are most probably determined by
residual impurities in the specimens. In NbSe; and in
(TaSe,),I doped with Nb impurities, the pinning frequen-
cy is strongly impurity dependent. Similar studies on the
material (NbSe,),I could further clarify the role of impur-
ities. For the calculation of the effective mass m* from
O max and 7%, we assumed® the same carrier concentration
(nepw=1.7X10?! cm™3%) as in (TaSe,),I. This again
leads to a similar ratio of m*/m,, where m, is the free-
electron mass in both materials, with a value of 9300 at
170 K in the Nb compound. Although m*/m, shows a
decrease with decreasing temperature to a value of 6000
at 40 K, below about 100 K the fit to a single harmonic-
oscillator response gets progressively worse, and we be-
lieve that the temperature dependence of m* below 100
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K is of spurious origin. We also note that mean-field
theory predicts the ratio of m*(T)/n(T) to be tempera-
ture independent;'® a determination of n(T) would be
necessary to clarify whether this is the case. We expect,
however, that because of strong fluctuation effects above
the Peierls transition (brought about by one-dimensional
effects),!” the order parameter should be well developed
at Tp, with little temperature dependence of A below the
transition. Thus, our finding strongly supports the con-
jecture that m *(T)/n (T) is independent of temperature.

While the conductivity can, in the micro- and
millimeter-wave spectral range, be described with a
harmonic-oscillator response with parameters wg,, 1/7%,
and m*, which are only weakly temperature dependent,
experiments well below the pinning frequency clearly
demonstrate the breakdown of such an approach. In the
low-frequency o << w limit, the ac response of a harmon-
ic oscillator is given by

Reo(w)= Aw? Imo(w)=Bow , (4)

in clear disagreement with the experimental results
displayed in Fig. 5. In this spectral range, our experi-
ments are in broad qualitative agreement with results ob-
tained in Ko ;M00s3,'® TaS,,!° and (TaSe,),I,%° and show
a rather weak (sublinear) frequency dependence. Experi-
mental results obtained in the above materials can be well
described by empirical expressions, such as the Cole-Cole
or Cole-Davidson formula, which suggest a broad distri-
bution of relaxation times and/or pinning frequencies, or
alternatively—over a limited frequency range—by

a

io | (5)

Wo

olw)=4

with a<1. Such fractional power-law dependence has
been found in many materials?! where disorder plays an
important role, and has been consequently used to argue
that disorder effects are important in the dynamics of
charge-density waves. The experimental results of Fig. 5
can also be adequately described by Eq. (5), and the solid
lines give a=0.8. It is also evident from the figure that a
fractional power-law behavior—and also a simple Cole-
Cole or Cole-Davidson expression—holds only to first ap-
proximation, and both Reo and Imo show a well-defined
structure around 20 MHz. The situation is similar to
that found recently in K,3;Mo00;,?2 and in (TaSe,),I,?
and will be discussed later.

In contrast to the high-frequency response, the conduc-
tivity in the radiofrequency spectral range is also strongly
temperature dependent. Both Reo(w) and Imo(w), mea-
sured at two different frequencies, are displayed as the
function of the inverse temperature in Fig. 8. Both com-
ponents of the conductivity decrease with decreasing
temperature, indicating a progressive freezeout of the
low-frequency conductivity. Although our experiments
have been confined to a relatively narrow temperature
range, in this temperature range the experimental results
can be well represented by the expression

a

cl)=4 2| r(1), | ©6)
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FIG. 8. Temperature dependence of Reo(w) and Imo(w)
measured at two different frequencies, and the exponent a,
which appears in Eq. (5).

with f(T) close to o4(T), the temperature dependence of
the low-field dc conductivity. The temperature depen-
dence of the dc conductivity normalized to o4, at 200 K
is shown by the solid line in Fig. 8. We did not conduct
experiments over a broad enough frequency range to test
whether the approach by Cava et al. on the frequency
and temperature dependence of the low-frequency
response® is appropriate to (NbSe,),1, but our results
also are suggestive of low-frequency fluctuations, which
are progressively removed from the spectral weight as the
temperature is decreased. Thus, our experimental results
also support earlier results obtained on the basis of both
frequency- and field-dependent conductivity measure-
ments, namely that normal electrons play an important
role in the low-frequency CDW response by providing
screening for the polarizations which are created by the
low-frequency deformations of the collective mode. !°

V. CONCLUSIONS '

In this paper we have presented detailed experimental
results on the real and imaginary components of the com-
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plex conductivity in the material (NbSe,),I. At high fre-
quencies, in the micro- and millimeter-wave spectral
range both components can be analyzed by assuming a
harmonic-oscillator response. We find a rather large
effective mass m* /m, ~ 10*, which is in agreement with
the mean-field theory of Lee, Rice, and Anderson. 12 This
value is comparable to that measured in (TaSe,),I, and is
larger than that measured in all other materials with a
CDW ground state. This is not surprising, as in both
(TaSe,),I and (NbSe,),I the single-particle gap is
significantly larger than in the other materials, and this
(within the framework of the mean-field theory) also is
suggestive for a larger m * /m, for comparable A and Wk,

values.

