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Pulse duration memory of weakly pinned charge-density waves

J. C. Gill
H. H. Wills Physics Laboratory, Tyndall Avenue, Bristol BS8 1TL, United Kingdom

~Received 1 June 2000; published 13 March 2001!

An explanation is proposed for the pulse duration memory~PDM! which certain weakly pinned charge
density waves~CDW’s! exhibit in their oscillatory response to repetitive pulses of electric field. A steady state
is reached in which the phase of the current oscillation at the end of each pulse is practically independent of the
pulse duration. Present models of the phenomenon follow Fukuyama, Lee, and Rice~FLR! @Phys. Rev. B17,
535 ~1978!; 19, 3970~1979!# in regarding the CDW as an elastic body, and account for the currentI c carried
by the CDW always rising as the pulse ends, as in the first observation of PDM, in K0.3MoO3. In numerical
studies these models have shown PDM only when the pinning by impurities is strong. In experiments, how-
ever, PDM is exhibited by weakly-pinned CDW’s, notably in NbSe3, where it differs from that in the models
in that I c is near or past maximum as the pulse ends. In this paper the FLR models are reviewed, and it is
concluded that their failure to account for PDM when the pinning is weak, and for certain other features of the
experiments, is the result of the CDW being assumed to behave elastically. Alternatives, in which the ampli-
tude of the CDW collapses to allow phase slip, are then considered. A model is developed in which disloca-
tions in the structure of the CDW, generated at Frank-Read sources, allow phase slip between the moving
CDW and a layer which remains stationary. With appropriate choices of parameters, the model accounts for the
forms of PDM observed in weakly pinned systems, and for other features inexplicable in FLR terms. Evidence
of the presence of stationary layers is examined, and it is shown that their disappearance at low temperatures
would account for a switching phenomenon, and absence of PDM, seen in some specimens of NbSe3. The
relation of the model to the phase organization displayed by the FLR models is also briefly discussed.

DOI: 10.1103/PhysRevB.63.125125 PACS number~s!: 71.45.Lr, 72.15.Nj, 07.05.Mh
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I. INTRODUCTION

Pulse duration memory is one of more remarkable p
nomena associated with electrical conduction by incomm
surate charge-density waves~CDW’s!.1 Such CDW’s de-
velop below a critical temperatureTp in certain metals
having a chainlike structure, appearing as a spatial mod
tion of the density of conduction electrons, of the formr0

1r1 cos(Q•r1f). With Q incommensurate with the crysta
lattice, the energy of the CDW depends on its position o
because impurities and other lattice defects couple to
phasef, which adjusts locally so as to minimize the tot
energy. The resultingpinning of the CDW is said to be
strongif in equilibrium the potential energy due to individua
impurities is near minimum, andweak if the rigidity of the
CDW allows minimization only of the total energy of re
gions containing many impurities.

Motion of the CDW, in which a currentI c is carried col-
lectively, is induced by electric fieldsE stronger than a
thresholdET set by the pinning. UsuallyI c contains small
oscillatory components, known asnarrow-band noise
~NBN!, which correspond to the translation of the CD
through wavelengths, and are attributed to the periodic
varying forces which pinning centers exert on the mov
CDW. In many specimens, whenE is applied as a series o
identical pulses and steady conditions have been reached
phase of the oscillation as each pulse ends appears inde
dent of the pulse length. The CDW appears to anticip
when the pulse is going to end because the duration of
vious pulses has been recorded, in the metastable sta
which the CDW relaxes whenE50. Such apulse duration
0163-1829/2001/63~12!/125125~12!/$15.00 63 1251
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memory~PDM! was first reported by Fleming and Schnee
eyer in K0.3MoO3.

2

The phase when the pulse ends depends on the circ
stances. In K0.3MoO3, I c was increasing at the end of eac
pulse in the original observation of PDM, but near a ma
mum in later studies of more perfect crystals.3 In NbSe3,
PDM in which the pulses end withI c close to maximum was
reported by Okajima and Ido,4 and recently by Joneset al.,5

but in some specimens at sufficiently low temperature
last authors also observed PDM in which the pulses en
with I c well past its maximum.6 A form of PDM in which I c
is decreasing as the pulse ends has also been reported
spin-density-wave material (TMTSF!2PF6.

7

Conventional models of CDW motion, based on the
sumption of Fukuyama and co-workers8 @hereafter referred
to as Fukuyama, Lee, and Rice~FLR!# that the CDW be-
haves elastically in moving over the pinning, have been o
partly successful in accounting for PDM. Models of th
type, which exhibit PDM withI c rising as each pulse ends
were described by Tanget al.9 and by Coppersmith and
Littlewood.10 The PDM arises because, at most pinning ce
ters, the phase of the CDW as the pulse ends correspon
a maximum of potential energy. Suchphase organizationis
related to the self-organized critical behavior11 exhibited by
some other nonlinear dynamical systems.

It was recently pointed out by Joneset al.5 that, although
these FLR models exhibit PDM, they do not well descri
the CDW’s in which it has been observed, or account for
various forms. The models assume strong pinning, and
seems to be necessary for them to show PDM, for none
been found in the simulations by Ito12 and Joneset al. of the
response to repetitive pulses of FLR models with weak p
©2001 The American Physical Society25-1
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ning. In NbSe3 the CDW’s are known to be very weakl
pinned,13 and the PDM hasI c near~or past! maximum as the
pulse ends, and different in several other respects from
in the models.

This paper considers how the PDM of weakly pinn
CDW’s might arise, and is arranged as follows. Section
examines whether the PDM might, if parameters are cho
suitably, still be accounted for in conventional FLR term
The strong pinning models are outlined, and the mechan
which there leads to PDM shown to be ineffective when
pinning is weak. Of the other discrepancies with experim
listed by Joneset al., all but one appear to be intrinsic t
FLR models. Alternatives are discussed in Sec. III, where~in
agreement with Okajima and Ido and Joneset al.! it is con-
cluded that PDM involves phase slip in the CDW, whi
FLR models exclude. The form of this phase slip is th
considered, and a model suggested which proves capab
appropriate conditions, of exhibiting the various observ
forms of PDM. The relation of this model to the phenom
enon of phase organization is among topics of the conclud
discussion of Sec. IV.

II. PULSE DURATION MEMORY IN CONVENTIONAL
„FLR … MODELS

A. Review

Soon after it was observed experimentally, Tanget al.9

showed that PDM could be exhibited by a chain of ela
cally coupled particles moving in a sinusoidal potential, su
as was used by Frenkel and Kontorova14 to model crystal
dislocations. The PDM occurs when the coupling betwe
neighbors is weak, making the system analogous to a C
with strong FLR pinning to regularly spaced impurities. Pr
vided that the system is initially far from equilibrium,
pulsed driving force leads to a phase-organized steady
in which most of the particles are near a potential maxim
as each pulse ends. As their velocities, and thereforeI c , are
then increasing, the system exhibits PDM, as observed
Fleming and Schneemeyer. It was later shown by Copp
smith and Littlewood10 that similar~though less pronounced!
PDM could be exhibited by a CDW initially in equilibrium
if strongly pinned by impurities distributed randomly in p
sition.

