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Dislocations and the motion of weakly pinned charge-density waves:
Experiments on niobium triselenide containing mobile indium impurities
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The threshold fieldE for conduction by the charge-density wa@DW) which forms in NbSgat 144 K
has been studied in specimens containing about 1% of intercalated In. The In ind&edsean amoun®E+,
which is greatest when the CDW is at rest, and can be reduced almost to zero by its continuous motion. The
time taken forSE; to adjust to a change in the state of the COW¥ the order of & at 115 K) varies as
exp(AT), whereT is the temperature ang~3200 K. In a specimen which exhibits “mode locking” between
an applied alternating field and the frequenoyf the quasiperiodic component of the currégtcarried by the
CDW, the development ofE+ is accompanied by a decrease in the ra¢iv. The pinning giving rise t&E+
is attributed to the minimization of free energy through the thermally activated diffusion of In in a potential
exerted by the CDW. The greate$; develops in the steady potential exerted by the CDW at rest; when the
CDW is in motion the potential varies periodically at a rate fast compared with the diffusior§E&ndwhich
responds to its mean value, is reduced accordingly. Various couplings between the In and CDW which might
provide the potential are examined, and it is concluded that the only coupling consistent with the observed time
dependence ofE is that between the In and the strain field of dislocations in the CDW. To account for the
behavior of 6E+, it is necessary to assume that the dislocations are on the boundaries of localized regions of
the CDW which remain pinned when the rest is in motion. The behavidg/of shows that such immobile
regions expand a8E; develops, and thus confirms their existence in a CDW which otherwise moves coher-
ently. The coexistence of stationary and moving regions clearly conflicts with the model of Fukuyama, Lee,
and Rice(FLR), which treats the CDW as an elastic medium, and is widely accepted as applying tg NbSe
except when macroscopic crystal defects are present. The evidence of stationary regions in every specimen
examined, even when perfect enough to exhibit complete mode locking, suggests that they are intrinsic to the
depinning of a weakly pinned CDW from randomly distributed impurities. A modification of the FLR model
is proposed, in which immobile regions appear as a result of the thermal nucleation of dislocation loops where
large stresses arise from the nonuniformity of the pinnj&§163-18286)03224-9

I. INTRODUCTION sites so that the total energy is minimized. Distinction is
made between “weak” pinning, where the phase correlation
Cooperative electronic conduction of the kind proposedengthsL , remain large in comparison with the distance be-
by Fréhlich,! in which current is conveyed through the mo- tween neighboring impurities, and “strong” pinning, where
tion of a charge-density wav€€DW), has now been identi- the elastic modulus of the CDW is small enough for the
fied in about a dozen quasi-low-dimensional metalhe  coupling energy at individual impurity sites to be minimized.
CDW's, which develop below a critical temperaturg as a Many features of the threshold behavior are consistent
result of a Peierls instability, appear as a spatial modulatiomith weak pinning of this kind. In the case of NbS&horne
of conduction electron density(r), which approximates to and co-workers®> have demonstrated the pinning of the
the form py+p; co4Q-r+¢(r)], with Q incommensurate CDW by substitutional impurities, with , much larger than
with the underlying crystal lattice. Although in a perfect the impurity separation, and have shown that the FLR model
crystal their energy would be translationally invariant, allow- of weak pinning accounts for the variation Bf both with
ing perfect conductivity, CDW's are in practice “pinned” by impurity concentration, and with crystal thickness when
crystal imperfections, so that the cooperative curignis  smaller than the correspondirtg, .
induced by a steady fiel& only if E exceeds a threshold However, it is doubtful whether the FLR requirement that
valueE+. the CDW behaves elastically is met in practice. In an infinite
Numerous studies of CDW transport during the last 15crystal and in the weak-pinning limit, the random nature of
years have shown that the pinning in most crystals is prothe pinning leads to variations in local threshold field which
vided by chemical impurities, present substitutionally in thecause the maximum stress on an elastic CDW to diverdge as
lattice. In the conventional model of such pinning, intro- approache€.> Inelastic processes of phase-slip are then
duced by Fukuyama, Lee, and Ri¢eLR),% randomly dis- inevitable and, except in one-dimensional situations, lead to
tributed impurities couple to the electron density modulationthe generation of dislocations in the CDW, such as have been
p1c0§Q-r+¢(r)] in the CDW, which becomes pinned by discussed by Feinberg and Frieflel.
deforming elastically, adjusting the phageat the impurity That phase-slip of some kind occurs in the bulk of moving

0163-1829/96/5@3)/1558618)/$10.00 53 15586 © 1996 The American Physical Society



53 DISLOCATIONS AND THE MOTION OF WEAKLY PINNBD . .. 15587

CDW's, rather than merely at current terminals, is evidentdensity (which would lead to a “defect density wavé"
from the behavior of the quasiperiodic component of theproves inconsistent with the experimental evidence. It is con-
currentl (the “narrow-band noise,” or NB\N and its ac- cluded that the coupling is to elastic strain in the CDW, by a
companiment by low-frequency “broadband noisé8BN).  mechanism of which the theory is outlined. The effects of
It has been shown by Middletdrihat if the moving CDW ~ coupling to the various strains present in the CDW are ex-
were truly elastic, it would reach a unique steady state, de@Mined in Sec. IV. The observations are quite inconsistent
pendent on the driving fieléf, with a¢/t (and therefore the With the coupling being to the strains associated with FLR
CDW current densitylc) everywhere varying periodically PInning, with the obstructing effects of terminals or other
with the same frequency. In practice, the NBN in most Speci_obstacles to motion, or with discommensurations. They are,

mens contains several components, but this symptom of spa; locati Th t of dislocati hich miaht
tial nonuniformity inl¢ is associated with macroscopic im- Islocations. The arrangement ot disiocations which mig

perfections in the crystal rather than with any fundamentafccoUN for the thres_holc_;l behavior is _conS|d_ered in Sec. V. A
failure of the FLR model. However, even in the best SIOeci_necessary assumption is that the dislocations occur on the

mens, where the NBN has a single component, the variatiOROL.mdaries _betwe.en the moving CDW, gnd Iocalizgd r.egions
of 1¢ is never exactly periodic in time, and it has recentlyWhICh remain stationary. The decreasd g as the pinning

been found® that in NbSg the frequency of the NBN then ?heVGIOfptT] IS ewdctence Ofcﬂn expaps[[cr)]n OT sucfh :eglons, and
varies in close correlation with the BBN. As the power spec- us ot their existence. .nanges In the size ot stationary re-

tral density of the BBN varies approximately inversely asJ'ons _also account for certain features of the behf?“’"fmf
especially in specimens where the effect of In is greatest.

frequency, this shows that variations of indefinite durationThe implications for the FLR model are discussed briefly in

occur in the configuration of the moving CDW with respect . :
to the pinning, and may be taken as evidence that it containge.c' VI. The present expenments add to the growing t.)Ody of
topological defects, namely, dislocations. _ewdenpe that a CDW Wgakly pinned by randomly distributed
The experiments described in this paper are thought tgnpurities does not depin as a whole.
provide more direct evidence of dislocations in the bulk of
the CDW in NbSe, and to show that they are associated
with regions which remain pinned even when the rest of the A. Specimens
CDW is moving coherently. As it is unlikely that the pinned
regions in all specimens are based on macroscopic defects, i
is suggested that their presence is intrinsic to the depinnin
of weakly pinned CDW'’s from randomly distributed impuri-
ties, and is a result of the inadequacy of the FLR model.
The measurements were made on Np§®cimens con-

owever, explicable if the coupling is to the strain fields of

Il. EXPERIMENT

Measurements of the effect of intercalated In on the bulk
tDW conduction in NbSghave been made on 15 speci-
ens, listed in Table | in order of the paramelefwhich
measures the effect of o be introduced in Sec. Il. Termi-
nals (four or morg were of In wire, diameter usually 10—30
taining small amounts, of the order of 1%, of intercalated“™" pressed to the surface_ of the ri_bbonlike c_rystals. '_I'he

lengthsl refer to the separation of the inner terminals, which

indium. Studies were confined to the CDW having=144 were the voltage terminals except where otherwise stated.

K. As in other quasi-low-dimensional structures, notably th . SO
layered chalcogenidés the In remains mobile at quite low eThe V°|t‘.igeV94~1 mV at 115 K ab;orbesd In maintaining
phase-slip at the outefcurreny terminal$® accounted for

temperatures. The effect of this on CDW conduction in . X

NbSe was discovered by YetmdA,and a preliminary ac- onlysz few percent 0; ]Ehe thrr]eshold f'reiled' C?’r(())gsliseclt(lonal
R ; areasA were estimated from the resistarReat , tak-

count has already appearttia gradual increase ifiy after 19 the resistivity as 1850 cm? thicknessesl were found

CDW conduction ceases, reversed when it recommences, } .
from A and the measured width. Crystals were from three

thought to result from the redistribution of In impurities by rowth batches(I-Ill), from which specimens having
thermal diffusion, so that they develop their greatest pmmn%{emer than a fewyum had resistance ratiog=R(300 K)/

effect when the CDW is at rest, and disperse once motion i
resumed. Similar behavior noted in some early studies o (4.2 K) roughly 70(1) or 270(ll, 1II).
NbSe (Ref. 14 probably arose in the same way, from mo-
bile impurities not yet identified. Changes iy have also
been reported in Nb$econtaining hydrogen, and may be  Indium was incorporated in the specimens by heating to
evidence of its mobility below 60 R° and mobile impurities 120 °C in an atmosphere of heliufpressure~10 torn, for
have been suspected as a cause of hysteresigddd0;.1°  between 10 and 60 min. The In enters from the terminals,
The aim here will be to establish how the mobile impuri- and is presumed to intercalate between the NlzBains.

B. Treatment with In

ties contribute tdE;, and from their effects to obtain infor- The amount of In thus introduced has been measured in
mation about the pinning and motion of the CDW. The fol- one specimen, using an electron beam microprobe analyzer
lowing arrangement is adopted. to estimate the relative abundances of In and Nb from their

The experimental phenomena are introduced in Sec. I, x-ray emissions. The presence of In was just detectable
and the case presented for the changds;ibeing the result throughout the region between terminals 2 mm apart, with
of the redistribution of In through thermally activated diffu- ratio In:Nb about 1%. The distribution within the cross sec-
sion. In one specimen, whetecould be measured by syn- tion could not be measured, but the In is not likely to be
chronizing to an applied alternating field, it was observedconfined to the crystal surface, which was not visibly
that a reduction of /v accompanied the increaseliy. In  changed by its presence. This specimen was not measured
Sec. Il the origin of the coupling between the In and theelectrically, but there is no reason to expect it to differ from
CDW is considered. Coupling to the modulation of chargethose that were.
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TABLE |. Details of NbSg specimens measured. Lendtlis measured between voltage terminais;
denotes the cross-sectional area, drilde thickness of the ribbonlike cryst&éy, is the threshold field before
intercalation of In. The quantitiels ands are defined in Secs. Il E and Il G, respectively. Specimens 13 and
15, respectively, are specimens 6 and 9 after further intercalation of In.

