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Pulse duration memory of weakly pinned charge-density waves
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An explanation is proposed for the pulse duration mem@&®M) which certain weakly pinned charge
density wavesCDW'’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, andFRR)g Phys. Rev. Bl7,
535(1978; 19, 3970(1979] in regarding the CDW as an elastic body, and account for the curyeatrried
by the CDW always rising as the pulse ends, as in the first observation of PDM,sMdOs. 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 NpSehere it differs from that in the models
in that | 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;ofTNeSe
relation of the model to the phase organization displayed by the FLR models is also briefly discussed.
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[. INTRODUCTION memory(PDM) was first reported by Fleming and Schneem-
eyer in Ky sMo0,.2

Pulse duration memory is one of more remarkable phe- The phase when the pulse ends depends on the circum-
nomena associated with electrical conduction by incommenstances. In §3Mo00O;, |, was increasing at the end of each
surate charge-density wavé€DW’s).! Such CDW'’s de- pulse in the original observation of PDM, but near a maxi-
velop below a critical temperatur&, in certain metals mum in later studies of more perfect crystil; NbSe,
having a chainlike structure, appearing as a spatial moduldDM in which the pulses end with, close to maximum was
tion of the density of conduction electrons, of the fopm  reported by Okajima and Idband recently by Jonest al,’
+py cosQ-r+ ¢). With Q incommensurate with the crystal but in some specimens at sufficiently low temperature the
lattice, the energy of the CDW depends on its position onlylast authors aiso observed PDM in which the pulses ended
because impurities and other lattice defects couple to th@ith Ic well pastits maximunf.A form of PDM in which | . ,
phased, which adjusts locally so as to minimize the total IS décreasing as the pulse ends has als70 been reported in the
energy. The resultinginning of the CDW is said to be SPin-density-wave material (TMT3/PF.

oy - ; o Conventional models of CDW motion, based on the as-
strongif in equilibrium the potential energy due to individual . '
impurities is near minimum, andeakif the rigidity of the sumption of Fukuyama and co-work®ihereatfter referred

CDW allows minimization only of the total energy of re- to as Fukuyama, Lee, and Ri¢ELR)] that the CDW be-

. - . > haves elastically in moving over the pinning, have been only
glons c_;ontamlng many !mpur_mes. . . partly successful in accounting for PDM. Models of this

Motion of the CDW, in which a currerit; is carried col- e " \which exhibit PDM withl, rising as each pulse ends,

lectively, is induced by gle_ctnc field& stronge_r than a \yere described by Tangtal® and by Coppersmith and
thresholdEr set by the pinning. Usually. contains small | ittiewood!° The PDM arises because, at most pinning cen-
oscillatory components, known asarrow-band noise ters, the phase of the CDW as the pulse ends corresponds to
(NBN), which correspond to the translation of the CDW 3 maximum of potential energy. Sughase organizatiofis
through wavelengths, and are attributed to the periodicallyelated to the self-organized critical behavfoexhibited by
varying forces which pinning centers exert on the movingsome other nonlinear dynamical systems.
CDW. In many specimens, whehis applied as a series of It was recently pointed out by Jonesal® that, although
identical pulses and steady conditions have been reached, ttteese FLR models exhibit PDM, they do not well describe
phase of the oscillation as each pulse ends appears indepghe CDW's in which it has been observed, or account for its
dent of the pulse length. The CDW appears to anticipatevarious forms. The models assume strong pinning, and this
when the pulse is going to end because the duration of preseems to be necessary for them to show PDM, for none has
vious pulses has been recorded, in the metastable state heen found in the simulations by ffoand Jonegt al. of the
which the CDW relaxes wheR=0. Such apulse duration response to repetitive pulses of FLR models with weak pin-
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ning. In NbSg the CDW’s are known to be very weakly From this Jonegt al. concluded, in agreement with Oka-

pinned!® and the PDM has, near(or pasj maximum as the jima and Ido, that the essentials of PDM lie outside the FLR

pulse ends, and different in several other respects from thdfodels. Before accepting this, it is appropriate to enquire

in the models. whether conflict between the models and experiment is in-
This paper considers how the PDM of weakly pinnedévitable.

CDW'’s might arise, and is arranged as follows. Section Il

examines whether the PDM might, if parameters are chosen B. FLR models with strong pinning

suitably, still be accounted for in conventional FLR terms.

The strong pinning models are outlined, and the mechanisrgO

which there leads to PDM shown to be ineffective when th

pinning is weak. Of the other discrepancies with experimen}

listed by Jonest al, all but one appear to be intrinsic to

FLR models. Alternatives are discussed in Sec. lll, wigre

agreement with Okajima and Ido and Jomesl) it is con-

cluded that PDM involves phase slip in the CDW, which do,

FLR models exclude. The form of this phase slip is then WZEJF KC;—V,sing;, D

considered, and a model suggested which proves capable, in

appropriate conditions, of exhibiting the various observedvhere t denotes time,C;=(¢;_,—2¢i+ ¢;,,) will be

forms of PDM. The relation of this model to the phenom- termed the curvature &tE is the applied field, and an elastic

enon of phase organization is among topics of the concludingonstantK <1 is appropriate to the limit of strong pinning.

The origin of PDM in the FLR models may be seen by
nsidering a CDW strongly pinned by a large numiesf
egularly spaced impurities, which may be assumed, without
oss of generality, to have spacing commensurate @itin
equilibrium the phaseb; of the CDW at each impurity is
then zero, and the motion of th# is described by equations

discussion of Sec. IV. To simplify matters, the coefficients specifying the motional
damping and the charge on whiéhacts are taken to be 1,
Il. PULSE DURATION MEMORY IN CONVENTIONAL and periodic boundary conditions imposed.
(FLR) MODELS The system becomes equivalent to the model of Tang

et al. when the pinning potentialg; are identical; here they
(and thereforée) will be set equal to 1. Although the model
Soon after it was observed experimentally, Taigal®  of Coppersmith and Littlewood provides for randomness in
showed that PDM could be exhibited by a chain of elasti-the spacing, pinning potential, and preferred phase of the
cally coupled particles moving in a sinusoidal potential, suchmpurities, its PDM is a result simply of the spatial nonuni-
as was used by Frenkel and Kontorvéo model crystal —formity of the pinning. Here this will be provided by letting
dislocations. The PDM occurs when the coupling between/;=V, wheni<zN (regionA below), andV,=Vg wheni
neighbors is weak, making the system analogous to a CDW- 1N (regionB), whereVg>1>V,>K.
with strong FLR pinning to regularly spaced impurities. Pro- It is supposed thaE is applied as a series of pulses of
vided that the system is initially far from equilibrium, a amplitudeE,>1 and duratiorr, between which the intervals
pulsed driving force leads to a phase-organized steady staighenE=0 are sufficient for the system to relax to a station-
in which most of the particles are near a potential maximumary  (normally metastable state, in  which ¢,
as each pulse ends. As their velocities, and therdfgrare  =sin"Y(KC,/V,). For any particular metastable statg, can
then increasing, the system exhibits PDM, as observed bige chosen between #/2 and+#/2, and its advance during
Fleming and Schneemeyer. It was later shown by Coppefthe next pulse specified as betweem2 and 2+ 1),
smith and Littlewood that similar(though less pronounced where the integem depends ofEp, 7, andC; . If when the
PDM could be exhibited by a CDW initially in equilibrium, pulse ends¢;>(2m+1)7—sin” }KC;/V,), it subsequently
if strongly pinned by impurities distributed randomly in po- relaxes forward to give a total advancen2{ 1)m; other-
sition. wise the relaxation is backward, and the total advanoer2

