
Dislocations and the motion of weakly pinned charge-density waves:
Experiments on niobium triselenide containing mobile indium impurities

J. C. Gill
H. H. Wills Physics Laboratory, Tyndall Avenue, Bristol BS8 ITL, United Kingdom

~Received 31 October 1995; revised manuscript received 29 January 1996!

The threshold fieldET for conduction by the charge-density wave~CDW! which forms in NbSe3 at 144 K
has been studied in specimens containing about 1% of intercalated In. The In increasesET by an amountdET ,
which is greatest when the CDW is at rest, and can be reduced almost to zero by its continuous motion. The
time taken fordET to adjust to a change in the state of the CDW~of the order of 1s at 115 K! varies as
exp~u/T!, whereT is the temperature andu'3200 K. In a specimen which exhibits ‘‘mode locking’’ between
an applied alternating field and the frequencyn of the quasiperiodic component of the currentI C carried by the
CDW, the development ofdET is accompanied by a decrease in the ratioI C/n. The pinning giving rise todET

is attributed to the minimization of free energy through the thermally activated diffusion of In in a potential
exerted by the CDW. The greatestdET develops in the steady potential exerted by the CDW at rest; when the
CDW is in motion the potential varies periodically at a rate fast compared with the diffusion, anddET , which
responds to its mean value, is reduced accordingly. Various couplings between the In and CDW which might
provide the potential are examined, and it is concluded that the only coupling consistent with the observed time
dependence ofdET is that between the In and the strain field of dislocations in the CDW. To account for the
behavior ofdET , it is necessary to assume that the dislocations are on the boundaries of localized regions of
the CDW which remain pinned when the rest is in motion. The behavior ofI C/n shows that such immobile
regions expand asdET develops, and thus confirms their existence in a CDW which otherwise moves coher-
ently. The coexistence of stationary and moving regions clearly conflicts with the model of Fukuyama, Lee,
and Rice~FLR!, which treats the CDW as an elastic medium, and is widely accepted as applying to NbSe3

except when macroscopic crystal defects are present. The evidence of stationary regions in every specimen
examined, even when perfect enough to exhibit complete mode locking, suggests that they are intrinsic to the
depinning of a weakly pinned CDW from randomly distributed impurities. A modification of the FLR model
is proposed, in which immobile regions appear as a result of the thermal nucleation of dislocation loops where
large stresses arise from the nonuniformity of the pinning.@S0163-1829~96!03224-9#

I. INTRODUCTION

Cooperative electronic conduction of the kind proposed
by Fröhlich,1 in which current is conveyed through the mo-
tion of a charge-density wave~CDW!, has now been identi-
fied in about a dozen quasi-low-dimensional metals.2 The
CDW’s, which develop below a critical temperatureTP as a
result of a Peierls instability, appear as a spatial modulation
of conduction electron densityr~r !, which approximates to
the form r01r1 cos@Q•r1f~r !#, with Q incommensurate
with the underlying crystal lattice. Although in a perfect
crystal their energy would be translationally invariant, allow-
ing perfect conductivity, CDW’s are in practice ‘‘pinned’’ by
crystal imperfections, so that the cooperative currentI C is
induced by a steady fieldE only if E exceeds a threshold
valueET .

Numerous studies of CDW transport during the last 15
years have shown that the pinning in most crystals is pro-
vided by chemical impurities, present substitutionally in the
lattice. In the conventional model of such pinning, intro-
duced by Fukuyama, Lee, and Rice~FLR!,3 randomly dis-
tributed impurities couple to the electron density modulation
r1 cos@Q•r1f~r !# in the CDW, which becomes pinned by
deforming elastically, adjusting the phasef at the impurity

sites so that the total energy is minimized. Distinction is
made between ‘‘weak’’ pinning, where the phase correlation
lengthsLf remain large in comparison with the distance be-
tween neighboring impurities, and ‘‘strong’’ pinning, where
the elastic modulus of the CDW is small enough for the
coupling energy at individual impurity sites to be minimized.

Many features of the threshold behavior are consistent
with weak pinning of this kind. In the case of NbSe3, Thorne
and co-workers4,5 have demonstrated the pinning of the
CDW by substitutional impurities, withLf much larger than
the impurity separation, and have shown that the FLR model
of weak pinning accounts for the variation ofET both with
impurity concentration, and with crystal thickness when
smaller than the correspondingLf .

However, it is doubtful whether the FLR requirement that
the CDW behaves elastically is met in practice. In an infinite
crystal and in the weak-pinning limit, the random nature of
the pinning leads to variations in local threshold field which
cause the maximum stress on an elastic CDW to diverge asE
approachesET .

6,7 Inelastic processes of phase-slip are then
inevitable and, except in one-dimensional situations, lead to
the generation of dislocations in the CDW, such as have been
discussed by Feinberg and Friedel.8

That phase-slip of some kind occurs in the bulk of moving
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CDW’s, rather than merely at current terminals, is evident
from the behavior of the quasiperiodic component of the
current I C ~the ‘‘narrow-band noise,’’ or NBN!, and its ac-
companiment by low-frequency ‘‘broadband noise’’~BBN!.
It has been shown by Middleton9 that if the moving CDW
were truly elastic, it would reach a unique steady state, de-
pendent on the driving fieldE, with ]f/]t ~and therefore the
CDW current densityJC! everywhere varying periodically
with the same frequency. In practice, the NBN in most speci-
mens contains several components, but this symptom of spa-
tial nonuniformity in I C is associated with macroscopic im-
perfections in the crystal rather than with any fundamental
failure of the FLR model. However, even in the best speci-
mens, where the NBN has a single component, the variation
of I C is never exactly periodic in time, and it has recently
been found10 that in NbSe3 the frequencyn of the NBN then
varies in close correlation with the BBN. As the power spec-
tral density of the BBN varies approximately inversely as
frequency, this shows that variations of indefinite duration
occur in the configuration of the moving CDW with respect
to the pinning, and may be taken as evidence that it contains
topological defects, namely, dislocations.

The experiments described in this paper are thought to
provide more direct evidence of dislocations in the bulk of
the CDW in NbSe3, and to show that they are associated
with regions which remain pinned even when the rest of the
CDW is moving coherently. As it is unlikely that the pinned
regions in all specimens are based on macroscopic defects, it
is suggested that their presence is intrinsic to the depinning
of weakly pinned CDW’s from randomly distributed impuri-
ties, and is a result of the inadequacy of the FLR model.

The measurements were made on NbSe3 specimens con-
taining small amounts, of the order of 1%, of intercalated
indium. Studies were confined to the CDW havingTP5144
K. As in other quasi-low-dimensional structures, notably the
layered chalcogenides,11 the In remains mobile at quite low
temperatures. The effect of this on CDW conduction in
NbSe3 was discovered by Yetman,12 and a preliminary ac-
count has already appeared;13 a gradual increase inET after
CDW conduction ceases, reversed when it recommences, is
thought to result from the redistribution of In impurities by
thermal diffusion, so that they develop their greatest pinning
effect when the CDW is at rest, and disperse once motion is
resumed. Similar behavior noted in some early studies of
NbSe3 ~Ref. 14! probably arose in the same way, from mo-
bile impurities not yet identified. Changes inET have also
been reported in NbSe3 containing hydrogen, and may be
evidence of its mobility below 60 K,15 and mobile impurities
have been suspected as a cause of hysteresis in K0.3MoO3.

16

The aim here will be to establish how the mobile impuri-
ties contribute toET , and from their effects to obtain infor-
mation about the pinning and motion of the CDW. The fol-
lowing arrangement is adopted.

The experimental phenomena are introduced in Sec. II,
and the case presented for the changes inET being the result
of the redistribution of In through thermally activated diffu-
sion. In one specimen, wheren could be measured by syn-
chronizing to an applied alternating field, it was observed
that a reduction ofI C/n accompanied the increase inET . In
Sec. III the origin of the coupling between the In and the
CDW is considered. Coupling to the modulation of charge

density ~which would lead to a ‘‘defect density wave’’17!
proves inconsistent with the experimental evidence. It is con-
cluded that the coupling is to elastic strain in the CDW, by a
mechanism of which the theory is outlined. The effects of
coupling to the various strains present in the CDW are ex-
amined in Sec. IV. The observations are quite inconsistent
with the coupling being to the strains associated with FLR
pinning, with the obstructing effects of terminals or other
obstacles to motion, or with discommensurations. They are,
however, explicable if the coupling is to the strain fields of
dislocations. The arrangement of dislocations which might
account for the threshold behavior is considered in Sec. V. A
necessary assumption is that the dislocations occur on the
boundaries between the moving CDW, and localized regions
which remain stationary. The decrease inI C/n as the pinning
develops is evidence of an expansion of such regions, and
thus of their existence. Changes in the size of stationary re-
gions also account for certain features of the behavior ofET ,
especially in specimens where the effect of In is greatest.
The implications for the FLR model are discussed briefly in
Sec. VI. The present experiments add to the growing body of
evidence that a CDW weakly pinned by randomly distributed
impurities does not depin as a whole.

II. EXPERIMENT

A. Specimens

Measurements of the effect of intercalated In on the bulk
CDW conduction in NbSe3 have been made on 15 speci-
mens, listed in Table I in order of the parameterG ~which
measures the effect of In! to be introduced in Sec. II. Termi-
nals~four or more! were of In wire, diameter usually 10–30
mm, pressed to the surface of the ribbonlike crystals. The
lengthsl refer to the separation of the inner terminals, which
were the voltage terminals except where otherwise stated.
The voltageVps~;1 mV at 115 K! absorbed in maintaining
phase-slip at the outer~current! terminals18 accounted for
only a few percent of the threshold field. Cross-sectional
areasA were estimated from the resistanceR at 300 K, tak-
ing the resistivity as 185mV cm;4 thicknessesd were found
from A and the measured width. Crystals were from three
growth batches~I–III !, from which specimens havingd
greater than a fewmm had resistance ratior R5R~300 K!/
R~4.2 K! roughly 70~I! or 270 ~II, III !.

B. Treatment with In

Indium was incorporated in the specimens by heating to
120 °C in an atmosphere of helium~pressure;10 torr!, for
between 10 and 60 min. The In enters from the terminals,
and is presumed to intercalate between the NbSe3 chains.

The amount of In thus introduced has been measured in
one specimen, using an electron beam microprobe analyzer
to estimate the relative abundances of In and Nb from their
La x-ray emissions. The presence of In was just detectable
throughout the region between terminals 2 mm apart, with
ratio In:Nb about 1%. The distribution within the cross sec-
tion could not be measured, but the In is not likely to be
confined to the crystal surface, which was not visibly
changed by its presence. This specimen was not measured
electrically, but there is no reason to expect it to differ from
those that were.
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The changes in threshold behavior which result from the
heat treatment are described below. As the changes are not
observed if the heating is done before the In terminals are
attached, and affect the bulk properties homogeneously, they
are attributed to a uniform distribution of In throughout the
specimen.