Specimen I A d Eq (115 K)
no. Batch (mm) (um?) (um) (mV em™) I (115 K) s
1 Il 2.7 125 1.7 65 0.04 4.0
2 | 1.3 25 2.2 150 0.05 4.2
3 1 2.0 45 35 72 0.07 4.0
4 1l 2.3 26 2.3 84 0.09 4.0
5 Il 1.1 1.3 0.33 270 0.11 3.2
6 Il 1.3 630 7.6 41 0.11 2.4
7 1] 1.7 60 2.1 98 0.12 2.9
8 | 0.58 18 1.15 280 0.13 1.4
9 | 0.43 17 0.94 310 0.20 1.7
10 1] 1.7 0.7 0.25 400 0.26 1.5
11 | 0.7 22 2 190 0.27 1.5
12 Il 0.9 5.8 1.4 114 0.52 0.6
13 1l 1.3 630 7.6 41 0.60 0.6
14 1" 1.9 40 3.3 70 0.81 0.8
15 | 0.43 17 0.94 310 1.37 0.5

The changes in threshold behavior which result from theboth at low temperatures, where the ratig=R(300 K)/
heat treatment are described below. As the changes are n{4.2 K) was reduced from 270 to 220, and also near 144 K,
observed if the heating is done before the In terminals aravhere the anomaly associated with CDW formation was dis-
attached, and affect the bulk properties homogeneously, thgylaced to higher temperature by about 1.3 K, without broad-
are attributed to a uniform distribution of In throughout the ening the transition. For the other CDW no changeTin
specimen. (=59 K) was detected, and any is unlikely to have exceeded

0.5 K.

C. Methods of measurement

The threshold behavior of the CDW which forms at 144 K . . ) N )
has been studied, between that temperature and Gghisre As the In diffuses negligibly during the repetition period
a second CDW appearsessentially by measuring the volt- tr, the continued application of any of the waveformd af
agev deve|oped in response to a curréntThe Currenﬂc F|g 1_es‘fabl|5hes a Steady--state dlStrlbUtlon-. The threshold
carried by the CDW was taken to be- 15, wherel s=V/R _behawqr in the states established by the various waveforms
is attributed to electrons not in the CDW, aRds the Ohmic  is considered here.
value ofV/I whenE<E+. Signals representiny-, derived
from an active bridge circuit, were recorded as a function I I
either of timet or of |. Various pulsed waveforms of[(a)— (@) 9
(c) in Fig. 1] were used, with repetition peridd short com- —‘
pared with the relaxation associated below with the diffusion t
of In. Digital sampling techniques were used to recogd Ip
whenl was an “observing” currenty, applied as pulses of
durationt,<t, (t, was typically 1-3 mst, 20 ms to 1.28 5 (b)
Elsewhere in the cycle,was for a time zero, to allow “lock- t
in” detection ofl -, and might at other times assume a value
| » (the “preparing” current, of either sign relative tby, as
in waveforms(b) and(c). An adaptation of these techniques ©
to allow the influence of the In on the NBN frequeneyo be
studied is described in Sec. Il H.

E. Threshold behavior in the steady state

]

—15
——

t

A )
]

\j

ty

D. Effects of indium intercalation on the Ohmic resistance FIG. 1. Repetitive waveforms of currehtused in experiments.
] ] ] The currentl ¢ carried by the CDW is recorded while applying the
The intercalation of In has a small effect on the linear«ppserving” current I, as pulses of duration,, and repetition

electrical conduction, noticeable only in the specimens conintervalt, . In waveform(a), |, is applied alone. Irib) a “prepar-
taining the largest concentrations, of which one has beemmg” current I, of either sign relative td, is present almost
studied in detail. In this specimeiNo. 14), on the addition  continuously. In(c), I is applied as pulses, preceding the next
of In, an increase in the Ohmic resistariRewas detected pulse ofl 5 by an adjustable interval.
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FIG. 2. Relation between CDW curreh¢ and applied fielde 0 0 0.5 1.0
(or currentl), at T=115 K. Recordga) are from specimen No. 5: F
(i) before intercalating In(ii) after intercalation, using waveform
(a of Fig. 1 for I; and (iii) using waveform(b) with | p~1.3 . FIG. 3. The dependence of the pinning effect of intercalated In

Records(b) are from specimen No. 14i) before intercalationii) on the relative timing of the pulsds andlg in waveform(c) of
after intercalation, using waveforfa); and (i )—(vi), using wave-  Fig. 1. F=1—(t4+ 2t,)/t, is the fraction of the time spent by the
form (b) with 1, respectively, about 7.5, 15, 23, and I2Q. In (c) CDW in the state established by . The contributionSE of the In
the records ofb) are redrawn as a function &/E+ . to Et is represented by the differen&(F)=1,(F)—15(0), be-
tween values of 5 corresponding to the sante . The increase of

Figures 2a) and 2b) show, for two representative speci- 9! With F is approximately linear.
mens(Nos. 5 and 1} the relation betweeh. and |y re-
corded, using various waveforms bf asl, was increased direction aslg; I is now almost indistinguishable from the
slowly so as to maintain effectively steady-state conditionsinitial 1,. Qualitatively similar behavior, if overshoot tran-
Record(i) in each figure was obtained before any In wassients are avoided, is observed with opposite tol 5. The
added, withl 5 applied as short puls¢waveform(a) of Fig.  reduction of SE; by waveform(b) is seen also in Fig.(®),
1]. The threshold current; and field E; in this case are where the sequence of recoriis)—(vi) shows the effect of
denotedl 1, and E1,, respectively. Similar records were ob- increasinglp in the same direction ds, . In this case, with
tained using waveformé) and(c), if 1 was read after the largerI’, a much greatet, (=30l ) is required to reduce
decay of any transienfsuch as the pulse-sign memory SE; to near zero.
“overshoot” 1) due to rearrangement of the CDW by. The increase i1, which in Fig. Z2a) leads to no obvious

Records(ii) show the response to wavefor@ after the change in the relation betweég andE—E+, is accompa-
addition of In. Nonlinear conduction now first appears at anied in Fig. Zb) by a large reduction in the rate of riselgf.
larger value ofl, showing that the In increases eithef for ~ This is very noticeable in specimens haviig 0.5, and evi-
the bulk CDW, or the contribution t¥ from the voltageV,;  dently is associated with large concentration of In. The slow
needed to induce phase-slip. In the latter case the In mayse of I is not simply a result oE scaling withE+: Fig.
increaseV ¢ by inhibiting phase-slip at the current terminals, 2(c), in which recordg(ii)—(vi) of Fig. 2(b) are plotted as a
or it may cause the whole of s to appear inV by pinning  function of E/E;, shows that wheE is greatest] ¢ for
the CDW at the voltage terminals so that phase-slip als@ivenE/E+ is about 0.4 of its value whefE{~0. The pos-
occurs there. To account for the increased threshold curressible significance of this will become apparent in Sec. V.
in Fig. 2b) (and in some other specimgnwould require The reduction of6E; when current flows continuously is
both phase-slip at the voltage terminals, and an increase imot a direct result of the CDW then being in motion, for it
Vs by an order of magnitude. Measurements on severatan also be achieved by applyihg as short pulse&uration
specimens have shown neither of these to occur: interchangp), as in waveform(c). The effect of the pulses depends on
ing the current and voltage terminals invariably led to antheir sign, and also on their timing in relation to thosd gf
increase irV for givenl ., which would not happen if phase- JE is reduced more as the intervigl betweenl, and the
slip already occurred at the inner terminals, and the increaseext following pulse ofl 5 increases. The apparent paradox,
[then approximatelyV,s (Ref. 18] was not significantly that 1, has its greatest effect on the responsd Jowhen
greater than before the addition of In. It is concluded that thanost distant in time from it, has been resolved by varying the
differences between recordi9 and others in Figs.(3) and  pulse repetition period, . The factor governingE; proves
2(b) are indeed the result of increases in the bulk thresholdo be the fractiorF of the time which the CDW spends at
field E;. These increases will be denotéB ., and the ratio rest in the state left aftel, ceases, which here is
SE/E+o measured using waveforii@ will be denotedI'. 1—(tq+2tp)/t, . Figure 3 shows the approximately linear re-
Unless otherwise stated, the quoted valué& afill be that at  lation betweensE; andF, recorded from specimen No. 7,
115 K, respectively, 0.11 and 0.81 in Figgapand 2b). Itis  with |, opposite tol 5 and of magnitude 112,. The linear
adopted as a measure of the effect of the IrEgn if not of  dependence ofE; on F is also observed with pulsdg in
its actual concentration. The effect ofy appears to be the same direction aky, though then a much greatép
small compared with that oB;: measurements on a speci- (=30l1,) is required to reduce the minimu@E; to near
men havind ~40 um, not listed in Table I, revealed a barely zero.
significant increas€8+4)% in Vs wheread” was 0.38. The phenomena described above have been observed, at

The effect of In is much smaller whel(=15+1p) is  temperature§ between 90 and 135 K, in all the specimens
present almost continuously, as in wavefofh). Record examined. The quantitly decreases slowly with increase in
(iii) in Fig. 2@ was obtained witH p=1.3 1o in the same T, becoming too small to detect above 135 K: below 90 K its
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measurement is impracticable, on account of the very slow
diffusion of the In, to be described in Sec. Il G.

F. Attribution to pinning by mobile impurities

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

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

Ie

(b) When the CDW is in motion, the distribution of In £ (103s) t(s)

reached when it is at rest diffuses toward a unifgonmore

uniform) distribution. This process will be termed tbisper- FIG. 4. Dispersion D) and accumulationX) transients in a
sion of pinning. specimen(No. 3) containing a small amount of In, at~113 K. In

. . . (a) and (b) the variation ofl - (effectively of —SE+) is shown on
() The configuration of the CDW at rest depends unlquelytwo scales of timea. Data points show recorded from individual

on its previous velocity and direction of motion. If the samegulses oflo. The decrease afEr in D follows the replacement of

mOt'_On IS !’esumed, the CDW “?p‘?ated'Y passes through th Brrent waveform(a) by (b); the increase i\ follows the replace-
configuration, or through one similar to it at least where the, o of(b) by (a).

pinning accumulated.

