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Frequency-dependent conductivity and phase-resolved harmonic-mixing studies are reported on
alloys of the linear-chain compound (TaSe4)2I with Nb in the microwave and millimeter-wave spec-
tral range. The frequency-dependent conductivity is evaluated in the charge-density-wave (CDW)
state, and the collective-mode response is analyzed in terms of a harmonic-oscillator response with
an effective mass m, a pinning frequency coo, and relaxation time ~* as parameters. We find that
the magnitude, temperature, and concentration dependence of the effective mass m* is well de-
scribed in terms of the mean-field description of the dynamical CDW response. The pinning fre-
quency mo increases with increasing impurity concentration x, and the concentration dependence is
suggestive of strong-impurity pinning. We also evaluate the temperature and concentration depen-
dence of the relaxation time w*, and compare this parameter with various models.

I. INTRODUCTION

Impurities have a profound inhuence on both the static
and dynamic properties of the Peierls-Frohlich charge-
density-wave (CDW) state. ' The impurity potential cou-
ples directly to the phase P of the condensate and this
leads to the absence of long-range order in less than four
dimensions. One important consequence of this is the
smearing of the phase transition, as evidenced by various
experiments on difFerent model compounds. Impurities
also lead to pinning of the phase and to the elastic defor-
mation of the collective mode around impurities, and the
impurity-CD%' interaction shifts the oscillator strength
to finite frequencies.

In spite of a considerable amount of experimental and
theoretical work, relatively little is known about the fun-
damental parameters which determine the dynamics of
charge-density waves. Our experiments on Ko 3Mo03
and (TaSe„)2I conducted in the microwave and
millimeter-wave spectral range, when combined with the
optical ' studies and experiments conducted at radio-
frequencies, lead to a frequency-dependent conductivity
which is displayed in Fig. 1. The inset shows the low-
frequency part of the optical conductivity in detail. In
Fig. 1 four distinct features are apparent. The rise of the

real part of the conductivity o. =Reo. +iImo. , Reo. in the
infrared spectral range is due to single-particle excita-
tions across the gap. The arrow denoted by co represents
the single-particle gap determined by the temperature
dependence of the dc conductivity, which is given well
below T by o =a oexp( b, /ktt T). This le—ads to
b, = 1500 cm ' for (TaSe&)2I. In the radio-frequency
spectral range, the (strongly temperature dependent)
broad tail which is displayed in the inset of Fig. 1 is relat-
ed to the internal deformations of the phason mode, and
both quantum-mechanical' and classical" descriptions
of o (co) in this spectral range are available. In all of these
models, the relevant frequency where the broad feature
appears is given by co&-(T) =4rrcrd, (T)je, where e is the
dielectric constant associated with the high-frequency ex-
citations and o.d, is the dc conductivity which freezes out
exponentially with decreasing temperatures. Numerical
values of ad, (T) and e describe well the observed magni-
tude and temperature dependence of the radio-frequency
resonance. The resonance at coo, the so-called pinning
frequency, occurs at 1 cm ' for (TaSe&)zl and it is due to
the oscillatory response of the collective mode. The
mode at approximately 20 cm ' has not been clearly
identified.

In this paper we report on our experiments conducted

6315 1991 The American Physical Society



6316 TAE &AN KIM, S. DONOVAN, G. GRUNER, AND A. PHILIPP 43

t

CD

p O T=g$K

)06

(TaSe4)e I

10-
)O-8 )01

frequency (cm ')

[O3

FIG. 1. Optical conductivity for (TaSe4)&I as evaluated from
the Kramers-Kronig analysis. The solid points are Reo. (co)

values evaluated directly from microwave and millimeter-wave
experiments, and the dotted line is a Gt to a harmonic-oscillator
expression of this response. The arrows represent the single-

particle gap co~, and the amplitude-mode frequency co&.

in the spectral range which includes the resonance associ-
ated with the pinned collective mode, which in the pure
compound appears at frequencies close to 1 cm

While various experiments in a range of model com-
pounds have been interpreted' by assuming that the
response is that of a single-harmonic oscillator,

d x 1 dx 2 eE
+63ox = e

dt ~* dt m *

with an efFective mass m *, damping constant ~*, and pin-
ning frequency coo, little is known about the detailed tem-
perature and impurity dependence of these quantities.
The effective mass is significantly larger than the band
mass, and rejects the response of the coupled electron-
phonon system to external perturbations. ' In general, the
pinning frequency is found to be increasing with the im-
purity concentration, which is in agreement with
currently accepted models of charge-density-wave dy-
namics. However, the various origins of the spectral
width of the resonance are not clear at present.