Jones et al.5 compared their observations of PDM
NbSe3 only with the predictions of the model of Tanget al.
Their numerical simulations differ from experiment in se
eral respects. The wave forms ofI c predicted by the mode
show evidence of beats, and are rising as the pulse e
whereas in NbSe3 no beats are observed, and the pulse e
with I c usually near maximum. In the simulations PD
arose only with strong pinning, yet in NbSe3 the pinning is
extremely weak,13 and developed only after many pulse
whereas experimentally only a few are required. Also lis
among the discrepancies was the ‘‘ground-state paradox
PDM in the model requiring an initial state far from equilib
rium, which is not necessary in experiments. A nonequi
rium initial state is, however, not a requirement for PDM
FLR models generally, as the model of Coppersmith a
Littlewood10 shows.
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From this Joneset al. concluded, in agreement with Oka
jima and Ido, that the essentials of PDM lie outside the F
models. Before accepting this, it is appropriate to enqu
whether conflict between the models and experiment is
evitable.

B. FLR models with strong pinning

The origin of PDM in the FLR models may be seen
considering a CDW strongly pinned by a large numberN of
regularly spaced impurities, which may be assumed, with
loss of generality, to have spacing commensurate withQ. In
equilibrium the phasef i of the CDW at each impurityi is
then zero, and the motion of thef i is described by equation

df i

dt
5E1KCi2Vi sinf i , ~1!

where t denotes time,Ci5(f i 2122f i1f i 11) will be
termed the curvature ati, E is the applied field, and an elasti
constantK!1 is appropriate to the limit of strong pinning
To simplify matters, the coefficients specifying the motion
damping and the charge on whichE acts are taken to be 1
and periodic boundary conditions imposed.

The system becomes equivalent to the model of Ta
et al. when the pinning potentialsVi are identical; here they
~and thereforeET! will be set equal to 1. Although the mode
of Coppersmith and Littlewood provides for randomness
the spacing, pinning potential, and preferred phase of
impurities, its PDM is a result simply of the spatial nonun
formity of the pinning. Here this will be provided by lettin
Vi5VA when i< 1

2 N ~region A below!, andVi5VB when i
. 1

2 N ~regionB!, whereVB.1.VA@K.
It is supposed thatE is applied as a series of pulses

amplitudeEP.1 and durationt, between which the intervals
whenE50 are sufficient for the system to relax to a statio
ary ~normally metastable! state, in which f i
5sin21(KCi /Vi). For any particular metastable state,f i can
be chosen between2p/2 and1p/2, and its advance during
the next pulse specified as between 2mp and 2(m11)p,
where the integerm depends onEP , t, andCi . If when the
pulse endsf i.(2m11)p2sin21(KCi /Vi), it subsequently
relaxes forward to give a total advance 2(m11)p; other-
wise the relaxation is backward, and the total advance 2mp.
In either case the advance off i resulting from the pulse may
be expressed as 2nip, where

ni5IntF t

2p
AEF

22Vi
21

1

2
1

1

p
tan21

Vi

AEF
22Vi

2
2

2

p

3tan21S Vi

AEF
22Vi

2
2

EFKCi

„Vi1AVi
22~KCi !

2
…AEF

22Vi
2D G ,

~2!

EF5EP1KCi , and asK is small any change inCi during
the pulse is neglected.

In the steady state the same values of theCi appear re-
petitively, either in successive metastable states, or in a c
of q such states, during which the total advance of eachf i is
5-2
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2pp, in a form of mode locking between the pulsed fie
and the translation of the CDW.

The situation most favorable to PDM is whenq51; every
f i is then advanced by each pulse by the same amount 2np,
wheren5p. For givenVi , a range of values ofCi , depen-
dent onEP andt, is then consistent with a steady state. PD
arises when a great majority of theCi are at an extreme o
this range: the correspondingni are then close to becomin
n61, each pulse ends withf i ~modulo 2p! approximating to
p2sin21(KCi /Vi), giving whenK!1 a contributiondf i /dt
to I c which is rising, irrespective of the precise value oft.
The pulse ends with the system in the phase organized
mentioned in Sec. II A.

The distribution of theCi in the steady-state, which gov
erns the wave form ofI c , depends on the arrangement ofVi
and on the initial conditions.

1. Spatially uniform pinning

When all theVi are identical one may, for reasons me
tioned below, assume thatq51. Theni then reach a common
value

n5IntF t

2p
AEP

2 2Vi
21

1

2
2

1

p
tan21

1

AEP
2 2Vi

2G , ~3!

which is obtained by settingCi50 in Eq. ~2!, as the steady
state withni[n is consistent with a range ofCi about zero.
This range will be denotedC1 to C2 , whereC1,0,C2 . C1
andC2 are available from Eq.~2!, whose fractional part ap
proaches 0 or 1 asCi , respectively, approachesC1 or C2 . If
EP is not too close to 1, the retention of the first two term
inside the brackets of Eqs.~2! or ~3! allowsKC1 andKC2 to
be expressed approximately by

KCa5F S ta

t D 2

~EP
2 2Vi

2!1Vi
2G1/2

2EP , ~4!

where a51 or 2, and t15(2n21)p/AEP
2 2Vi

2 and t2

5(2n11)p/AEP
2 2Vi

2 are the extremes oft for which Eq.
~3! leads to the given value ofn. From this,KC1'22(EP

2Vi
2/EP)/(2n21) andKC250 whent5t2 ; andKC150

andKC2'12(EP2Vi
2/EP)/(2n11) whent5t1 .

The behavior ofdf i /dt whenCi is near the limiting val-
ues C1 , C2 is shown in Fig. 1~a!. As expected, the puls
ends withdf i /dt ~and the contribution toI c! rising; f i is
then just greater than (2n21)p2sin21(KCi), or just less
than (2n11)p2sin21(KCi), according asCi5C1 or C2 .
These are the ‘‘fall forward’’ and ‘‘fall back’’ cases, respe
tively noted by Joneset al.5

As metastable values ofCi betweenC1 and C2 already
correspond to steady states, the state exhibiting PDM, w
most of theCi close to the extremes of that range, can
reached only if they are outside it before pulses are appl
Tanget al. and Joneset al. prepared the initial state by dis
placing thef i from equilibrium by large random amount
leading after relaxation to a metastable state in which
quences of adjacenti have KCi approaching either11 or
21, which the pinning just renders metastable. Only
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simple case shown by curve~i! in Fig. 1~b! need be consid-
ered here: sequences of equal length, havingKCi equal to
11 and21, adjoin at sites for whichCi50.

On applyingE.1, the differences between theCi tend to
decrease, on account of the termKCi in df i /dt; when the
field is pulsed, a steady state is reached as soon as all thCi
are betweenC1 andC2 . It was shown in Ref. 9, and is easil
demonstrated by computation, that almost all theCi are then
just within that range, if initially they were far outside i
Since metastable values off i are spaced nearly by 2p, these
Ci approximate either to the most negative multiple of 2p
exceedingC1 , or to the most positive not exceedingC2 . As
indicated by curve~ii ! in Fig. 1~b!, the sequences ofi for
which Ci'C1 andCi'C2 are proportional in length toC2

21

and (2C1)21, respectively~which ensures thatCi remains
within the required range at the sites where the sequen
adjoin!.