The temperature dependence of the damping constant
is also similar to that measured in other materials. The
resonance is weakly damped at low temperatures, while it
becomes overdamped close to the transition temperature.
As discussed earlier, the temperature dependence of the
effective mass and damping constant, displayed in Fig. 7,
is unexplained at present. We note, however, that the
conductivity at resonance o(w=wy)=ne?r* /m* is close
to the value which would be recovered in the absence of a
Peierls transition. This is particularly evident from Fig.
3, where conductivity measured at 35 GHz (i.e., close to
) continues to increase with decreasing temperature, in
a fashion characteristic of a metallic behavior without a
phase transition. This implies that

T*

T, %)
m

m

where 7 and m refer to single-particle relaxation time and
mass, as suggested by Gor’kov and Dolgov?* and recently
by Maki and Virosztek.?® Again, the above relation has
been found to be valid in TaS;,? and in (TaSe,),I.%

The pinning frequency w, is also comparable to that
measured in other materials, and also in this compound
we find @, to be nearly temperature independent. This,
within a simple harmonic-oscillator approach, would in-
dicate a temperature-independent low-frequency dielec-
tric constant

41ne?
” *w(z, , (8)

ew—0)=1+

with an approximate value (with n ~10*' cm™3, and m*
and o, values determined before) of e(w—0)~10% As
discussed earlier, the dielectric constant measured in the
radiofrequency spectral range is significantly larger than
this value, and is furthermore strongly temperature
dependent. The excess low-frequency spectral response is
further demostrated in Fig. 9, where Reo(w) measured at
radiofrequency and micro- and millimeter-wave frequen-
cies is summarized. The solid line in the figure is
harmonic-oscillator response, as discussed earlier. The
low-frequency tail, which is also strongly temperature
dependent, is due to disorder effects. Several models?’
have been advanced to account for deviations from a sin-
gle oscillator response. Some of these assume a broad
and smooth distribution of relaxation times and/or pin-
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FIG. 9. Reo(w) over a broad frequency scale measured at
T =170 K. Both the pinned-mode resonance, centered around
35 GHz, and the low-frequency tail are evident in the figure.
The solid line is a fit to the harmonic-oscillator response, the
dotted line is a guide to the eye.

ning frequencies, while others start from the so-called
Fukuyama-Lee-Rice model, where pinning by randomly
distributed impurities is explicitly taken into account.
None of these models accounts for the essential feature of
our experimental results: the well-defined resonance at
high frequencies, together with a long-time tail at low
frequencies. Two different explanations have been ad-
vanced to account for such features of the spectral
response. It has been suggested?® that o(w) reflects two
distinct response phenomena: the ac response of the
pinned CDW mode, which oscillates about the equilibri-
um position at high frequencies, and a tunneling contri-
bution to the frequency-dependent conductivity at low
frequencies. The former can be described by standard ex-
pressions, such as Eq. (2) for Reo(w) and Imo(w), while
for the latter o(w) scales?® with the field-dependent con-
ductivity o(E). While we have not conducted detailed
experiments on the nonlinear conductivity, experiments
in (TaSe,),I are suggestive for a rather similar w- and E-
dependent response.>® Alternatively, the behavior has
been modeled recently!® assuming that local deformations
of the collective mode are important in the low-frequency
response, while they do not play a role at high frequen-
cies. A model which treats both the longitudinal and
transverse modes of the ground state leads to a pinned-
mode contribution, together with a low-frequency pla-
teau, similar to that observed in Fig. 9.

We have also measured the temperature dependence of
the threshold field E; in an attempt to relate the w-
dependent response to the nonlinear conduction due to
charge-density waves. E; as the function of temperature
is displayed in Fig. 10. As in (TaSe,),I, the threshold
field is approximately 1 V/cm , somewhat below the tran-
sition temperature, and increases with decreasing temper-
ature. The temperature dependence can be well de-
scribed by the expression

E;=Eexp(—T/T,), 9)
with Ty <A, as suggested by Maki.!” More importantly,
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FIG. 10. Temperature dependence of the threshold field E
in (NbSe;),I. For comparison, E; values, measured in
(NbSe,)s 331, are also included in the figure.

the temperature dependence of the low-frequency dielec-
tric constant and the temperature dependence of the
threshold field go hand in hand with €E; approximately
constant. This is evident by comparing Figs. 8 and 10: €,
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measured at 291 MHz, decreases by approximately a fac-
tor of 2 going from 200 to 130 K, and the threshold field
increases approximately by the same ratio in the same
temperature range. Furthermore, €Er, normalized to
one chain, gives a value of €eE=0. 6e, comparable to that
measured in other materials,3! and in good agreement
with the various models which connect the w-dependent
and E-dependent response. In contrast, when both quan-
tities are calculated by using o, as input parameters,
orders-of-magnitude disagreement between the measured
and calculated values is obtained. The measured low-
frequency dielectric constant, when compared with Eq.
(2), is too large, as discussed earlier. Within the same
model, the threshold field is given by

m*w}
ET—'

e ) (10)
and m*=10*m,, wy/2m=35 GHz, and n =10* cm?
leads to ET2103 V/cm, in contrast to the measured
values displayed in Fig. 10. Consequently, the depinning
and the subsequent nonlinear conduction is related to the
low-frequency spectral response of the collective mode,
and not to the high-frequency part of the pinned-mode
resonance.
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