While the frequency-dependent conductivity represents
the small-amplitude response of the collective mode, pro-
nounced nonlinear effects also occur both at dc and at
higher frequencies. Combined ac-dc excitation experi-
ments have been conducted mainly in the radio-frequency
spectral range at microwave frequencies, the technique
called phase-resolved harmonic mixing' has been most
useful to explore the non hnear dynamics of pinned
charge-density waves. In the past phase-resolved mi-

crowave harmonic mixing (PREHM) has been used for
extensive studies of the nonlinear behavior of the conduc-
tivity in pure trichalcogenides like NbSe3 (Refs. 13 and
14) and TaS3 (Ref. 1S) as well as in the tetrachalcogenide
(TaSe&)21. ' The mixing signal was measured as a func-
tion of temperature, of the amplitude of the microwaves,
and of their frequency. The results were in qualitative
agreement with the tunneling model' while a calculation
by Matsukawa' based on the Fukuyama-Lee-Rice mod-
el' leads only to a semiqualitative description of the ex-
perimental findings. ' The dependence of the dynamical
parameters, m, coo, and ~* on the Nb concentration x in
(Ta, Nb Se~)zl may offer a possibility to discriminate
between the various theories.

In this paper we report the first detailed experiments
on the effect of impurities on the fundamental parameters
of the collective-mode response in (TaSe4)2I and its alloys
(Ta, „Nb,Se)4I. The experiments were performed in the
microwave and millimeter-wave spectral range where the
pinned-mode resonance occurs for the pure compound,
and, as we will demonstrate also for the alloys. In con-
trast to other materials like NbSe3 or TaS3 partial gap-
ping of the Fermi surface, or possible commensurability
effects do not occur, and consequently both the tempera-
ture and impurity dependence of the CD% dynamics can
be studied in a broad range of parameters. Previous
frequency-dependent studies on TaS3 (Ref. 5) clearly es-
tablished the role played by impurities, but because of
complications mentioned above the detailed concentra-
tion and temperature dependence of the fundamental pa-
rameters of the problem have not been established.

II. EXPERIMENTAL TECHNIQUES AND RESULTS

Pure (TaSe4)2I and its alloys (Ta, ,Nb Se~)21 were
prepared by standard temperature-gradient furnace tech-
niques. Crystals with typical sizes of 1 mrnX1 mmX1
cm have been obtained with the long axis corresponding
to the chain axis. In the crystals the chain direction can
be easily identified, and all experiments reported here in
this paper refer to the conductivity and dielectric con-
stant measured in this direction. The Nb concentration
of the alloys was determined by wet-chemical analysis.
The Peierls transition temperatures T for the onset of
the charge-density-wave state (T =263 K for the purest
specimens prepared by us) were also determined on
several specimens from the same batch, and subsequently
an x ( T ) curve was constructed. All specimens were sub-
sequently characterized by measuring their transition
temperatures. We have found slight differences in T for
nominally pure materials from difFerent preparation
batches, rejecting different residual impurity levels. The
sensitivity of chemical analysis was, however, not
sufhcient to evaluate the residual impurity concentration.

The microwave and millimeter-wave response was
measured by using either a cavity-perturbation technique
or a waveguide-bridge configuration with multiple-
frequency measurements in each waveguide band. The
real and imaginary parts of the conductivity, Reer(co) and
Imo(co), were evaluated using standard analysis. The
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conductivity is related to the dielectric constant through
the relation Re@(co)=4rrImcr(co)/co .While Re@(co) was
in all cases within 30% of the dc value at room tempera-
ture, this value is representative of the uncertainty of the
analysis. Consequently, we have normalized all of
the conductivity data to the dc conductivity o.d,
=350 0 ' cm ' at room temperature, by assuming that
Reo(co) depends only weakly on x in the metallic range
for small impurity concentrations.