The resulting PDM is seen in the computed forms ofI c in
Fig. 1~c!: in these components similar to the lower and upp
records of Fig. 1~a! are superposed, with relative amplitud
varying respectively from 1 to 0, and from 0 to 1, ast in-
creases through the range consistent withn. Beating is evi-
dent near the center of the range, whereC1 and C2 are
roughly equal in magnitude. The computer simulations
Joneset al.5 provide further illustrations of the beating phe
nomenon, and of the variation ofC1 and C2 with t, the
distribution of Ci and f i in the metastable state, and th
relaxation following the pulse.

2. Spatially nonuniform pinning

Suppose now thatVi takes different valuesVA andVB in
regions A and B. When pulses are applied, the differin
forces due to the pinning now cause curvaturesCi to de-
velop, even if the system is initially in equilibrium withCi
[0.

For most combinations ofEP andt, the steady state whe
K is small is one in whichni5n for all i, giving mode
locking with p5n andq51. Exceptions occur, however, a
t approaches the value at whichn would becomen61, for

FIG. 1. PDM in a FLR model with spatially uniform stron
pinning. ~a! df i /dt in the limiting cases of a pulse causingf i to
advance by 2np. In the lower traceCi5C1 , in the upperCi

5C2 , in both cases withn55. ~b! CDW distortions~displacements

of f i from meanf̄ i! in an initial state far from equilibrium@curve
~i!# and in the steady state with curvaturesC1,0 andC2.0 @curve
~ii !#. ~c! Wave forms ofI c , computed forEP52, N5100, andK
50.001.
5-3
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when the argument of Eq.~2! is close to 0 or 1, changes o
62p in Ci may lead to changes of61 in ni , allowing a
subsequent pulse to changeCi by 72p. Steady states ar
then possible in which theni are successivelyn or n11, and
all reach the same mean valuep/q, with q.1. When K
!1, each range oft in which q.1 is approximately 4pK of
the adjacent ranges whereq51. Mode locking withq.1 is
much less likely when all theVi are equal, because then
steady state havingCi[0 is available, and normally is
reached ast nears the end of the range for givenn, so that
ni[n andq51.

In what follows, K is assumed small enough for one
ignore the possibility thatq.1. The different ranges avail
able toCi in regionsA andB in the steady state can then b
found, as before, from Eq.~2! or ~4!. They will be denoted
C1A to C2A in A, andC1B to C2B in B, whereC1A,C2A and
C1B,C2B . As VB.VA , one has C2B.C2A and C1B
.C1A . The value ofn is that which allows theCi to have
the smallest magnitude in the steady state, implying t
C1A,0,C2B , C2B.2C2A , and2C1B.C1A .

The extent to which PDM develops when the syst
starts from equilibrium depends on the relation ofCi50 to
the limiting values just defined. The four possible arran
ments are indicated in Fig. 2~a!. In case~i!, when C2A.0
.C1B , no PDM is possible. The equilibrium state allowsni
[n in both regions, each pulse causesf i to advance equally
and each new stationary state is an equilibrium state.
situation most favorable to PDM is case~ii !, whenC2A,0
,C1B . The metastable states then haveCi,0 in regionA,
andCi.0 in regionB. To ensure thatni5n whereA andB
adjoin, uCi u there must not be too large, which requires t
sum of theCi in B to be close to that of2Ci in A. In the
special case whenC1B52C2A , the first metastable stat
reached hasCi'C2A throughoutA, andCi'C1B throughout
B. Otherwise, ifC1B,2C2A , one hasCi'C2A throughout
A, but Ci'C1B only in a central part ofB, with a larger
value Ci'C2B in the remainder. An equivalent situatio
with Ci close toC1B , C2A , or C1A , occurs whenC1B.
2C2A . Except where the curvature changes sign, all thef i
are then close to a critical value when the pulse ends, lea
to PDM, of which examples appear in Fig. 2~b!.

FIG. 2. PDM in a FLR model with nonuniform strong pinning
~a! Ranges of curvatureC in cases~i!–~iv! mentioned in the text.
~b! Wave formsI c in case~ii !, for EP52, N520, VA50.5, VB

51.5, andK50.005.
12512
at

-

e

ng

Situations intermediate between case~i! and ~ii ! arise in
case~iii !, whereC2A,C1B,0,C2B , and in the equivalent
case~iv!. In case~iii !, the first metastable state reached h
Ci'C2A throughoutA, butCi remains 0 in the central part o
B, while Ci'C2B in the remainder. Withf i at the end of the
pulse close to a critical value inA and part ofB, the number
of sites effective in the PDM is between1

2 N andN ~ignoring
the few whereCi changes sign!.

In the computer simulation of their model by Coppersm
and Littlewood,10 the spatial nonuniformity arose from th
randomness of the positions of the impurities. The mod
initially in equilibrium, exhibited rather weak PDM: at th
end of each pulseI c was rising, but not at its maximum rate
and only about 70% of thef i were within 0.2p of a potential
maximum. As the model might be expected to display
three types of behavior just described, this response is
surprising. It is also worth noting that spatial nonuniformi
of pinning becomes less likely to lead to PDM asEP in-
creases, forKC1 andKC2 obtained from Eq.~4! become less
dependent onVi , making case~i! more likely. Experimen-
tally, however, Joneset al. found that the PDM of NbSe3
was not degraded by increasingEP , even beyond 3ET .

C. Weak pinning

Consider now the effect on these models of increasing
elastic constantK. An underlying assumption in Sec. II B 1 i
that, if the pulse lengtht is changed withn constant, theCi

adjust to the new limitsC1 andC2 . That, however, is pos-
sible only when the smaller in magnitude ofC1 and C2 ,
which determines most of theCi , is sufficiently large com-
pared with 2p. As that quantity does not exceed (EP

2EP
21)/2Kn, even witht central in the range for givenn, it

appears that one requiresK!(EP2EP
21)/4pn, which for

EP52, n55 becomesK!0.02.
The effect of increasingK has been investigated by com

putation, and is rather less severe than this suggests:
PDM seen whenK50.001 @Fig. 1~c!# is only slightly de-
graded whenK50.01. The steady state proves to be mo
fied in two ways, with opposite effects on the PDM. A
expected, as the number of metastable values ofCi between
C1 and C2 decreases, those limits are approached l
closely, withCi taking values which remain unchanged ov
increasing ranges of pulse length. However, asK increases,
the assumption in expressions~2! and ~4! that Ci remains
constant during the pulse eventually fails: changes inCi then
allow steady states in whichC1 andC2 are approximated no
by a single metastable value ofCi , but by an average of two
or three, with one possibly outside those limits. This mak
the steady state more able to adjust to changes int, and
allows PDM with K as large as 0.02, andC22C1 approxi-
mately 2p.

