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Charge-density-wave pinning and metastable-state dynamics in NbSe3
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We have explored transient charge dynamics associated with metastable pinning configurations in

both charge-density-wave (CDW) states of NbSe3. The amount of charge associated with the pinned

metastable states is less than 10 of the total condensed CDW carrier density. Depinning the CDW re-

sults in a transient dynamics with corresponding charge mobilities of the order of 10 cm'/V sec, the

highest mobility observed for any metallic conductor. At high temperatures in the CDW state, the tran-

sient response appears to be correlated with the CDW impurity-pinning strength. At low temperatures

(T(40 K), this correlation breaks down, suggesting a sudden and dramatic change in the CDW-

impurity interaction strength or, alternatively, a change in the effective CDW carrier density.

Charge-density-wave (CDW) dynamics in low-
dimensional conductors has been the subject of intensive
study over the past 15 years. The prototype material
NbSe3 shows two distinct CDW states, where the con-
densed electrons can be made to move or "slide" under
the influence of a relatively small bias field E )ET, where

ET is the threshold field needed to overcome an intrinsic
pinning potential. Although it is generally accepted that
the pinning of the CDW is due to random distribution of
impurities within the specimen, the exact nature of the
CDW-impurity interaction, including the temperature
dependence of ET, is controversial. Both thermal activa-
tion' and zero-temperature "effective-charge" models
have been proposed to account for ET( T).

Because of internal degrees of freedom of the CDW
condensate and the interaction with impurities, the
pinned state is not unique, but may assume different
metastable configurations, depending upon the electrical
and thermal history of the specimen. A dramatic mani-
festation of the metastable states in NbSe3 (and related
CDW conductors such as TaS3) is the so-called "pulse-

sign memory" effect, where the transient CDW response
to a rapidly apphed bias field, E & ET, is sensitive to the
direction of the CDW motion during the previous depin-
ning. If the CDW was previously depinned in the oppo-
site direction, a transient excess current appears, sugges-
tive of a release of "stored" charge. Different metastable
states are assumed to correspond to different local CDW
phase configurations.

We have used the pulse-sign memory effect to investi-
gate CDW pinning and transient dynamics in both CDW
phases of NbSe3. In the upper CDW state (T & 144 K),
the temperature dependence of the charge associated
with the metastable pinning states correlates with the
strength of the (weak) impurity pinning. In the lower
CDW state (T & 59 K), we observe a sharp transition
near 45 K, below which the metastable state
configurations or the coupling of the CDW to the exter-
nal field is dramatically altered. Below 40 K, no pulse-
sign memory effect is seen. In both CDW states, the ac-
tual charge associated with the pinned metastable states

is only of the order 10 of the total condensed carrier
concentration. The carrier mobility achieved immediate-
ly after depinning can be in excess of 106 cm /Vsec,
higher than for any other metallic conductor.

High-purity NbSe3 samples with residual resistance ra-
tios )200 and (lower CDW state) threshold field minima
-9.5 mV/cm were used throughout this study. Typical
sample dimensions were 1 mmX20 pmX5 pm, with
resistances around 50 Q at room temperature. A four-
probe configuration was used for dc resistance and
threshold field measurements, while a two-probe
configuration was used for the transient response mea-
surements to minimize contact pinning effects. The
pulse-sign memory effect was observed using a conven-
tional drive and detection circuit. A train of rectangular,
100—200-pS-wide current pulses was passed through the
sample and the voltage response monitored on a 1-MHz
bandwidth oscilloscope. A typical pulse train consisted
of two positive, followed by two negative pulses, all with
the same duration and magnitude, and each separated by
100 ps of dead time (during which the applied current
was zero). The sequence was repeated at 45 Hz, low

enough to avoid sample heating problems. The repetition
rate of the pulse train was found to have no influence on
the form or magnitude of the transient. To increase the
sensitivity of the experiment, the Ohmic part of the volt-

age response was nulled out using a passive bridge circuit
balanced to the Ohmic sample resistance well below
threshold.