The phase-resolved harmonic-mixing (PREHM)
method used for the detection of the nonlinear ac con-
ductivity is described in detail elsewhere ' and in the fol-
lowing is therefore sketched only briefly. A microwave of
frequency cu and amplitude E is mixed in a sample with
its second harmonic of amplitude E2 . Thus the time
dependence of the applied microwave field is given by
E(t)=E„cos(cot+P)+E2 cos(2cot), where P is the phase
difference between the two frequencies. The nonlinear
part of the current-voltage characteristic of the sample
gives rise to a dc-voltage V;„atthe ends of the sample
which depends on the phase diff'erence P. This mixing
signal V;„is recorded as a function of P, which is con-
tinuously varied by a motor-driven phase shifter. An on-
line Fourier analysis yields the amplitude V2 of the
cos(2$)-dependent component of V;„(P). This com-
ponent is the predominant one and is therefore used for a
comparison between experiment and theory. The phase-
resolved detection allows us to discriminate spurious side
eff'ects which do not depend on P, such as, e.g. , ther-
moelectric voltages at the sample ends.

In Fig. 2 we display the temperature dependence of the
low-field dc resistivities of pure (TaSe~)21 and its alloys
(Ta, Nb Se4)21 measured by a conventional four-probe
method. The phase transition of pure (TaSe~)21 at 263 K
is not evident from the figure, but the peak position in the
temperature derivative of the dc resistivity,

de = —53 K/at. %,
dx

dA = —625 K/at. %%uo

dx

(2a)

(2b)

The linear depression of T is similar to that found in
other linear-chain CDW compounds, such as TaS3 and
NbSe3. ' The concentration dependence of the gap has
not been evaluated in earlier studies. For (TaSe4)2I it
may arise as a consequence of the change of band filling
or size effects. We do not address this issue, but will use
the observed concentration dependences in order to test

d (inpd, )/d (1/7), signals the Peierls transition, as in oth-
er low-dimensional conductors. ' The temperature
derivative d (inpd, )/d (1/'1) of the dc resistivity shown in
Fig. 3 clearly demonstrates the effect of impurities on the
phase transition. We observe a progressive smearing of
the transition, and also a gradual shift of the peak of the
derivative to lower temperatures. Strictly speaking there
is no phase transition to a CDW state with long-range or-
der for an impure system, as mentioned earlier, however,
as an operational definition we take the peak of
d (lnpd, )/d ( I /'1) as the "transition temperature, " T .

The low-temperature value in Fig. 3 is related to the
zero-temperature energy gap, as for a semiconductor
with o =croexp( b /k~'1—), d (1np)/d(1/T) =b, . Conse-
quently, from Fig. 3 the concentration dependence of 6
can also be established. We note, however, that due to
the absence of long-range order, only a pseudogap is ex-
pected, leading also to deviations from the purely ex-
ponential temperature dependence of the dc conductivity.
It is, however, apparent from Fig. 3 that this effect is
small, and an average, or main gap 6 can firmly be estab-
lished. In Fig. 4 we display T and b, versus the Nb con-
centration. We observe a linear decrease in T and 5
with increasing impurity concentration, and the solid line
corresponds to
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FIG. 2. Temperature dependence of the dc resistivity in
(Ta, Nb„Se4)2I alloys. The gap values evaluated from the
temperature dependence ofpd, are given in the figure.

FIG. 3. Temperature dependence of the dc resistivity deriva-
tive d(lnpd, )/d( I /T) in (Ta& Nb Se4)2I alloys. Note that for
a semiconductor, with o.=o.oexp( —6/k& T), the derivative cor-
responds to 6 for T (& T .
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FIG. 4. Concentration dependence of the transition tempera-
ture, defined as the maximum in d(lnpd, )/d(1/T), and the
low-temperature ( T &( T~) gap in (Ta& Nb Se4),I alloys.

various models of charge-density-wave dynamics. The
reported value for TaS3 is dT /dx = —70 K/at. %, a
value similar to the one given by Eq. (2a). The conduc-
tivity Reer and dielectric constant Re@ measured at dc
and also at various millimeter-wave frequencies are
displayed in Fig. 5 for nominally pure (TaSe4)2I. A
strongly frequency-dependent dispersion is found below
Peierls transition temperature T in the millimeter-wave
spectral range. The overall frequency dependence also
suggests that a strong resonance occurs around approxi-

mately 30 GHz over the entire temperature range and the
resonance becomes progressively sharper as the tempera-
ture is reduced. Also, the maximum conductivity
o. ,„(coo), which arises at coo, the resonance frequency
(which is located around 30 GHz), continues to increase
as the temperature is lowered, much in the fashion which
occurs for a metal.