C. Methods of measurement

The threshold behavior of the CDW which forms at 144 K
has been studied, between that temperature and 59 K~where
a second CDW appears!, essentially by measuring the volt-
ageV developed in response to a currentI . The currentI C
carried by the CDW was taken to beI2I S , whereI S5V/R
is attributed to electrons not in the CDW, andR is the Ohmic
value ofV/I whenE,ET . Signals representingI C , derived
from an active bridge circuit, were recorded as a function
either of timet or of I . Various pulsed waveforms ofI @~a!–
~c! in Fig. 1# were used, with repetition periodt r short com-
pared with the relaxation associated below with the diffusion
of In. Digital sampling techniques were used to recordI C
whenI was an ‘‘observing’’ currentI O , applied as pulses of
durationtp!t r ~tp was typically 1–3 ms,t r 20 ms to 1.28 s!.
Elsewhere in the cycle,I was for a time zero, to allow ‘‘lock-
in’’ detection of I C , and might at other times assume a value
I P ~the ‘‘preparing’’ current!, of either sign relative toI O , as
in waveforms~b! and~c!. An adaptation of these techniques
to allow the influence of the In on the NBN frequencyn to be
studied is described in Sec. II H.

D. Effects of indium intercalation on the Ohmic resistance

The intercalation of In has a small effect on the linear
electrical conduction, noticeable only in the specimens con-
taining the largest concentrations, of which one has been
studied in detail. In this specimen~No. 14!, on the addition
of In, an increase in the Ohmic resistanceR was detected

both at low temperatures, where the ratior R5R~300 K!/
R~4.2 K! was reduced from 270 to 220, and also near 144 K,
where the anomaly associated with CDW formation was dis-
placed to higher temperature by about 1.3 K, without broad-
ening the transition. For the other CDW no change inTP
~'59 K! was detected, and any is unlikely to have exceeded
0.5 K.

E. Threshold behavior in the steady state

As the In diffuses negligibly during the repetition period
t r , the continued application of any of the waveforms ofI in
Fig. 1 establishes a steady-state distribution. The threshold
behavior in the states established by the various waveforms
is considered here.

TABLE I. Details of NbSe3 specimens measured. Lengthl is measured between voltage terminals;A
denotes the cross-sectional area, andd the thickness of the ribbonlike crystal.ET0 is the threshold field before
intercalation of In. The quantitiesG ands are defined in Secs. II E and II G, respectively. Specimens 13 and
15, respectively, are specimens 6 and 9 after further intercalation of In.

Specimen
no. Batch

l
~mm!

A
~mm2!

d
~mm!

ET0 ~115 K!
~mV cm21! G ~115 K! s

1 II 2.7 125 1.7 65 0.04 4.0
2 I 1.3 25 2.2 150 0.05 4.2
3 III 2.0 45 3.5 72 0.07 4.0
4 II 2.3 26 2.3 84 0.09 4.0
5 II 1.1 1.3 0.33 270 0.11 3.2
6 II 1.3 630 7.6 41 0.11 2.4
7 II 1.7 60 2.1 98 0.12 2.9
8 I 0.58 18 1.15 280 0.13 1.4
9 I 0.43 17 0.94 310 0.20 1.7
10 II 1.7 0.7 0.25 400 0.26 1.5
11 I 0.7 22 2 190 0.27 1.5
12 II 0.9 5.8 1.4 114 0.52 0.6
13 II 1.3 630 7.6 41 0.60 0.6
14 III 1.9 40 3.3 70 0.81 0.8
15 I 0.43 17 0.94 310 1.37 0.5

FIG. 1. Repetitive waveforms of currentI used in experiments.
The currentI C carried by the CDW is recorded while applying the
‘‘observing’’ current I O as pulses of durationtp , and repetition
interval t r . In waveform~a!, I O is applied alone. In~b! a ‘‘prepar-
ing’’ current I P , of either sign relative toI O , is present almost
continuously. In~c!, I P is applied as pulses, preceding the next
pulse ofI O by an adjustable intervaltd .
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Figures 2~a! and 2~b! show, for two representative speci-
mens~Nos. 5 and 14!, the relation betweenI C and I O re-
corded, using various waveforms ofI , as I O was increased
slowly so as to maintain effectively steady-state conditions.
Record ~i! in each figure was obtained before any In was
added, withI O applied as short pulses@waveform~a! of Fig.
1#. The threshold currentI T and fieldET in this case are
denotedI T0 andET0, respectively. Similar records were ob-
tained using waveforms~b! and ~c!, if I C was read after the
decay of any transient~such as the pulse-sign memory
‘‘overshoot’’ 19! due to rearrangement of the CDW byI O .

Records~ii ! show the response to waveform~a! after the
addition of In. Nonlinear conduction now first appears at a
larger value ofI , showing that the In increases eitherET for
the bulk CDW, or the contribution toV from the voltageVps
needed to induce phase-slip. In the latter case the In may
increaseVps by inhibiting phase-slip at the current terminals,
or it may cause the whole ofVps to appear inV by pinning
the CDW at the voltage terminals so that phase-slip also
occurs there. To account for the increased threshold current
in Fig. 2~b! ~and in some other specimens! would require
both phase-slip at the voltage terminals, and an increase in
Vps by an order of magnitude. Measurements on several
specimens have shown neither of these to occur: interchang-
ing the current and voltage terminals invariably led to an
increase inV for given I C , which would not happen if phase-
slip already occurred at the inner terminals, and the increase
@then approximatelyVps ~Ref. 18!# was not significantly
greater than before the addition of In. It is concluded that the
differences between records~i! and others in Figs. 2~a! and
2~b! are indeed the result of increases in the bulk threshold
field ET . These increases will be denoteddET , and the ratio
dET/ET0 measured using waveform~a! will be denotedG.
Unless otherwise stated, the quoted value ofG will be that at
115 K, respectively, 0.11 and 0.81 in Figs. 2~a! and 2~b!. It is
adopted as a measure of the effect of the In onET , if not of
its actual concentration. The effect onVps appears to be
small compared with that onET : measurements on a speci-
men havingl'40mm, not listed in Table I, revealed a barely
significant increase~864!% in Vps whereasG was 0.38.

The effect of In is much smaller whenI (5I O1I P) is
present almost continuously, as in waveform~b!. Record
( i i i ) in Fig. 2~a! was obtained withI P51.3I T0 in the same

direction asI O ; I T is now almost indistinguishable from the
initial I T0. Qualitatively similar behavior, if overshoot tran-
sients are avoided, is observed withI P opposite toI O . The
reduction ofdET by waveform~b! is seen also in Fig. 2~b!,
where the sequence of records~iii !–~vi! shows the effect of
increasingI P in the same direction asI O . In this case, with
largerG, a much greaterI P ~'30I T0! is required to reduce
dET to near zero.

The increase inET , which in Fig. 2~a! leads to no obvious
change in the relation betweenI C andE2ET , is accompa-
nied in Fig. 2~b! by a large reduction in the rate of rise ofI C .
This is very noticeable in specimens havingG.0.5, and evi-
dently is associated with large concentration of In. The slow
rise of I C is not simply a result ofE scaling withET : Fig.
2~c!, in which records~ii !–~vi! of Fig. 2~b! are plotted as a
function of E/ET , shows that whendET is greatest,I C for
givenE/ET is about 0.4 of its value whendET'0. The pos-
sible significance of this will become apparent in Sec. V.

The reduction ofdET when current flows continuously is
not a direct result of the CDW then being in motion, for it
can also be achieved by applyingI P as short pulses~duration
tP!, as in waveform~c!. The effect of the pulses depends on
their sign, and also on their timing in relation to those ofI O :
dET is reduced more as the intervaltd betweenI P and the
next following pulse ofI O increases. The apparent paradox,
that I P has its greatest effect on the response toI O when
most distant in time from it, has been resolved by varying the
pulse repetition periodt r . The factor governingdET proves
to be the fractionF of the time which the CDW spends at
rest in the state left afterI O ceases, which here is
12(td12tp)/t r . Figure 3 shows the approximately linear re-
lation betweendET andF, recorded from specimen No. 7,
with I P opposite toI O and of magnitude 1.2I T0. The linear
dependence ofdET on F is also observed with pulsedI P in
the same direction asI O , though then a much greaterI P
('30I T0) is required to reduce the minimumdET to near
zero.

The phenomena described above have been observed, at
temperaturesT between 90 and 135 K, in all the specimens
examined. The quantityG decreases slowly with increase in
T, becoming too small to detect above 135 K: below 90 K its

FIG. 2. Relation between CDW currentI C and applied fieldE
~or currentI !, at T'115 K. Records~a! are from specimen No. 5:
~i! before intercalating In;~ii ! after intercalation, using waveform
~a! of Fig. 1 for I ; and ~iii ! using waveform~b! with I P'1.3I T0.
Records~b! are from specimen No. 14:~i! before intercalation;~ii !
after intercalation, using waveform~a!; and ~iii !–~vi!, using wave-
form ~b! with I P , respectively, about 7.5, 15, 23, and 30I T0. In ~c!
the records of~b! are redrawn as a function ofE/ET .

FIG. 3. The dependence of the pinning effect of intercalated In
on the relative timing of the pulsesI P and I O in waveform~c! of
Fig. 1.F512(td12tp)/t r is the fraction of the time spent by the
CDW in the state established byI O . The contributiondET of the In
to ET is represented by the differencedI (F)5I O(F)2I O(0), be-
tween values ofI O corresponding to the sameI C . The increase of
dI with F is approximately linear.
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measurement is impracticable, on account of the very slow
diffusion of the In, to be described in Sec. II G.

F. Attribution to pinning by mobile impurities

To account for the behavior ofdET in terms of the pin-
ning effects of diffusing In impurities, as outlined in Sec. I,
the following assumptions appear necessary.

~a! When the CDW is at rest, the In atoms tend to become
distributed so that their pinning effect is greatest. This pro-
cess, involving local increases and decreases of In concen-
tration, will be referred to as theaccumulationof pinning.

~b! When the CDW is in motion, the distribution of In
reached when it is at rest diffuses toward a uniform~or more
uniform! distribution. This process will be termed thedisper-
sionof pinning.

~c! The configuration of the CDW at rest depends uniquely
on its previous velocity and direction of motion. If the same
motion is resumed, the CDW repeatedly passes through that
configuration, or through one similar to it at least where the
pinning accumulated.

~d! The moving CDW does not necessarily approach the rest
configuration left after motion in the opposite direction, or
even in the same direction with very different velocity.

Assumptions~a! and ~b! provide for a greaterdET being
established when the CDW is at rest than when it is in mo-
tion; ~c! is necessary so that the pinning accumulated at rest
exerts a pinning force also on the moving CDW; and~d!
ensures that dispersion may be induced using pulsed, as well
as continuous,I P . Provided that the accumulation and dis-
persion processes occupy many repetition intervalst r , the
observed dependence ofdET on the relative timing of pulses
of I P and I O then follows.

G. Time dependence ofET

The development ofET following a change inI ~usually
in I P! has been studied, as a function of timet, by recording
I C for successiveI O pulses of constant amplitude. WhenG is
small ~,0.1!, I O(t) effectively measures2dET(t). With
largerG, the transition from accumulation to complete dis-
persion~which may requireI P@I T0! is complicated by the
nonlinearity of the relation betweenI C andE2ET , and its
dependence ondET . Only if I P is reduced so that dispersion
remains suitably incomplete isI C(t) then a measure of
2dET(t).

The variation of I C(t) will be described by functions
g(t)5[ I C(t)2I C(`)]/[ I C(0)2I C(`)]. The time scale and
form of g(t), which relaxes monotonically, will be specified
by a characteristic timet2 and shape factors5~t42t2!/t2,
where thetn’s are defined byg(tn)51/n. Values 4, 2, 1, and
0.5 for s arise, respectively, wheng(t) decays as
1/A(11t), 1/~11t!, exp~2t! and 12t(t<1), when the units
of t are chosen appropriately.