Figure 1 shows the threshold field ET for nonlinear
conduction as a function of temperature for a typical
NbSe3 sample. The functional form obtained for ET is
consistent with the results of many previous studies, and
representative of the behavior corresponding to reason-
ably "thick" NbSe3 samples, i.e., specimens in the three-
dimensional limit. The upper CDW state displays a
minimum value for ET of 60 mV/cm near 115 K, while

the lower CDW state shows a minimum value of —10
mV/cm at 48 K. In the temperature range between 57
and 46 K, independent depinnings of the two coexisting
CDW's are observed.
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FIG. 1. Temperature dependence of the threshold field Ez..
Open circles indicate data points and the solid line indicates the
fit to the weak-pinning model given in the text.

The pulse-sign memory effect, identified as a transient
voltage response whenever the polarity of the drive
current pulse changes, is observed in both the upper and
lower CDW states. The inset to Fig. 2 shows schemati-
cally the behavior of the bridge circuit output as seen on
the oscilloscope. The transient peak represents excess
current carried by the CDW, beyond that normally trans-
ported by the sliding CDW under steady-state dc drive
conditions. We have attempted to quantify the transient
behavior as a function of the field strength E and the tem-
perature T. The precise functional form of the time-
dependent transient current I,(t;E, T) is difficult to ex-
tract directly because of the superimposed narrow-band

noise oscillations on the response wave form (these noise
oscillations are not shown on the inset to Fig. 2). Howev-
er, we may unambiguously identify two parameters which
characterize the transient response: Vo, the excess tran-
sient voltage extrapolated to time =0 (i.e., the start of the
pulse on which the transient rides), from which we derive
Io, the excess transient current by dividing by the Ohmic
resistance measured well below ET, and to, the time tak-
en for the transient current excess to decay to one-half of
its initial value.

Figure 2 shows how Io and to vary as the E field is in-
creased above the threshold field, for the upper CDW
state at 100 K. (It should be noted that a small transient
effect was noted even for fields slightly below Er.) As E
increases, to monotonically decreases, but Io rises to a
maximum near 2ET before decreasing. A similar behav-
ior was found at all temperatures in both CDW states
where the transient effect was seen. Unless otherwise
noted, all data sets referred to in the remainder of this pa-
per have been obtained using an electric field of
E(T)=1.5Er(T), a value for which both Io and to are
close to one-half of their maximum value.

Figure 3 shows the temperature dependence of the
quantities te (upper curve) and Io (lower curve). In the
upper CDW state transient response is observed between
137 and 60 K, while for the lower CDW state transient
response is observed between 57 and 40 K. It is interest-
ing to note that while in the upper CDW state transient
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FIG. 2. The field dependence of the initial transient current
excess Io (open circles), and the decay time of the transient
current to (filled circles), for the upper CDW at 100 K. The in-
set shows the form of the transient at the output of the bridge
circuit, and indicates how Io and to are derived. Note that
narrow-band noise, normally superimposed onto the transient,
is not indicated in this figure.
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FIG. 3. The temperature dependence of the decay time to
(upper figure) and the initial excess transient current Io (lower
figure).
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response is obtained over nearly the whole temperature
range between the upper and lower CDW transition tem-
peratures, in the lower CDW state transient behavior
occurs only over a restricted temperature range. Below
40 K, no transient effect is observed, despite the presence
of a well-established CDW and a clearly identifiable
threshold in ET.

We now discuss these results. It has been suggested
that the pulse-sign memory effect and related phenome-
na result from the relaxation of metastable
configurations of the CDW. A bias field pulse above
threshold will cause the CDW to slide and deform in the
direction of its motion because of the interaction with the
random impurity potential. Some portions are more
strongly pinned than others, leading to internal CDW
strain fields. As the bias electric field is quickly reduced
below threshold and the CDW repins, the CDW relaxes
back to the nearest metastable pinning configuration,
which in general is not its true equilibrium ground state.
The pinned metastable state is then in a state of "built-
in" CDW polarization. When the polarity of the bias
field reverses and depins the CDW, this built-in polariza-
tion "unwinds, "giving rise to the excess current. The ex-
cess current is given by l, (t)=dP/r)t, where P is the in-
stantaneous polarization of the CDW. For a bias pulse
with the same polarity as the previous pulse, no excess
current is seen, since the polarization is not released.