Joneset al®> compared their observations of PDM in |n either case the advance ¢f resulting from the pulse may
NbSe only with the predictions of the model of Tag al.  pe expressed asn@r, where

Their numerical simulations differ from experiment in sev-

A. Review

eral respects. The wave forms lgf predicted by the model T —> 1 1 2
show evidence of beats, and are rising as the pulse endg,=Int 5— VEE—Vi+ o+ —tan " ———us— —
whereas in NbSgno beats are observed, and the pulse ends EF—Vi
with 1. usually near maximum. In the simulations PDM v, EcKC,

arose only with strong pinning, yet in Nb$S#he pinning is Xtan !
extremely weak? and developed only after many pulses,
whereas experimentally only a few are required. Also listed
amon [ [ : - " @

g the discrepancies was the “ground-state paradox” of
PDM in the model requiring an initial state far from equilib- Er=Ep+KC;, and asK is small any change i; during
rium, which is not necessary in experiments. A nonequilib-the pulse is neglected.
rium initial state is, however, not a requirement for PDM in  In the steady state the same values of Gheappear re-
FLR models generally, as the model of Coppersmith andgetitively, either in successive metastable states, or in a cycle
Littlewood!® shows. of q such states, during which the total advance of eacis

VEE-VZ (Vi W2 (KC)VEE-V?
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27p, in a form of mode locking between the pulsed field q (a) ©
and the translation of the CDW. o6 W 1

The situation most favorable to PDM is whgr 1; every or | |
¢; is then advanced by each pulse by the same amaumnt 2 d\/\lj\/\’llf\ . W
wheren=p. For givenV;, a range of values of;, depen- t W
dent onEp and, is then consistent with a steady state. PDM Le W

arises when a great majority of tli& are at an extreme of ay” W
this range: the correspondinyg are then close to becoming 4 & (i) W
n=1, each pulse ends wiiy; (modulo 27) approximating to ¢ 2 /]/gl\}\, 2—\/\/\/\/\4/\
m—sin {KC;/V,), giving whenK <1 a contributiond ¢; /dt U ()0 o 7 20 20
to I, which is rising, irrespective of the precise value of (b)

The pulse ends with the system in the phase organized state ) . . )
mentioned in Sec. Il A. FIG. 1. PDM in a FLR model with spatially uniform strong
The distribution of theC; in the steady-state, which gov- Pinning. (@ d¢;/dt in the limiting cases of a pulse causieg to

erns the wave form of,, depends on the arrangementgf ~ 2dvance by 8. In the lower traceC;=C;, in the upperC;
o ) =C,, in both cases witm=5. (b) CDW distortions(displacements
and on the initial conditions. 2

of ¢; from meang;) in an initial state far from equilibriunjcurve
(i)] and in the steady state with curvatu@s<0 andC,>0 [curve
(ii)]. (c) Wave forms ofl ., computed forEp=2, N=100, andK
When all theV; are identical one may, for reasons men- =(.001.

tioned below, assume that=1. Then, then reach a common o )
value simple case shown by cur® in Fig. 1(b) need be consid-

ered here: sequences of equal length, haWiig) equal to
+1 and—1, adjoin at sites for whicl€;=0.

1. Spatially uniform pinning

T 1 1 1 . .
n=Int| =— JE2—V?+ =— —tan '——|, (3 On applyinge>1, the differences between tis tend to
2m VP2 VER—V? decrease, on account of the tek€; in d¢;/dt; when the

I . , . field is pulsed, a steady state is reached as soon as &l the
which is obtained by setting;=0 in Eq. (2), as the steady gre petweert, andC,. It was shown in Ref. 9, and is easily
state withn;=n is consistent with a range @ about zero.  gemonstrated by computation, that almost all @ere then
This range will be denote@, to C,, whereC,;<0<C,. C;  jyst within that range, if initially they were far outside it.
andC, are available from Eq(2), whose fractional part ap- - Since metastable values ¢f are spaced nearly by these
proaches 0 or 1 a5;, respectively, approach€s or C,. If  C, approximate either to the most negative multiple of 2
Ep is not too close to 1, the retention of the first two termsexceedingC,, or to the most positive not exceedify. As
inside the brackets of Eq&2) or (3) allowsKC, andKC, to  indicated by curvelii) in Fig. 1(b), the sequences dffor

be expressed approximately by which C;~C, andC;~C, are proportional in length tg, *
5 1 and (—C,) 1, respectively(which ensures that; remains
r - . .
KC,= (7& (E%—v$)+v$ Ep, 4) \;Vétjrc])lir;) the required range at the sites where the sequences

The resulting PDM is seen in the computed formg o
where a=1 or 2, and 7, =(2n—1)7/VER—V{ and 72 Fig. 1(c): in these components similar to the lower and upper
=(2n+1)w/Ep—V are the extremes of for which Eq.  records of Fig. a) are superposed, with relative amplitudes
(3) leads to the given value of. From this,KC;~—2(Ep  varying respectively from 1 to 0, and from 0 to 1, asn-
—Vi2/Ep)/(2n—1) andKC,=0 when7=r,; andKC;=0 creases through the range consistent witlBeating is evi-
andKC,~+2(Ep— VY/Ep)/(2n+1) whenr= 1. dent near the center of the range, wh&e and C, are

The behavior ofi¢; /dt whenC; is near the limiting val- roughly equal in magnitude. The computer simulations by
uesC,, C, is shown in Fig. 1a). As expected, the pulse Joneset al” provide further illustrations of the beating phe-
ends withd¢; /dt (and the contribution td.) rising; ¢; is  nhomenon, and of the variation &, and C, with 7, the
then just greater than (2 1)7—sin }(KC), or just less distribution of C; and ¢; in the metastable state, and the
than (h+1)7—sin ¥KC), according asC;=C; or C,.  relaxation following the pulse.