(d) The moving CDW does not necessarily approach the regi) to (b), with 1,=3l, in the same direction ak,; the
configuration left after motion in the opposite direction, or reverse changeb) to (a)] leads to accumulatioi - decreas-
even in the same direction with very different velocity. ing). The corresponding(t), referred to below as dispersion

. . . and accumulation transients, are denotgdt) and ga(t).
esgzﬁgkr?ergl(\jvnhsé? t?]r;d ((:b[))vrv ci):lgterg)srt?h%rr??/\tﬁﬁﬁﬁtt?el?ngm Essentially similar transients were observed using larger
€ S 9%5nd also using waveforrt) instead of(b).

tion; (c) is necessary so that the pinning accumulated at res% Figure 4 shows botlg,(t) andg,(t) to decay at a rate

gﬁzgfe: tﬁ;”&?sg ;(r)sri(i)en z;l]zo gg i';]hdeuc?;gvtijns?nCDl\Jllvs;eg(mgs |hich becomes extremely slow wheis large. The decay of
P Y 9p  aS W p(t) begins with a sudden ste@bout 15% being com-

as cpntmuouslp. Provided that the acc.qmullatlon an?] dis- pleted before the first sampling bly), but thereafter is
ggg?\/neg?:e:gznzgcggyOrr??ﬁz rrglzﬁggot?mlizteglfajilsees smooth. No initial step is present g)(t), but its later stages
of I and| Fhen follows T gorp are confused by BBN, the amplitude of which increases as
P 0 ' pinning accumulates. In each case the paransieclose to
) 4. That value appears to be the maximum, approached in the
G. Time dependence oy limit of small I': Table I[in which s refers togp(t), mea-
The development oE following a change inl (usually ~ sured withlp a few timesl,] showss~4 only for speci-
in I p) has been studied, as a function of tilpdoy recording mens havingl'<0.1; in no case has a value significantly
|  for successivég pulses of constant amplitude. WhEris ~ greater than 4 been observed.
small (<0.1), 1o(t) effectively measures-SE+(t). With Of the possible forms of(t) consistent with the value
larger T, the transition from accumulation to complete dis-s=4, 1/J/(1+t/7), in which a single adjustable parameter
persion(which may requird ,>11,) is complicated by the sets the time scale, is the simplest. Also deserving consider-
nonlinearity of the relation betwedn andE—E, and its  ation is the “stretched exponential” efp (t/9P}, which
dependence oAE+ . Only if |, is reduced so that dispersion certain relaxations in CDW systems have followed quite
remains suitably incomplete isc(t) then a measure of closely?® a second parametg® (<1) determines the shape
—SE+(1). of the decays=4 requiring 8=In 2/In 5=0.43. An alterna-
The variation ofl(t) will be described by functions tive, which has been fitted to relaxation roughly linear in
g(t)=[1c(t)—1c())/[1c(0)—1c()]. The time scale and In(t),?*is Inftanh(t/7+ y)}/In{tanh(y)};** this givess=4 when
form of g(t), which relaxes monotonically, will be specified y=~1.96X 1073,
by a characteristic time, and shape factos=(7,—7,)/7,, In Fig. 5(a) the first two of these forms are compared with
where ther,'s are defined by(7,)=1/n. Values 4, 2, 1, and the observed(t), plotted versus on a logarithmic scale.
0.5 for s arise, respectively, wheng(t) decays as The data points are derived from means of those in Fig. 4
1/\J(1+1), 1(1+t), exp—t) and 1-t(t<1), when the units with () estimated from the final stages of the record,
of t are chosen appropriately. omitting the initial step. Throughout the observed rangé O
As with the steady-state behavior, the time dependence o£2000r, the data lie close to the line representigg
| depends on the In concentration. Figure 4 shows records 1/y/(1+t/7), with 7=1.6 s. The data depart significantly
typical of small concentration, obtained 8113 K from  from a stretched exponential form: if fitted, as shown, to the
specimen No. 3I'~0.07). Dispersion(l - increasing witht, early stages of the decay, by choosjggo thats=4, it fails
by about 13% follows a change in the waveform offrom  to reproduce the very slow relaxation whefr is large; if
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FIG. 5. The transients of Fig. 4 expressed as the functigits)

andga(t) defined in Sec. Il G. Data are means of those in Fig. 4. In

(a) the continuous line represerdg (t) = 1/y/(1+t/7), with 7=1.6
s; the broken line shows a stretched exponential hasing. In (b)
the continuous line represends (t)=1/v/(1+t/7), with 7=1.0 s;
the broken line shows a form @f,(t) predicted in Sec. IV E.
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FIG. 7. The influence of current on the decay gy(t) and
ga(t) in specimen No. 14, at 113 K. The timesfor gp(t) (O) and
ga(t) (@) to decay tos are shown as a function df,. As Ip
increasesy, for gp(t) decreases indefinitely, whereasfor ga(t)

fitted to the later stages, thenis very much greater than is s reduced only by a factor2.

observed[~100, if gp(t) is fitted between 0.1 and 0.1

Qualitatively similar, but even larger, discrepancies arise irscale: the changes if, for specimen No. 14 are shown in

fitting In{tanht/7+ y)}/In{tanh(y)} to the data.
Figure §b) showsga(t) as a function oft. In this case

Fig. 7. In the case ofi5(t), the asymptotic reduction im,,
and an accompanying increasesirmay be attributed to the

large fluctuations due to broadband noise make the lateronlinear relation betweedE; andly; correction for this
stages of the decay erratic, the data wandering either side ofstoresr, and s to the values measured with sma},

the continuous line, which representsy@@ +t/7) with

which are taken to describ#E(t). With gp(t), however,r,

m=1.0 s. Although further from the broken line, which indi- approaches zero ds increases, and approaches 0.5, cor-
cates a decay form predicted in Sec. V, the discrepancy maggsponding to a linear decay. These changes, which are not
not be significant, as the difference between the two lines igbserved wheih' is small, are opposite to, and much greater

of the same order as the fluctuations.

WhenT is large, even ifSE;(t) is measured by leaving
dispersion incomplete, the forms gf(t) and gu(t) differ
greatly from those wheh is small. The values of quoted in
Table I, which for largd” were measured withs insufficient
to produce complete dispersion, decrease rapidllj ases.
Figure 6 shows an example of th¢t) for largel’, measured
with Ip=~Ig in a specimen(No. 14 having '=0.81. Both
transients now decay almost exponentiffly-0.8 forgp(t),
1.1 forga(t) ], with no initial step ingp(t). The timesr, are
3.55 and 1.4, respectively, forgp(t) andga(t), rather less
than the values 4s8and 2.3 (=37) for smallT".

than, any expected from the nonlinear relation betw&en
andl .

Measurements on nine of the specimens have shown that
for ga(t), and forgp(t) if T" is small or the dispersion far
from complete, the variation of, with the temperaturd is
of the form 7,=Q exp(6IT), with Q of the order of 10'?s,
and 6=(3200=200 K. Figure 8 shows this in the case of
gp(t) for the specimengNos. 3 and 14 which provided
Figs. 5—7. Clearly, the redistribution of In involved g (t)
andga(t) is through thermally activated diffusion.

The effect of the diffusion will depend on how the In
responsible for the pinning is distributed, which in turn de-

As | increases, and complete dispersion is approacheghends on the way in which the In couples to the CDW. The

the transients wheh is large change both in shape and time

1

gt) 0.5

t(s)

FIG. 6. Transients in a speciméNo. 14 containing a larger
concentration of In, at 113 K. Symbols show gp(t) during in-
complete dispersiofE reduced by about 30%6g4(t) during the
opposite process of accumulation is shown@y

1000 g : . .

100 F

OO] [ 1 i L

1000/T (K-1)

FIG. 8. The dependence of the characteristic tirpen tem-
peratureT. Symbols® and O refer to gp(t), respectively, from
specimen No. 3, and from specimen No. (th incomplete dis-
persion, as in Fig. 6 The line shows the activated form
=0 exp(AIT), with Q=2.9x10"*? s and#=3150 K.
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identification of this is best attempted from the results for 26 : : : :

small T", where diffusion appears to be the dominant factor o0 o0 o

determining they(t). As the experiments shogp(t) to de-

cay as 1{(1+t), rather than as the alternatives considered, 24 ]

the explanation of that form is the main objective of Secs. Il lc

and IV. As mentioned in Sec. |, it is concluded in Sec. IV \,/A 20t i

that the In exerts its pinning effect through dislocations in (ﬁ) ]

the CDW, and in Sec. V that these occur at the boundaries

between the moving CDW and regions where it remains 2.0¢ / ﬂ

pinned. 1
As the behavior ofjp(t) whenT is large clearly is not 1.8 . L . .

solely a result of diffusion, it is of interest to ask whether a 0 4 8 12 e 20

variation in the size of the immobile regions, and thus in the v = (p/g)vae (MH2)

cross-sectional ared,, of the moving CDW, is also present.

A measurement of the influence of mobile impurities on the F|iG. 9. The ratio between CDW curreh and phase-winding

ratio | o/v=poeNAy , Wherel ¢ is the current carried by the frequencyw, before(O) and after(®) intercalation of In, at 120 K.

CDW and 2rv is the time-averaged phase winding réig/ A pulsed current, was used to observe mode locking between

at), is therefore next described. and an alternating field of frequeney.=4 MHz. Before intercala-
tion, | o/v is independent of’ over the range observed. After inter-
calation, pinning by the In reducds/v to an extent which de-

H. Synchronization phenomena in the presence of pinning creases akc rises.

by mobile impurities .
y P variousp and q was measured at temperatures between 70

Although the direct measurement of from the narrow- and 140 K, before and after intercalation. Measurements in
band noise, proved impracticable on account of the largéhe presence of In were made both after pinning had accu-
amplitude of broadband noise, synchronizafiomode lock-  mulated in the absence ¢f, and also with pinning partly
ing” ) betweenv and an applied alternating field of appropri- dispersed by ,~2I; opposite tol -, reducingSE+ roughly
ate frequency,. could be observed even in specimens con-by half (with I'=0.52, complete dispersion required inconve-
taining large concentrations of In. The results from one suchiently largel », especially when parallel th,).
specimen are presented here. In favorable conditions of temperatufé20 K or there-

The phenomenon of mode locking, in CDWs driven by about$, amplitude of alternating field, ang/'q (1/1 or 2/J),
superposed direct and alternating fields, has already beewmplete mode lockingf =1) was observed both before and
studied in detail in NbSg?? Ideally, whenwv, which varies  after intercalation of In. However, most of the data presented
with |, is sufficiently close to|§/q) v,, wherep andqg are  below were obtained witlh between 0.5 and 1 fqu/q=1/1,
integers, the time-averaged value of the periodic pinningand smaller for othep/q. The incomplete locking, which is
force adjusts - so thatv becomes locked top{q) v,.. Being  evidence that the spectrum piis distributed about the mea-
determined by,., |- then remains constant &svaries, and sured value §/q) v,. is probably the result of temporal fluc-

a “Shapiro step” appears in thg.-E characteristic. In prac- tuations in the velocity of the moving CDW, rather than
tice,dl-/dE becomes zero only in unusually perfect crystals,spatial nonuniformity in its average value. Splitting of the
and whenp and q are small: more commonlgl-/dE is  Shapiro steps, into components associated with independent
reduced to (% f)(dIc/dE),, where @1-/dE), is the value regions, was not seen. It is interesting that when In is
far from synchronization, and the “mode-locked fractioh” present, ifl5 is set at the value appropriate to a particular
is less than 1. It is important to note that foérto be 1, Shapiro step, the parametér(if not 1 already rises to a
(d¢lat) need be uniform only where the CDW is moving: slightly higher value in a time of the order &f, evidently as
complete mode locking is not prevented if some regions refurther pinning accumulates.