As with the steady-state behavior, the time dependence of
I C depends on the In concentration. Figure 4 shows records
typical of small concentration, obtained atT5113 K from
specimen No. 3~G'0.07!. Dispersion~I C increasing witht,
by about 13%! follows a change in the waveform ofI from

~a! to ~b!, with I P53I T0 in the same direction asI O ; the
reverse change@~b! to ~a!# leads to accumulation~I C decreas-
ing!. The correspondingg(t), referred to below as dispersion
and accumulation transients, are denotedgD(t) and gA(t).
Essentially similar transients were observed using largerI P ,
and also using waveform~c! instead of~b!.

Figure 4 shows bothgD(t) andgA(t) to decay at a rate
which becomes extremely slow whent is large. The decay of
gD(t) begins with a sudden step~about 15% being com-
pleted before the first sampling byI O!, but thereafter is
smooth. No initial step is present ingA(t), but its later stages
are confused by BBN, the amplitude of which increases as
pinning accumulates. In each case the parameters is close to
4. That value appears to be the maximum, approached in the
limit of small G: Table I @in which s refers togD(t), mea-
sured withI P a few timesI T0# showss'4 only for speci-
mens havingG,0.1; in no case has a value significantly
greater than 4 been observed.

Of the possible forms ofg(t) consistent with the value
s54, 1/A(11t/t), in which a single adjustable parametert
sets the time scale, is the simplest. Also deserving consider-
ation is the ‘‘stretched exponential’’ exp$2~t/t!b%, which
certain relaxations in CDW systems have followed quite
closely;20 a second parameterb ~,1! determines the shape
of the decay,s54 requiringb5ln 2/ln 5'0.43. An alterna-
tive, which has been fitted to relaxation roughly linear in
ln(t),21 is ln$tanh~t/t1g!%/ln$tanh~g!%;21 this givess54 when
g'1.9631023.

In Fig. 5~a! the first two of these forms are compared with
the observedgD(t), plotted versust on a logarithmic scale.
The data points are derived from means of those in Fig. 4
with I C~`! estimated from the final stages of the record,
omitting the initial step. Throughout the observed range 0,t
,2000t, the data lie close to the line representingg
51/A(11t/t), with t51.6 s. The data depart significantly
from a stretched exponential form: if fitted, as shown, to the
early stages of the decay, by choosingb so thats54, it fails
to reproduce the very slow relaxation whent/t is large; if

FIG. 4. Dispersion (D) and accumulation (A) transients in a
specimen~No. 3! containing a small amount of In, atT'113 K. In
~a! and ~b! the variation ofI C ~effectively of2dET! is shown on
two scales of timet. Data points showI C recorded from individual
pulses ofI O . The decrease ofdET in D follows the replacement of
current waveform~a! by ~b!; the increase inA follows the replace-
ment of ~b! by ~a!.
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fitted to the later stages, thens is very much greater than is
observed@'100, if gD(t) is fitted between 0.1 and 0.01#.
Qualitatively similar, but even larger, discrepancies arise in
fitting ln$tanh~t/t1g!%/ln$tanh~g!% to the data.

Figure 5~b! showsgA(t) as a function oft. In this case
large fluctuations due to broadband noise make the later
stages of the decay erratic, the data wandering either side of
the continuous line, which represents 1/A(11t/t) with
t51.0 s. Although further from the broken line, which indi-
cates a decay form predicted in Sec. V, the discrepancy may
not be significant, as the difference between the two lines is
of the same order as the fluctuations.

WhenG is large, even ifdET(t) is measured by leaving
dispersion incomplete, the forms ofgD(t) and gA(t) differ
greatly from those whenG is small. The values ofs quoted in
Table I, which for largeG were measured withI P insufficient
to produce complete dispersion, decrease rapidly asG rises.
Figure 6 shows an example of theg(t) for largeG, measured
with I P'I O in a specimen~No. 14! having G50.81. Both
transients now decay almost exponentially@s50.8 forgD(t),
1.1 forgA(t)#, with no initial step ingD(t). The timest2 are
3.5s and 1.4s, respectively, forgD(t) andgA(t), rather less
than the values 4.8s and 2.7s ~53t! for smallG.

As I P increases, and complete dispersion is approached,
the transients whenG is large change both in shape and time

scale: the changes int2 for specimen No. 14 are shown in
Fig. 7. In the case ofgA(t), the asymptotic reduction int2,
and an accompanying increase ins, may be attributed to the
nonlinear relation betweendET and I O ; correction for this
restorest2 and s to the values measured with smallI P ,
which are taken to describedET(t). With gD(t), however,t2
approaches zero asI P increases, ands approaches 0.5, cor-
responding to a linear decay. These changes, which are not
observed whenG is small, are opposite to, and much greater
than, any expected from the nonlinear relation betweendET
and I C .

Measurements on nine of the specimens have shown that
for gA(t), and forgD(t) if G is small or the dispersion far
from complete, the variation oft2 with the temperatureT is
of the formt25V exp~u/T!, with V of the order of 10212 s,
and u5~32006200! K. Figure 8 shows this in the case of
gD(t) for the specimens~Nos. 3 and 14! which provided
Figs. 5–7. Clearly, the redistribution of In involved ingD(t)
andgA(t) is through thermally activated diffusion.

The effect of the diffusion will depend on how the In
responsible for the pinning is distributed, which in turn de-
pends on the way in which the In couples to the CDW. The

FIG. 5. The transients of Fig. 4 expressed as the functionsgD(t)
andgA(t) defined in Sec. II G. Data are means of those in Fig. 4. In
~a! the continuous line representsgD(t)51/A(11t/t), with t51.6
s; the broken line shows a stretched exponential havings54. In ~b!
the continuous line representsgA(t)51/A(11t/t), with t51.0 s;
the broken line shows a form ofgA(t) predicted in Sec. IV E.

FIG. 6. Transients in a specimen~No. 14! containing a larger
concentration of In, at 113 K. Symbolss showgD(t) during in-
complete dispersion~dET reduced by about 30%!; gA(t) during the
opposite process of accumulation is shown byd.

FIG. 7. The influence of current on the decay ofgD(t) and
gA(t) in specimen No. 14, at 113 K. The timest2 for gD(t) ~s! and
gA(t) ~d! to decay to 1

2 are shown as a function ofI P . As I P
increases,t2 for gD(t) decreases indefinitely, whereast2 for gA(t)
is reduced only by a factor'2.

FIG. 8. The dependence of the characteristic timet2 on tem-
peratureT. Symbolsd ands refer to gD(t), respectively, from
specimen No. 3, and from specimen No. 14~with incomplete dis-
persion, as in Fig. 6!. The line shows the activated form
t25V exp~u/T!, with V52.9310212 s andu53150 K.
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identification of this is best attempted from the results for
small G, where diffusion appears to be the dominant factor
determining theg(t). As the experiments showgD(t) to de-
cay as 1/A(11t), rather than as the alternatives considered,
the explanation of that form is the main objective of Secs. III
and IV. As mentioned in Sec. I, it is concluded in Sec. IV
that the In exerts its pinning effect through dislocations in
the CDW, and in Sec. V that these occur at the boundaries
between the moving CDW and regions where it remains
pinned.

As the behavior ofgD(t) whenG is large clearly is not
solely a result of diffusion, it is of interest to ask whether a
variation in the size of the immobile regions, and thus in the
cross-sectional areaAM of the moving CDW, is also present.
A measurement of the influence of mobile impurities on the
ratio I C/n5r0elAM , whereI C is the current carried by the
CDW and 2pn is the time-averaged phase winding rate^]f/
]t&, is therefore next described.

H. Synchronization phenomena in the presence of pinning
by mobile impurities

Although the direct measurement ofn, from the narrow-
band noise, proved impracticable on account of the large
amplitude of broadband noise, synchronization~‘‘mode lock-
ing’’ ! betweenn and an applied alternating field of appropri-
ate frequencynac could be observed even in specimens con-
taining large concentrations of In. The results from one such
specimen are presented here.

The phenomenon of mode locking, in CDWs driven by
superposed direct and alternating fields, has already been
studied in detail in NbSe3.

22 Ideally, whenn, which varies
with I C , is sufficiently close to (p/q)nac, wherep andq are
integers, the time-averaged value of the periodic pinning
force adjustsI C so thatn becomes locked to (p/q)nac. Being
determined bynac, I C then remains constant asE varies, and
a ‘‘Shapiro step’’ appears in theI C-E characteristic. ln prac-
tice,dIC/dE becomes zero only in unusually perfect crystals,
and whenp and q are small: more commonlydIC/dE is
reduced to (12 f )(dIC/dE)0, where (dIC/dE)0 is the value
far from synchronization, and the ‘‘mode-locked fraction’’f
is less than 1. It is important to note that forf to be 1,
^]f/]t& need be uniform only where the CDW is moving:
complete mode locking is not prevented if some regions re-
main stationary, provided that elsewhere the CDW moves
coherently.

In studying mode locking in the presence of pinning by
mobile impurities, the dispersing effect of the alternating
field was minimized by applying it only during the observing
pulsesI O , whose durationtp and repetition periodt r were,
respectively, 5 and 80 ms. The four-terminal technique of
Sec. II C was used to measureI C , with the bridge system
adapted to rejectnac. To measuredIC/dE, the~pulsed! direct
current I O was reduced slightly for the final 1 ms of each
pulse, and the resulting change inI C obtained by sampling
before and during the reduction. As in Sec. II C, the pinning
could be dispersed by the quasicontinuous currentI P .

The experimental results presented here were obtained
from specimen No. 12. To keepI O , and thus its influence on
the pinning, as small as possible, a small value ofnac ~4
MHz! was used. The value ofI C for mode locking with

variousp andq was measured at temperatures between 70
and 140 K, before and after intercalation. Measurements in
the presence of In were made both after pinning had accu-
mulated in the absence ofI P , and also with pinning partly
dispersed byI P'2I T opposite toI C , reducingdET roughly
by half ~with G50.52, complete dispersion required inconve-
niently largeI P , especially when parallel toI O!.

In favorable conditions of temperature~120 K or there-
abouts!, amplitude of alternating field, andp/q ~1/1 or 2/1!,
complete mode locking~f51! was observed both before and
after intercalation of In. However, most of the data presented
below were obtained withf between 0.5 and 1 forp/q51/1,
and smaller for otherp/q. The incomplete locking, which is
evidence that the spectrum ofn is distributed about the mea-
sured value (p/q)nac is probably the result of temporal fluc-
tuations in the velocity of the moving CDW, rather than
spatial nonuniformity in its average value. Splitting of the
Shapiro steps, into components associated with independent
regions, was not seen. It is interesting that when In is
present, ifI O is set at the value appropriate to a particular
Shapiro step, the parameterf ~if not 1 already! rises to a
slightly higher value in a time of the order oft2, evidently as
further pinning accumulates.

Values ofI C/n~5qIC/pnac! measured for complete or par-
tial mode locking are shown in Figs. 9 and 10. Figure 9
illustrates, for a representative temperature, the behavior of
I C/n asE increases: the data were obtained withq51 and
p51–4, corresponding to a range ofE roughly from 1.3ET
to 2ET . Over this range ofE, no variation ofI C/n is apparent
before the intercalation of In. After intercalation, and when
pinning has accumulated,I C/n is significantly smaller, and
increases markedly withE. Both the reduction ofI C/n, and
its dependence onE, are less pronounced when the pinning
is partly dispersed. These effects were seen at all tempera-
tures of measurement above 90 K; at lower temperatures
pinning took inconveniently long to accumulate.