These are the “fall forward” and “fall back” cases, respec-
tively noted by Jonest al®

As metastable values @; betweenC, and C, already Suppose now tha¥; takes different value¥, andVg in
correspond to steady states, the state exhibiting PDM, withegions A and B. When pulses are applied, the differing
most of theC, close to the extremes of that range, can beforces due to the pinning now cause curvatuggsto de-
reached only if they are outside it before pulses are appliedielop, even if the system is initially in equilibrium witB;
Tanget al. and Jonet al. prepared the initial state by dis- =0.
placing the¢; from equilibrium by large random amounts, = For most combinations &p andr, the steady state when
leading after relaxation to a metastable state in which seK is small is one in whichn;=n for all i, giving mode
guences of adjacenthave KC; approaching either-1 or  locking with p=n andq=1. Exceptions occur, however, as
—1, which the pinning just renders metastable. Only ther approaches the value at whichwould becomen= 1, for

2. Spatially nonuniform pinning
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(a) (b) Situations intermediate between cdgeand (i) arise in
) case(iii ), whereC,,<C;5<0<C,g, and in the equivalent
)] = case(iv). In case(iii), the first metastable state reached has
Cis; Can W C;=~C,, throughoutA, butC; remains 0 in the central part of
.. Cia Cn W B, while C;~C,g in the remainder. Withp; at the end of the
s Cam W pulse close to a critical value iy and part ofB, the number
C'W of sites effective in the PDM is betweéN andN (ignoring
(iii)cﬂ"__cf"r_.l W the few whereC; changes sign
Cip  Ca \MJ\_/\,]\/—_ In the computer simulation of their model by Coppersmith
Cla iCn 2\/\/\/\J\4 and Littlewood!? the spatial nonuniformity arose from the
[ ] 0 - - - randomness of the positions of the impurities. The model,
0 Ce Cw 0 10 P 20 30 initially in equilibrium, exhibited rather weak PDM: at the
end of each pulsk. was rising, but not at its maximum rate,
@ ':G- 2. P?M in atFléR_ mOde';’(‘fi)th(_“c)’”””if?_rm sotlrpngt,]hpir:nir:g. and only about 70% of the; were within 0.2r of a potential
a) Ranges of curvatur€ in cases(i)—(iv) mentioned in the text. : ; ;
(b) Wave formsl, in case(ii), for En—2, N=20, VA= 0.5, Vs maximum. As the quel_ might be_ expect_ed to dlsplay the
—1.5 andK =0.005. three types of behavior just described, this response is not
' surprising. It is also worth noting that spatial nonuniformity
when the argument of Eq2) is close to 0 or 1, changes of of pinning becomes less likely to lead to PDM Bs in-
+27 in C; may lead to changes of1 in n;, allowing a creases, fokKC,; andKC, obtained from Eq(4) become less
subsequent pulse to chan@k by *2w. Steady states are dependent ofV/;, making casgi) more likely. Experimen-
then possible in which the; are successivelgorn+1, and tally, however, Jonest al. found that the PDM of NbSe
all reach the same mean valpéq, with g>1. WhenK  was not degraded by increasifig,, even beyond By .
<1, each range of in whichq>1 is approximately 4K of
the adjacent ranges whege= 1. Mode locking withg>1 is
much less likely when all th&/; are equal, because then a C. Weak pinning
steady state having;=0 is available, and normally is
reached as nears the end of the range for givanso that
nj=n andq=1.

In what follows, K is assumed small enough for one to =% 9 ,
ignore the possibility thag>1. The different ranges avail- adjust to the new limit<, andC,. That, however, is pos-
able toC; in regionsA andB in the steady state can then be Siblé only when the smaller in magnitude 6f and C,,
found, as before, from Ed2) or (4). They will be denoted Which determines most of th@; , is sufficiently large com-
C1a 10 Cop in A, andCig to Cog in B, whereC,,<C,, and  Pared with 2r. As that quantity does not exceedEq
C15<C,s. As Vg>V,, one hasC,zg>C,, and C;p —E;l)/ZKn, even withr central in the range for given, it
>Cq,. The value ofn is that which allows theC; to have  appears that one requires<(Ep—E;1)/4qrn, which for
the smallest magnitude in the steady state, implying thaEr=2, n=5 becomeK <0.02.

Cia<0<Cyg, Cyg>—Cyp, and—C5g>Cyp. The effect of increasing has been investigated by com-

The extent to which PDM develops when the systemputation, and is rather less severe than this suggests: the
starts from equilibrium depends on the relationGf0 to  PDM seen wherK=0.001[Fig. 1(c)] is only slightly de-
the limiting values just defined. The four possible arrangegraded wherK=0.01. The steady state proves to be modi-
ments are indicated in Fig.(®. In case(i), whenC,,>0  fied in two ways, with opposite effects on the PDM. As
>Cg, N0 PDM is possible. The equilibrium state allows expected, as the number of metastable valugs; dfetween
=n in both regions, each pulse caugggo advance equally, C,; and C, decreases, those limits are approached less
and each new stationary state is an equilibrium state. Thelosely, withC; taking values which remain unchanged over
situation most favorable to PDM is ca&é), whenC,,<0 increasing ranges of pulse length. HoweverKamcreases,
<Cig. The metastable states then h&Ve<0 in regionA, the assumption in expressiof®) and (4) that C; remains
andC;>0 in regionB. To ensure thah;=n whereA andB  constant during the pulse eventually fails: changeS;ithen
adjoin, |C;| there must not be too large, which requires theallow steady states in whidB,; andC, are approximated not
sum of theC; in B to be close to that of-C; in A. In the by a single metastable value 6f, but by an average of two
special case whelC;g=—C,,, the first metastable state or three, with one possibly outside those limits. This makes
reached ha€;~C,, throughoutA, andC;~C;g throughout the steady state more able to adjust to changes, iand
B. Otherwise, ifC;g<—C,a, One hasC;~C,, throughout allows PDM withK as large as 0.02, and,—C; approxi-

A, but C;~Cyg only in a central part oB, with a larger mately 2r.

value C;~C,g in the remainder. An equivalent situation, = The effect wherK is larger than this, an€,—C; less
with C; close toCg, Csa, OF Cqa, Occurs whenCqg> than 2m, is seen in Fig. &), which showsl(t) when K
—C,a. Except where the curvature changes sign, allghe =0.05 andEp=2, for 7in the range givingi=>5. The PDM
are then close to a critical value when the pulse ends, leadinig now lost, although in the steady state @eneed not all be
to PDM, of which examples appear in Figb2 zero, even when the relevant limit is less than 2s it may

Consider now the effect on these models of increasing the
elastic constark. An underlying assumption in Sec. IIB1 is
that, if the pulse length is changed wit constant, theC;
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] (a) (b) Examples of the response of a weakly pinned FLR model to
repetitive pulses, showing no evidence of PDM, appear in

MMM o3

:JU\/W ::vw\z_:'f‘—l__

I _W Ie _WL__ D. Comparison with experiment
W WL/——- As well as appearing only with strong pinning, the PDM

% in Sec. 1B differs from experiment in the further respects
2'WVU\] listed by Jonet al.® and already mentioned in Sec. Il A.

2_

O0 10 20 30 00 10 20 30 Whether these discrepancies are unavoidable with FLR mod-
! els is now of interest.