main stationary, provided that elsewhere the CDW moves Values ofl o/v(=qlc/pv,) measured for complete or par-
coherently. tial mode locking are shown in Figs. 9 and 10. Figure 9

In studying mode locking in the presence of pinning byillustrates, for a representative temperature, the behavior of
mobile impurities, the dispersing effect of the alternatingl o/v asE increases: the data were obtained witk1 and
field was minimized by applying it only during the observing p=1-4, corresponding to a range Bfroughly from 1.&+
pulsesl o, whose duratiort, and repetition period, were,  to 2E;. Over this range oE, no variation ofl /v is apparent
respectively, 5 and 80 ms. The four-terminal technique obefore the intercalation of In. After intercalation, and when
Sec. I C was used to measurg, with the bridge system pinning has accumulatedc/v is significantly smaller, and
adapted to rejeat,.. To measurell-/dE, the(pulsed direct  increases markedly witk. Both the reduction of o/v, and
currentl 5 was reduced slightly for the final 1 ms of each its dependence oR, are less pronounced when the pinning
pulse, and the resulting change lig obtained by sampling is partly dispersed. These effects were seen at all tempera-
before and during the reduction. As in Sec. Il C, the pinningtures of measurement above 90 K; at lower temperatures
could be dispersed by the quasicontinuous currgnt pinning took inconveniently long to accumulate.

The experimental results presented here were obtained The effect of the accumulated pinning on the magnitude
from specimen No. 12. To kedp,, and thus its influence on of |-/v (measured formy/p=1/1) is shown for a range of
the pinning, as small as possible, a small valuevgf(4  temperaturel in Fig. 10. The right-hand scale shows the
MHz) was used. The value df; for mode locking with  effective electron density.=1./(veNA) transported by the
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sectional ared\ of the specimen does not participate in the

S I motion. It is also evident from Fig. 9 that the effect of the
sob 0000 i pinning, in increasing the volume which remains at rest, be-
’ oga °o comes smaller ak, increases.
Pes o, © e et v, f °
2:” A 15 [~ OO : o ® © ® ° . ¢ 7
(10tem=9) . I1l. COUPLING BETWEEN MOBILE IMPURITIES
LOF ] AND THE CDW
0.5} ¢ A. Coupling mechanisms
As there is no evidence of the ordering seen in heavily
0 —_— intercalated materiafs, and no obvious structural barrier to
60 80 100 120 140

motion parallel or perpendicular to the N@S#hains, the In
T (K) atoms will be assumed to move independently in three di-
. o . ) . mensions, hopping thermally between their preferred sites

FIG. 10. The influence of pinning by mobile In impurities on the 1, veen the chains. The electron transfer associated with in-
effective electron densitye=(1c/v)/(\A) transported by t_h;]e tercalation is expected to leave them positively charged
CI_DW' Measurements at various tz_amperatuTewere made wit In™), and the resulting increase in electron dengjfyn the
v=4 MHz. Values before intercalating In are shown ®y Values . : o i )
after intercalation are shown I when pinning has accumulated CDW. IS pr_esumed responsible for the_ 1% Increa_sél',m
in the presence ofy; by ¢ when the pinning has been partly mentioned m_Sgc. ID. Fro”.‘ the magnltude.qf thg Increase,
dispersed by ; and byD when measured before pinning has had and the negllglble_broadenlng_ of the transmpn, It s con-
time to accumulate. clluded that' the In in .that heavily d_oped specimen was dis-

tributed uniformly, with concentration approximately 0.01
CDW over the cross sectioA of the specimen. In the ab- p,, of the same order as was detected by microprobe analysis
sence of In] /v passes through a broad maximum near 105Sec. Il B.
K, corresponding tp.~2.0x10%* cm™3, and decreases rap-  In the FLR and most other treatments of pinning, the cou-
idly as T approached =144 K, and also aJ decreases pling between a charged substitutional impurity and a CDW
below 90 K. This behavior has already been reported bys represented by a potentiaV cos®;, where
others?# ®,=Q-r;+¢(r;), andr, is the position of the impurity. Al-

Figure 10 shows thdt./v is reduced by about 25% when, though of electrostatic origi¥ is not the result simply of the
with In present, pinning has accumulated to its greatest excoulomb interaction between the impurity and the modula-
tent. The reduction of./v becomes less when the pinning is tion of conduction electron density in the CDW, it is thought
partly dispersed, by approximately the same factof@sis  to arise from the matching of the latter to the Friedel oscil-
reduced(0.4 at 100 K, 0.6 at 120 K The presence of In has lations induced in screening the impurity chafe.
little effect onl /v at 90 K and below, since the diffusionis ~ While intercalated impurities also may couple to the
too slow for appreciable pinning to accumulate during theCDW in this way, the coupling is expected to be much
experiment. At 95 K, wherer,~10 min, a measurement weaker than for substitutional impurities. The Coulomb in-
made within 2 min of first applyindo provided the data teraction between the CDW and a charged impurity between
point close to that measured in the absence of In, whereate NbSg chains is likely to be negligible, as the macro-
those for the accumulated and partly dispersed states weggopic distribution of charge on the chains is unaffected by
obtained after allowing 45 min for steady conditions to bethe combined modulation of the densities of conduction elec-
approached. trons and of ion cores, respectively, by the CDW and the

It is hard to see how the reductiongg; which attends the periodic structural distortion which accompanies it. The am-
accumulation of pinning could result from a change in theplitude of Friedel oscillations induced by such an impurity is
electron density concerned in the CDW. The direct effect ofalso likely to be small, because of the wide spread of screen-
the In onp,, of the order of 1%, is too small to be noticeable, ing charge along the chains. However, although this may
and varies only locally as pinning accumulates. The “back-result in the coupling tab; being negligible, the screening
flow” of electrons, suspected of causing the decreasgdn charges contribute to the electron density concerned in the
at low temperature¥, might be affected if the In were to  CDW, and thus to its equilibrium wave vector. This allows
modify the electron pockets left by the CDW, but the minor nonuniformity in the density of impurities to couple to the
effect of the In on the resistivity beloW, suggests that any longitudinal component of the strai® V¢ in the CDW.
change will be very small. In any case, it is not obvious thatwhich form of coupling is the more consistent with experi-
the backflow would be sensitive to the accumulation of pin-ment is now examined.
ning, which merely redistributes In without changing its
mean concentration.

A conclusion that the changes R result from changes
in the cross-sectional ared,, of the moving CDW thus Suppose a mobile In impurity has available sites, equiva-
seems inescapable. Although the mode locking shows thd¢nt in the absence of the CDW, in which its potential energy
elsewhere its motion is essentially coherent, a substantia¢ —V cos®;. The CDW gapA (A, when T=0) sets an
part of the CDW, which increases in volume as pinning ac-upper limit toV of the order of 20 meV in NbS¢' and
cumulates, evidently remains at rest. Clearly, in order to resimilar to kgT in the present experiments. For intercalated
duceA,, by 25%, as in Fig. 10, at least 25% of the cross-impurities one may assumé<kgT, so that in thermal equi-

B. Coupling to ®;
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librium site occupancies are approximately proportional to C. Coupling to V¢

[1+V cosdi/kgT], and the energy of an In atom has an ex-  ag already noted, intercalated atoms coupleVip as a
pectation value-V*/2kgT. As the In atoms diffuse far 00 ,nsequence of their contributing electrons to the conduction
slowly to move with the CDW, they are equivalent to strongpanq it will be assumed thalé varies on a macroscopic
pinning centers of strengti?/2ksT (though the energy is scale, on which electrical neutrality is preserved. A con-

minimized by adjusting the; rather than by distorting the  ,,ym approximation then applies, in which the effects of
CDW).  Their  contribution to E; is then ;- q4iidual atoms may be ignored.

(CoQleper)(V/2kgT), whereC, is the average density of In " onsider an ideal quasi-one-dimensional band, in which
atoms coupled to the CDW, whose effective electron density.,,quction electrons of densify, support a CDW having
at temperatureT is ’feff”Eg(A/Ao)-z Taking pef=0.500 a7t wave vectorQ,=2kg, where the Fermi wave vectd: is
T:_1115 K, pO:,ZXlOZ cm %, Co=0.01pp, andQ=4.5X10°  narajiel to the chain axig. Now suppose that In atoms in
cm ", a coupling strength/~0.05 meV would account for o centratiorC each contribute one electron to the band:; if
gEeT:r(r)leln;/ cm 7, as observed in the more heavily doped ¢ nag the uniform valu€,, the added electrons increase the
Although this value oV, being smaller than for substitu- S?:;Z%Tuerngﬁznéicg raggl?r;eth%(lr;rn?e?i/np?%.colr?m:gﬁsu-
tional impuritie$ by about two orders of magnitude, SEeMS ate a5 for the CDW of intere€d, is about 3% less than the
not inappropriate for intercalated impurities, it is easy to seg.,mmensurate value, a} is though not to exceed 0.0
that coupling tod cannot ac<_:0unt for the decay g{;('_[) as WhenC=C,, a wave vectoQ# Q, corresponds to lon-
1/y(1+1) seen wherd'<1. With V<kgT, the modulation of  gitdinal straire,,= Q/Q,— 1 in the CDW, and is associated
impurity concentration b}X/ cosb is alm_ost |In(_§.al’,. and. the ith elastic energy:K, £2, whereK,, is the longitudinal
defect-density wave which develops in equilibrium is ex-g|astic modulus of the CDW. The elastic energy vanishes,

pressed, in a continuum approximation, by however, ifC=Cy+ (po+Cp)e,, as Q is then the equilib-
rium wave vector. This possibility of energy reduction en-
6C=Co(V/kgT)cos P, (D ables the In atoms to couple &®,=V,¢/Q,, favoring an
increase inC wheree,, is positive. The departure & from

whereSC=C-C,, andC is the local concentration of In. If uniformity is conveniently expressed by
motion of the CDW reduces the local averageVofosb to ec=(C—Co)/(po+Co), which is the strain whose elastic

zero, this sinusoidal distribution necessarily decays eXpOonerie o\ anishes when the concentration of IEis
tially, in accordance with 9y