The effect of the accumulated pinning on the magnitude
of I C/n ~measured forq/p51/1! is shown for a range of
temperatureT in Fig. 10. The right-hand scale shows the
effective electron densityreff5I C/(nelA) transported by the

FIG. 9. The ratio between CDW currentI C and phase-winding
frequencyn, before~s! and after~d! intercalation of In, at 120 K.
A pulsed currentI O was used to observe mode locking betweenn
and an alternating field of frequencynac54 MHz. Before intercala-
tion, I C/n is independent ofn over the range observed. After inter-
calation, pinning by the In reducesI C/n to an extent which de-
creases asI C rises.
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CDW over the cross sectionA of the specimen. In the ab-
sence of In,I C/n passes through a broad maximum near 105
K, corresponding toreff'2.031021 cm23, and decreases rap-
idly as T approachesTP5144 K, and also asT decreases
below 90 K. This behavior has already been reported by
others.4,23

Figure 10 shows thatI C/n is reduced by about 25% when,
with In present, pinning has accumulated to its greatest ex-
tent. The reduction ofI C/n becomes less when the pinning is
partly dispersed, by approximately the same factor asdET is
reduced~0.4 at 100 K, 0.6 at 120 K!. The presence of In has
little effect onI C/n at 90 K and below, since the diffusion is
too slow for appreciable pinning to accumulate during the
experiment. At 95 K, wheret2;10 min, a measurement
made within 2 min of first applyingI O provided the data
point close to that measured in the absence of In, whereas
those for the accumulated and partly dispersed states were
obtained after allowing 45 min for steady conditions to be
approached.

It is hard to see how the reduction inreff which attends the
accumulation of pinning could result from a change in the
electron density concerned in the CDW. The direct effect of
the In onr0, of the order of 1%, is too small to be noticeable,
and varies only locally as pinning accumulates. The ‘‘back-
flow’’ of electrons, suspected of causing the decrease inreff
at low temperatures,23 might be affected if the In were to
modify the electron pockets left by the CDW, but the minor
effect of the In on the resistivity belowTP suggests that any
change will be very small. In any case, it is not obvious that
the backflow would be sensitive to the accumulation of pin-
ning, which merely redistributes In without changing its
mean concentration.

A conclusion that the changes inreff result from changes
in the cross-sectional areaAM of the moving CDW thus
seems inescapable. Although the mode locking shows that
elsewhere its motion is essentially coherent, a substantial
part of the CDW, which increases in volume as pinning ac-
cumulates, evidently remains at rest. Clearly, in order to re-
duceAM by 25%, as in Fig. 10, at least 25% of the cross-

sectional areaA of the specimen does not participate in the
motion. It is also evident from Fig. 9 that the effect of the
pinning, in increasing the volume which remains at rest, be-
comes smaller asI O increases.

III. COUPLING BETWEEN MOBILE IMPURITIES
AND THE CDW

A. Coupling mechanisms

As there is no evidence of the ordering seen in heavily
intercalated materials,11 and no obvious structural barrier to
motion parallel or perpendicular to the NbSe3 chains, the In
atoms will be assumed to move independently in three di-
mensions, hopping thermally between their preferred sites
between the chains. The electron transfer associated with in-
tercalation is expected to leave them positively charged~as
In1!, and the resulting increase in electron densityr0 in the
CDW is presumed responsible for the 1% increase inTP
mentioned in Sec. II D. From the magnitude of the increase,
and the negligible broadening of the transition, it is con-
cluded that the In in that heavily doped specimen was dis-
tributed uniformly, with concentration approximately 0.01
r0, of the same order as was detected by microprobe analysis
~Sec. II B!.

In the FLR and most other treatments of pinning, the cou-
pling between a charged substitutional impurity and a CDW
is represented by a potentialV cosFi , where
Fi5Q•r i1f~r i!, and r i is the position of the impurity. Al-
though of electrostatic originV is not the result simply of the
Coulomb interaction between the impurity and the modula-
tion of conduction electron density in the CDW, it is thought
to arise from the matching of the latter to the Friedel oscil-
lations induced in screening the impurity charge.24

While intercalated impurities also may couple to the
CDW in this way, the coupling is expected to be much
weaker than for substitutional impurities. The Coulomb in-
teraction between the CDW and a charged impurity between
the NbSe3 chains is likely to be negligible, as the macro-
scopic distribution of charge on the chains is unaffected by
the combined modulation of the densities of conduction elec-
trons and of ion cores, respectively, by the CDW and the
periodic structural distortion which accompanies it. The am-
plitude of Friedel oscillations induced by such an impurity is
also likely to be small, because of the wide spread of screen-
ing charge along the chains. However, although this may
result in the coupling toFi being negligible, the screening
charges contribute to the electron density concerned in the
CDW, and thus to its equilibrium wave vector. This allows
nonuniformity in the density of impurities to couple to the
longitudinal component of the strainQ21

“f in the CDW.
Which form of coupling is the more consistent with experi-
ment is now examined.

B. Coupling to Fi

Suppose a mobile In impurity has available sites, equiva-
lent in the absence of the CDW, in which its potential energy
is 2V cosFi . The CDW gapD ~D0 when T50! sets an
upper limit to V of the order of 20 meV in NbSe3,

4 and
similar to kBT in the present experiments. For intercalated
impurities one may assumeV!kBT, so that in thermal equi-

FIG. 10. The influence of pinning by mobile In impurities on the
effective electron densityreff5(I C/n)/(lA) transported by the
CDW. Measurements at various temperaturesT were made with
n54 MHz. Values before intercalating In are shown bys. Values
after intercalation are shown byd when pinning has accumulated
in the presence ofI O ; by l when the pinning has been partly
dispersed byI P ; and byh when measured before pinning has had
time to accumulate.
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librium site occupancies are approximately proportional to
@11V cosFi /kBT#, and the energy of an In atom has an ex-
pectation value2V2/2kBT. As the In atoms diffuse far too
slowly to move with the CDW, they are equivalent to strong
pinning centers of strengthV2/2kBT ~though the energy is
minimized by adjusting ther i rather than by distorting the
CDW!. Their contribution to ET is then
~C0Q/ereff!~V

2/2kBT!, whereC0 is the average density of In
atoms coupled to the CDW, whose effective electron density
at temperatureT is reff'r0~D/D0!.

2 Taking reff50.5r0 at
T5115 K, r05231021 cm23, C050.01r0, andQ54.53107

cm21, a coupling strengthV'0.05 meV would account for
dET'0.1 V cm21, as observed in the more heavily doped
specimens.

Although this value ofV, being smaller than for substitu-
tional impurities4 by about two orders of magnitude, seems
not inappropriate for intercalated impurities, it is easy to see
that coupling toF cannot account for the decay ofgD(t) as
1/A(11t) seen whenG!1. WithV!kBT, the modulation of
impurity concentration byV cosF is almost linear, and the
defect-density wave which develops in equilibrium is ex-
pressed, in a continuum approximation, by

dC5C0~V/kBT!cosF, ~1!

wheredC5C2C0 , andC is the local concentration of In. If
motion of the CDW reduces the local average ofV cosF to
zero, this sinusoidal distribution necessarily decays exponen-
tially, in accordance with

dC~ t !5dC~0!exp~2DzQ
2t !, ~2!

where t represents time, andDz is the diffusivity in thez
direction. AsdET is proportional todC, gD(t) also must
decay exponentially, in striking disagreement with observa-
tion. An exponential form also applies if the impurities oc-
cupy discrete sites.

It is interesting that if the impurities were initially in equi-
librium in a potential2V cosF with V@kBT, their pinning
effectwoulddecay as 1/A(11t). The distributionC(z,t) of
impurities in equilibrium at timet50 is then expressed by

C~z,0!'~C0 /Q!~4pa!1/2 exp@2az2#, ~3!

where a5(VQ2/2kBT)@Q2, and distancez is measured
from the nearest maximum atF52np. It is easily shown25

that, as this Gaussian distribution broadens as a result of
diffusion alongz, its maximum valueC(0,t), and therefore
dET , decays according to

C~0,t !5C~0,0!/A~11t/t!, ~4!

wheret51/(4Dza), until t/t approaches~p
2/2!(V/kBT), and

C(0,t) its final valueC0. However, to account in this way
for the observedgD(t) following this form until t'2000t
would requireV'103kBT ~'10 eV!, which clearly is out of
the question.

Thus the decay ofgD(t) as 1/A(11t), rather than as a
simple exponential, appears to be conclusive evidence that
the In is not coupled appreciably to the argumentF of the
electron-density modulation. The alternative is that it couples
to the strainQ21

“f.

C. Coupling to “f

As already noted, intercalated atoms couple to“f as a
consequence of their contributing electrons to the conduction
band. It will be assumed that“f varies on a macroscopic
scale, on which electrical neutrality is preserved. A con-
tinuum approximation then applies, in which the effects of
individual atoms may be ignored.

Consider an ideal quasi-one-dimensional band, in which
conduction electrons of densityr0 support a CDW having
wave vectorQ052kF , where the Fermi wave vectorkF is
parallel to the chain axisz. Now suppose that In atoms in
concentrationC each contribute one electron to the band; if
C has the uniform valueC0, the added electrons increase the
equilibrium wave vector toQ15Q0(11C0/r0). In the
present experimentsQ1 is assumed to remain incommensu-
rate, as for the CDW of interestQ0 is about 3% less than the
commensurate value, andC0 is though not to exceed 0.01r0.

WhenC5C0 , a wave vectorQÞQ1 corresponds to lon-
gitudinal strainezz5Q/Q121 in the CDW, and is associated
with elastic energy12Kzzezz

2 , whereKzz is the longitudinal
elastic modulus of the CDW. The elastic energy vanishes,
however, ifC5C01(r01C0)ezz asQ is then the equilib-
rium wave vector. This possibility of energy reduction en-
ables the In atoms to couple toezz5“zf/Q1, favoring an
increase inC whereezz is positive. The departure ofC from
uniformity is conveniently expressed by
eC5(C2C0)/(r01C0), which is the strain whose elastic
energy vanishes when the concentration of In isC.

The value ofeC in thermal equilibrium with a givenezz at
temperatureT is now required. WhenCÞC0, the elastic
energy density associated withezz is

Wzz5
1
2Kzz@ezz2eC#2. ~5!

As the addition of an In atom to any given volume in-
creases its elastic energy by an amountdW5dWzz/dC, the
condition for thermal equilibrium is

C5C0 exp~2bdW!5C0 exp@~bKzz/r0!~ezz2eC!#,
~6!

whereb51/kBT, and it is assumed thatC0!r0. From this,
and in the high-temperature casebudWu!1, the value ofeC
in thermal equilibrium is

eCe5
b

11b
ezz, ~7!

whereb5bKzzC0/(r0)
2. The contribution ofezz to the free-

energy density is then

DF5Wzz1b21
~C2C0!

2

2C0
5 1

2Kezz
2 1

11b
, ~8!

so that in thermal equilibrium the CDW behaves as though
its elastic modulus wereKzz/(11b).

The values ofbudWu and b in the present experiments
will first be estimated using a mean-field model.26 In that
approximation, the high-temperature assumptionbudWu!1
appears to be valid: whenT'0.8TP , as in the experiments,
the elastic limit on macroscopic strain restrictsudWu ~which
cannot exceed the energy gapD! to about 0.1D0, where
D051.76kBTP , so thatbudWu,0.2. This, as
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ueCeu,budWuC0/r0, implies thatC nowhere departs from
C0 by more than 20%. The parameterb, which is a conve-
nient measure of the coupling between the CDW and In, is
also small even in the specimens containing the most In: if
one takes forKzz the mean-field value 2r0«P~D/D0!