The effect whenK is larger than this, andC22C1 less
than 2p, is seen in Fig. 3~a!, which showsI c(t) when K
50.05 andEP52, for t in the range givingn55. The PDM
is now lost, although in the steady state theCi need not all be
zero, even when the relevant limit is less than 2p, as it may
5-4
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be approximated by an averageCi . However, the nonzeroCi

become concentrated in short sequences of thei ~the f i are
somewhat analogous to the atomic displacements i
Frenkel-Kontorova dislocation!, and these concentrations d
not survive in the steady state ast approaches either end o
its range for givenn, when all Ci become zero. AsK in-
creases further, nonzeroCi occur only fort in a diminishing
central part of its range, outside which the form ofI c(t)
during the pulse is independent of its duration.

This explains why, as Joneset al. found by simulation,
the FLR model of Sec. II B 1 exhibits PDM only whenK is
sufficiently small. It is not difficult to see that the same a
plies to the FLR model of Sec. II B 2. Although theCi need
not be near zero, their ranges~C1A to C2A , andC1B to C2B!
are reduced, and become less than 2p with K still less than
0.02. For largerK, Ci reach values practically independent
t, again precluding PDM.

In the general FLR model,8 impurities are distributed ran
domly rather than being spaced regularly, and usually in
or three dimensions rather then one. As this randomnes
pinning clearly will not enhance phase ordering, the gene
FLR model can hardly show PDM when the simplified ve
sions above do not. As PDM in those models requiresK to
be less than about 0.02, it is to be expected that values
smaller are required in the general case.

Such small values ofK are inconsistent with weak pin
ning. In weak pinning the elastic coupling induces corre
tion between the phasesf i at neighboring sites, the preferre
values of which are distributed randomly. The onset of we
pinning may be taken to be when the correlation betw
adjacent sites@i.e., the average of cos(fi2fi11)# reaches
e21, which happens whenK'0.2 in the one-dimensiona
case. It is not necessary to consider values ofK much greater
than this, even though the extreme of weak pinning is rep
sented byK@1, sincei may always be redefined to represe
the Lee-Rice domains, and the correlation inf i between
adjacent domains is of the order ofe21. As K'0.2 is an
order of magnitude greater than allows PDM even in
idealized models discussed above, it is concluded tha
PDM can be exhibited by a weakly pinned elastic CDW

FIG. 3. The effect of weak pinning on FLR models.~a! Wave
forms of I c in the conditions of Fig. 1~c!, but with K50.05. ~b!
Response to pulses of a weakly pinned FLR system, withEP52,
N5100, andK50.5. The pulse lengthst cover the range in which
each pulse displaces the CDW by five wavelengths.
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Examples of the response of a weakly pinned FLR mode
repetitive pulses, showing no evidence of PDM, appear
Fig. 3~b!.

D. Comparison with experiment

As well as appearing only with strong pinning, the PD
in Sec. II B differs from experiment in the further respec
listed by Joneset al.,5 and already mentioned in Sec. II A
Whether these discrepancies are unavoidable with FLR m
els is now of interest.

While there are signs of it in the original observation
PDM in K0.3MoO3, the beating phenomenon in Fig. 1~c! has
never been observed in NbSe3. Beating is an accompanimen
of PDM in both the models in Sec. II B: it arises because
concentration ofCi near two or more limiting values cause
different f i to advance during the pulse approximately
(2n21)p and (2n11)p. This association of beats with
PDM is to be expected in FLR models generally.

The number of pulses required to establish PDM in
experiments is usually small: values ranging from one or t
~Ref. 2! to ten ~but in one case 200! ~Ref. 4! have been
reported. In simulations the number has commonly been
the order of 104, but no estimates have been given of ho
small it might be in favourable circumstances. The num
depends on the relative displacements of differentf i needed
to convert the initial into the steady state, and on the cha
effected by each pulse. The arbitrary choice of initial st
prevents a clear comparison of the model of Sec. II B 1 w
experiment. In the model of Sec. II B 2, initially in equilib
rium, the relative displacement to be established
Ca(N/4)2, whereCa.2p is a representative limiting curva
ture which, as it establishes a common mean velocity in
gions A and B, is of the order ofDV/2K, whereDV5VB

2VA . The first pulse, ifEP is a few times greater thanVB
and VA , leads to a relative displacement rough
DVt(V/AEP

2 2V2), whereV5(VB1VA)/2'1. The number
of pulses needed to establish the steady state is then exp
to be a few timesN2(EP

2 21)/(64pKn) which, asCa.2p
implies thatK,(EP

2 21)/(4pnEP), will be at least a few
times greater thanN2EP/16. Computations of the develop
ment of PDM show this to be correct in order of magnitud
in calculations withEP51.5, and withN56 andK50.003
~respectively the smallest and largest values for clear PD!,
the steady state was reached, on average, after abou
pulses. It is clear from this that, while not inconsistent w
every observation, the idealized model cannot account
the appearance of PDM after a few~or even ten! pulses.
More general FLR models, in effect with largerN, will fail
more spectacularly.

The remaining discrepancy between the models and
periment is in the behavior ofI c as the pulse ends. Th
models predictI c then to be rising, which follows from the
steady state being such thatCi just ensure thatni have the
valuen, rather thann11 or n21. Such a marginal stability
of a strongly pinned system clearly cannot account for
PDM observed in NbSe3, where the pulse ends withI c at, or
5-5
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past, its maximum. From this, and Sec. II C, it may safely
concluded that the essential physics of PDM in real crys
lies outside the FLR models.

III. PULSE DURATION MEMORY: MODELS BEYOND
FLR’S

A. General considerations

The failure of FLR models to account for the PDM act
ally observed is presumably a result of their neglect of
elastic behavior in the CDW. That PDM might involve am
plitude collapse was suggested by Okajima and Ido,4 to
explain their finding that during each pulse the CDW a
vances by an integral number of wavelengths. They propo
that processes of phase slip, in which local collapse is
lowed by recovery with phase changed by 2p, enable the
CDW to move past centers of unusually strong pinning, a
that the phase slip at different centers is synchronised
means unknown. An alternative suggested by Joneset al. 5 is
that the phase slip is that which adds or removes CDW w
fronts near the current terminals. This proceeds through
motion of dislocations in the CDW structure,15 and it is sug-
gested that the ordering of these leads to PDM.

The arrangement of dislocations near the terminals c
however, be relevant to PDM only in very short specime
A notable feature of the response of longer specimens
pulsed fields is that the amplitude of the NBN is much larg
than when the field is applied continuously.5 This is to be
expected of a CDW composed of nearly independent L
Rice domains:8 when induced to leave the metastable sta
where their energy is minimized, different domains ma
oscillatory contributions toI c which at first are nearly in
phase, but become dephased as motion proceeds. For s
CDW to exhibit PDM, the domain motion throughout th
moving CDW must become adjusted to the pulse length.
the motion is determined by local conditions, ordering
dislocations near the terminals can hardly lead to PDM
specimens many domains long.