The value ofe; in thermal equilibrium with a givee,, at
_ . 2 temperatureT is now required. WherC+#C,, the elastic

oC(1)=5C(0)exp —D-Q™), @ energy density associated wigh, is

wheret represents time, anD, is the diffusivity in thez W,,= 1K, Je,,— ec]? )

direction. As SE+ is proportional to8C, gp(t) also must A A

decay exponentially, in striking disagreement with observa- aq the addition of an In atom to any given volume in-

tion. An exponential form also applies if the impurities oc- ¢reases its elastic energy by an amodW=dW,/dC, the

cupy d?screte _sites. . . . L _ _condition for thermal equilibrium is

It is interesting that if the impurities were initially in equi-
librium in a potential—V cos® with V>kgT, their pinning C=C, exp(— BSW)=Cq exd (BK,,/po)(e,,—ec)],
effectwould decay as (1+t). The distributionC(z,t) of (6)

impurities in equilibrium at timé =0 is then expressed by where 8=1/ksT, and it is assumed tha,<p,. From this

and in the high-temperature cagpsW|<1, the value ofec
in thermal equilibrium is

where a=(VQ%2kgT)>Q? and distancez is measured b
from the nearest maximum dt=2n. It is easily showf®
that, as this Gaussian distribution broadens as a result of

diffusion alongz, its maximum valueC(0,t), and therefore \yhereb= gK,,Co/(po)2 The contribution o&,, to the free-
oEr, decays according to energy density is then

C(0t)=C(0,0/V(1+t/7), 4 1 (C—Co)z_1

AF=W,+ B~ °C =3sKe

wherer=1/(4D,a), until t/7 approacheém?/2)(V/kgT), and 0
C(0y) its final valueCy. However, to account in this way so that in thermal equilibrium the CDW behaves as though
for the observedyp(t) following this form until t=2000r its elastic modulus wer,/(1+b).
would requireV~10°kgT (=10 eV), which clearly is out of The values ofg|dW| andb in the present experiments
the question. will first be estimated using a mean-field modeln that

Thus the decay ofip(t) as 1A/(1+t), rather than as a approximation, the high-temperature assumptgaw|<1
simple exponential, appears to be conclusive evidence thappears to be valid: wheh~0.8T, as in the experiments,
the In is not coupled appreciably to the argumédnbf the  the elastic limit on macroscopic strain restrit®V| (which
electron-density modulation. The alternative is that it couplesannot exceed the energy g#) to about 0.1,, where
to the strainQ "V ¢. Ay=1.7&gTp, so thats| 6W|<0.2. This, as

C(2,00~(Co/Q)(4ma)*? ex{] — az?], (3

eCezm €22, (7)

2 1 8
sz, ( )
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lecd <B|SW|Cylpy, implies thatC nowhere departs from 4
Cy by more than 20%. The parameter which is a conve-

nient measure of the coupling between the CDW and In, is

also small even in the specimens containing the most In: if 3r T
one takes folK,, the mean-field value Rep(A/Ay)? (about

60 J cm 3 with A=0.7A,, po=2%x10?* cm 3, and Fermi en- (tsz) 2 | -
ergy eg=0.2 eV, corresponding to the free-electron mass ° °

thenb~0.2 whenCy/p,=0.01.

However, these estimates require revision in view of the
experimental evidence th#t,, (Ref. 27 and A,,?® respec-
tively, are about 2.5 and 5 times their mean-field values. This 0
leads one to expe@| SW|~1 when the strain approaches its
limiting value (if that is unchangedandb~0.5 in the most
heavily doped specimens. Even whgpwW|=1, however,
expression7) is not seriously in errorec, is given within
+15% for anyb if |e,,/]<0.01 andCyp,=0.01. The effects
of coupling between the In and the various strains expecte
in CDW’s are examined next.

0 0.1 0.2 0.3 0.4 0.5
Erg (Vem~1)

FIG. 11. A comparison betwedfy, and the characteristic time
7, obtained fromga(t), measured at~113 K from the ten speci-
(rjnens in Table | from batches Il and IlI.

discommensurations; an@) strains due to dislocations in

IV. STRAINS IN CDW'S AND THEIR COUPLING f[he CDW. Th_e extent to vyhich these satisfy the requirements
TO MOBILE IMPURITIES: EXPECTATIONS AND just outlined is now considered.
EXPERIMENT
A. Conditions for the observed threshold behavior B. Strains associated with FLR pinning

Only in certain circumstances can the redistribution of In @ moving CDW in the FLR model, once the unique
mobile impurities in response to CDW strain lead to threshonfiguration discussed by Middletbhas been established,
old behavior of the kind observed. The redistribution maythe pattern of strain is stationary on scales much larger than

contribute toE in two distinct ways. QL As a stationary pattern does not satisfy conditiah
there is no contribution of typ€) to E; from the pinning of

the FLR strain pattern by mobile impurities.

A contribution of type(1) is possible from FLR weak
_ - _ : _ . pinning, however, as conditiof@) is satisfied ande varies
(2) The impurities also pin the strain pattern in which the agk (1=9/2 \whered is the dimensionality. The reduction of

free_energy was minimized. This contribute&ponly if the _ K,, by the mobile impurities in equilibrium increasEs by
motion requires that pattern to be translated, or otherwisg “tactor (1+b) @~ D2 if h=1, as seems possible in the

modified, so as to raise the energy above its value with th%pecimens containing the most In, this would account for
CDW at rest. ['=0.7 or 1, according to whether=2 or 3, which is of the

If the resulting contributionsE; to E; are to behave in °rder observed in such specimens.

the manner observed, the strain in the CDW has to satisfy However, while the magnitude ofE; can be accounted
two further conditions. or, its suppression by motion of the CDW cannot, for the

. L . stationary strain pattern does not satisfy conditibn Al-
(@ As () in Sec. Il F implies, the moving CDW must re- hq,gh £, may be modified by motion, as the strain in the
peatedly surmount the energy barrier which determ#ies. moving CDW need not be the same as when it is at rest,

In the case of enhanced FLR pinniitd), repetition is en-  here is no reason to expect it to vanish, nor even necessarily
sured by the spatial periodicity of the coupling of fixed im- 1, qecrease.

purities to® in the moving CDW. FOE to arise from the Confirmation thatSE; does not arise from an enhance-
pinning of a strain pattern by mobile impurities, as®), the  ent of FLR weak pinning is provided by the characteristic
pattern itself must repeat spatially, as well as moving whefmes -, which describe its relaxation. As it is determined by
the CDW is in motion. diffusion, 7, is expected to be proportional t8, where{ is
(b) Both in (1) and(2), in order that continued motion of the a length characteristic of the strain distribution. For weak
CDW eventually reducesE by allowing the mobile impu-  pinning ¢ will be the Lee-Rice phase correlation lendth,
rities to disperse, the effective strain pattern in which theand ask; is proportional toL ,;2, 7, should vary inversely
impurities diffuse must be averaged by the motion. with E; (with some dependence on dimensionality

The principal strains expected in CDWs di¢ the ran- In Fig. 11, 7, and E; are compared for ten specimens,
dom strains associated with FLR pinning to fixed impurities;from batches Il and Ill. The wide range &, roughly a
(ii) the longitudinal strain due to the obstructing effect offactor 10, is the result of differences in thickneds The
current terminals, by which phase-slip there is indudéd; values ofr, show some scatter, attributed to dependence on
longitudinal and shear strains due to irregularities in thel” and the conditions of measuremétut reduce the effect of
shape and structure of the cryst@) strains associated with this, ther, are taken fronga(t) rather tharmgp(t)]. No cor-

(1) As the minimization of free energy effectively reduces
K,,, it enhances any FLR weak pinning by fixed impurities,
for which E; depends inversely ol,,.
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relation is evident;, being essentially independent Bf. V. specifies the strength of the lattice potential relative to
Similar 7, were measured in specimens from batch |. K,,. From this, the width of the DC is defined as
It is clear from this that’E+ is not the result of coupling =2/\(pVc).
between the In atoms and strains involved in FLR pinning. The e, expressing the distribution of In in equilibrium
However, ifb is as large as supposed, and the pinning iswith the DC array is concentrated in layers normattand
weak, the addition of In should result in a significant increaseoughly of thickness... If at time t=0 the array is set in
in E1, which motion of the CDW would not remove. That no motion, so that the average strain at any point approaches
increase has been apparent is probably a consequence of thero, diffusion(effectively in one dimensioncausese:(z)
very long times required for diffusion over lengths, of  in each layer to approach a Gaussian form in a time
severalum, which amount to many hours at 135 K and to 7~.%/16D. Thereafter the central value @ declines as
weeks at 115 K, if the diffusivity is as estimated in Sec. V A. 1/\/(1+1t/7), whereD is the diffusivity, untilt/7 approaches
(/1.+), after which the decay is approximately exponential.
While it is tempting to suppose that this might explain the
o ) _ decay ofgp(t) as 1A/(1+t/7), that is not so: when/7 is
Except where phase continuity is broken, in which Casfarge the pinning effect 0é:(z), and thussEy, is propor-
the strain field is modified by dislocatiof&) in Sec. IV Al,  tional to the maximum value afec/dz, rather than ok .
a stationary disltribfutionhofbstrailn develops in the movingas the width of the Gaussianec(z) increases as
CDW as a result of such obstacles to motion as current term, do(t) then decays approximately as(It/7),
minals, and irregularities in the shape or content of the speciy e giffers significantly from the experimental data in Fig.
men, respectively(ii) and (iii) in Sec. IV A. As neither(a) 5(a).
nor (b) in Sec. IV A is satisfied, the redistribution of impu- Even if SE; were proportional to the maximum ef. , its

C. Macroscopic strains associated with obstacles to motion

rities in response to this strain does not contributég . relaxation as /(1+t/7) could hardly continue untit/r
>2000, as has been observed ty(t). According to ex-
D. Discommensurations pression(9), the value(~45) required for/ /... would imply

. . : : _ that | §— 8|/ 5c<1073. Although the “lock-in” transition
DiscommensurationfDC’s) appear when the lattice po of real DC’s tends to be less sudden than expresé®n

tential, favoring a commensurate val@g., prevents the S :
CDW wave vector from adopting its preferred incommensu-suggeStS’ it is clear that the requir€@.. could occur only

rate valueQ. A mean valu,, betweerQ andQ may then over an extremely narrow temperature range preceding lock-
be achieved by the alternation of commensurate regions, and: However, the relaxatlon as *ﬁ 1+t/7f) IS Sseen ”‘Tough'
DC’s in which ® changes relative t@cz by 2a/p, which Ut thflrafllge ?0‘130 KéO'RAWh'OQ vades slowly ‘;"'th no
corresponds to the lattice spacing, whpris an integefand sign of locking to anyQc . Ooreover, 17 Were as large as

would be 4 in NbSg. Relative toQ., strain in the CDW is 450, D?S V.VOUI.d surely have_ b_een detected in NMR
concentrated around parallel planes, normaDfavith spac- stud|es°f.The|r failure to appear indicates thétc1.5., cor-
ing /' =(27/p)/|Qy—Qcl responding to a near-sinusoidal strain profile, and relaxation