An important question is to what degree the CDW is
polarized in a given metastable state. An estimate of the
net initial CDW deformation is given by PO=Ioto. Fig-
ure 4 shows (as open symbols) Po plotted against temper-
ature for both CDW states. In the upper CDW state (cir-
cles) Po increases with decreasing temperature reaching
—150 pC at 70 K. In the lower CDW state (triangles),
Po displays a sharp maximum of —300 pC near 45 K,

and a decrease to zero near 40 K. Although the spatial
structure of the metastable polarization state is without
doubt rather complicated, we can roughly associate Po
with the total CDW carrier density associated with the
metastable states, n, . Taking a value for the total con-
densed carrier concentration n, —10 ' cd in the upper
CDW at 80 K, we find (using the value of Po —150 pC
and the crystal dimensions) that n, /n, —10, i.e., only
about 10 of the total CDW charge is associated with
metastable states. This simple calculation assumes that
the spatial structure of the polarization is uncomplicated,
and that ignores the "back6ow" of normal electrons, to
balance the charge from the relaxing polarization. How-
ever, it probably gives a rough estimate of the degree of
state polarization frozen in by the impurity interaction.

For a steady-state sliding CDW, the condensed carrier
mobility is comparable to that of the normal electrons,
with @=40 cm /Vsec. In sharp contrast, the CDW
charges associated with the metastable state depolariza-
tion have a much higher mobility. Although the amount
of charge associated with the transient current is small
compared with the charge associated with the CDW, the
actual current magnitude is initially of the order of 20%
of the total current carried by the sliding CDW. This im-
plies a very high initial mobility for the associated meta-
stable state carriers of —10 cm /Vsec. Such extreme
values for mobility are generally found only for very pure
semiconductors at low temperatures, not metallic con-
ductors near 100 K, where a value of 5000 cm /V sec is
more typical.

It is desirable to correlate the temperature dependence
of Po shown in Fig. 4 with the CDW pinning strength
and effective CDW carrier density. Neglecting any tern-
perature dependence of the CDW-impurity interaction
and the interaction of the CDW with normal (uncon-
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FIG. 4. Temperature dependence of the pinning strength parameter c, {filled circles and triangles), and Pp =Iptp (open circles and
triangles). Circles indicate data points for the upper CDW, while triangles indicate the lower CDW. The solid lines indicate mean-
field behavior of the CDW order parameter (with an appropriate scaling factor, the same for both the upper and lower CDW).
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densed) carriers, one might expect Po to track the con-
centration of the condensed carriers, n, . Near the CDW
transition temperature, n, is proportional to h(T), where
5 is the CDW order parameter. Detailed x-ray scattering
experiments in NbSe3 show 6 to be well described by
mean-field behavior for both CDW states. The solid
lines in Fig. 4 show b, &(T) and b,2(T) for the upper and
lower CDW states, respectively, assuming a mean-field
behavior and using an appropriate scaling factor. Al-
though the correspondence between 6 and P0 seems
reasonable for the upper CDW state and the lower CDW
state above 45 K, there is a severe discrepancy in the
lower CDW state below 45 K. It is interesting to note
that other transport and magnetization studies on NbSe3
have shown evidence for anomalous changes in the
effective CDW carrier density in the same lower CD%
state temperature range.

Because the metastable pinned CDW configuration is
intimately tied to the impurity-pinning potential, the
pulse-sign memory effect should not only reflect the
effective CDW carrier density but also the CDW-lattice
interaction. Most models of CDW pinning and conduc-
tion are based on the Fukuyama-Lee-Rice (FLR) mod-
el, ' in which a deformable CDW is pinned to the under-
lying lattice via phase fluctuations. The pinning strength
may be categorized as either strong or weak. In strong
pinning, the potential energy between the CDW and im-
purity dominates the strain energy associated with the lo-
cal CDW distortion near the impurity; weak pinning cor-
responds to the opposite situation. In strong pinning, the
CDW phase is fixed at each impurity site and CDW
motion results in amplitude collapse (phase slip) at the
impurity site. In weak pinning, the CD% phase is
smoothly adjusted over many impurity sites to yield a
collective pinning potential, and the CDW motion does
not necessarily result in a complete local-amplitude col-
lapse. In the FLR model, the temperature-dependent
pinning strength parameter, s( T), is conveniently
parametrized by

p, V

b,(T) '

where p, is the CDW carrier density and V is the impuri-

ty potential. In the strong-pinning regime c&)1, while
for weak pinning c. (&1.