2 ~about
60 J cm23 with D50.7D0, r05231021 cm23, and Fermi en-
ergy «F50.2 eV, corresponding to the free-electron mass!,
thenb'0.2 whenC0/r050.01.

However, these estimates require revision in view of the
experimental evidence thatKzz ~Ref. 27! andD0,

28 respec-
tively, are about 2.5 and 5 times their mean-field values. This
leads one to expectbudWu'1 when the strain approaches its
limiting value ~if that is unchanged! andb'0.5 in the most
heavily doped specimens. Even whenbudWu51, however,
expression~7! is not seriously in error:eCe is given within
615% for anyb if uezzu<0.01 andC0/r050.01. The effects
of coupling between the In and the various strains expected
in CDW’s are examined next.

IV. STRAINS IN CDW’S AND THEIR COUPLING
TO MOBILE IMPURITIES: EXPECTATIONS AND

EXPERIMENT

A. Conditions for the observed threshold behavior

Only in certain circumstances can the redistribution of
mobile impurities in response to CDW strain lead to thresh-
old behavior of the kind observed. The redistribution may
contribute toET in two distinct ways.

~1! As the minimization of free energy effectively reduces
Kzz, it enhances any FLR weak pinning by fixed impurities,
for which ET depends inversely onKzz.

~2! The impurities also pin the strain pattern in which the
free energy was minimized. This contributes toET only if the
motion requires that pattern to be translated, or otherwise
modified, so as to raise the energy above its value with the
CDW at rest.

If the resulting contributionsdET to ET are to behave in
the manner observed, the strain in the CDW has to satisfy
two further conditions.

~a! As ~c! in Sec. II F implies, the moving CDW must re-
peatedly surmount the energy barrier which determinesdET .
In the case of enhanced FLR pinning~1!, repetition is en-
sured by the spatial periodicity of the coupling of fixed im-
purities toF in the moving CDW. FordET to arise from the
pinning of a strain pattern by mobile impurities, as in~2!, the
pattern itself must repeat spatially, as well as moving when
the CDW is in motion.

~b! Both in ~1! and~2!, in order that continued motion of the
CDW eventually reducesdET by allowing the mobile impu-
rities to disperse, the effective strain pattern in which the
impurities diffuse must be averaged by the motion.

The principal strains expected in CDWs are~i! the ran-
dom strains associated with FLR pinning to fixed impurities;
~ii ! the longitudinal strain due to the obstructing effect of
current terminals, by which phase-slip there is induced;~iii !
longitudinal and shear strains due to irregularities in the
shape and structure of the crystal;~iv! strains associated with

discommensurations; and~v! strains due to dislocations in
the CDW. The extent to which these satisfy the requirements
just outlined is now considered.

B. Strains associated with FLR pinning

In a moving CDW in the FLR model, once the unique
configuration discussed by Middleton9 has been established,
the pattern of strain is stationary on scales much larger than
Q21. As a stationary pattern does not satisfy condition~a!,
there is no contribution of type~2! to ET from the pinning of
the FLR strain pattern by mobile impurities.

A contribution of type~1! is possible from FLR weak
pinning, however, as condition~a! is satisfied andET varies
asKzz

(12d)/2, whered is the dimensionality.4 The reduction of
Kzz by the mobile impurities in equilibrium increasesET by
a factor (11b)(d21)/2; if b51, as seems possible in the
specimens containing the most In, this would account for
G50.7 or 1, according to whetherd52 or 3, which is of the
order observed in such specimens.

However, while the magnitude ofdET can be accounted
for, its suppression by motion of the CDW cannot, for the
stationary strain pattern does not satisfy condition~b!. Al-
thoughdET may be modified by motion, as the strain in the
moving CDW need not be the same as when it is at rest,
there is no reason to expect it to vanish, nor even necessarily
to decrease.

Confirmation thatdET does not arise from an enhance-
ment of FLR weak pinning is provided by the characteristic
timest2 which describe its relaxation. As it is determined by
diffusion, t2 is expected to be proportional toz2, wherez is
a length characteristic of the strain distribution. For weak
pinning z will be the Lee-Rice phase correlation lengthLf ,
and asET is proportional toLf

22 , t2 should vary inversely
with ET ~with some dependence on dimensionality!.

In Fig. 11, t2 and ET are compared for ten specimens,
from batches II and III. The wide range ofET , roughly a
factor 10, is the result of differences in thicknessd. The
values oft2 show some scatter, attributed to dependence on
G and the conditions of measurement@to reduce the effect of
this, thet2 are taken fromgA(t) rather thangD(t)#. No cor-

FIG. 11. A comparison betweenET0 and the characteristic time
t2 obtained fromgA(t), measured atT'113 K from the ten speci-
mens in Table I from batches II and III.
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relation is evident,t2 being essentially independent ofET .
Similar t2 were measured in specimens from batch I.

It is clear from this thatdET is not the result of coupling
between the In atoms and strains involved in FLR pinning.
However, if b is as large as supposed, and the pinning is
weak, the addition of In should result in a significant increase
in ET , which motion of the CDW would not remove. That no
increase has been apparent is probably a consequence of the
very long times required for diffusion over lengthsLf of
severalmm, which amount to many hours at 135 K and to
weeks at 115 K, if the diffusivity is as estimated in Sec. V A.

C. Macroscopic strains associated with obstacles to motion

Except where phase continuity is broken, in which case
the strain field is modified by dislocations@~v! in Sec. IV A#,
a stationary distribution of strain develops in the moving
CDW as a result of such obstacles to motion as current ter-
minals, and irregularities in the shape or content of the speci-
men, respectively,~ii ! and ~iii ! in Sec. IV A. As neither~a!
nor ~b! in Sec. IV A is satisfied, the redistribution of impu-
rities in response to this strain does not contribute todET .

D. Discommensurations

Discommensurations~DC’s! appear when the lattice po-
tential, favoring a commensurate valueQC , prevents the
CDW wave vector from adopting its preferred incommensu-
rate valueQ. A mean valueQM betweenQ andQC may then
be achieved by the alternation of commensurate regions, and
DC’s in which F changes relative toQCz by 2p/p, which
corresponds to the lattice spacing, wherep is an integer~and
would be 4 in NbSe3!. Relative toQC , strain in the CDW is
concentrated around parallel planes, normal toQ, with spac-
ing l 5(2p/p)/uQM2QCu.

This strain pattern, whose translation throughpl ad-
vances the CDW through its wavelengthl52p/QM , satisfies
conditions~a! and ~b! in Sec. IV A. Its coupling to mobile
impurities, as in~2!, should therefore provide a contribution
dET to the threshold field exhibiting accumulation and dis-
persion phenomena qualitatively as observed. Although no
evidence of DC’s has been found in NbSe3, it is of impor-
tance to enquire whether their pinning by In might account
for the behavior ofdET , and notably for the decay ofgD(t)
as 1/A(11t).

The form ofgD(t) expected from the pinning of an array
of DC’s depends on the distribution of In in equilibrium,
which is available fromeCe and is related to the strainezz
through expression~7!. The avoidance of an exponential
form for gD(t) requires the widthw of the DC’s to be small
compared with their separationl , so thatezz does not ap-
proximate to a sinusoid. It is not difficult to show, in a con-
tinuum approximation,29 that whenw!l the two quantities
are related through

~d2dC!/dC;4~112l /w!exp~22l /w!, ~9!

whered5uQ2QCu, anddC is its critical value for ‘‘lock in,’’
below whichQM[QC . Relative to the preferred wave vec-
tor Q, the strain in a DC centered atz50 is then expressed
by ezz5QC /Q2112A(VC /p)sech{zA(pVC)}/Q, where

VC specifies the strength of the lattice potential relative to
Kzz. From this, the width of the DC is defined asw
52/A(pVC).

The eCe expressing the distribution of In in equilibrium
with the DC array is concentrated in layers normal toz and
roughly of thicknessw. If at time t50 the array is set in
motion, so that the average strain at any point approaches
zero, diffusion~effectively in one dimension! causeseC(z)
in each layer to approach a Gaussian form in a time
t'w2/16D. Thereafter the central value ofeC declines as
1/A(11t/t), whereD is the diffusivity, until t/t approaches
~l /w!2, after which the decay is approximately exponential.

While it is tempting to suppose that this might explain the
decay ofgD(t) as 1/A(11t/t), that is not so: whent/t is
large the pinning effect ofeC(z), and thusdET , is propor-
tional to the maximum value of]eC/]z, rather than ofeC .
As the width of the GaussianeC(z) increases as
A(11t/t), gD(t) then decays approximately as 1/~11t/t!,
which differs significantly from the experimental data in Fig.
5~a!.

Even if dET were proportional to the maximum ofeC , its
relaxation as 1/A(11t/t) could hardly continue untilt/t
.2000, as has been observed forgD(t). According to ex-
pression~9!, the value~'45! required forl /w would imply
that ud2dCu/dC,10236. Although the ‘‘lock-in’’ transition
of real DC’s tends to be less sudden than expression~9!
suggests, it is clear that the requiredl /w could occur only
over an extremely narrow temperature range preceding lock-
in. However, the relaxation as 1/A(11t/t) is seen through-
out the range 90–130 K, in whichQ varies slowly with no
sign of locking to anyQC .

30 Moreover, ifl were as large as
45w, DC’s would surely have been detected in NMR
studies.31 Their failure to appear indicates thatl ,1.5w, cor-
responding to a near-sinusoidal strain profile, and relaxation
close to a simple exponential.

E. Dislocations

Dislocations in CDW’s~which, unlike discommensura-
tions, are topological defects! have been discussed at length
by Feinberg and Friedel.8 Here the concern is with edge dis-
locations, as only these involve longitudinal strain capable of
coupling to mobile impurities. Such a dislocation is illus-
trated later, in Fig. 12~a!: the amplitude of the CDW van-
ishes along the line of the dislocation~there thex axis!, and
is reduced within a region whose radius alongy ~normal to
Q! is the appropriate amplitude coherence length, but alongz
~parallel toQ! is likely to be larger, as the ability of the
CDW to sustain longitudinal strain is limited. Except within
the ‘‘core’’ where it is modified by the collapse in amplitude,
the strain field is expressed by

ezz5Q21~hy!/@~hy!21z2#,
~10!

eyz5Q21~hz!/@~hy!21z2#,

where ezz and eyz are longitudinal and transverse~shear!
strains, with respective elastic moduliKzz and Kyz , and
h5(Kzz/Kyz)

1/2. The elastic energy per unit length of the
dislocation, ignoring the small contribution from the core, is

U05pQ22~KzzKyz!
1/2ln~R/r core!, ~11!
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where the strain field extends over a rangeR, andr core is the
effective radius of the core.

Although a single dislocation does not provide the spa-
tially repetitive strain pattern needed to satisfy condition~a!
of Sec. IV A, an array of parallel dislocations can satisfy
both conditions~a! and ~b!. Provided that motion of the
CDW involves motion of the array, their pinning by mobile
impurities then gives rise, through~2!, to dET exhibiting
accumulation and dispersion phenomena. The time depen-
dence ofdET will first be examined in the simple case where
motion of the CDW requires the dislocations to move on the
surface in which the array lies. The dislocations then pass
exactly through the sites occupied when at rest, anddET is
proportional to the maximum force exerted on them by pin-
ning accumulating in, or dispersing from equilibrium with,
the strain fields of dislocations in those positions. The result-
ing gD(t) andgA(t) will first be found forb!1, assuming
the dislocations to move~‘‘glide’’ ! parallel to the chain axis
z. The pinning of dislocation arrays in other situations will
be discussed in Sec. V.