FIG. 3. The effect of weak pinning on FLR models) Wave While there are signs of it in the original observation of

forms of I, in the conditions of Fig. (c), but with K=0.05.(h)  PDM in K, 3MoO;, the beating phenomenon in Figclhas
Response to pulses of a weakly pinned FLR system, ®jts-2,  never been observed in NbS@&eating is an accompaniment
N=100, andK=0.5. The pulse lengths cover the range in which of PDM in both the models in Sec. |l B: it arises because the
each pulse displaces the CDW by five wavelengths. concentration ofZ; near two or more limiting values causes
different ¢; to advance during the pulse approximately by

be approximated by an avera@e. However, the nonzerg;  (2n—1)7 and (21+1)7. This association of beats with

become concentrated in short sequences of tiiee ¢; are  PDM is to be expected in FLR models generally.

somewhat analogous to the atomic displacements in a The number of pulses required to establish PDM in the

Frenkel-Kontorova dislocationand these concentrations do €xperiments is usually small: values ranging from one or two

not survive in the steady state aspproaches either end of (Ref. 2 to ten (but in one case 200(Ref. 4 have been

its range for givenn, when allC; become zero. AK in-  reported. In simulations the number has commonly been of

creases further, nonze occur only forrin a diminishing ~ the order of 16, but no estimates have been given of how

central part of its range, outside which the form Igft) small it might be in favourable circumstances. The number

during the pulse is independent of its duration. depends on the relative displacements of diffekgnheeded
This explains why, as Jonest al. found by simulation, to convert the initial into the steady state, and on the change

the FLR model of Sec. Il B 1 exhibits PDM only whehis ~ effected by each pulse. The arbitrary choice of initial state
sufficiently small. It is not difficult to see that the same ap-Prevents a clear comparison of the model of Sec. 1B 1 with
plies to the FLR model of Sec. 11 B 2. Although ti& need  experiment. In the model of Sec. I B2, initially in equilib-
not be near zero, their rangé3;, to C,4, andC;g to Cop) rium, the relative displacement to be established is
are reduced, and become less thanvith K still less than ~ Ca(N/4)?, whereC,>2 is a representative limiting curva-
0.02. For largeK, C; reach values practically independent of ture which, as it establishes a common mean velocity in re-
7, again precluding PDM. gions A and B, is of the order ofAV/2K, where AV=Vjg

In the general FLR modélimpurities are distributed ran- —Va. The first pulse, ifEp is a few times greater thavig
domly rather than being spaced regularly, and usually in tw@nd Va, leads to a relative displacement roughly
or three dimensions rather then one. As this randomness &V 7(V/\Es—V?), whereV=(Vg+V,)/2~1. The number
pinning clearly will not enhance phase ordering, the genera®f pulses needed to establish the steady state is then expected
FLR model can hardly show PDM when the simplified ver-to be a few timeN?(E2—1)/(64mKn) which, asC,>27
sions above do not. As PDM in those models requike®  implies thatK<(E,23—1)/(47-rnEp), will be at least a few
be less than about 0.02, it is to be expected that values evéimes greater tham?Ep/16. Computations of the develop-
smaller are required in the general case. ment of PDM show this to be correct in order of magnitude:

Such small values oK are inconsistent with weak pin- in calculations withEp=1.5, and withN=6 andK=0.003
ning. In weak pinning the elastic coupling induces correla-(respectively the smallest and largest values for clear RDM
tion between the phases at neighboring sites, the preferred the steady state was reached, on average, after about 20
values of which are distributed randomly. The onset of wealkpulses. It is clear from this that, while not inconsistent with
pinning may be taken to be when the correlation betweemvery observation, the idealized model cannot account for
adjacent sitedi.e., the average of cog(—¢,.,)] reaches the appearance of PDM after a fefor even teh pulses.
e !, which happens whei~0.2 in the one-dimensional More general FLR models, in effect with larghir will fail
case. It is not necessary to consider valuek afuch greater more spectacularly.
than this, even though the extreme of weak pinning is repre- The remaining discrepancy between the models and ex-
sented byK>1, sincei may always be redefined to representperiment is in the behavior off, as the pulse ends. The
the Lee-Rice domains, and the correlation ¢n between models predict, then to be rising, which follows from the
adjacent domains is of the order ef 1. As K~0.2 is an  steady state being such th@t just ensure thah; have the
order of magnitude greater than allows PDM even in thevaluen, rather tham+1 orn—1. Such a marginal stability
idealized models discussed above, it is concluded that nof a strongly pinned system clearly cannot account for the
PDM can be exhibited by a weakly pinned elastic CDW.PDM observed in NbSg where the pulse ends with at, or
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past, its maximum. From this, and Sec. Il C, it may safely be * +
concluded that the essential physics of PDM in real crystals T L
lies outside the FLR models. (a) T It
L T

I1l. PULSE DURATION MEMORY: MODELS BEYOND t I

FLR’'S

A. General considerations l I
The failure of FLR models to account for the PDM actu- (p) ;T /////))//}j//// /l§
ally observed is presumably a result of their neglect of in- i AL

elastic behavior in the CDW. That PDM might involve am- T
plitude collapse was suggested by Okajima and “ldo,
explain their finding that during each pulse the CDW ad-
vances by an integral number of wavelengths. They proposec \ \
that processes of phase slip, in which local collapse is fol- (¢) T <@ ‘)" ) @\
lowed by recovery with phase changed by, Znable the
CDW to move past centers of unusually strong pinning, and F|G. 4. Strain distributions, dislocation paths, and Frank-Read
that the phase slip at different centers is synchronised byources. Infa) and(b) wave fronts in moving and stationary regions
means unknown. An alternative suggested by Jehes ®is of the CDW are shown as continuous and broken lines, respec-
that the phase slip is that which adds or removes CDW waveévely. The symbolsL andT represent edge dislocations; the ver-
fronts near the current terminals. This proceeds through thecal line indicates the incomplete wave front near the dislocation.
motion of dislocations in the CDW structut®and it is sug-  In (a), motion(from left to right of the CDW between the terminals
gested that the ordering of these leads to PDM. is made possible by the climb to the surface of edge dislocation
The arrangement of dislocations near the terminals carlpops, generated by longitudinal stress (i, motion of a layer of
however, be relevant to PDM only in very short specimensCDW is made possible by the glide toward the terminals, and sub-
A notable feature of the response of longer specimens tgequent climb, of dislocations generated by a Frank-Read source on
pulsed fields is that the amplitude of the NBN is much largerthe boundary of the stationary layer. Two forms of Frank-Read
than when the field is applied continuousi§This is to be  Source are shown_l(c); the Ilngs represent dislocations at the in-
expected of a CDW composed of nearly independent Legtérface of the moving and stationary layers.
Rice domaing: when induced to leave the metastable state,
where their energy is minimized, different domains maketerminals is also stationary, and the stress is mainly shear
oscillatory contributions td . which at first are nearly in except close to the terminals. The shear stress leads to the
phase, but become dephased as motion proceeds. For suckpgmation of pairs of opposite edge dislocations, whose glide
CDW to exhibit PDM, the domain motion throughout the to the terminals and subsequent climb to the surface again
moving CDW must become adjusted to the pulse length. Agjiows the CDW to advance through one wavelength.
the motion is determined by local conditions, ordering of  1\vo mechanisms are available for the generation of dis-

