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Frequency-Dependent Conductivity in NbSe3

G. Gruner, L. C. Tippie, J. Sanny, and W. G. Clark
DePartment of Physics, University of California at Los Angeles, Los Angeles, California 90024

N. P. Qng
Department of Physics, University of Southern California, Los Angeles, California 90007

(Received 27 March 1980)

The observation of a frequency-dependent conductivity (o) and dielectric constant (e)
in NbSe, is reported. In both charge de-nsity wa—ve phases a strong frequency dependence
and huge dielectric constant are observed below 100 MHz, with greatest effects observed
at 42 K. The conductivity c increases smoothly from the dc value to the high-frequency
(f = 100 MHz) limit; this increase is accompanied by the reduction of s. A resistance-
capacitance network model is suggested to account for the observed frequency dependence.

PACS numbers: 72.15.Nj, 72.15.Eb, 72.30.+q, 72.60.+g

Niobium triselenide, NbSe„shows two phase
transitions, ' at 145 K (T, ) and 59 K (T,) associ-
ated with the development of incommensurate
charge-density waves (CDW). These transitions
lead to the increase of resistivity which is as-
cribed to the reduction of the Fermi surface ~ '
the CDW condensate is assumed to be pinned by
impurities to give negligible contribution to the
dc conductivity at low electric fields. The con-
ductivity increases when the electric field is
larger than a threshold field E~ and then satu-
rates at high electric fields. 4 ' This and the ob-
servation of noise in the nonlinear region" to-
gether with the x ray observation of the super-
structure at high electric fields' demonstrate
that the depinning of the CDW is responsible for
the increase of the conductivity with increasing
electric field. The resistive anomalies are also
suppressed at microwave frequencies' suggesting
that the pinning frequency is less than 10' Hz.

In this paper we report the first observation of
frequency-dependent conductivity associated with
the incommensurate CDW states in NbSe, . We
show that the CDW anomalies are suppressed at
extremely low frequencies and also lead to a
gigantic dielectric constant. The transition be-
tween the low-frequency (f&1 MHz) and high-fre-
quency (f &100 MHz) limit is smooth with no

clearcut evidence for a well-defined pinned CDW
mode.

The conductivity was measured between 10 and
300 K by a two-probe configuration. Contact re-
sistances, measured by dc four-probe configura-
tion, were found to be two orders of magnitude
smaller than the sample resistance. Also the
measured resistance (including the small contact
resistance contribution) was found to be independ-
ent of frequency in the high temperature, metallic
region showing that the measured frequency de-
pendence at low temperatures is associated with
the behavior of NbSe, . A bridge method was used
up to 100 MHz and a radiofrequency circulator
circuit at high frequencies. ' In both cases the
sample impedance is represented by a parallel
AC circuit which is balanced by variable resis-
tance and capacitance components. The balance
of the resistive component gives Reo(cu) =8 ',
the balance of the capacitance gives Ima(co) = C
with the dielectric constant defined as e(&e)
= Imo(v)/&u. Our measuring configuration allows
the joint measurement of the dc and rf conduc-
tivity. Reo(~) can be measured with an accura-
cy better than a few percent, but the balancing
out of the phase component is more ambiguous:
values of Imc(u) have an error of about 30%.
Measurements up to 100 MHz were performed on
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different samples and normalized to the room
temperature data obtained on the sample meas-
ured between dc and 100 MHz. The out-of-phase
component was calibrated using the relation
Imo(~)/Reo(~) = Rcuc. In the light of the observed
dc nonlinearity' ' care has been taken to avoid
nonlinear effects, the applied rf voltage was al-
ways less than that corresponding to the threshold
field E~.

Figure 1 shows the temperature dependence of
R measured at various frequencies. The capaci-
tance C is shown in Fig. 2. We observe a positive
dielectric constant and strong frequency depen-
dence in both CDW states, with a more pro-
nounced effect in the low-temperature (T& T,)
state. The overall temperature dependence of
the dielectric constant e(&u) and conductivity cr(&u)

is strongly related to the observed nonlinear cur-
rent-voltage characteristics. ' ' In the low-tem-
perature phase the threshold field E~ of the onset
of nonlinearity has a minimum around 42 K; we
observe the largest dielectric constant and strong-
est frequency dependence at this temperature.
Also, E~ is about a factor of 5 larger in the high-
temperature (T, & T & T, ) phase, and we observe a
smaller dielectric constant and weaker frequency
dependence here. These observations are in
broad agreement with that expected for a pinned
CDW. ' " The onset of nonlinear conductivity is
related to the pinning forces, provided by the
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impurities;" these restoring forces are also re-
sponsible for a positive dielectric constant. It is
expected therefore that a small critical field is
accompanied by a large dielectric constant as
observed. Also while various models lead to
somewhat different relations between the frequen-
cy- and field-dependent transport of a CDW con-
densate, all suggest that strongly nonlinear be-
havior is coupled to strong frequency dependence,
a feature also observed here.

The frequency dependence of Reo and Ima; meas-
ured at 42 K, is shown in Fig. 3. The conduc-
tivity smoothly increases from the dc limit and
saturates above 100 MHz at the value observed
and also at microwave frequencies. At low fre-
quencies (below 100 MHz) the observed frequency
dependence closely follows the measurements by
I.ongcor and Portis. " The dielectric constant
e=Imcr/v is independent of frequency below about
50 MHz, and using the relation e= 2w(1. 8)10"(AC)
& Res, we obtain a=2&10', an enormous value
when compared with values measured in other
highly anisotropic conductors, tetrathiafulvalinium-
tetracyanoquinodimethane (TTF-TCNQ) (e -10')"
and K,Pt(CN), Ba, 3H 0 (KCP) (e-5x10')"
where incommensurate CDW's are believed to
have a significant contribution to the dielectric
response.