Local conditions far from the terminals depend on t
pinning and applied field, included in the FLR model, a
also on any macroscopic stress arising when the mean ve
ity is spatially nonuniform. Such stress is inevitably pres
when motion is sustained only in part of the crystal, for
drives the phase slip needed where mobile and statio
regions of CDW adjoin. Stationary regions exist in almost
experiments on NbSe3, as motion is confined to a centra
segment of the ribbonlike crystal, between current termin
on its sides. In many crystals the motion in the central s
ment does not extend over its entire cross section, so th
layer stretching between the terminals also remains stat
ary; evidence of this is presented in Sec. IV.

The distributions of strain in these situations, and
paths taken by the dislocations whose motion effects
phase slip, are shown in Fig. 4. In Fig. 4~a!, where the centra
segment moves as a whole, longitudinal stress induces
formation of edge dislocation loops in the CDW near t
terminals; the climb of one such loop to the crystal surfa
near each terminal allows the CDW between to advance
one wavelength. In Fig. 4~b! a layer of CDW between the
12512
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terminals is also stationary, and the stress is mainly sh
except close to the terminals. The shear stress leads to
formation of pairs of opposite edge dislocations, whose gl
to the terminals and subsequent climb to the surface a
allows the CDW to advance through one wavelength.

Two mechanisms are available for the generation of d
locations by stress. The random process of thermal nu
ation has been discussed at length16,17in the case of Fig. 4~a!,
and in principle may occur also in Fig. 4~b!, but predicted
rates of phase slip have been much less than those obse
The alternative is generation by Frank-Read~FR! sources,
which proceeds deterministically at a rate dependent on
local stress. In Fig. 4~a!, where the FR sources create
destroy wave fronts of CDW’s, they tend to be removed
the motion, though a pair operating at identical rates n
each terminal might survive indefinitely.17 Although this has
led to their neglect in favor of thermal nucleation, there is
reason why FR sources on the boundary of the station
layer in Fig. 4~b!, and based on edge dislocations within
should not be permanent.18 Examples of such sources, whic
provide phase slip in which wave fronts are conserved,
shown in Fig. 4~c!: under shear stress, dislocations of mix
edge and screw types, permanently present on the boun
generate pairs of opposite edge dislocations.

In both Figs. 4~a! and 4~b!, the situation most favorable to
PDM is when every field pulse generates the same numbn
of dislocation pairs, enabling the moving CDW to advance
phase everywhere by 2np. Such generation, being nonran

FIG. 4. Strain distributions, dislocation paths, and Frank-Re
sources. In~a! and~b! wave fronts in moving and stationary region
of the CDW are shown as continuous and broken lines, resp
tively. The symbols� andT represent edge dislocations; the ve
tical line indicates the incomplete wave front near the dislocati
In ~a!, motion~from left to right! of the CDW between the terminal
is made possible by the climb to the surface of edge disloca
loops, generated by longitudinal stress. In~b!, motion of a layer of
CDW is made possible by the glide toward the terminals, and s
sequent climb, of dislocations generated by a Frank-Read sourc
the boundary of the stationary layer. Two forms of Frank-Re
source are shown in~c!; the lines represent dislocations at the i
terface of the moving and stationary layers.
5-6
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dom, requires a FR source or sources, and is likely only
Fig. 4~b!. A model of PDM in that case is considered belo
The model accords with Okajima and Ido’s view that t
CDW relies on phase slip to escape from pinning: here ph
slip is effected by the glide of dislocations along the int
face with the stationary layer, whose supply by the
source provides a means of synchronization. The station
layer is not necessarily subject to increased pinning: its s
tained motion may be prevented by an absence of the d
cations which would enable it to gain or lose wave fron
near the terminals, for those generated by the FR source
or remove wave fronts only of the moving layer.

B. A model of PDM involving phase slip

1. Basic assumptions

In modeling the situation of Fig. 4~b!, the regions of lon-
gitudinal strain near the terminals are ignored, and the m
bile CDW in the sheared region treated as one dimensio
Its phasef i is sampled inN cells i along the chain direction
which are coupled elastically to corresponding cells of
‘‘phase-slip plane’’ where the mobile region adjoins the s
tionary layer. The phasesf i are assumed to satisfy equatio

df i

dt
5E1KCi2Vi sin~f i2b i !2KsSi , ~5!

where randomness is introduced through the preferred ph
b i distributed randomly between2p and 1p, with Vi51;
E, K andCi have meanings as in Eq.~1!, andI c is taken as
the mean ofdf i /dt with respect toi.

The final term in Eq.~5! represents the coupling to th
stationary layer:Si5f i2c i , wherec i denotes the phase i
cell i of the phase-slip plane, andKs is an elastic constan
dependent on the shear modulus and thickness of the m
region. The glide of a dislocation through the celli advances
c i ~assumed initially to be zero! by 2p.

The dislocations are assumed to be generated by a s
FR source in cells of the phase-slip plane, driven by she
stress, of whichKsSs is the one-dimensional representati
~where several sources operate, they adjust so as to gen
dislocation pairs in the same plane, at a net rate which is
of the most active!. Except in its immediate vicinity, where
Ss affectsSi elastically in aboutA(K/Ks) cells, the source
influencesdf i /dt only by enablingc in i and neighboring
cells to advance. It is assumedN is such thatI c is dominated
by cells far from the source, which then need not app
explicitly in Eq. ~5!. In the steady state the response to
pulsed field then depends on the numbersnp of dislocation
pairs generated by successive pulses, and also on the d
tion from which theSi approach their eventual values, whic
depends on whenc i begins to increase. Calculation is sim
plified by supposing that allc i ~now written c! advance
simultaneously, makingnp advances of 2p during each
pulse, after a delay during whichdp advances would other
wise have occurred.

Many factors influence the possible values ofnp anddp .
Operation of the FR source is expected to require stres
excess of some threshold, and also to be resisted by pinn
12512
n
.

se
-

ry
s-
o-

dd

o-
al.

e
-

ses

ile

gle

rate
at

r
e

ec-

in
g,

and by damping arising from the difficulty of inducing glid
normal to the chain axis.15 A further complication is that the
rate at which dislocations appear will not respond imme
ately to changes in shear stress. The rate varies both a
glide velocity, and as the number of turns in the spiral str
ture of Fig. 4~c!, if that is large. While both are expected
be proportional to stress19 once steady conditions have bee
reached, the pitch of the spiral takes time to adjust to a n
value. The stress driving the source, though represente
the steady state byKsSs , is due to displacement of the CDW
next to the phase slip layer, and will rise more rapidly th
KsSs when the field pulseEP is first applied to the system in
equilibrium. While this may allow dislocations to appear a
most immediately, the finite glide velocity delays the a
vance ofc, which may occur before or afterSi can reach its
eventual value.

It is clear from this that, whiledp may allow the steady
value ofSi to be approached from either direction, the pi
ning and damping of the source ensure that, in the ste
state,np restricts the rate of increase ofc to be less than tha
of f i would have been if not coupled to the stationary lay
This leads to the development of the shear stressesKsSi ,
which equalize the mean rates of increase of thef i andc as
the displacement of the CDW becomes large. The differe
between the actual rate of advance of thef i ~andc!, and that
which would apply were there no coupling to the stationa
layer, is conveniently expressed as an effective fielddE,
such that the averageI c induced by a steady fieldE is the
same as would be induced byE2dE if the stationary layer
were not present. The shear stressesKsSi , which in this case
are independent of the approach to the steady state, are
equivalent todE.