The temperature dependence of the ac conductivity
and dielectric constant is displayed in Fig. 6 for the alloy
with x =0.012. A significant frequency dependence is
again observed; however, the frequency where Reer has
its maximum has shifted to higher frequencies, and for
this specimen the maximum conductivity occurs at a fre-
quency close to 130 GHz. The experimental results for
the impurity concentration x =0.006 lie between those
obtained for the "pure" and strongly doped specimens,
displayed in Figs. 5 and 6 with a maximum conductivity
occurring around coo/2m= 60 GHz.

The PREHM results on pure (TaSe4)2I have been pub-
lished in detail earlier' and Fig. 7 shows the temperature
dependence of Vz at a fundamental frequency co/2' =9.5
GHz and at a temperature of 214 K. Also included in
Fig. 7 are results obtained on two di8'erent
(Tal „Nb Se4)zl alloys with values of x =0.0045 and
0.0065. The impurity concentration was determined
from the Nb-concentration dependence of the Peierls
temperature as given in Fig. 4. From Fig. 7 it follows
that for x =0.0045 the mixing-signal component Vz is by
a factor of 3.5 larger than in the pure material and for
x =0.0065 by even a factor of 7. The dependence of Vz
on the microwave amplitude E„for a constant ratio
E„/E2 corresponds to an E in the alloys, too, as has
been earlier found in the pure materials. '
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m */m ( T =Q) = 1.75 X 10 for pure (TaSe4)2I, m */
m (T =Q)=1.20X 10 for 0.6% Nb:(TaSe4), I, and
m*/m(T=0)=0. 38X10 for 1.2% Nb:(TaSe4)2I. The
solid line in Fig. 13 is a theoretical curve
[m*/m (T)]fo '(T), reproducing well the overall behav-
ior found experimentally. For pure (TaSe4)2I, m*/m is
also in good agreement with the mean-field expression (5),
with the measured single-particle gap 6=1600 K, es-
timated electron-phonon coupling constant A, =0.6, and26

phonon frequency co2k ——40 K, these values givingF
m */m(T =0)= 1.1 X 10 .

The relation between the single-particle gap found
from Fig. 2 and the effective mass is displayed in Fig. 14.
The solid lines leads to

m
(6)

with A =7.69 X 10 K, while from Eq. (5), with the
previous values of A, and co2k we obtain a theoreticalF
value 5.33 X 10 K . The agreement between theory
and experiment is excellent, and we conclude, therefore,
that mean-field theory, Eq. (5), describes well the magni-
tude, temperature, and concentration dependence of the
effective mass in (TaSe4)zl alloys. The magnitude of
m */m was also found to be accounted for in other model
compounds, ' and we have shown earlier, that m (T)
also follows the mean-field expression in Ko 3MOO3.

The effect of impurities on the collective-mode
response has been considered in detail by Fukuyama and
Lee, and by Lee and Rice. ' Depending on the elastic
constant associated with charge-density-wave deforma-
tions ~, the impurity concentration n;, and potential Vo,
two limits can be distinguished.

For a= Vopi/2akFn; )) 1 (strong pinning), the

T/Tp

FIG. 13. Temperature dependence of m /m, for
(Ta& Nb Se4)2I a11oys. The solid lines are the mean-field ex-
pression, Eq. (5).

restoring-force constant k is given for three dimensions
by

Vopikk= n;= An;b =f, (n;),
while for weak-impurity pinning

16kF Vop)
k = n; =Bn;b. =f2(n, ), .