The pinning arises because the impurities lower the elastic
energy of the dislocation, by an amount which decreases as
its center is displaced from the position in which the impu-
rities accumulated. To detach the dislocation of Fig. 12~a!
from the pinning, the threshold force to be exerted per unit
length is

FT5max$]U~z1!/]z1%, ~12!

whereU(z1) is the elastic energy per unit length when the
dislocation is centered at~0,z1!, and the maximum is taken
with respect toz1. Becauseb!1, ]U(0,z1)/]z1 can be ob-
tained by appropriate integration of the term2KzzezzeC in
Wzz ~5!, with ezz given by ~10!; this ignores terms of the

order ofb2, which arise becauseezz andeyz are modified by
the effective reduction inKzz evident in~8!.

The core of the dislocation, where expressions~10! do not
apply, and at whose centerWzz vanishes, must be omitted
from the integration. An empirical allowance for the omis-
sion is made by multiplyingKzz by a ‘‘core’’ function
M (y,z), such thatM50 at the center, andM51 far outside
the core.

The accumulation and dispersion of the pinning are the
result of the diffusion of impurities in the effective potential
V (y,z) exerted by the dislocation. When the latter is station-
ary, V (y,z)5dW'2(Kzz/r0)M (y,z)ezz(y,z); for the
moving dislocation it is assumed thatV 50. After a change
in V , a diffusion equation]C/]t5“•@D$“C1bC“V %#,
whereD is the diffusivity tensor, governs the adjustment of
impurity concentrationC. When ubV u!1 ~which, according
to Sec. III C, seems to apply even near the core of the dislo-
cation!, and takingy andz to be principal axes ofD, this can
be linearized to

]~eC2eCe!/]t5~Dy]
2/]y21Dz]

2/]z2!~eC2eCe!,
~13!

whereeCe'2(C0/r0)bV is the value ofeC in equilibrium
with V . When a stationary dislocation centered at the origin
providesV , andb!1, eCe5bMezz, with ezz given by~10!;
this will be denotedeC0.

During dispersion, followingV becoming zero at time
t50, the decay ofeC from eC0 towardseCe ~now zero! is
expressed by

eC~y,z,t !5eC0~y,z! ^Sy~y,t ! ^Sz~z,t !, ~14!

where the symbol^ denotes convolution, andSk(k,t)
5exp(2k2/4Dkt)/A(4pDkt) expresses the spread, due to
diffusivity Dk along an axisk (5y,z), of a distribution ini-
tially localized atk50. Expression~12! then becomes

FT~ t !5KzzmaxH EE [2eC~y,z,t !]$M ~y,z!ezz~y,z!%/]z1]

3dydzJ ,
~15!

whereM andezz refer to the dislocation centered at~0,z1!,
and the maximum is taken with respect toz1.

The core functionM , by introducing a characteristic
length r core into the problem, sets both the initial magnitude
of FT , and the time scale of its decay. Ifr core were zero, so
thatM[1, then~15! could be written

FT~ t !5
bKzz

pQ2

1

A~h3Dt !
Imax, ~16!

whereD5A(DyDz), andImax is the maximum, with respect
to z1, of

E E E E y8

y821~z81z1!
2

yz

~y21z2!2

3e2@~1/A!~y2y8!21A~z2z8!2#dy8dz8dydz, ~17!

FIG. 12. ~a! A CDW dislocation~'!. The lines represent sur-
faces of constant phaseF, at intervals of 2p. ~b! Arrays of dislo-
cations at the boundaries between moving (M ) and pinned (P)
regions of CDW. Shear inducing the dislocations to glide, and as-
sociated with curvature of the surfaces of constant phase inM , is
indicated.~c! Pinned regions (P) embedded within a multiply con-
nected moving CDW (M ). The generation of dislocation loops at
the ends of a regionP, and their subsequent motion over its surface,
is illustrated. Longitudinal strains inP andM determine whether
~as shown! opposite loops appear at the two ends ofP, and annihi-
late between them, or loops of a single sign appear at one end and
collapse at the other.
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whereA5hA(Dy /Dz). Imax is roughly 2.5/AA whenA@1,
and 5.4AA whenA!1.

The effect of r core being nonzero is, approximately, to
replace t in expression ~16! by t1tc , where tc
5r core(k)

2 /4Dk , that being the time in which the width ofSk
would approach the core radiusr core(k) , measured in the di-
rectionk in which such an approach first occurs. Then

FT~0!5«~0!
2bKzz

pQ2r core~k!
k, ~18!

wherek'2.5/h2 or 5.4/h, according to whetherDk5Dy or
Dz , and

FT~ t !5
«~ t !

«~0!
FT~0!

1

S 11
t

tc
D 1/2, ~19!

where «(t) expresses the departure from variation as
1/A(11t/tc), and depends on the structure of the core func-
tionM , rather than its scale which determinestc . As «(t)51
once diffusion has eliminated the variation ofeC on the scale
of r core, and otherwise is never far from 1 for any reasonable
choice ofM ,32 the decay ofFT(t) during dispersion is for
practical purposes as 1/A(11t/tc). An analogous derivation
~in which inclusion of the core removes a weak divergence in
the integral corresponding toImax, as well as the singularity
in 1/At!, leads to the same form for the pinning force oppos-
ing dislocation motion~‘‘climb’’ ! in the y direction.

It is easy to see that, forFT to become proportional to
1/At when t@tc , one requiresezz to vary as 1/r when r is
large. As dislocations are the only plausible source of strain
varying in that manner, the decay ofFT as 1/A(11t/tc)
appears to be characteristic of their pinning by mobile impu-
rities.

The relaxation as 1/A(11t/tc) is, however, restricted to
the case where the dispersion proceeds to completion. The
distributioneC then broadens indefinitely ast increases, and
the integral in~15! is maximum for a steadily increasing
value ofz1. If the dispersion remains incomplete, then that
value becomes independent oft aseC approaches its asymp-
tote eCeÞ0, andFT(t) approaches its equilibrium value as
1/t, rather than as 1/At. In the limit wheneCe is close toeC0,
the computed relaxation hast2 about 0.44 of the value for
eCe50, ands'2.8. These values also apply to relaxation in
the opposite sense, i.e., accumulation towardeC0 from an
initial eC'eC0. Accumulation from the completely dispersed
state is only slightly different. The growth ofeC from zero
towardeC0 is expressed by

eC~y,z,t !5eC0~y,z!2eC0~y,z! ^Sy~y,t ! ^Sz~z,t !,
~20!

whose final term decays in the same way aseC during dis-
persion proceeding to completion. Again,eC0 sets the appro-
priate z1 in ~15! when t is large, andFT(t) approaches its
final value as 1/t. The computedt2 is about 0.62 of that for
dispersion witheCe50, with s'3.0. The predicted form of
gA(t) in this case is shown by the broken line in Fig. 5~b!.

In the absence of any plausible alternative, it is concluded
that the decay of the dispersion transientgD(t) as
1/A(11t/t), observed whenG is small, follows that of the

pinning forceFT arising from the coupling of In to the strain
fields of dislocations in the CDW. WhethergA(t) follows the
growth ofFT as pinning accumulates is less clear: relative to
gD(t), botht2 andt45~s11!t2 are roughly as predicted, but
the later stages of the decay ofgA(t) are not as 1/t, though
the discrepancy may perhaps be a result of broadband noise.
With G large, however, neither transient is at all close to the
form predicted, whether or not allowance is made for the
dispersion being incomplete. While not implying thatdET
arises other than from the pinning of dislocations, this shows
that a more elaborate model will be required to account fully
for the experimental results.

V. MODELS

Several factors in addition to the form of the pinning force
FT(t) have to be considered if the effect of In on the thresh-
old behavior is to be modeled by the pinning of arrays of
CDW dislocations. So thatFT may contribute to the thresh-
old field, the dislocations must be so arranged that motion of
the CDW requires them to escape from the pinning. Al-
though the evidence in Sec. II H that part of the CDW re-
mains at rest suggests a possible arrangement, it has to be
confirmed that the pinning is capable of accounting for the
magnitude ofdET , and for the characteristic time of its
variation as the pinning accumulates or disperses. The dis-
persion of pinning by finiteI P , and especially the use of
pulsedI O to monitor the changes indET during accumula-
tion, also require examination. These matters are considered
below. Although no unique model is developed, certain es-
sentials of the CDW motion are identified, in reaching a
picture of CDW motion which is at least qualitatively con-
sistent with experiment.

A. Origin and magnitude of dET , and time scale
of its variation

Consider, as in Sec. IV E, an array of parallel dislocations
which move, by gliding parallel to the chain axisz, over the
surface in which the array lies. That surface separates regions
a andb in which thez component of the CDW wave vector
takes the slightly different valuesQa andQb . The spacing of
the dislocations is then 2p/(Qa2Qb), and if the velocity of
the CDW in the two regions isva andvb , the dislocations
move with respect to the lattice with velocity
(Qava2Qbvb)/(Qa2Qb). Pinning which prevents the dis-
locations from moving with respect to the lattice equalizes
the phase winding ratesQava andQbvb , without necessarily
requiringva andvb to be zero.

The effect of such pinning on the threshold behavior de-
pends on the circumstances. If the dislocations were fixed in
the CDW, so thatva5vb , then pinning them to the lattice
would be equivalent to pinning the CDW, givingva5vb50,
andFT would contribute directly todET . However, that pos-
sibility may be discounted, for the shear stress needed to
induce dislocations to glide through the CDW, unless op-
posed by pinning, is expected to be very small.8 If a differ-
ence inET causesva andvb to differ slightly, then pinning
the dislocations, no matter how strongly, merely causesET to
exceed its average value by the small amount required to
induce glide. If, however, regionb is already so heavily
pinned as to be immovable, so thatvb50, the observedET is
that for regiona, whose motion relative tob requires the
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dislocations to escape from the pinning. The forceFT , now a
Peach-Koehler force provided by a threshold shear stress
sT5FT/l, then contributes todET and increases indefinitely
as the dislocations become more firmly pinned. Unless glide
is much more difficult than has been supposed, such immo-
bile regions are essential if the pinning of dislocations is to
contribute substantially toET .

It is reasonable to conclude that these immobile regions
make up that part of the CDW which, in the experiments of
Sec. II H, was found to remain at rest while the CDW else-
where moved coherently. The increase detected in the vol-
ume remaining at rest, as pinning accumulates, then corre-
sponds to an increase in the size~or possibly the number! of
immobile regions. The manifestations of this in the threshold
behavior will be discussed in Sec. V E. Of more immediate
interest is whether the pinning of dislocations at the bound-
aries of the immobile regions can account for the magnitude
of dET .