2. Strong pinning

The PDM is simplest when the pinning is strong (K
!1). Except in very small ranges oft, the randomness as
sociated withb i may be ignored, and the steady state is o
in which each pulse creates the same numbern of dislocation
pairs, advancing allf i by 2np. The stressesKsSi , of the
same order asdE, now depend on how the steady state w
approached. It will be assumed that the system is initially
equilibrium, so that in the absence of randomnessCi andSi
are zero. During the motion, as neighboringf i advance si-
multaneously,Ci then remains zero and may be ignored.

In the metastable states reached between pulses, thSi
consistent with a steady state lie between limitsS1 andS2 ,
analogous to the rangeC1B to C2B of theCi in Sec. II C. As
before, PDM requires theSi ~which are close to multiples o
2p! to be near one or other limit through the relevant ran
of t. This is achievable ifS22S1@2p, which requiresKs
!1.

Which limit, if any, is reached depends on the initialSi
and on the delaydp . If dp is small, then as the system star
with Si50, PDM is possible only ifS1.0, since otherwise
Si50 provides a steady state. This requiresdE to be large
enough forSi to increase during the first pulse by at lea
(2n11)p, to reach a metastable valueSi>2p. The in-
crease continues untilSi reaches the first metastable valu
beyondS1 , provided thatdp is small enough forc to ad-
5-7
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vance before that value is exceeded. The value closest tS2
is reached ifdp is large enough forSi to exceedS2 beforec
begins to advance.

When Si'S1 , f i ~modulo 2p! just fails to reachp
1sin21(KsS1) as the pulse ends, and thereafter relaxes ba
ward to the greatest extent possible, giving a net adva
2np from each pulse. WithSi'S2 , the comparablef i just
passes2p1sin21(KsS2), and achieves the net advance 2np
by relaxing forward to the greatest extent. In either case
pulse ends withI c rising, as in Fig. 5. While in this respec
the PDM is similar to that in Figs. 1 and 2, it differs in th
no beats are present, as all thef i behave similarly, and also
in that the direction of relaxation following the pulse do
not depend ont. These differences may be absent, howev
if Si are distributed betweenS1 andS2 , as can happen if the
glide velocity provides appropriatedp in different regions of
the system.

3. Weak pinning

The computations of Ito,12 and those on which Fig. 3~b! is
based, show that in the FLR model a weakly pinned CDW
translated through an integral number of wavelengths
each pulse only whent lies within ranges amounting to
about 30% of the whole. Otherwise,q pulses, whereq.1,
are needed to translate the CDW by an integral numberp of
wavelengths. A consequence of this for the present mod
that, even in the steady state, the numbersnp of dislocation
pairs generated by successive pulses are not neces
equal.

The behavior of a FR source coupled to a weakly pinn
CDW depends on several factors. Suppose the CDW to
tend in the transverse direction by many times its phase
herence length; the motion of the small region which is
rectly coupled to the FR source and phase-slip plane is
effectively determined by that of the remainder. If the sou
responds immediately to displacement of the adjacent CD
then in the steady state it generates a total ofp dislocation
pairs whenever the bulk CDW moves throughp wave-
lengths, so that if this requiresq.1 pulses thenp are not all
equal. Althoughp/q depends on the shear stress, which

FIG. 5. PDM in the present model, with strong pinning. Wa
forms of I c , computed forE52, dE'0.2, andK5Ks50.001 are
shown fort corresponding ton55. The system starts from equilib
rium, with dp such that in the steady stateS5S1 in ~a!, and S
5S2 in ~b!.
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influenced by the source, the stress adjusts only over m
pulses, with the result thatp/q is integral over ranges oft
which, relative to the whole, are the same as in the FLR ca
If, however, the FR source responds slowly, effectively to
time-averaged shear stress, the variation ofnp is reduced,
and the ranges over whichp/q is integral are increased~the
ranges of integralp/q are also increased if the transver
dimension of the CDW is comparable with the coheren
length, as its motion closely follows developments in t
phase-slip plane, but PDM is not then expected!.

The PDM of weakly pinned systems has been mode
using Eq.~5!, choosing values ofnp consistent with the field
EP and durationt of the pulses, and with the properties
the FR source summarized indE and an assumed range ov
which p/q is integral. As discussed in Sec. II C, weak pi
ning can be modeled by a wide range of the elastic cons
K, from 0.2 to the extremeK@1, if f i is interpreted appro-
priately. Here the lower value will be used, so that the celi
may be regarded as Lee-Rice domains, whose relaxatio
metastable states is substantially independent of that of t
neighbors. It will be seen below that, to avoid restricting t
availability of metastable states on which PDM depends,Ks
needs to be smaller thandE/2p. Otherwise its value is no
critical, as it refers to shear on a scale set by the thicknes
the mobile region, rather than by the impurity separati
which would be relevant to the pinning strength; in partic
lar, Ks!1 is entirely compatible with weak pinning.

It is convenient to represent distributions ofF i5f i2b i
~modulo 2p! as in Fig. 6: the radial width of the shaded ar
expresses the distribution functionD(F) of F i , and their
advance under an applied field appears as a rotation, w
angular velocity contains a component2Vi sinFi due to the
pinning. The effect of applying a steady fieldE.ET to a
system unrestricted by coupling to a stationary layer, a
initially in equilibrium, is shown in Figs. 6~a!–6~c!. The con-
centration ofD around zero in the equilibrium state@Fig.
6~a!# disperses as motion proceeds, so that the distribu
passes through Fig. 6~b! and eventually becomes uniform
except for the effects of velocity modulation by the pinnin
as in Fig. 6~c!. The process leads to a gradual decay of
oscillatory part ofI c . When the field is removed, then to
fair approximation theF i relax forward or backward, ac
cording as they are greater or less thanp, until a metastable
state is reached. It is easy to see, and is demonstrate
computation, that when the metastable state is near equ
rium, as in Fig. 6~f!, the total relaxation is backward to th
greatest extent in Fig. 6~d!, whenD(p/2) has its maximum
value, and forward to the greatest extent in Fig. 6~e!, when
D(3p/2) is maximum. These situations correspond resp
tively to a minimum and to a maximum ofI c .

The way in which one might expect the PDM in Fig. 5
be modified when the pinning is weak is now clear. Supp
first thatdE is small and positive, and that thenp all take the
same valuen ~so thatp5n, q51!, in which situation PDM
is most likely. As when the pinning is strong, theSi adjust
until a steady state is reached in which each pulse adva
everyf i by 2np. The mean value ofSi ~now denotedS! has
a range of possible values consistent with metastable st
these are distributed almost uniformly, with roughlyN values
5-8
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per interval 2p, up to S'ET /Ks , whereET'0.6 whenK
50.2. If the system starts from equilibrium anddp is small,
S increases in successive metastable states, to reach i
steady state a valueS1 just sufficient to prevent the tota
advance of thef i resulting from each pulse from exceedin
2np. As the relaxation following each pulse is then bac
ward to the maximum extent, the state of the system w
the pulse ends is as in Fig. 6~d!, andI c is near minimum. If
dp is sufficiently large,S rises beyond its eventual valueS2
in the steady state, which is then just low enough to ens
that thef i advance by 2np as a result of each pulse. Th
relaxation is then forward to the maximum extent, as in F
6~e!, and the pulse ends withI c near maximum.