7TA UI;
(7b)

where 3 and B are constants.
The two parameters mo and m * can be combined to

evaluate the concentration dependence of the total restor-
ing force k =m*coo, and this parameter is displayed in
Fig. 15. In Fig. 15 the solid line represents a restoring
force which is proportional to the impurity concentra-
tion. We have also plotted in the figure the function
f, =n; b suggested by Eq. (7a) (dotted line), and it is evi-
dent that this also describes well our experimental
findings. Both the solid and dotted lines imply a residual
impurity concentration n, „,=0.25%. In order to com-
pare our findings with the weak-impurity-pinning model
we used this value, and evaluated fz(n;)=n; b, using the
concentration dependence of the gap as given in Fig. 4.
The dashed-dotted line is f2(n;), normalized to the value
obtained for x =1.2%. Although both the strong- and
weak-pinning theories describe the main features of Fig.
15, a somewhat better agreement is obtained with the
strong-pinning limit. Experiments on alloys with higher
impurity concentrations would be required to distinguish
clearly between weak- and strong-impurity pinning in
(TaSe4)2I alloys. The issue of whether weak- or strong-
impurity pinning is occurring in various materials with a
charge-density-wave ground state is highly controversial
at present. Studies involving the pressure dependence of
the threshold field in Ko 3Mo03 and impurity-doping
studies and NbSe3 suggest weak pinning, while other
studies also involving doping ' and irradiation are sug-
gestive of strong pinning.

The temperature dependence of 1/~ is displayed in
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C)

C4(
3
E

effective mass, with the ratio ~*/I* independent of the
impurity concentration. This feature is dominant in Fig.
17. The maximum conductivity of Reo(co) at frequency
co=coo appears to follow a behavior that would be ob-
served in the absence of a phase transition with metallic
behavior. In the latter case o.d, =me ~/m, where ~ and m
refer to the single-particle relaxation time and mass,
while for the collective mode o (co= coo) =ne r*/m *.
Consequently,

(8)

0
0

I I I I I

1.00.5

FICx. 15. Concentration dependence of m ~0 for
(Ta, „Nb Se4)2I alloys.

Fig. 16 for the pure compound and for the alloys. Two
features are important: first, 1/w* increases with increas-
ing impurity concentration, and also 1/r* in both pure
(TaSe4)2I and the alloys show a significant temperature
dependence. This suggests that impurities play a
significant role in the relaxation effects associated with
the dynamics of the collective mode. This impurity-
induced relaxation, however, does not lead to a
temperature-independent additional relaxation, and (un-
like as in the case for the Mathissen's rule) an empirical
relation I/r*= 1/r;* „=1/r"(T) cannot describe our ex-
perimental findings. The enhancement of the relaxation
time, however, appears to go hand in hand with the

is approximately obeyed over a wide temperature range.
Equation (8) has already been suggested by Bardeen, '

and has been shown to be valid near to the Peierls transi-
tion by Gor'kov and Dolgov. This relation was found
to be valid in other materials as well, such as TaS3 and
Ko 3Mo03. '

In Fig. 18 we give an overview of the overall tempera-
ture dependence of m*, coo, and I/r* for pure (TaSe~)zl
and for the alloys, in all cases the parameters being nor-
malized to their T =0 value. For all of the fundamental
parameters, the overall temperature dependence does not
seem to be dependent on the impurity concentration, a
result which —as has been discussed before —is under-
stood for the pinning frequency mo and effective massI*, but is unaccounted for as far as the relaxation rate
I = I /z* is considered.

B. Phase-resolved harmonic mixing

Two different models based on fundamentally different
assumptions on the dynamics of the collective mode have
been proposed earlier to describe the PREHM experi-
ments in various model compounds. Both models' '
lead to the same functional dependence of the mixing sig-
nal on the parameters which enter into the expressions
which describe the small-amplitude ac response. Both
models' ' lead to a harmonic-mixing signal which is

(Ta, „Nb„Se~)z I 0 I I I
I
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I
I I
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FIG. 16. Temperature dependence of 1/~* for
(Ta& Nb Se4)2I alloys.

FIG. 17. Concentration dependence of w*/m at T =50 K
for {Ta, Nb Se4)2l a11oys.
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1/~* is normalized to the T=0 values for (Ta& „Nb„Se4)2Ial-

lops.