dislocations near the terminals can hardly lead to PDM iNgcations by stress. The random process of thermal nucle-
specimens many domains long. _ ation has been discussed at led§tffin the case of Fig. @),
Local conditions far from the terminals depend on theand in principle may occur also in Fig(h), but predicted

pinning and applied f|e_|d, mcludeq n the FLR model, ar]drates of phase slip have been much less than those observed.
also on any macroscopic stress arising when the mean veloc;

ity is spatially nonuniform. Such stress is inevitably present h? alternative is gene_rguo_n by Frank-Re@R) sources,
when motion is sustained only in part of the crystal, for it which proceeds d_etermlmstlcally at a rate dependent on the
drives the phase slip needed where mobile and stationaljgCal stress. In Fig. @), Whe,re the FR sources create or
regions of CDW adjoin. Stationary regions exist in almost alld€Stroy wave fronts of CDW's, they tend to be removed by
experiments on NbSe as motion is confined to a central the motion, though a pair operating ";‘t identical rates near
segment of the ribbonlike crystal, between current terminal§ach terminal might survive mdeﬂmte’ryAIthoggh this has
on its sides. In many crystals the motion in the central Segled to their neglect in favor of thermal nucleation, there is no
ment does not extend over its entire cross section, so that’&ason why FR sources on the boundary of the stationary
layer stretching between the terminals also remains statiodayer in Fig. 4b), and based on edge dislocations within it,
ary; evidence of this is presented in Sec. IV. should not be permanetftExamples of such sources, which
The distributions of strain in these situations, and theprovide phase slip in which wave fronts are conserved, are
paths taken by the dislocations whose motion effects thehown in Fig. 4c): under shear stress, dislocations of mixed
phase slip, are shown in Fig. 4. In Figa# where the central edge and screw types, permanently present on the boundary,
segment moves as a whole, longitudinal stress induces ttgenerate pairs of opposite edge dislocations.
formation of edge dislocation loops in the CDW near the In both Figs. 4a) and 4b), the situation most favorable to
terminals; the climb of one such loop to the crystal surfacd®DM is when every field pulse generates the same number
near each terminal allows the CDW between to advance bgf dislocation pairs, enabling the moving CDW to advance in
one wavelength. In Fig.(®) a layer of CDW between the phase everywhere bynZr. Such generation, being nonran-
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dom, requires a FR source or sources, and is likely only irand by damping arising from the difficulty of inducing glide
Fig. 4(b). A model of PDM in that case is considered below. normal to the chain ax%sr’.A further complication is that the
The model accords with Okajima and Ido’s view that therate at which dislocations appear will not respond immedi-
CDW relies on phase slip to escape from pinning: here phasately to changes in shear stress. The rate varies both as the
slip is effected by the glide of dislocations along the inter-glide velocity, and as the number of turns in the spiral struc-
face with the stationary layer, whose supply by the FRiure of Fig. 4c), if that is large. While both are expected to
source provides a means of synchronization. The stationarye Proportional to stresSonce steady conditions have been
layer is not necessarily subject to increased pinning: its sug®ached, the pitch of the spiral takes time to adjust to a new
tained motion may be prevented by an absence of the disld/@lue. The stress driving the source, though represented in
cations which would enable it to gain or lose wave frontsthe steady state b{.S;, is due to displacement of the CDW
near the terminals, for those generated by the FR source adiXt to the phase slip layer, and will rise more rapidly than

or remove wave fronts only of the moving layer. KsSs when the field puls&p is first applied to the system in
equilibrium. While this may allow dislocations to appear al-

most immediately, the finite glide velocity delays the ad-
vance ofi, which may occur before or aft& can reach its
1. Basic assumptions eventual value.

It is clear from this that, whiled, may allow the steady
ovalue ofS to be approached from either direction, the pin-
afing and damping of the source ensure that, in the steady

Its phased; is sampled irN cellsi along the chain direction, state,n, restricts the rate of increase ¢fto be less than that

which are coupled elastically to corresponding cells of the?l #i would have been if not coupled to the stationary layer.

“phase-slip plane” where the mobile region adjoins the sta-This leads to the development of the shear stres&s,

tionary layer. The phases: are assumed to satisfy equations Which equalize the mean rates of increase ofdhandy as
the displacement of the CDW becomes large. The difference

de, _ between the actual rate of advance of éhdandy), and that
gi ~EHKCi—Visin(¢i— ) —KS;, (5  which would apply were there no coupling to the stationary
layer, is conveniently expressed as an effective figlt]

where randomness is introduced through the preferred phasggch that the averade induced by a steady fielt is the
Bi distributed randomly betweenr 7 and +r, with V;=1; same as would be induced B+ SE if the stationary layer
E, K andC; have meanings as in E@l), andl. is taken as Were not present. The shear stredsgS;, which in this case
the mean ofd¢; /dt with respect ta. are independent of the approach to the steady state, are then

The final term in Eq.(5) represents the coupling to the equivalent tosE.
stationary layerS,= ¢;— ¢, , wherey; denotes the phase in
cell i of the phase-slip plane, arif is an elastic constant
dependent on the shear modulus and thickness of the mobile The PDM is simplest when the pinning is stron¥ (
region. The glide of a dislocation through the dedidvances <1). Except in very small ranges of the randomness as-
¢; (assumed initially to be zeydy 2. sociated withB; may be ignored, and the steady state is one

The dislocations are assumed to be generated by a singile which each pulse creates the same nunmoefrdislocation
FR source in celk of the phase-slip plane, driven by shear pairs, advancing alty; by 2nw. The stresse&.S;, of the
stress, of whictK S, is the one-dimensional representation same order ask, now depend on how the steady state was
(where several sources operate, they adjust so as to generaggproached. It will be assumed that the system is initially in
dislocation pairs in the same plane, at a net rate which is thaquilibrium, so that in the absence of randomn€sand S,
of the most active Except in its immediate vicinity, where are zero. During the motion, as neighborigg advance si-
S, affects S elastically in abouty(K/K,) cells, the source multaneouslyC; then remains zero and may be ignored.
influencesd¢; /dt only by enablingy in i and neighboring In the metastable states reached between pulses$;the
cells to advance. It is assumdds such that . is dominated  consistent with a steady state lie between ling{sand S,,
by cells far from the source, which then need not appeaanalogous to the rande;g to C,g of the C; in Sec. I C. As
explicitly in Eq. (5). In the steady state the response to thebefore, PDM requires thg; (which are close to multiples of
pulsed field then depends on the numbegsof dislocation ~ 2w) to be near one or other limit through the relevant range
pairs generated by successive pulses, and also on the diredf- 7. This is achievable ifS,—S;>27, which requiresKg
tion from which theS; approach their eventual values, which <1.
depends on whei#); begins to increase. Calculation is sim- ~ Which limit, if any, is reached depends on the init&l
plified by supposing that ally; (now written ¢) advance and on the delag,. If d, is small, then as the system starts
simultaneously, making1, advances of 2 during each with §=0, PDM is possible only if5,>0, since otherwise
pulse, after a delay during whiat, advances would other- S=0 provides a steady state. This requiés to be large
wise have occurred. enough forS; to increase during the first pulse by at least