An estimate ofdET can be made by assigning plausible
values to the relevant parameters. The anisotropyh is ex-
pected to be large: recent x-ray measurements ofLf in
NbSe3 ~Ref. 5! suggest thath'12 wheny andz correspond
to the crystallographic directionsc* andb* . With no obvi-
ous structural reason for the diffusivityD to be very aniso-
tropic, A is assumed similar toh; the elongation of the dis-
location strain field alongz then ensures that diffusion is
effectively in they direction. From~18!, the critical shear
stress is thensT'2.5Kzzb/(p

2Qh2r core(y)).
Consider now the situation illustrated in Fig. 12~b!: a

layerM of thicknessLy in which the applied field induces
the CDW to move, is bounded on surfaces parallel toz by
layersP in which it remains pinned. A lower limit onLy is
set by the phase correlation lengthLf , perhaps of the order
of 1 mm in the transverse direction. To provide the critical
shear stress at its boundaries, a fielddET5(sT/er0)S has to
be applied to the layerM , whereS ~here 2/Ly! is the surface
area ofP, per unit volume ofM . TakingKzz~115 K!5150
J cm23, Q54.53107 cm21, h512, r core(y)530 Å ~see be-
low!, r05231021 cm23, Ly51 mm, and b50.5 ~the esti-
mated maximum in the experiments!, one obtainsdET'600
mV cm21. As this exceeds the largest value observed, it is
clear that the pinning of CDW dislocations is fully capable
of accounting for the magnitude ofdET .

A more adaptable alternative to the planar geometry of
Fig. 12~b! is for immobile regionsP, elongated alongz, to
be embedded in a multiply connected moving regionM , as
in Fig. 12~c!. As phase coherence may extend throughoutM ,
the spacingLP of the regionsP transverse toz, if they oc-
cupy a small part of the volume, need not limitLf . For
regionsP having a circular cross section of radiusr P , a
valueS523104 cm21, sufficient to account for the observed
dET ~giving 600 mV cm21 whenb50.5!, can be achieved,
for example, with r P50.01 mm, LP'0.1 mm, or with
r P50.1 mm, LP'0.4 mm ~which would be consistent with
the observation in Sec. II H that up to 25% of the cross
section of the CDW was at rest!.

The pinning of dislocations is consistent also with the
time scale of the changes indET . In the case ofgD(t) when
G!1, and if A@1, the timet characterizing the decay as
1/A(11t/t) may be identified withtc5r core(y)

2 /4Dy . The
value ofr core(y) is likely to be close tor core(z) /h, and perhaps

a few times greater than the lower limit set by the chain
spacing. If one takesr core(y) to be 30 Å, then the
observed t'10212 exp~3200 K/T! s corresponds to
Dy'0.02 exp~23200 K/T! cm2 s21. As both the prefactor
and exponent are quite representative of the diffusion of In
in transition element chalcogenides,11 the conjecture that
t is set by a length scale of the order of 30 Å appears to be
justified. Such a scale could hardly arise except as the trans-
verse dimension of a dislocation core.

B. Possibility of complete dispersion

While a stationary dislocation array clearly will accumu-
late pinning, it is less obvious that this can be dispersed
completely by motion of the array, as was assumed in deriv-
ing the form ofgD(t) in Sec. IV. The following argument
suggests that dispersion will become complete if the velocity
of the CDW exceeds a critical value, dependent on the
strength of the pinning.

Suppose that, in Fig. 12~b!, the CDW in layerM moves in
thez direction with average velocityv, and that the disloca-
tions are detached from their pinning sites when the shear
strain eyz reaches a critical valueeT . During the ensuing
glide, eyz relaxes toward zero until the CDW next to the
boundary has advanced through a wavelengthl, when the
array again becomes pinned. For simplicity, assume that dur-
ing the relaxationeyz decays exponentially, with characteris-
tic time td . As the mean displacement of the CDW inM ,
relative to its edges, iseyzLy/6, the timetg taken to glide
from one pinning site to the next satisfies

l5vtg1~eTLy/6!•~ tg /td! ~21!

whereeTLy/6 is assumed much larger thanl, so thattg!td .
If eT in the steady state is proportional to the fraction of the
time for which the dislocations are pinned, namely 12vtg/l,
then

eT5eT0@12v/vc#, ~22!

whereeT0 is the value ofeT in equilibrium whenv50, and
vc5LyeT0/6td is a critical velocity at which dispersion be-
comes complete. It appears that in the experiments, a nearly
continuous currentI P a few times greater thanI T was suffi-
cient to ensure thatv.vc whenG was small.

C. Effect of the observing pulseI O

In the experiments, the changes indET were monitored
using the repetitive short ‘‘observing’’ pulsesI O . While
these have a negligible effect on dispersion, they may be
expected to influencedET during accumulation. The imme-
diate effect ofI O is to induce dispersion for the durationtP
of the pulse, so that accumulation does not proceed to
completion; however, this reducesdET only by a fraction
tP/t r , easily arranged to be negligible. A more serious prob-
lem is that, as each pulse ofI O displaces the CDW alongz
by a distance of the order of 103 wavelengths, it is not obvi-
ous that, when the CDW comes to rest afterI O ceases, ac-
cumulation can be resumed with the same sites occupied by
dislocations. It is clear, however, that the sites occupied after
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successive pulses are correlated to some extent, for otherwise
the I O pulses would lead to complete dispersion, with pin-
ning distributed uniformly.

The extent to whichI O inhibits accumulation has been
investigated experimentally by interrupting the sequence of
pulses, and varying their repetition period, during the accu-
mulation process. In specimen No. 3~G50.07!, the steady
dET reached with pulses havingtP!t r!t2 present continu-
ously was increased by about 10% when they were inter-
rupted for an interval much greater thant2, allowing pinning
to accumulate with the CDW at rest. ThatdET is reduced
only slightly by the pulses shows that, after each application
of I O , the sites occupied by dislocations are almost un-
changed. While the tendency of repeated pulses to translate
the CDW through an integral number of wavelengths33 may
be partly responsible, the main reason for the sites being
reoccupied is probably that, afterI O ceases, the relaxation of
shear strain@such as is illustrated in Fig. 12~b!# allows glide
to continue until the dislocations are captured by the pinning
previously accumulated with the CDW at rest. However, ex-
act repetition of the previous configuration requires that the
remaining shear stress, which displaces the dislocations with
respect to the pinning already present, relaxes completely
before appreciable diffusion has occurred. Incomplete relax-
ation of the stress, leading in the steady state to a distribution
of pinning somewhat broader than if the CDW were always
at rest, is a likely cause of the reduction ofdET when I O is
applied repeatedly.

Since the width of the distribution governs the time for its
accumulation and dispersion by diffusion, its broadening by
I O is expected to lead to a minor increase int2 for gA(t) and
gD(t), by an amount of the same order as that indET . The
broadening probably accounts also for the tendency, noted in
Sec. II H, for mode locking to be enhanced as extra pinning
accumulates. As perfect mode locking causes the configura-
tion of the CDW to repeat exactly at the frequencyv, even
partial locking reduces the broadening due toI O , allowing
pinning to accumulate further, exerting a stronger potential
and increasing the mode-locking parameterf .

However, the effect of applying repeated pulses ofI O is
not limited to broadening and slight dispersion of the distri-
bution of pinning. It has been found that whenI O is applied
after being absent for an interval much longer thant2, after
which accumulation should be nearly complete, thedET re-
corded depends on the value last measured, and can be less
than is reached with the pulsedI O present continuously. An
explanation is suggested in Sec. V E.

D. Pinning by impurities in large concentration

Before discussing the effect ondET of the expansion of
the immobile regions as pinning accumulates, which is ex-
pected to be more prominent when the concentration of In
~and henceb andG! is large, it is useful to outline the pre-
dicted behavior in that situation of the pinning forceFT ,
which applies to dislocations moving in a fixed plane.

The calculation ofFT for large b is straightforward,
though tedious. The reduction in effective modulusKzz
causes the strain field of the dislocation in Fig. 12~a! to ex-
pand in they direction, in effect replacingh in ~10! by
h/A(11b), in accordance with~8!. The inequalitybuV u!1

is retained, so thateCe is nowMezzb/(11b), from ~7!, and
~13! continues to describe the diffusion. A major complica-
tion is that, in order to findU(z1), the strain field for the
dislocation displaced toz1 in the presence ofeC has to be
found numerically. During dispersioneC is given, as before,
by ~14!. During accumulation,eC and the strain field evolve
as a coupled system, whose development can be followed by
alternately obtainingezzandeyz for giveneC , and advancing
eC , in accordance with~20!, toward equilibrium with the
strain field then existing.

Computations along these lines have been made for a
range of values ofb, with A@1. As the results bear little
resemblance to experiment, only their main features will be
described. The increase withb of the pinning forceFT in
equilibrium, at first linear, becomes slow whenb@1, as parts
of the dislocation nearest the core escape from the pinning
first. As might be expected from the expansion of the strain
field in they direction, the characteristic timest2 associated
with dispersion and accumulation both increase withb. For
dispersion, the increase whenb51 is only about 5%, and
reaches 50% whenb510. For accumulation, the increase is
already 50% whenb51, makingt2 roughly the same as for
dispersion. In form the transients are little changed: for dis-
persion the parameters remains close to 4 forb,10, and for
accumulation increases from 3 whenb!1, to 5 whenb510.

It is clear from this that the departure, whenG is large, of
gD(t) andgA(t) from the forms predicted forFT(t) in Sec.
IV E cannot be attributed to any dependence ofFT(t) on b,
especially asb probably did not exceed 1 in any specimen
measured. Neither is it likely that the discrepancies arise
from inadequacy of the assumptions underlying the calcula-
tion of FT . Failure of the high-temperature assumption
budWu!1 cannot be responsible, as theg(t) would be af-
fected irrespective ofG. The implicit assumption thatr core is
unaffected by the impurities is perhaps questionable, as the
reduction of elastic energy might allow the core to contract
whenb is large, but that would reducet2 with little effect on
s, whereass is reduced whilet2 is little changed. Ordering of
the In whenC0 is large is also a remote possibility, but it is
not obvious that ordered regions, in whichC is practically
constant, would have a noticeable effect onET .

From this it is clear that the observed forms ofgD(t) and
gA(t) when G is large are not explicable in terms of the
accumulation or dispersion of pinning by dislocations mov-
ing along a fixed path. The possibility that the large depar-
tures from prediction are a result of the variation in size of
the immobile regions, apparent in Sec. II H, is next dis-
cussed.

E. Variation in size of immobile regions, and its effects
on threshold behavior

The observed tendency of the immobile regions in the
CDW, such as those denotedP in Fig. 12, to expand as
pinning accumulates at the dislocations on their boundaries
is to be expected, for two reasons. As the pinning reduces the
effective elastic modulus, the attraction between dislocations
on opposite sides ofP, which favors contraction, becomes
less. Also, ifP is embedded in the moving regionM , as in
Fig. 12~c!, dislocations are generated at its ends, and trace
out its surface through a combination of climb and glide, the
relative velocities of which govern the cross-sectional radius
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r P of the immobile region. With resistance to climb likely to
be determined largely by the interchain separation, and glide
opposed mainly by pinning, the velocity of climb relative to
glide, and thusr P , increases as pinning accumulates.

Figure 9 shows that the extent to which pinning increases
the volume of the immobile regions becomes less as the
current inducing CDW motion increases. It seems unlikely
that the pulsed current used in the measurement disperses the
pinning sufficiently to account for this effect, which might
alternatively be a result of the velocity of glide increasing
more rapidly with current than that of climb. The tendency of
r P to increase with pinning, to an extent that is reduced by
current, appears to explain, at least qualitatively, the various
departures of the threshold behaviour from that predicted
when the path of the dislocations is fixed.