This strain pattern, whose translation through’ ad- close to a simple exponential.
vances the CDW through its wavelengtk27/Q,, , satisfies
conditions(a) and (b) in Sec. IV A. Its coupling to mobile E. Dislocations
impurities, as in(2), should therefore provide a contribution  Dislocations in CDW's(which, unlike discommensura-
5E-|- to the threshold field eXhlbltlng accumulation and diS'tions, are topo|0gica| defegthave been discussed at |ength
persion phenomena qualitatively as observed. Although n@y Feinberg and FriedéIHere the concern is with edge dis-
evidence of DC’s has been found in NRSé is of impor-  |ocations, as only these involve longitudinal strain capable of
tance to enquire whether their pinning by In might accountcoupling to mobile impurities. Such a dislocation is illus-
for the behavior oféE+, and notably for the decay @fp(t)  trated later, in Fig. 1@&): the amplitude of the CDW van-
as IN(1+t). ishes along the line of the dislocati¢there thex axis), and
The form ofgp(t) expected from the pinning of an array s reduced within a region whose radius alongnormal to
of DC’s depends on the distribution of In in equilibrium, Q) is the appropriate amplitude coherence length, but atong
which is available fromec, and is related to the strai®,,  (parallel to Q) is likely to be larger, as the ability of the
through expressior(7). The avoidance of an exponential CDW to sustain longitudinal strain is limited. Except within
form for gp(t) requires the width. of the DC’s to be small  the “core” where it is modified by the collapse in amplitude,
compared with their separatiofi, so thate,, does not ap- the strain field is expressed by
proximate to a sinusoid. It is not difficult to show, in a con-

tinuum approximatior? that when..</ the two quantities e,,=Q Y py)/[(ny)?+7%],
are related through (10
ey,=Q (n2)/[(ny)*+7?],
(6= 8c) bc~A4(1+2/ | w)exp(—2/ 1), ©  where e,, and e , are longitudinal and transverggheay
o N ) strains, with respective elastic modfi,, and K,,, and
whereé=|Q—Qc|, andé is its critical value for “lock in,” 7=(K,/K,)*>. The elastic energy per unit length of the

below whichQy=Qc . Relative to the preferred wave vec- dislocation, ignoring the small contribution from the core, is
tor Q, the strain in a DC centered at0 is then expressed

by e€,,=Qc/Q—1+2(Vc/p)sechizy(pVc)H Q, where Uo= 7TQ72(KzzKyz)llzln(R/rcore): (13)
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} order ofb? which arise because, ande,, are modified by
p the effective reduction ik, evident in(8).
The core of the dislocation, where expressi@® do not
\ t H H apply, and at whose cent&Y,, vanishes, must be omitted
@ - ® > —> from the integration. An empirical allowance for the omis-
sion is made by multiplyingK,, by a *“core” function
P M(y,z), such thatM =0 at the center, anlfl =1 far outside
the core.
The accumulation and dispersion of the pinning are the
result of the diffusion of impurities in the effective potential

( P
71y,z) exerted by the dislocation. When the latter is station-
(© Y . ary, 71y,z)= W= —(K,/po)M(y,2)e,[y,z); for the

Mo P M moving dislocation it is assumed tha@t=0. After a change
in 7, a diffusion equationdC/ot=V-[D{VC+ BCVZ1}],

whereD is the diffusivity tensor, governs the adjustment of

FIG. 12. () A CDW dislocation(L). The lines represent sur- impurity concentratiorC. When|37/|<1 (which, according
faces of constant phask, at intervals of 2. (b) Arrays of dislo-  to Sec. lll C, seems to apply even near the core of the dislo-
cations at the boundaries between movid)(and pinned P) cation), and takingy andz to be principal axes db, this can
regions of CDW. Shear inducing the dislocations to glide, and asbe linearized to
sociated with curvature of the surfaces of constant phadé,iis
indicated.(c) Pinned regionsR) embedded within a multiply con- d(ec—ece)/dt= (Dyo’leay2+ D,3%197%)(ec—ece),
nected moving CDW N). The generation of dislocation loops at (13

the ends of a regioR, and their subsequent motion over its surface, PO . S
is illustrated. Longitudinal strains iR and M determine whether whereece~ —(Co/pg) 87" is the value ofec in equilibrium

(as showh opposite loops appear at the two endsPofand annihi- with 7. When a stationary dislocation centered at the origin

late between them, or loops of a single sign appear at one end affovides7”, andb<1, ec,=bMe;,,, with e,, given by (10);
collapse at the other. this will be denotedec,.

During dispersion, following7” becoming zero at time
where the strain field extends over a rafyeandr ,.is the ~ t=0, the decay ok¢ from e, towardsec, (now zerg is

effective radius of the core. expressed by
Although a single dislocation does not provide the spa-
tially repetitive strain pattern needed to satisfy conditian ec(¥,z,t) =eco(y,2)®Sy(y,1) ®S,(z,1), (14

of Sec. IV A, an array of parallel dislocations can satisfy
both conditions(a) and (b). Provided that motion of the

CDW involves motion of the array, their pinning by mobile diffusivity D, along an axik (=y,2), of a distribution ini-

impurities then gives rise, throug®), to SEr exhibiting tially localized atk=0. Expression(12) then becomes
accumulation and dispersion phenomena. The time depen-

dence ofsE will first be examined in the simple case where

motion of the CDW requires the dislocations to move on theF(t) =K, max{ ff [—ec(y,z,t)o{M(y,2)e,AY,2)}/ 9z,]
surface in which the array lies. The dislocations then pass

exactly through the sites occupied when at rest, B¢ is

proportional to the maximum force exerted on them by pin- Xdde],

ning accumulating in, or dispersing from equilibrium with,

the strain fields of dislocations in those positions. The result- (15
ing gp(t) andga(t) will first be found forb<1, assuming \hereMm ande,, refer to the dislocation centered @z,),
the dislocations to move‘glide” ) parallel to the chain axis 544 the maximum is taken with respectzg

z. The pinning of dislocation arrays in other situations will ~ The core functionM, by introducing a characteristic
be discussed in Sec. V. lengthr ., into the problem, sets both the initial magnitude

The pinning arises because the impurities lower the elastig¢ F+, and the time scale of its decay.rlf, . were zero, so
energy of the dislocation, by an amount which decreases ag5t =1 then(15) could be written

its center is displaced from the position in which the impu-
rities accumulated. To detach the dislocation of Fig(al2 bK
from the pinning, the threshold force to be exerted per unit Fi(t)=

where the symbol® denotes convolution, and,(k,t)
=exp(—k44D,t)/\/(4wD,t) expresses the spread, due to

1

I R— (16)
length is mQ* Dty ™
Fr=maxdU(zy)/ 9z} (12) whereD = (D,D,), andl 5« is the maximum, with respect
’ to z,, of
whereU(z,) is the elastic energy per unit length when the
dislocation is centered 40,z;), and the maximum is taken y’ yz
with respect toz,. Becauseb<1, 9U(0,z;)/dz, can be ob- y' 2+ (2 +21)? (y?+27°)?

tained by appropriate integration of the teraK,£,.6c in oy i
W,, (5), with e,, given by (10); this ignores terms of the X e WA=y A2 gy dZ’ dydz  (17)
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where A= 7y(Dy/D,). | nax is roughly 2.5{/A whenA>1,  pinning forceF arising from the coupling of In to the strain
and 5.4/A whenA<L1. fields of dislocations in the CDW. Whethgg(t) follows the

The effect ofr . being nonzero is, approximately, to growth of Fr as pinning accumulates is less clear: relative to
replace t in expression (16) by t+r., where 7. gp(t), both , and 7,=(s+1)r, are roughly as predicted, but
= rgorea()ka, that being the time in which the width & the later stages of the decay @f(t) are not as 1/ though

would aoproach the core radia measured in the di- the discrepancy may perhaps be a result of broadband noise.
ld approac Soref » | With T large, however, neither transient is at all close to the
rectionk in which such an approach first occurs. Then

form predicted, whether or not allowance is made for the

2bK,, dispersion being incomplete. While not implying th&E
F1(0)=¢(0) —— k, (18) arises other than from the pinning of dislocations, this shows
QT cora that a more elaborate model will be required to account fully
where k~2.5/7" or 5.4/, according to whetheD,=D, or  for the experimental results.
D,, and
V. MODELS
Fr(t)= e(t) F+(0) 5. (19 Several factors in addition to the form of the pinning force
e(0) 1+ L) F+(t) have to be considered if the effect of In on the thresh-
Tc old behavior is to be modeled by the pinning of arrays of

L CDW dislocations. So th&; may contribute to the thresh-
where &(t) expresses the departure from variation aSold field, the dislocations must be so arranged that motion of

1/\J(1+t/7;), and depends on the structure of the core funcs : . _
tion M, rather than its scale which determings As ¢(t) =1 the COW requires them to escape from the pinning. Al

once diffusion has eliminated the variationeyf on the scale though the evidence in Sec. |l H that part of the CDW re-

of r¢ore, @Nd Otherwise is never far from 1 for any reas:onablemm?s atdrfr?ttstL:]gge'_sts_a p_ossnbleb?rra?gement,t_lt h? S ;ﬂ be
choice ofM,*? the decay ofF(t) during dispersion is for rontirmed fhat The pinning 1S capable of accounting Tor. e

. - magnitude of SE;, and for the characteristic time of its
practical purposes asi(1+1/). An analogous derivation .z iation as the pinning accumulates or disperses. The dis-
(in which inclusion of the core removes a weak divergence i

. . ) ) rbersion of pinning by finite ,, and especially the use of
the integral corresponding 1q,,,, as well as the singularity pulsed! o to monitor the changes iAE; during accumula-

in 1/\), leads to the same form for the pinning force 0ppOS+ion, also require examination. These matters are considered
ing dislocation motion(“climb™ ) in they direction. below. Although no unique model is developed, certain es-
It is easy to see that, foFr to become proportional 10 gentigls of the CDW motion are identified, in reaching a

1Lt whent> 7., one require®,, to vary as If whenr is  pnicture of CDW motion which is at least qualitatively con-
large. As dislocations are the only plausible source of straijstent with experiment.

varying in that manner, the decay &f as 1A/(1+t/7.)
appears to be characteristic of their pinning by mobile impu- A. Origin and magnitude of 6E+, and time scale
rities. of its variation

The relaxation as 1(1+t/7;) is, however, restricted to
the case where the dispersion proceeds to completion. T}Wh
distributione then broadens indefinitely asncreases, and
the integral in(15) is maximum for a steadily increasing

value ofz;. If thg dispersion remains incompletg, then thattakes the slightly different value3, andQ, . The spacing of
value becomes independenttadise: approaches its asymp- the dislocations is then(Q,—Qy), and if the velocity of

tote ec,#0, andF+(t) approaches its equilibrium value as v« cpw in the two regions is, andu,, the dislocations
1, rather than as A/t In the limit whenecis close toeco,  move  with respect  to the lattice  with velocity
the computed relaxation has about 0.44 of the value_ for_ (Qava—Qpv1)/(Qa—Qy). Pinning which prevents the dis-
€ce=0, ands~2.8. These values also apply to relaxation in|ocations from moving with respect to the lattice equalizes

the opposite sense, i.e., accumulation towegg from an  {he phase winding rate3,v, andQ,u},, without necessarily
initial ec~ecy. Accumulation from the completely dispersed requiringu, andu, to be zero
a .