Many factors influence the possible valuesngfandd,, . (2n+1)m, to reach a metastable val&=2=. The in-
Operation of the FR source is expected to require stress iorease continues untf; reaches the first metastable value
excess of some threshold, and also to be resisted by pinningeyondS,, provided thatd, is small enough for/ to ad-

B. A model of PDM involving phase slip

In modeling the situation of Fig.(8), the regions of lon-
gitudinal strain near the terminals are ignored, and the m
bile CDW in the sheared region treated as one dimension

2. Strong pinning
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@ ] (b) influenced by the source, the stress adjusts only over many
pulses, with the result thai/q is integral over ranges of

[ AVAVAVAY IR
M \/WU\J}_/ which, relative to the whole, are the same as in the FLR case.
\/\/U\/% \JUWMA If, however, the FR source responds slowly, effectively to a
L/W \/\/UU\JL/\ time-averaged shear stress, the variatiompfis reduced,
M\/\A/]\/ \/\W\/L\ and the ranges over whigh'q is integral are increase(the
W \/WU\/\/\ ranges of integrap/q are also increased if the transverse
W WUV\%/\ dimension of the CDW is comparable with the coherence
21\/\-/%\/\/]\/, Z,M length, as its motion closely follows developments in the
0 0 J\/\/\/\/L\ phase-slip plane, but PDM is not then expegted
0 10 20 30 0 10 20 30 The PDM of weakly pinned systems has been modeled
using Eq.(5), choosing values afi, consistent with the field
FIG. 5. PDM in the present model, with strong pinning. Wave Ep and durationr of the pulses, and with the properties of
forms of |, computed folE=2, SE~0.2, andK=K;=0.001 are  the FR source summarized 8t and an assumed range over
shown forr corresponding tm=5. The system starts from equilib- which p/q is integral. As discussed in Sec. Il C, weak pin-
rium, with d, such that in the steady sta&=S, in (a), andS  ning can be modeled by a wide range of the elastic constant
=S, in (b). K, from 0.2 to the extrem&> 1, if ¢, is interpreted appro-
priately. Here the lower value will be used, so that the dells
vance before that value is exceeded. The value clos&st to May be regarded as Lee-Rice domains, whose relaxation to
is reached ifd, is large enough fo§; to exceeds, beforeys metastable states is substantially independent of that of their
begins to advance. neighbors. It will be seen below that, to avoid restricting the
When S~S;, ¢; (modulo 27) just fails to reachm  availability of metastable states on whiph PDM depgths,
+sin"Y(KS)) as the pulse ends, and thereafter relaxes backi€eds to be smaller thasE/27. Otherwise its value is not
ward to the greatest extent possible, giving a net advancg@itical, as it refers to shear on a scale set by the thickness of
2nw from each pulse. Witl§,~S,, the comparables; just ~ the mobile region, rather than by the impurity separation,
passes- 7+ sin {K:S,), and achieves the net advance2  Which would be relevant to the pinning strength; in particu-
by relaxing forward to the greatest extent. In either case thé", Ks<1 is entirely compatible with weak pinning.
pulse ends with, rising, as in Fig. 5. While in this respect It is convenient to represent distributions &f= ¢; — 5,
the PDM is similar to that in Figs. 1 and 2, it differs in that (modulo 2m) as in Fig. 6: the radial width of the shaded area
no beats are present, as all thebehave similarly, and also €xpresses the distribution functian(®) of ®;, and their
in that the direction of relaxation following the pulse doesadvance under an applied field appears as a rotation, whose
not depend orr. These differences may be absent, howeverangular velocity contains a componen¥/; sin®; due to the
if S are distributed betwee®, andS,, as can happen if the Pinning. The effect of applying a steady fiel>Er to a
glide velocity provides appropriaté, in different regions of ~ System unrestricted by coupling to a stationary layer, and
the system. initially in equilibrium, is shown in Figs. @—-6(c). The con-
centration ofD around zero in the equilibrium staf&ig.
6(a)] disperses as motion proceeds, so that the distribution
passes through Fig.() and eventually becomes uniform,
The computations of Ité? and those on which Fig.(B)is  except for the effects of velocity modulation by the pinning,
based, show that in the FLR model a weakly pinned CDW isas in Fig. &c). The process leads to a gradual decay of the
translated through an integral number of wavelengths byscillatory part ofl.. When the field is removed, then to a
each pulse only wherr lies within ranges amounting to fair approximation the®; relax forward or backward, ac-
about 30% of the whole. Otherwisg,pulses, wherey>1,  cording as they are greater or less thgruntil a metastable
are needed to translate the CDW by an integral nurpbafr  state is reached. It is easy to see, and is demonstrated by
wavelengths. A consequence of this for the present model isomputation, that when the metastable state is near equilib-
that, even in the steady state, the numbgy®f dislocation  rium, as in Fig. &), the total relaxation is backward to the
pairs generated by successive pulses are not necessargyeatest extent in Fig.(6), whenD(7/2) has its maximum
equal. value, and forward to the greatest extent in Figg)6when
The behavior of a FR source coupled to a weakly pinned(37/2) is maximum. These situations correspond respec-
CDW depends on several factors. Suppose the CDW to exively to a minimum and to a maximum of .
tend in the transverse direction by many times its phase co- The way in which one might expect the PDM in Fig. 5 to
herence length; the motion of the small region which is di-be modified when the pinning is weak is now clear. Suppose
rectly coupled to the FR source and phase-slip plane is thefirst that 5E is small and positive, and that ting all take the
effectively determined by that of the remainder. If the sourcesame valuen (so thatp=n, g=1), in which situation PDM
responds immediately to displacement of the adjacent CDWs most likely. As when the pinning is strong, ti&e adjust
then in the steady state it generates a totab dfislocation  until a steady state is reached in which each pulse advances
pairs whenever the bulk CDW moves throughwave-  every¢; by 2nz. The mean value d§ (now denoted) has
lengths, so that if this requires>1 pulses then, are not all  a range of possible values consistent with metastable states:
equal. Althoughp/q depends on the shear stress, which isthese are distributed almost uniformly, with roughyalues

3. Weak pinning
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FIG. 7. PDM in the present model with weak pinning, wh#h
is small (0.2. Wave forms ofl ., are shown for a range of pulse
lengths, with the values oh (or of p/q, where nonintegralindi-
cated, wherEp=2, N=100,K=0.2, andK;=0.002. The system
was initially in equilibrium, withd,, such that in(a) the advance of
¢ commenced befor& reachedS;, and in(b) was delayed until
after S exceededs,. Values ofKS in the steady state range from
0.04 to 0.21 in(a), and from 0.13 to 0.25 iiib).