The classical model of a pinned CDW conden-
sate in an anisotropic metal" leads to, in the ab-
sence of interaction between the CDW and normal
electrons, two separate contributions to the con-
ductivity. The normal (unnested) electrons lead
to a frequency-independent background at fre-
quencies smaller than the bandwidth, while the
pinned mode shows up in a strongly peaked Reo(&u)
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FIG. 3. Frequency dependence of Re 0() and Im
0(~) at T = 42 K. The microwave conductivity data
are taken from Ref. 10.

around the pinning frequency e~, with the con-
comitant zero crossing of the dielectric constant
at &~. Evidence for this feature comes from far-
infrared studies in (TTF-TCNQ)" and KCP."
The frequency dependence shown in Fig. 3 is in-
consistent with such a simple model of the pinned
CDW; we do not see any evidence for a maximum
of Rea(co), and the dielectric constant remains
positive in the whole measured temperature
range.

NbSe, differs in many ways from that of a one-
dimensional CDW state. The main difference per-
haps is that the material retains parts of the Fer-
mi surface in the CDW phase' and both the nor-
mal (unnested) and condensed electrons may con-
tribute to the conductivity. The normal electrons
lead to a frequency-independent conductivity at
low frequencies covered by our experiment, and
o (&u) reflects the frequency-dependent transport
due to electrons in the CDW state. We suggest
that the pinned CDW condensate can be represent-
ed by a resistance (determined by the friction of
the unPinned CDW) and by a capacitance which
represents the pinning forces which act on the
CDW. The normal electrons have only resistive
components. This leads to a resistive-capacitive
network shown in Fig. 3, where R~ and R~ de-
scribe the contribution of the condensed and nor-
mal electrons. This phenomenological descrip-
tion leads to the appropriate frequency depen-
dence, Heo'((u) =R„,at low frequencies, and the
CDW does not contribute to the conductivity. At

high frequencies Rex(~) =R„'+Rc', and we re-
cover the joint contribution of the normal and con-
densed electrons. The conductivity rises smooth-

ly from the dc to the high-frequency limit, and
Imo(&u) displays a maximum in the crossover fre-
quency, ~-1/C(R„+R~). The above network
model, however, leads to a crossover between
the low-frequency and high-frequency limits in a
narrow frequency range, and to arrive at the
smooth crossover (from 1 MHz to 100 MHz) a
broad distribution of components, representing
the distribution of pinning energies and of the
length of the CDW segments, is required.

We emphasize that, while the above network
model incorporates the basic features of a pinned
CDW (i.e. , friction and restoring force), the rela-
tion to the underlying microscopic description of
the CDW condensate is unclear. The model pre-
dicts a frequency-dependent transport closely
analogous to a description in terms of overdamped
harmonic oscillators" where, with appropriate
distribution of characteristic lengths of the CDW

segments, both the frequency and field dependence
ean be accounted for.

The temperature variation of the observed fre-
quency dependence, in particular the strong maxi-
mum of the dielectric constant at temperatures
near to the resistivity maximum below T„re-
mains an unsettled question. The problem is
closely analogous to the observation of minimum
threshold electric field E~ at this temperature.
Both features may signal a temperature-depen-
dent scattering between the normal electrons and
electrons in the CDW condensate' or a crossover
from a temperature region where individual CDW
segments have different field- and frequency-de-
pendent response to a low-temperature limit
where large regions of the CDW condensate ex-
hibit collective motion. '

Finally we comment on the effect of combined
application of dc and rf excitation in the nonlin-
ear region. In experiments to be reported else-
where we find that the application of a large dc
eleetrie field leads to a suppression of the fre-
quency dependence and o((u) follows the tempera-
ture dependence of o(0) observed at large dc cur-
rents." It also leads to the suppression of the
capacitive component, showing that in the high-
dc-field limit the sample can be represented by
a resistive component only. This is just what is
expected of pinned CDW which are depinned by an
electric field. The effect of large-amplitude rf
excitation on the dc conductivity is more compli-
cated: with low-frequency (f & 1 MHz) excitation
large dc nonlinearity can be induced, while at
high (f& 100 MHz) frequencies the rf excitation
has no effect on the dc transport.
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Multiple-j Structure or Coexistence of Diff'erent Magnetic Phases in CeA12?
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Neutron diffraction experiments under perturbations, such as uniaxial stress and hydro-
static pressure, suggest strongly that CeA1& exhibits bvo magnetic phases: a single-q
collinear modulated structure and a type-II antiferromagnetic structure.

PACS numbers: 75.25.+ z

The intermetallic Laves-phase compound CeA1,
exhibits sinusoidally modulated magnetic struc-
ture, "which implies a, moment reduction attrib-
uted to a Kondo-like coupling of the cerium 4f
electrons to the conduction band. This structure
develops with a propagation vector q, = (-,'+~, —,

' —~,
—,'); 7 is found to be temperature independent a.nd

its value is v. = 0.110 (+ 0.002).' The Fourier com-
ponent of the magnetization m" is parallel to the

cfog

Illl] direction. Because of the symmetry of par-
amagnetic space group (Edsrn), there are twenty-
four nonequivalent q,. vectors in the Brillouin
zone (see Fig. 1) which leads to the coexistence
of twenty-four Fourier components m-, . Orig-
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