state is only slightly different. The growth & from zero The effect of such pinning on the threshold behavior de-
towardec, is expressed by pends on the circumstances. If the dislocations were fixed in
_ B the CDW, so thav ,=uv}, then pinning them to the lattice
€c(y,2,1)=€co(y,2) ~€co(y,2) ® Sy, ) @ S(2,1), (20) would be equivalent to pinning the CDW, giving=v,=0,
andF; would contribute directly t&E . However, that pos-
whose final term decays in the same wayegsduring dis-  sibility may be discounted, for the shear stress needed to
persion proceeding to completion. Aga@p,, sets the appro- induce dislocations to glide through the CDW, unless op-
priate z; in (15) whent is large, andF(t) approaches its posed by pinning, is expected to be very sfidfla differ-
final value as 1/ The computedr, is about 0.62 of that for ence inE; causes , andv,, to differ slightly, then pinning
dispersion withec,=0, with s~3.0. The predicted form of the dislocations, no matter how strongly, merely calse®
ga(t) in this case is shown by the broken line in Figbb  exceed its average value by the small amount required to
In the absence of any plausible alternative, it is concludegnduce glide. If, however, regioib is already so heavily
that the decay of the dispersion transiegh(t) as pinned as to be immovable, so that=0, the observeé is
1/J(1+t/7), observed whert’ is small, follows that of the that for regiona, whose motion relative td requires the

Consider, as in Sec. IV E, an array of parallel dislocations
ich move, by gliding parallel to the chain axsover the
surface in which the array lies. That surface separates regions
a andb in which thez component of the CDW wave vector
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dislocations to escape from the pinning. The fdfgge now a  a few times greater than the lower limit set by the chain

Peach-Koehler force provided by a threshold shear stresspacing. If one takesrqyey to be 30 A, then the

or=F+/\, then contributes téE; and increases indefinitely observed 7~10 2exp(3200 K/T)s  corresponds  to

as the dislocations become more firmly pinned. Unless glid®,~0.02 exg—3200 K/T) cn?s ' As both the prefactor

is much more difficult than has been supposed, such immaand exponent are quite representative of the diffusion of In

bile regions are essential if the pinning of dislocations is ton transition element chalcogenidésthe conjecture that

contribute substantially t& . T is's.et by a length scale of the order_ of 30 A appears to be
It is reasonable to conclude that these immobile regiondustified. Such a scale could hardly arise except as the trans-

make up that part of the CDW which, in the experiments ofverse dimension of a dislocation core.

Sec. Il H, was found to remain at rest while the CDW else-

where moved coherently. The increase detected in the vol- B. Possibility of complete dispersion

ume remaining at rest, as pinning accumulates, then corre- . _ . . .

sponds to an increase in the size possibly the numbgmof While a stationary dislocation array clearly will accumu-

immobile regions. The manifestations of this in the threshold@t€ PINNIng, it is less obvious that this can be dispersed
behavior will be discussed in Sec. V E. Of more immediateCOMPIetely by motion of the array, as was assumed in deriv-

interest is whether the pinning of dislocations at the bound!"Y the form Of.gD(t) 'in Sep. IV. The foIIowing.argument.
aries of the immobile regions can account for the magnitud§U99ests that dispersion will become complete if the velocity
of 6E;. of the CDW exceeds a critical value, dependent on the

strength of the pinning.

Suppose that, in Fig. 18), the CDW in laye™M moves in
the z direction with average velocity, and that the disloca-
tions are detached from their pinning sites when the shear
strain e, reaches a critical value;. During the ensuing
glide, e,, relaxes toward zero until the CDW next to the
boundary has advanced through a wavelengtivhen the
array again becomes pinned. For simplicity, assume that dur-
ing the relaxatiore,, decays exponentially, with characteris-
tic time 74. As the mean displacement of the CDW N,
relative to its edges, ig,,L,/6, the timet, taken to glide
from one pinning site to the next satisfies

An estimate ofSE; can be made by assigning plausible
values to the relevant parameters. The anisotrgpg ex-
pected to be large: recent x-ray measurementd. pfin
NbSe (Ref. 5 suggest thaty~12 wheny andz correspond
to the crystallographic directions® andb*. With no obvi-
ous structural reason for the diffusivify to be very aniso-
tropic, A is assumed similar tay; the elongation of the dis-
location strain field along then ensures that diffusion is
effectively in they direction. From(18), the critical shear
stress is themrr~ 2.5K,.b/(72Q 7T coregy)) -

Consider now the situation illustrated in Fig. (b2 a
layer M of thicknessL, in which the applied field induces
the CDW to move, is bounded on surfaces parallet toy
layersP in which it remains pinned. A lower limit o, is N=vtg+(erLy/6)- (tg/7q) (21
set by the phase correlation lendt), perhaps of the order _
of 1 um in the transverse direction. To provide the critical wheree;L /6 is assumed much larger thanso thatt;< 7.
shear stress at its boundaries, a fiélr=(o/ep,)Shasto If erin the steady state is proportional to the fraction of the
be applied to the layev, whereS (here 2L,) is the surface time for which the dislocations are pinned, nametyul /A,
area ofP, per unit volume ofM. Taking K, 115 K)=150  then
Jem®, Q=4.5x10" cm™, 7=12, I e, =30 A (see be-
low), pg=2x10°* cm 3, L,=1 um, andb=0.5 (the esti- er=er[1-v/v.], (22)
mated maximum in the experimejitene obtainsSE;~600
mV cm™ L. As this exceeds the largest value observed, it isvhereey, is the value ofe; in equilibrium whenv =0, and
clear that the pinning of CDW dislocations is fully Capab|evC=LyeT0/67d is a critical velocity at which dispersion be-
of accounting for the magnitude @iy . comes complete. It appears that in the experiments, a nearly

A more adaptable alternative to the planar geometry otontinuous current, a few times greater thai was suffi-

Fig. 12b) is for immobile regionsP, elongated along, to  cient to ensure that>v. whenT" was small.
be embedded in a multiply connected moving regidnas

in Fig. 12c). As phase coherence may extend throughdut _
the spacind.p of the regionsP transverse ta, if they oc- C. Effect of the observing pulsel o
cupy a small part of the volume, need not linhit,. For In the experiments, the changes & were monitored
regions P having a circular cross section of radius, a  using the repetitive short “observing” pulsds,. While
valueS=2x10" cm™*, sufficient to account for the observed these have a negligible effect on dispersion, they may be
SEr (giving 600 mV cm * whenb=0.5), can be achieved, expected to influencéE; during accumulation. The imme-
for example, withrp=0.01 um, Lp~0.1 um, or with  diate effect ofl is to induce dispersion for the duratiop
re=0.1 um, Lp~0.4 um (which would be consistent with of the pulse, so that accumulation does not proceed to
the observation in Sec. Il H that up to 25% of the crosscompletion; however, this reduce¥; only by a fraction
section of the CDW was at rgst tp/t, , easily arranged to be negligible. A more serious prob-
The pinning of dislocations is consistent also with thelem is that, as each pulse bf displaces the CDW along
time scale of the changes #E+ . In the case ofjp(t) when by a distance of the order of 1@vavelengths, it is not obvi-
I'<l, and if A>1, the time 7 characterizing the decay as ous that, when the CDW comes to rest aftgrceases, ac-
1/J(1+t/7) may be identified withrczrgore(y)MDy. The  cumulation can be resumed with the same sites occupied by
value off e is likely to be close ta o) / 7, and perhaps  dislocations. It is clear, however, that the sites occupied after
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successive pulses are correlated to some extent, for otherwigeretained, so thac. is now Me,,b/(1+b), from (7), and
the | 5 pulses would lead to complete dispersion, with pin-(13) continues to describe the diffusion. A major complica-
ning distributed uniformly. tion is that, in order to findJ(z,), the strain field for the
The extent to which 4 inhibits accumulation has been dislocation displaced ta; in the presence oé: has to be
investigated experimentally by interrupting the sequence ofound numerically. During dispersiog is given, as before,
pulses, and varying their repetition period, during the accuby (14). During accumulationg: and the strain field evolve
mulation process. In specimen No.(B=0.07), the steady as a coupled system, whose development can be followed by
OE+ reached with pulses havirtg<t, <7, present continu-  alternately obtaining,, ande,, for givenec, and advancing
ously was increased by about 10% when they were interec, in accordance with20), toward equilibrium with the
rupted for an interval much greater than allowing pinning  strain field then existing.
to accumulate with the CDW at rest. ThaE is reduced Computations along these lines have been made for a
only slightly by the pulses shows that, after each applicatiomange of values ob, with A>1. As the results bear little
of 15, the sites occupied by dislocations are almost untesemblance to experiment, only their main features will be
changed. While the tendency of repeated pulses to translatkescribed. The increase with of the pinning forceF+ in
the CDW through an integral number of wavelengthreay  equilibrium, at first linear, becomes slow whe# 1, as parts
be partly responsible, the main reason for the sites beingf the dislocation nearest the core escape from the pinning
reoccupied is probably that, afteg ceases, the relaxation of first. As might be expected from the expansion of the strain
shear straijsuch as is illustrated in Fig. 13] allows glide field in they direction, the characteristic times associated
to continue until the dislocations are captured by the pinningvith dispersion and accumulation both increase vbitt-or
previously accumulated with the CDW at rest. However, ex-dispersion, the increase whdr=1 is only about 5%, and
act repetition of the previous configuration requires that theeaches 50% wheb=10. For accumulation, the increase is
remaining shear stress, which displaces the dislocations withlready 50% whetv=1, makingz, roughly the same as for
respect to the pinning already present, relaxes completelglispersion. In form the transients are little changed: for dis-
before appreciable diffusion has occurred. Incomplete relaxpersion the parametsrremains close to 4 fdn<<10, and for
ation of the stress, leading in the steady state to a distributioaccumulation increases from 3 whbrgl, to 5 whenb=10.
of pinning somewhat broader than if the CDW were always It is clear from this that the departure, whErns large, of
at rest, is a likely cause of the reduction &, whenlgis  gp(t) andga(t) from the forms predicted foF(t) in Sec.
applied repeatedly. IV E cannot be attributed to any dependencé-gft) on b,
Since the width of the distribution governs the time for its especially as probably did not exceed 1 in any specimen
accumulation and dispersion by diffusion, its broadening bymeasured. Neither is it likely that the discrepancies arise
| o is expected to lead to a minor increaserjrfor g5(t) and  from inadequacy of the assumptions underlying the calcula-
op(t), by an amount of the same order as thavt,. The tion of F;. Failure of the high-temperature assumption
broadening probably accounts also for the tendency, noted i| SW| <1 cannot be responsible, as thét) would be af-
Sec. Il H, for mode locking to be enhanced as extra pinnindected irrespective of. The implicit assumption that,,. is
accumulates. As perfect mode locking causes the configuramaffected by the impurities is perhaps questionable, as the
tion of the CDW to repeat exactly at the frequencyeven reduction of elastic energy might allow the core to contract
partial locking reduces the broadening duel ¢g allowing  whenb is large, but that would reducs with little effect on
pinning to accumulate further, exerting a stronger potentiak, whereas is reduced whiler, is little changed. Ordering of
and increasing the mode-locking paramdter the In whenC, is large is also a remote possibility, but it is
However, the effect of applying repeated pulsed ofis  not obvious that ordered regions, in whi€his practically
not limited to broadening and slight dispersion of the distri-constant, would have a noticeable effect®n.
bution of pinning. It has been found that whigis applied From this it is clear that the observed formsgef(t) and
after being absent for an interval much longer thgnafter  ga(t) whenT is large are not explicable in terms of the
which accumulation should be nearly complete, 8- re-  accumulation or dispersion of pinning by dislocations mov-
corded depends on the value last measured, and can be lésg along a fixed path. The possibility that the large depar-
than is reached with the pulséd present continuously. An tures from prediction are a result of the variation in size of

explanation is suggested in Sec. V E. the immobile regions, apparent in Sec. Il H, is next dis-
cussed.
D. Pinning by impurities in large concentration E. Variation in size of immobile regions, and its effects