This behavior is modified whendE, and thereforeKsS in
the steady state, is large. The metastable state is then
Fig. 6~i!, and the distribution ofD which gives the greates
backward relaxation after the pulse ends is as in Fig. 6~g!,
where I c is past its minimum. The forward relaxation
greatest, andI c is past its maximum, in Fig. 6~h!.

4. Computer simulations (weak pinning)

These expectations have been confirmed by computa
Provided that the pinning is weak~K'0.2 or greater!, and
Ks small enough forS in the steady state to be at least a fe
times 2p, the values chosen for these parameters have l
effect on the form of the PDM.

Figure 7 shows the wave form ofI c for pulses of various

FIG. 6. States of the present model with weak pinning. T
radial thickness of the shaded area represents the distribution
tion D(F i) defined in the text. The equilibrium state is shown
~a!, the motion of the CDW is represented by~b!, and~c! shows the
steady state reached after prolonged continuous motion. S
reached in a pulsed field are shown by~d!–~i!. WhendE is small,
state~d! gives maximum backward relaxation~indicated by the ar-
rows!, and state~e! maximum forward relaxation, to the metastab
state~f!. WhendE is large the corresponding states are respectiv
~g!, ~h!, and~i!.
12512
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lengthst, taking integral and nonintegral values ofp/q cor-
responding to smalldE. The behavior when the delaydp is
small is shown in Fig. 7~a!. When p/q is integral (np5n
55), the steady state reached from equilibrium hasS5S1 ,
and the pulse ends, as expected, withI c close to minimum.
Figure 7~b! shows I c when dp is large enough to give a
steady state withS5S2 . The pulse now ends withI c close to
maximum.

Although clearest when thenp have a common valuen,
PDM does not vanish immediatelyp/q ceases to be integra
When p/q is slightly less thann, then for most pulsesnp
5n, but a few givenp5n21. These pulses allowS to in-
crease from the values betweenS1 andS2 which would cor-
respond to steady states if allnp were equal ton. As a result,
and irrespective ofdp , a steady state is not then reach
until S is somewhat greater thanS2 , and takes in turnq
values, increasing whennp5n21 and decreasing towardS2
whennp5n. The wave form ofI c , averaged overq pulses,
then ends the pulse close to maximum. Whenp/q is slightly
greater thann, S betweenS1 andS2 is reduced by the occa
sional pulses for whichnp5n11 rather thann. In the steady
state, again irrespective ofdp , S takesq values not far below
S1 , andI c is close to minimum when the pulse ends.

This is evident in Fig. 7, in the records for whichp/q
departs from integraln by 1

5 and, to a lesser extent, by13. In
either case the wave form appears independently ofdp .

The form of the PDM whendE is large is shown in Fig.
8 ~the pulse lengths are much as in Fig. 7, but the princi
value ofnp is now 3 rather than 5!. As expected, the pulse
now ends withI c substantially beyond its minimum or max
mum.

C. Comparison with experiment

The present model provides an explanation of many of
experimental features of PDM which are inconsistent w
FLR models. These are summarized below.

~i! The model exhibits PDM even when the CDW
weakly pinned.

e
c-

tes

ly

FIG. 7. PDM in the present model with weak pinning, whendE
is small ~0.2!. Wave forms ofI c are shown for a range of puls
lengthst, with the values ofn ~or of p/q, where nonintegral! indi-
cated, whenEP52, N5100, K50.2, andKs50.002. The system
was initially in equilibrium, withdp such that in~a! the advance of
c commenced beforeS reachedS1 , and in ~b! was delayed until
after S exceededS2 . Values ofKsS in the steady state range from
0.04 to 0.21 in~a!, and from 0.13 to 0.25 in~b!.
5-9
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~ii ! The various observed forms of PDM can be accoun
for, without requiring a nonequilibrium initial state, by a
signing appropriate values to the parameters describing
supply of dislocations by the FR source. PDM in which t
pulses end withI c close to maximum is explicable if a su
ficient delaydp is present before phase slip occurs far fro
the source. This form of PDM is seen in NbSe3 at 50 K.5

However, as the temperature is reduced, in those specim
still exhibiting PDM, the pulses end withI c to an increasing
extent past its maximum.6 The model associates such beha
ior with increasingdE, which might be expected if, in the
FR source, the glide perpendicular to the chain direction
thermally activated. The form of PDM first seen
K0.3MoO3,

2 where I c increases as the pulses end, is a
counted for ifdp is small anddE large. In~TMTSF!2PF6,

7 it
is not clear whetherI c is near a minimum, or merely decrea
ing, as the pulse ends; smalldp and dE would account for
the former possibility, and largedp anddE for the latter.

~iii ! The model exhibits PDM in which no beats appear
the wave form ofI c , as is observed in NbSe3. The beats
observed in Ref. 2, and the near-constancy ofI c until the end
of the pulse approaches in Ref. 7, are perhaps the resu
the CDW moving in many independent layers, so that co
ponents having differentn are superposed.

~iv! The PDM can be established by fewer pulses in
present than in the FLR models. The number required
pends on the meanS to be established, and the amount
which S changes as a result of each pulse. As weak pinn
in effect providesS with a continuum of metastable value
S1 andS2 need not be much larger than 2p to be followed by
Sast varies. WhenEP is substantially greater thanET , S1 ,
andS2 are of the order ofdE/Ks , and if dp is small the first
pulse changesSby about 2pndE/EP . From this, the steady
state is approached after a number of pulses of the orde
EP/2pnKs , or about 6 if EP52, n55, and Ks50.01. In
computer simulations using these values the steady state
reached typically after up to ten pulses, though after th
pulses the PDM usually was close to its final form. Roug
the same number of pulses establishes the steady state
S5S2 whendp'2(S2/2p). Thus the development of PDM
after a few pulses seems explicable.

~v! In their study of PDM in NbSe3, Okajima and Ido
found that the advance of phase during each pulse wa
ways close to 2np, with n an integer. This conflicts both

FIG. 8. As Fig. 7, except thatdE is larger ~0.7!; KsS ranges
from 0.45 to 0.55 in~a!, and from 0.57 to 0.64 in~b!.
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with the present and the FLR models if the pinning is stro
in the present model the advance is either (2n21)p or
(2n11)p, depending ondp , and in the FLR models varie
between those limits, depending ont. In each case relaxation
after the pulse ensures that the total advance is 2np. In the
present model with weak pinning, the relaxation followin
the pulse depends onD(F) when the pulse ends. WhenI c is
near maximum, andS5S2 in the steady state, the distribu
tion is as in Fig. 6~e!. The relaxation, although forward to th
maximum extent, depends on how uniformD has become as
a result of the motion: the mean phase advance after
pulse cannot exceedp/2, but is usually much smaller, an
vanishes if the distribution is uniform~and may be negative
when EP is near threshold, asD(p/2) may then exceed
D(3p/2) even when the latter has its greatest value!. In Fig.
7~b!, the phase advance after the pulse varies betw
20.07p and10.06p ast increases through the range appr
priate ton55. Thus the advance during the pulse is with
1% of 2np, and entirely consistent with Okajima and Ido
observations.