FIG. 6. States of the present model with weak pinning. Thel€ngthsr, taking integral and nonintegral values fq cor-
radial thickness of the shaded area represents the distribution funéesponding to smalbE. The behavior when the delal, is
tion D(®;) defined in the text. The equilibrium state is shown by small is shown in Fig. @. When p/q is integral i,=n
(@), the motion of the CDW is represented (b, and(c) shows the =5), the steady state reached from equilibrium BasS, ,
steady state reached after prolonged continuous motion. Statend the pulse ends, as expected, witttlose to minimum.
reached in a pulsed field are shown (oly—(i). WhenJE is small,  Figure qb) showsl, whend, is large enough to give a
state(d) gives maximum backward relaxati¢mdicated by the ar-  steady state witls=S,. The pulse now ends with, close to
rows), and statée) maximum forward relaxation, to the metastable maximum.

state(f). WhenSE is large the corresponding states are respectively Although clearest when the, have a common valus,

(@), (h), and(i). PDM does not vanish immediatefyq ceases to be integral.
When p/q is slightly less tham, then for most pulses,

per interval 2r, up to S~E;/Ks, whereE;~0.6 whenK  =n, but a few given,=n—1. These pulses allo\ to in-

=0.2. If the system starts from equilibrium adg is small,  crease from the values betweSpandS, which would cor-

Sincreases in successive metastable states, to reach in the&spond to steady states if al were equal tor. As a resullt,
steady state a valug; just sufficient to prevent the total and irrespective ofi,, a steady state is not then reached
advance of thep; resulting from each pulse from exceeding until S is somewhat greater tha®,, and takes in turrg
2nm. As the relaxation following each pulse is then back-values, increasing whem,=n—1 and decreasing towars}
ward to the maximum extent, the state of the system wheghen n,=n. The wave form ofl, averaged oveq pulses,
the pulse ends is as in Fig(d, andl is near minimum. If  then ends the pulse close to maximum. Wipéq is slightly
d, is sufficiently large Srises beyond its eventual val$ greater tham, SbetweenS; andS, is reduced by the occa-
in the steady state, which is then just low enough to ensurgional pulses for which,=n+ 1 rather tham. In the steady
that the ¢; advance by B as a result of each pulse. The state, again irrespective df,, Stakesq values not far below
relaxation is then forward to the maximum extent, as in Fig.s, | andl, is close to minimum when the pulse ends.
6(e), and the pulse ends witlh near maximum. This is evident in Fig. 7, in the records for whigiq

This behavior is modified whedE, and therefor&(;Sin  departs from integrah by £ and, to a lesser extent, By In
the steady state, is large. The metastable state is then asdfther case the wave form appears independentty,of
Fig. 6(i), and the distribution oD which gives the greatest  The form of the PDM wherSE is large is shown in Fig.
backward relaxation after the pulse ends is as in Fig),6 8 (the pulse lengths are much as in Fig. 7, but the principal
where | is past its minimum. The forward relaxation is yglue ofn, is now 3 rather than)s As expected, the pulse
greatest, andl; is past its maximum, in Fig.(&). now ends with , substantially beyond its minimum or maxi-

mum.
4. Computer simulations (weak pinning)

These expectations have been confirmed by computation. C. Comparison with experiment

Provided that the pinning is wealk~0.2 or greatey and The present model provides an explanation of many of the

K small enough foSin the steady state to be at least a few experimental features of PDM which are inconsistent with

times 2, the values chosen for these parameters have littlELR models. These are summarized below.

effect on the form of the PDM. (i) The model exhibits PDM even when the CDW is
Figure 7 shows the wave form &f for pulses of various weakly pinned.
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] (a) ] (b) with the present and the FLR models if the pinning is strong:
-\/\/\/\’/]/IQ/; 7% in the present model the advance is eithen{2)7 or
(2n+1)m, depending or,, and in the FLR models varies
M \/\/\—/-\VL between those limits, depending enln each case relaxation
\/\/\J\Jl/_L \/\/\,/\IK_L after the pulse ensures that the total advancenis.2n the
I % I \/\N]/_L present model with weak pinning, the relaxation following
\/\A/L__L the pulse depends dn(®) when the pulse ends. Whépis
] 3 \W near maximum, an®=S, in the steady state, the distribu-
Z_W 2-w tion is as in Fig. €&). The relaxation, although forward to the
0 MW 0 \/\f\/]w 83, maximum extent, depends on how unifoBrhas become as

0 10 20 30 0 10 20 30 a result of the motion: the mean phase advance after the

pulse cannot exceed/2, but is usually much smaller, and

FIG. 8. As Fig. 7, except thafE is larger(0.7); KsS ranges  vanishes if the distribution is uniforrfand may be negative
from 0.45 to 0.55 in(@), and from 0.57 to 0.64 ifb). when Ep is near threshold, a®(w7/2) may then exceed

D(37/2) even when the latter has its greatest valleFig.

(i) The various observed forms of PDM can be accounted/(b), the phase advance after the pulse varies between
for, without requiring a nonequilibrium initial state, by as- —0.07r and+0.067 as rincreases through the range appro-
signing appropriate values to the parameters describing theriate ton=5. Thus the advance during the pulse is within
supply of dislocations by the FR source. PDM in which the19% of 2n#, and entirely consistent with Okajima and Ido’s
pulses end witH . close to maximum is explicable if a suf- ppservations.
ficient delayd, is present before phase slip occurs far from  (vi) In the experiments by Jones al® on NbSg, PDM
the source. This form of PDM is seen in NhS# 50 K>  was observed in ranges efamounting to about 60% of the
However, as the temperature is reduced, in those specimegstal. This is much greater than the 30% of the total in which,
still exhibiting PDM, the pulses end with to an increasing in the FLR model with weak pinning, each pulse translates
extent past its maximufhThe model associates such behav-the CDW through an integral number of wavelengths. In the
ior with increasingdE, which might be expected if, in the present model the translation per pulse is determined by the
FR source, the glide perpendicular to the chain direction iR source, and may be expected to be an integral number of
thermally activated. The form of PDM first seen in wavelengths over wider ranges than in the FLR model. The
KoaM00s;,2 where | increases as the pulses end, is ac-model can therefore accommodate the ranges over which
counted for ifd,, is small andsE large. In(TMTSF)zPF5,7 it PDM is seen, especially as it allows PDM when the transla-
is not clear whethelr, is near a minimum, or merely decreas- tion per pulse departs slightly from an integral number of
ing, as the pulse ends; smal}, and 6E would account for wavelengths.
the former possibility, and large,, and 5E for the latter. A feature of the PDM noted by Okajima and Ido which is

(iii) The model exhibits PDM in which no beats appear innot exhibited by the model is the response to changes in the
the wave form ofl., as is observed in NbgeThe beats pulse lengthr. The PDM in question is that in which the
observed in Ref. 2, and the near-constancl.afntil the end  pulse ends with . near maximum, which in the model re-
of the pulse approaches in Ref. 7, are perhaps the result guiresS=S,. If, when the steady state has been reached,
the CDW moving in many independent layers, so that com{and thereforeS,) is reduced, then in the mod8&ldecreases
ponents having different are superposed. to the newS, within a few pulses. On the other handrifs

(iv) The PDM can be established by fewer pulses in théncreased,S already corresponds to a steady state, and no
present than in the FLR models. The number required demeans is available for it to increase to the new valu&pof
pends on the mea8 to be established, and the amount by without first returning to equilibrium, or otherwise interrupt-
which S changes as a result of each pulse. As weak pinningng the advance ofy. Experimentally, however, the PDM
in effect providesS with a continuum of metastable values, adjusts to an increase inin fewer pulses than are required
S; andS; need not be much larger tham 2o be followed by  for adjustment to a decrease.