One expects the effects of changes inr P to be most ob-
vious whenG is large. In specimen No. 14~G50.81!, the
reduction in the cross sectionAM of the moving CDW as
pinning accumulates, which is likely to be rather greater than
the 25% measured in Sec. II H withG50.52, provides a
ready explanation for the reduced rate of increase ofI C with
E2ET , evident in Fig. 2~b!. If the velocity of the CDW is
assumed to be a function only ofE/ET , the rescaling in Fig.
2~c! indicates thatAM is reduced by about 60%. Although
this may be too simple an interpretation, it is clear that the
accumulation of pinning renders immobile a substantial part
of the CDW in that specimen.

While the effect of this ongD(t) andgA(t) cannot yet be
calculated, the records in Fig. 3~b! suggest that their forms
will be determined more by the change inr P , and thus inAM
andS ~defined in Sec. V A!, than by that in the pinning force
FT opposing motion of the dislocations, which itself is modi-
fied as their path varies. Large departures from the predic-
tions of Sec. IV are to be expected, though how closely it
will prove possible to account for the near-exponential de-
cays of Fig. 6 remains to be seen.

Changes inr P also provide a simple explanation for the
drastic acceleration, asI P increases, of the decay ofgD(t),
which is shown in Fig. 7 and was observed for largeG.
Suppose thatI P becomes large enough either to reducer P ,
so that the dislocations pass within the accumulated pinning,
or even to depin the ‘‘immobile’’ regions, sweeping the dis-
locations from the system. When the next observing pulseI O
is applied dislocations, created if necessary byI O , then fol-
low a path largely free of pinning, andgD(t) is reduced
accordingly. It is to be expected that in the limit of smallG,
when the pinning has negligible effect onr P , the disloca-
tions encounter pinning already accumulated, andgD(t) de-
cays purely as a result of diffusion. However, even when
G50.07 ~specimen No. 3!, the reduction ofr P by I P appears
to be detectable in the slight fall indET at the commence-
ment of dispersion, observed whenI P.I O , and evident in
Fig. 4 but omitted fromgD(t).

A further probable symptom of the influence of pinning
on r P is the dependence ofdET on the value last measured,
mentioned in Sec. V C. In specimen No. 3,dET reached by
undisturbed accumulation from the completely dispersed
state was about 10% smaller than when accumulation was
initially almost complete. The value ultimately reached by
FT when pinning accumulates at a stationary dislocation can
hardly depend its initial distribution, which must influence

dET through r P andS. It seems that, although the equilib-
rium value ofS increases as pinning accumulates, the dislo-
cations remain in their original positions until caused to
move by I O or I P . Dislocations originally in equilibrium
when pinning was negligible then retain the initial value ofS
as pinning accumulates in the absence ofI O , but reach an-
other equilibrium, in whichS anddET are greater, whenI O
is applied repeatedly as accumulation proceeds. As expected,
this effect is more pronounced whenG is large: in specimen
No. 14, the value reached bydET when sampled repeatedly
by I O was more than 50% greater than when accumulation
from a ~partly! dispersed state was uninterrupted.

It is clear that in specimen No. 3, the variation inS can
have only a small effect ong(t), which are close to the
forms of FT(t) predicted in Sec. IV. It is to be expected,
however, that the later stages of the decay ofgA(t) will be
rather slower than predicted forFT(t), asS, and thus the
asymptotic value ofdET , gradually increases as pinning ac-
cumulates. During dispersion an opposite tendency is ex-
pected, as the decrease inS assists the decay ofgD(t), but
the effect on the later stages will be small, asdET becomes
less sensitive to the path of the dislocations as the distribu-
tion of pinning broadens. Whether this accounts for the slight
discrepancy between observation and prediction in Fig. 5,
where the later stages of the decay ofgA(t) are slower than
expected, whilegD(t) accords with prediction, is not yet
known. It is concluded that a model in which immobile re-
gions are embedded in the moving CDW, and dislocations at
their boundaries are pinned by the coupling of their strain
fields to mobile impurities, can account at least qualitatively
for the influence of intercalated In on the threshold behavior
of NbSe3.

VI. DISCUSSION

The conclusion that substantial regions of the CDW re-
main pinned in fields many times greater thanET appears to
be widely ~and perhaps universally! valid, for the pinning
effects of In were observed in every specimen examined.
While the experiments do not prove that such regions exist in
the absence of In, their presence when the concentration of
In is small, and the accumulation of pinning increases their
size negligibly, makes it most unlikely that they are merely a
product of the intercalation.

While the present results provide ample evidence for the
coexistence, even in fieldsE@ET , of moving and pinned
regions of CDW in NbSe3, there have been several earlier
experimental indications. The clearest are to be found in the
observation of Richard, Chen, and Artemenko23 that, even
when the NBN has a single spectral component,I C/n in-
creases slowly withE betweenET and 10ET ; and in the
NMR data of Ross, Wang, and Slichter,31 who concluded
that as much as 10% of the CDW did not participate in the
motion whenE'25ET . The NMR measurements of Butaud
et al.34 led to a similar conclusion with respect to the CDW
in Rb0.3MoO3.

Both in the present and earlier experiments, however, it is
possible that the inhomogeneity inET which allows some
regions to remain pinned results from some macroscopic im-
perfection of the crystal. An imperfection in most NbSe3
crystals, which frequently prevents the CDW from depinning
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as a whole, is nonuniformity in the thicknessd. This leads to
nonuniformity in ET for weak pinning, which depends in-
versely on d in the common two-dimensional situation
d,Lf .

4 However, thickness variations could hardly account
for the wide range ofE over which immobile regions persist
in the present experiments, or for their presence and variable
size in a specimen so perfect as to exhibit complete mode
locking. The immobile regions seem not to be associated
with the crystal surface, for their effects showed no pro-
nounced dependence ond, over a range exceeding 30:1. The
evidence in Sec. II that the bulkET is modified shows them
not to be associated with terminals, except perhaps as a sup-
ply of dislocations. While they might conceivably be associ-
ated with other macroscopic defects, it is not clear what
those could be: they would have to be present in all the
specimens examined, and support immobile regions occupy-
ing up to 25% or more of the total volume.

The alternative is that the immobile regions result from
the failure of the FLR model to describe the motion of a
CDW even over randomly distributed impurities. That the
FLR model must fail, at least for a weakly pinned CDW in
an infinite crystal, was mentioned in Sec. I: asE approaches
ET , and local depinning occurs over an increasing fraction of
the total volume, the maximum stress exerted on the regions
remaining pinned increases indefinitely.6 Ultimately the
CDW ceases to behave elastically, and the stress is relieved
through processes of phase-slip not included in the FLR
model.

Coppersmith and Millis7 have examined the statistics of
this phase-slip at zero temperature. They find that, in three
dimensions, continuous motion becomes possible in a con-
nected region of CDW at a threshold identifiable asET , but
that there are inevitably a few isolated regions, where the
pinning is unusually weak, in which motion occurs below
ET , and also more abundant regions of stronger pinning,
embedded in the moving CDW, which remain at rest whenE
is greater thanET . In these heavily pinned regions, clusters
of impurities happen to occupy sites where each reduces the
energy of the undistorted CDW. With the pinning then in
effect strong, the force required to depin the region may
exceed that needed to induce phase-slip at its boundary. Al-
though uncertainty regarding the pinning force and elastic
limit of the CDW makes the size of these regions difficult to
estimate, it is obvious that, even if each requires only a few
impurities in nearby sites, they amount to a very small part
of the total volume, since impurities typically occupy fewer
than 0.1% of the available sites. Clearly, the strongly pinned
regions proposed by Coppersmith and Millis are not the im-
mobile regions, occupying up to 25% of the total volume,
detected in the present experiments.

However, the two may not be wholly unrelated. When
T50 the elastic limit of the CDW is well defined, and un-
likely to be reached except near small strongly pinned re-
gions. Longitudinal stresses below the elastic limit are not
expected to lead to continuous phase-slip, for although they
may lead to dislocation generation at Frank-Read sources,
those tend to be removed by motion of the CDW.35 The
situation is quite different whenT.0: dislocation loops can
then be nucleated thermally36 wherever the CDW is stressed.
Any region pinned more strongly than its surroundings may
remain at rest in an applied field insufficient to depin it di-

rectly, provided that the surrounding CDW moves slowly
enough for the nucleation to provide adequate phase-slip. In
practice, although there is no critical stress for phase-slip, the
velocities typical of moving CDWs are such that only re-
gions where the pinning is much stronger than usual are
likely to remain at rest. Measurements on NbSe3 ~Ref. 27!
show that at 90 K the strain required to induce typical rates
of phase-slip at current terminals is about an order of mag-
nitude greater than the average~;l/2Lf! involved in FLR
pinning, though it will be less at higher temperatures. Even
at 90 K, where immobile regions are likely to require pinning
an order of magnitude stronger than average, such regions
may, however, not be unusual: calculations by Abe37 indicate
that the pinning energy density of FLR domains is distrib-
uted over two orders of magnitude. It is not altogether sur-
prising, therefore, that substantial parts of the weakly pinned
CDW in NbSe3 remain at rest whenE.ET .

A further complication is that, while the distribution of
pinning strength determines whether immobile regions will
occur, the appearance of the dislocation loops may induce
changes in that distribution. After nucleation the loops, by a
combination of climb and glide, trace out the surface of the
immobile region. As the phase of the CDW inside~and in the
plane of! a loop differs byp/2 from that outside, the phase
within the region can be adjusted independently of its sur-
roundings by suitably arranging sufficient dislocation loops
on its surface.38 The loops, being free to glide, then effec-
tively decouple the immobile region from the surrounding
CDW. As such decoupling tends to strengthen the FLR weak
pinning by reducing the effective dimensionality, it seems
possible that the dislocation loops, once formed, enhance the
pinning which caused their nucleation. Conceivably this en-
hancement of pinning allows stable immobile regions to ex-
tend indefinitely from the original domains at which phase-
slip is initiated, increasing both the fraction of the CDW
remaining pinned, and the value ofE/ET required for com-
plete depinning.

This picture of weak pinning, in which thermally gener-
ated dislocations allow substantial regions of the CDW to
remain at rest when the rest is in motion, is consistent not
only with the present experimental results. Clearly, it can
account qualitatively for the presence of broadband noise,
and accompanying frequency modulation of the narrow-band
noise: both may be attributed to variation in the number of
dislocations moving, and thus in the current carried by the
CDW. Its consequences for the dependence ofET on T, and
I C on E, neither of which is satisfactorily explained by the
FLR model, have yet to be explored. As regardsET , the
present picture offers at least a qualitative explanation of its
puzzling increase at low temperature. WithET now marking
the onset of motion in a connected region of the CDW, and
of thermally induced phase-slip at the boundaries of regions
which remain pinned, it would be expected to increase asT
falls, for greater stress is then required to generate disloca-
tions at a given rate. Also expected is the observed tendency
of ET to become less well defined at low temperatures. The
form of I C(E), which at low temperatures commonly varies
as exp@2E0/(E;ET)#, whereE0 depends onT, also seems
qualitatively explicable, in terms of the dependence of the
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rate of phase-slip on stress.36

Although differing fundamentally from the FLR model,
the present picture of weak pinning retains its length scales
Lf . As the immobile regions develop from FLR domains,
their cross-sectional dimensions are expected to be similar.
In the remaining connected region of CDW’s, FLR pinning
may operate with only minor modification. The success of
the FLR model in accounting for the dependence ofET on
the specimen thicknessd, and its consistency with the ob-
served phase correlation lengths, are therefore not incompat-
ible with the present picture. Whether that picture will lead
to a useful model of CDW transport remains to be seen.
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