bational analysis of the FLR model, ' results in a depen-
dence of Vz on the damping frequency instead of the
dependence on coo predicted by the tunnel model, and the
appropriate relation is given by

given by Vz-E, with E the electric-field amplitude at
the fundamental frequency ~. The results of the mixing
experiments on pure (TaSe4)2I have already been dis-
cussed elsewhere. ' It has been shown that the measured
dependence of the mixing component Vz on the mi-
crowave amplitude E„andon the fundamental frequency
co is in quantitative agreement with Bardeen's tunneling
model' which yields values for Vz given by the dashed
line in Fig. 7. The experimental results are also in semi-
qualitative agreement with Matuskawa's calculation'
which is based on the Fukuyama-Lee-Rice (FLR) model.
Here we focus on the concentration dependence of the
parameters involved with the mixing-signal component
Vz rejecting the corresponding dependence of the
Frohlich mass m, of the pinning frequency coo, and of
the damping frequency 1/2m* on impurities. The mixing
signal, normalized to the x =0 value, is shown versus the
Nb concentration in Fig. 19. In the tunneling model' Vz
depends on coo and on the threshold field Ez, and

as already discussed in earlier papers. Furthermore, the
tunneling model yields the relation

Ey ~ coom
2

so that finally one obtains

V ~co 'm

The concentration dependence of Vz can be calculated,
using the concentration dependence of cuo and m* as in-

put parameters.
Matsukawa's calcu1ation, ' which is based on a pertur-

V2 ~ (2vrr*/m*) (12)

and the concentration dependence expected can be in-
ferred from the measured concentration dependence of w*

and m*.
In Fig. 19 we display the measured concentration

dependence of the mixing signal together with the predic-
tions of the tunneling and classical models, with the con-
centration dependence of the parameters coo, m */m, and
~' taken directly from the measured small-amplitude ac
response (displayed in Figs. 12, 15, and 17). The data
points referring to the "tunneling" and "classical" mod-
els are values of coo 'm" [see Eq. (11)] and r" /m * [see
Eq. (12)], normalized to these parameters obtained for
the nominally pure material. As can be seen from the
figure, both the classical and tunneling models predict a
concentration dependence which is weaker than that ob-
tained experimentally. The reason for this disagreement
is not clear at present, it may reAect the slightly different
current-voltage characteristics for the nominally pure
compound and for the alloy. Qualitatively, the small-
amplitude ac response may be —particularly at frequen-
cies well below coo—different from the simple form pre-
dicted by the various models. Indeed, recent experi-
ments give a frequency-dependent conductivity o (co)
which represents a contribution from both the oscillatory
response of the rigid Cl3W and the response due to inter-
nal deformations. The dynamics of the latter has been
described recently by defining a relaxation time w, deter-
mined by momentum given to the electrons to relax to
the charge-density waves. Earlier estimations' give
~/&*=60 for the nominally pure compound; this ratio
has, however, not been evaluated for the alloys. If the
mixing experiments are determined by ~ and ~ in Eq.
(12), an excellent agreement between theory and experi-
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ment is obtained. Low-frequency conductivity measure-
ments, together with harmonic-mixing experiments as the
function of frequency, would be required to clarify this
point.

IV. CONCLUSIONS

In this paper we reported a detailed study of the con-
centration dependent charge-density-wave dynamics in
(Ta, ,Nb, Se~)zI alloys. We find that the pinning fre-
quency coo increases with increasing x, demonstrating the
importance of impurity pinning. The concentration
dependence is suggestive for strong-impurity pinning; the
pinning potential m *coo increases linearly with increasing
impurity concentration.

The effective mass decreases with increasing x, and this
decrease goes hand in hand with the decrease of the
single-particle gap h. Both the concentration and the
temperature dependence of I can be described in terms
of a mean-field description, a somewhat surprising result
in light of the pronounced anisotropy of the material and
the smearing of the transition by impurities. The relaxa-
tion rate is also concentration dependent, and moreover,
the temperature dependence is also more pronounced to a
higher impurity concentration. We also find that the
concentration dependence at each temperature goes hand
in hand with the concentration dependence of the
effective mass, as suggested by various theories, but a mi-
croscopic theory is required to account for the magni-

tude, temperature, and concentration dependence of the
relaxation effects.

Harmonic-mixing experiments are only in semiquanti-
tative agreement with the various theories of charge-
density-wave dynamics at microwave and millimeter-
wave frequencies and mixing experiments conducted at
different frequencies and temperatures are required to
distinguish between the different models of the charge-
density-wave dynamics. It is anticipated that the dynam-
ics of the collective mode is different at radio and mi-
crowave frequencies, with the dynamics of the internal
mode important in the low-frequency regime. This may
explain the drastic difference between the conclusion
based on experiments performed at different frequencies.
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