~vi! In the experiments by Joneset al.5 on NbSe3, PDM
was observed in ranges oft amounting to about 60% of the
total. This is much greater than the 30% of the total in whi
in the FLR model with weak pinning, each pulse transla
the CDW through an integral number of wavelengths. In
present model the translation per pulse is determined by
FR source, and may be expected to be an integral numbe
wavelengths over wider ranges than in the FLR model. T
model can therefore accommodate the ranges over w
PDM is seen, especially as it allows PDM when the trans
tion per pulse departs slightly from an integral number
wavelengths.

A feature of the PDM noted by Okajima and Ido which
not exhibited by the model is the response to changes in
pulse lengtht. The PDM in question is that in which th
pulse ends withI c near maximum, which in the model re
quiresS5S2 . If, when the steady state has been reachet
~and thereforeS2! is reduced, then in the modelS decreases
to the newS2 within a few pulses. On the other hand, ift is
increased,S already corresponds to a steady state, and
means is available for it to increase to the new value ofS2
without first returning to equilibrium, or otherwise interrup
ing the advance ofc. Experimentally, however, the PDM
adjusts to an increase int in fewer pulses than are require
for adjustment to a decrease.

This discrepancy between the model and experiment~the
only one so far apparent! would be explicable if dislocations
generated by the FR source were occasionally to be l
Each loss allows the system to reach a new steady state,
greaterS, until the new value ofS2 is reached. As no stead
state is available beyondS2 , further losses increaseS only
temporarily, and if they occur infrequently the system f
practical purposes remains in a steady state withS'S2 , as
when p/q is slightly less than an integral valuen. To con-
tinue indefinitely without macroscopic strain becoming in
nite, the loss of dislocations would have to be associa
with the addition or removal of wave fronts of the mobi
region. One way in which a suitable loss of dislocatio
might occur is through annihilation with dislocations of o
5-10
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posite type, provided by the expansion to the phase slip p
of loops nucleated thermally within the bulk, perhaps wh
local strain develops around obstacles to the motion.
macroscopic longitudinal stress, which develops in the CD
through the obstruction of its motion by the terminals, wou
ensure that any expanding loops would be of the appropr
type to annihilate with dislocations generated by a FR sou
roughly midway between them.

IV. DISCUSSION

The consistency of the model with the various manifes
tions of PDM makes any evidence that layers of CDW
main fixed while the rest is in motion of some interest. X-r
studies have detected stationary layers in some specime
NbSe3,

19 and also shear strains20 in the adjacent moving re
gions, of magnitude quite sufficient to lead to PDM~for
which S need correspond to displacements only of a f
wavelengths!. The different regions are associated with ste
in the crystal thickness, which occur in most specime
Whether they are present in specimens showing clear N
oscillations, in which PDM is studied, is less certain.13

The possibility that stationary layers result from surfa
pinning in NbSe3 is remote in the case of the broad~bc! faces
of the crystals, for it is clear that the tendency ofET to
increase with decreasing crystal thickness is a result of
pinning being effectively two dimensional,13 with Lee-Rice
domains extending between opposite faces. Stationary la
may however arise on the narrow~ab! faces if the adjacen
domains contain appropriate dislocations, as these ex
only over a small part of the crystal width. As mentioned
Sec. III A, an absence of suitable dislocations to allow wa
front addition and removal near the terminals is sufficient
render such layers stationary. They will also be subjec
increased pinning through their proximity to the surface,
the adjustment of the CDW phase to impurities costs l
elastic energy than in the bulk, and perhaps also by the
cumulation there of impurities.

An assumption that stationary layers are present in m
crystals makes it possible to explain certain pinning effe
of mobile In impurities,21 and also to account quantitative
for the voltage absorbed in sustaining phase slip near cur
terminals, by attributing it to the climb of dislocations reac
ing the terminal regions from FR sources elsewhere.18 If the
present model is accepted, then PDM provides further
dence of stationary layers. It is interesting that Joneset al.6

found no PDM when, in some specimens of NbSe3 at low
temperature, the CDW conduction appeared suddenly~and
hysteretically! as ET was exceeded, in the phenomen
known asswitching. PDM was seen at low temperature
nonswitching specimens, and in switching specimens at t
peratures high enough for no switching to occur. This s
gests that switching may be associated with the disapp
ance of the FR sources which allow a stationary layer
coexist with the moving CDW.
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Several features of the switching phenomenon reported
in Ref. 22 are in accord with this suggestion. The sudd
increase inET as switching appears follows from the need
depin the previously stationary layer and, as no FR sourc
available, to nucleate dislocation loops at the ends of
moving segment of CDW~i.e., near the terminals or, in th
crystals studied in Ref. 22, at phase-slip centers detected
tween them!. As expected, the increase inET is reduced
when the crystal is shortened, so that the moving segm
extends to its ends and no phase slip is required. The di
pearance of the FR sources which leads to switching ma
due to an increase in elastic modulus of the CDW as
temperature falls: the dislocation structure becomes unst
when its elastic energy becomes too great relative to
pinning. This, if one assumes that impurities adsorbed by
crystal surface contribute to the pinning, and so inhi
switching by preventing the FR sources from disappeari
would explain why switching becomes less common
specimens age, but can be restored by revealing new surf
by cleaving or chemical treatment.

Finally, the relation between PDM in the present mod
and the phenomenon of phase organization merits comm
Phase organization is exhibited by the models discusse
Sec. II, which whenK!1 reach steady states in which, a
the pulse ends, almost all thef i are close to positions o
maximum potential energy. This situation, where practica
all the degrees of freedom have energy near maximum
described9,10 as minimally stable, since many metastab
states are accessible to the system through slight disturba

While this ensures that the same steady state~or its
equivalent! can be reached from a wide range of initi
states, such minimal stability is not essential to PDM. It
sufficient for the system to have a single degree of freed
provided that it possesses a large number of metastable s
~an example is the single-particle system, showing a form
PDM, discussed by Coppersmith23!. The present model in
effect has a single degree of freedom,24 characterized by the
macroscopic shear strain, but with weak pinning has a q
sicontinuous distribution of metastable states. The stab
of the steady state is then better described as marginal
as minimal. Phase organization is present only as an ave
over many domains, and as the steady state is reac
through a sequence of metastable states determined by
pinning and the FR source, the number accessible thro
slight disturbance is unimportant. Although Joneset al.5 sug-
gest that a reduced abundance of metastable states und
the disappearance of PDM when the fieldE between pulses
is close to6ET rather than zero, this seems more likely to
a result of incomplete relaxation to the metastable state.
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