The CDW-impurity interaction has been studied in
some detail both experimentally and theoretically. In
NbSe3 nominal impurities of undoped crystals are be-
lieved to result in weak pinning. However many details
of CDW pinning, such as the strength of the charged im-
purity atoms and the temperature dependence of ET are
still controversial.

Maki and Virosztek have recently proposed that ET( T)
can be accounted for by thermal fluctuations of the CDW
phase. ' In the weak-pinning limit they find

4/(4 —D)

d(0) p, (T) To

(2)

where E~(0) is the zero-temperature weak-pinning
threshold field, b,(T) is the temperature-dependent CDW
energy gap, p is the normal electron density, p, is the
CD% carrier density, the exponential term represents
thermal fluctuations, and D is the dimensionality of the
CDW.

Equation (2) provides good fits to ET(T) for several
different CDW materials, including NbSe3. ' The solid
lines in Fig. 1 show Eq. (2) fitted to the data of the NbSe3
crystals discussed here. Excellent fits are obtained for
both the upper and lower CDW states, with D=2 (for
both the upper and lower CDW), and To =65 K,
ET(0)=558 mV/cm for the upper CDW and To=13.5
K, ET(0)=3330 mV/cm for the lower CDW. It should
be noted that these values for D and T0 are very close to
those found by other workers. " Maki and Virosztek
have also proposed an expression for the temperature
dependence of the threshold field in the strong-pinning
limit. ' This expression was found to fit the data much
less successfully.

Combining Eqs. (1) and (2), with D=2, yields the pin-
ning strength parameter e( T) in the weak pinning limit 2

2@2 E~(0)
e(T)= e p

1/2

Tp
(3)

Tunneling studies have given values for b,(0) as 101 and
35 mV/cm for the upper and lower CDW, respectively. '

Estimates of the CDW carrier density and the CDW pin-
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the electric field E has been adjusted to equal 1.5ET( T).
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ning energy density give p, /p-0. 1 and p, V-1 meV at
T =0. Combining these, we derive an estimate of
p V-10 meV. Assuming that p V is only weakly tempera-
ture dependent, Eq. (3) establishes s(T) from the mea-
sured Er( T). Values for e( T) thus determined are shown
as solid symbols in Fig. 4. The magnitude of c. is «1
which suggests weak pinning for both CDW states. This
pinning strength is seen to increase with decreasing tem-
perature for both CDW states. It is also found that,
despite displaying a smaller value for Er(T), the lower
CDW generally has a greater pinning strength, a conse-
quence of its smaller energy gap. Figure 4 shows evi-
dence that the metastable state pinning strength may
correlate with the pinning strength, but only above 45 K.
The sudden deviation of Po from the calculated form of c
in Fig. 4 suggests a sudden and dramatic breakdown of
p, Vbelow this temperature.

Finally we discuss the decay rate of the polarization,
defined here as to '. For a given fixed temperature, to de-
creases rapidly with increasing electric field E, as demon-
strated in Fig. 2. Figure 5(a) shows log2o(to) plotted
against 1/E, the data being obtained by fixing the tem-
perature and varying E. The data fall on a line, indicat-
ing a functional form for the relaxation rate:

to ' 0- exp( —const/E) . (4)

Figure 5(b) shows similar data, obtained at various tem-

peratures in both CDW states. Each point in this figure
corresponds to a different temperature, for which E was
adjusted to be equal to 1.5Ez.(T). The solid circles are
for temperatures corresponding to the upper CDW state,
while the open circles correspond to the lower CDW
state. Again the data fall on a straight line consistent
with the empirical expression Eq. (4). The three notable
exceptions in Fig. 5(b) are for the temperatures corre-
sponding to 52, 53, and 55 K. Interestingly, in this tem-
perature range the two coexisting CDW's can be indepen-
dently depinned (see Fig. 1). It is possible that in this
temperature range the CDW deformations of the upper
and lower CDW couple together and inhuence the relaxa-
tion rate. We also remark that no empirical relations of
the form to ' -exp( —const/kz T) were found, indicating
that simple thermal activation is not the governing pro-
cess for the transient decay.

In conclusion, the transient response in NbSe3 has been
used to extract the density and mobility of the CDW car-
riers associated with the metastable pinning
configurations. Below 45 K, anomalous behavior is ob-
served suggestive of a dramatic change in the CDW
effective charge density or the CDW-impurity interaction
strength.
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