Sasrvaries. WherEp is substantially greater thagy, S;, This discrepancy between the model and experinet
ands, are of the order obE/Ks, and ifd, is small the first  only one so far apparemtvould be explicable if dislocations
pulse changeS by about 2rnSE/Ep. From this, the steady generated by the FR source were occasionally to be lost.
state is approached after a number of pulses of the order &ach loss allows the system to reach a new steady state, with
Ep/2mnKg, or about 6 ifEp=2, n=5, andK;=0.01. In  greaterS until the new value of, is reached. As no steady
computer simulations using these values the steady state watate is available beyon§,, further losses increas® only
reached typically after up to ten pulses, though after threéemporarily, and if they occur infrequently the system for
pulses the PDM usually was close to its final form. Roughlypractical purposes remains in a steady state Bi#S,, as

the same number of pulses establishes the steady state witlhen p/q is slightly less than an integral value To con-
S=S, whend,~2(S,/27). Thus the development of PDM tinue indefinitely without macroscopic strain becoming infi-
after a few pulses seems explicable. nite, the loss of dislocations would have to be associated

(v) In their study of PDM in NbSg Okajima and Ido with the addition or removal of wave fronts of the mobile
found that the advance of phase during each pulse was alegion. One way in which a suitable loss of dislocations
ways close to B, with n an integer. This conflicts both might occur is through annihilation with dislocations of op-

125125-10



PULSE DURATION MEMORY OF WEAKLY PINNED . .. PHYSICAL REVIEW B63 125125

posite type, provided by the expansion to the phase slip plane Several features of the switching phenomenon reported by
of loops nucleated thermally within the bulk, perhaps wherdn Ref. 22 are in accord with this suggestion. The sudden
local strain develops around obstacles to the motion. Théncrease irE as switching appears follows from the need to
macroscopic longitudinal stress, which develops in the CDWHdepin the previously stationary layer and, as no FR source is
through the obstruction of its motion by the terminals, wouldavailable, to nucleate dislocation loops at the ends of the
ensure that any expanding loops would be of the appropriatmoving segment of CDWi.e., near the terminals or, in the
type to annihilate with dislocations generated by a FR sourcerystals studied in Ref. 22, at phase-slip centers detected be-

roughly midway between them. tween them As expected, the increase By is reduced
when the crystal is shortened, so that the moving segment
IV. DISCUSSION extends to its ends and no phase slip is required. The disap-

) ) ] ) pearance of the FR sources which leads to switching may be
The consistency of the model with the various manifestay e to an increase in elastic modulus of the CDW as the

tions of PDM makes any evidence that layers of CDW re<emperature falls: the dislocation structure becomes unstable
main fixed while the rest is in motion of some interest. X-ray\ynen its elastic energy becomes too great relative to the
studies have detected stationary layers in some specimens Ghning. This, if one assumes that impurities adsorbed by the
NbSe,*° and also shear strafffn the adjacent moving re- ¢rystal surface contribute to the pinning, and so inhibit
gions, of magnitude quite suff!C|ent to lead to PD{br switching by preventing the FR sources from disappearing,
which S need correspond to displacements only of a fewy,qid explain why switching becomes less common as
wavelengths The different regions are associated with StePSspecimens age, but can be restored by revealing new surfaces
in the crystal thickness, which occur in most specimensby cleaving or chemical treatment.
Whether they are present in specimens showing clear NBN" gingjly, the relation between PDM in the present model,
oscillations, in which PDM is studied, is less certéin. and the phenomenon of phase organization merits comment.
The possibility that stationary layers result from surfacepnase organization is exhibited by the models discussed in
pinning in NbSgis remote in the case of the bro@t) faces  sec. |1, which wherk <1 reach steady states in which, as
of the crystals, for it is clear that the tendency Bf 10 the pulse ends, almost all thg are close to positions of
increase with decreasing crystal thickness is a result of thgaximum potential energy. This situation, where practically
pinning being effectively two dimensiondl,with Lee-Rice 5| the degrees of freedom have energy near maximum, is
domains extendi_ng between opposite face;. Station_ary layefscribed© as minimally stable, since many metastable
may however arise on the narroab) faces if the adjacent siates are accessible to the system through slight disturbance.
domains contain appropriate dislocations, as these extend \yhile this ensures that the same steady state its

only over a small part of the crystal width. As mentioned in equivalent can be reached from a wide range of initial
Sec. Il A, an absence of suitable dislocations to allow wavestates, such minimal stability is not essential to PDM. It is

front addition and removal near the terminals is sufficient togfficient for the system to have a single degree of freedom,
render such layers stationary. They will also be subject tQyrqvided that it possesses a large number of metastable states
increased pinning through their proximity to the surface, a%an example is the single-particle system, showing a form of
the a_tdjustment of the CDW phase to impurities costs lesppm, discussed by Coppersmfith The present model in
elastic energy than in the bulk, and perhaps also by the aGsffect has a single degree of freedéhtharacterized by the
cumulation there of |mpur|t!es. ) macroscopic shear strain, but with weak pinning has a qua-
An assumption that stationary layers are present in mosficontinuous distribution of metastable states. The stability
crystals makes it possible to explain certain pinning effects the steady state is then better described as marginal than
of mobile In impurities;" and also to account quantitatively a5 minimal. Phase organization is present only as an average
for the voltage absorbed in sustaining phase slip near curregl,er many domains, and as the steady state is reached
terminals, by attributing it to the climb of dislocations reaCh'through a sequence of metastable states determined by the
ing the terminal regions from FR sources elsewiiéthe  ninning and the FR source, the number accessible through
present model is accepted, then PDM provides further evigjight disturbance is unimportant. Although Joeesl® sug-
dence of stationary layers. It is interesting that Jogal”  gest that a reduced abundance of metastable states underlies
found no PDM when, in some specimens of Nb&elow  the disappearance of PDM when the fi€ldetween pulses
temperature, the CDW conduction appeared sudd@myl s close to+ E; rather than zero, this seems more likely to be

hysteretically as Ey was exceeded, in the phenomenong resylt of incomplete relaxation to the metastable state.
known asswitching PDM was seen at low temperature in

nonswitching specimens, and in switching specimens at tem-
peratures high enough for no switching to occur. This sug-
gests that switching may be associated with the disappear- | would like to thank J. P. McCarten for useful discus-
ance of the FR sources which allow a stationary layer tcsions, and for providing me with preprints of References 5
coexist with the moving CDW. and 6.
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