Before discussing the effect ofE; of the expansion of on threshold behavior

the immobile regions as pinning accumulates, which is ex- The observed tendency of the immobile regions in the
pected to be more prominent when the concentration of ICDW, such as those denotd®l in Fig. 12, to expand as
(and hencéb andl) is large, it is useful to outline the pre- pinning accumulates at the dislocations on their boundaries
dicted behavior in that situation of the pinning forBg, isto be expected, for two reasons. As the pinning reduces the
which applies to dislocations moving in a fixed plane. effective elastic modulus, the attraction between dislocations
The calculation ofF; for large b is straightforward, on opposite sides dP, which favors contraction, becomes
though tedious. The reduction in effective modulls, less. Also, ifP is embedded in the moving regidvi, as in
causes the strain field of the dislocation in Fig(@2o ex-  Fig. 12c), dislocations are generated at its ends, and trace
pand in they direction, in effect replacingy in (10) by  out its surface through a combination of climb and glide, the
n/\/(1+Db), in accordance witli8). The inequalitys| 71<1 relative velocities of which govern the cross-sectional radius
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r» of the immobile region. With resistance to climb likely to 6E; throughry and S. It seems that, although the equilib-

be determined largely by the interchain separation, and glidéum value ofS increases as pinning accumulates, the dislo-

opposed mainly by pinning, the velocity of climb relative to cations remain in their original positions until caused to

glide, and thus , increases as pinning accumulates. move by lg or Ip. Dislocations originally in equilibrium
Figure 9 shows that the extent to which pinning increasegvhen pinning was negligible then retain the initial valueSof

the volume of the immobile regions becomes less as th@S pinning accumulates in the absencd ©f but reach an-

current inducing CDW motion increases. It seems unlikelyother equilibrium, in whichs and 6E+ are greater, whehg

that the pulsed current used in the measurement disperses tic@Pplied repeatedly as accumulation proceeds. As expected,

pinning sufficiently to account for this effect, which might this effect is more pronounced whéhis large: in specimen

alternatively be a result of the velocity of glide increasing'VO: 14: the value reached BjE; when sampled repeatedly

) 4
more rapidly with current than that of climb. The tendency ofby lo V\(/as trln;)rde_ than 5dOA; ?reater thz_ant whertl zéccumulatlon
I to increase with pinning, to an extent that is reduced b ro:{\.a plar yth |tsperse state Vl\\l'asémt'ﬂ errup ?. : -
current, appears to explain, at least qualitatively, the variou& IS ciear that in specimen No. s, the variationsncan

departures of the threshold behaviour from that predicted@'® only a small _effect_ong(t), which.are close to the
whpen the path of the dislocations is fixed. P orms of F(t) predicted in Sec. IV. It is to be expected,

; however, that the later stages of the decaygft) will be
One expects the effects of changes into be most ob- .
vious whelrc‘)\F is large. In specimengNo.mléF:O.Sl), the rather slo_wer than predicted f(ﬁT(.t)’ as S, and thug the
reduction in the cross sectioh,, of the moving CDW as asymptotic value oBEy, gradually increases as pinning ac-

inning accumulates, which is likely to be rather greater thaﬁ:umulates. During dispersion.an opposite tendency is ex-
Fhe 259% measured in Sec. IIH \)//vitﬁ=0.52, prgvides a pected, as the decreaseSrassists the decay @p(t), but

. - . the effect on the later stages will be small, 8; becomes
ready explanation for the reduced rate of increask-aofith o X i o
E—E-, evident in Fig. 2b). If the velocity of the CDW is less sensitive to the path of the dislocations as the distribu-

assumed to be a function only BfE-, the rescaling in Fig. tion of pinning broadens. Whether this accounts for the slight

2(¢) indicates thatd,, is reduced by about 60%. Although discrepancy between observation and prediction in Fig. 5,

this may be too simple an interpretation, it is clear that theWhere the Iatgr stages of the degaygg(t) are slqwer than
xpected, whilegp(t) accords with prediction, is not yet

accumulation of pinning renders immobile a substantial arE . . Lo .
P 9 P nown. It is concluded that a model in which immobile re-

of the CDW in that specimen. . . . , :
While the effect ofpthis oryp(t) andg,(t) cannot yet be gions are empedded |n_the moving CDW, e_md d|slocgt|ons_at
calculated, the records in Fig(8 suggest that their forms their boundaries are pinned by the coupling of their strain
! fields to mobile impurities, can account at least qualitatively

will be determined more by the changerin, and thus imA,, ; . .
ands (defined in Sec. V A than by that in the pinning force Lc;r';[lrgesgﬂuence of intercalated In on the threshold behavior

F+ opposing motion of the dislocations, which itself is modi-
fied as their path varies. Large departures from the predic-
tions of Sec. IV are to be expected, though how closely it
will prove possible to account for the near-exponential de-
cays of Fig. 6 remains to be seen. The conclusion that substantial regions of the CDW re-
Changes irp also provide a simple explanation for the main pinned in fields many times greater tiapappears to
drastic acceleration, ds increases, of the decay gg(t), be widely (and perhaps universajlyalid, for the pinning
which is shown in Fig. 7 and was observed for lafge effects of In were observed in every specimen examined.
Suppose thalp becomes large enough either to reduge  While the experiments do not prove that such regions exist in
so that the dislocations pass within the accumulated pinninghe absence of In, their presence when the concentration of
or even to depin the “immobile” regions, sweeping the dis- In is small, and the accumulation of pinning increases their
locations from the system. When the next observing plise size negligibly, makes it most unlikely that they are merely a
is applied dislocations, created if necessaryl gy then fol-  product of the intercalation.
low a path largely free of pinning, andp(t) is reduced While the present results provide ample evidence for the
accordingly. It is to be expected that in the limit of smBJl ~ coexistence, even in field8>E, of moving and pinned
when the pinning has negligible effect o, the disloca- regions of CDW in NbSg there have been several earlier
tions encounter pinning already accumulated, gg¢t) de-  experimental indications. The clearest are to be found in the
cays purely as a result of diffusion. However, even wherobservation of Richard, Chen, and Artemefikthat, even
I'=0.07 (specimen No. 8 the reduction of , by |  appears when the NBN has a single spectral componégty in-
to be detectable in the slight fall iAE; at the commence- creases slowly wittE betweenE; and 1@E+r; and in the
ment of dispersion, observed whég>1,, and evident in NMR data of Ross, Wang, and Slichférwho concluded
Fig. 4 but omitted fromgp(t). that as much as 10% of the CDW did not participate in the
A further probable symptom of the influence of pinning motion whenE~25E;. The NMR measurements of Butaud
onrp is the dependence @fE; on the value last measured, et al*led to a similar conclusion with respect to the CDW
mentioned in Sec. V C. In specimen No. & reached by in Rby sM00O;.
undisturbed accumulation from the completely dispersed Both in the present and earlier experiments, however, it is
state was about 10% smaller than when accumulation wgsossible that the inhomogeneity B, which allows some
initially almost complete. The value ultimately reached byregions to remain pinned results from some macroscopic im-
F+ when pinning accumulates at a stationary dislocation caperfection of the crystal. An imperfection in most N@Se
hardly depend its initial distribution, which must influence crystals, which frequently prevents the CDW from depinning

VI. DISCUSSION
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as a whole, is nonuniformity in the thicknedsThis leads to  rectly, provided that the surrounding CDW moves slowly
nonuniformity in E; for weak pinning, which depends in- enough for the nucleation to provide adequate phase-slip. In
versely ond in the common two-dimensional situation practice, although there is no critical stress for phase-slip, the
d< L¢.4 However, thickness variations could hardly accountvelocities typical of moving CDWs are such that only re-
for the wide range oE over which immobile regions persist gions where the pinning is much stronger than usual are
in the present experiments, or for their presence and variablékely to remain at rest. Measurements on Np@Ref. 27

size in a specimen so perfect as to exhibit complete modshow that at 90 K the strain required to induce typical rates
locking. The immobile regions seem not to be associate@df phase-slip at current terminals is about an order of mag-
with the crystal surface, for their effects showed no pro-nitude greater than the averageN/2L ;) involved in FLR
nounced dependence dnover a range exceeding 30:1. The pinning, though it will be less at higher temperatures. Even
evidence in Sec. Il that the bulk; is modified shows them at 90 K, where immobile regions are likely to require pinning
not to be associated with terminals, except perhaps as a sugn order of magnitude stronger than average, such regions
ply of dislocations. While they might conceivably be associ-may, however, not be unusual: calculations by Kliedicate
ated with other macroscopic defects, it is not clear whathat the pinning energy density of FLR domains is distrib-
those could be: they would have to be present in all thgited over two orders of magnitude. It is not altogether sur-
specimens examined, and support immobile regions occupysrising, therefore, that substantial parts of the weakly pinned
ing up to 25% or more of the Fotal vqlume.. CDW in NbSe remain at rest whe&>E.

The alternative is that the immobile regions result from A frther complication is that, while the distribution of
the failure of the FLR model to describe the motion of a,inning strength determines whether immobile regions will
CDW even over ra_ndomly distributed Impurities. That theoccur, the appearance of the dislocation loops may induce
FLR r_nqdel must fail, at Iea;t for a weakly. pinned CDW in changes in that distribution. After nucleation the loops, by a
an infinite crystal, was mentioned in Sec. l.EB@approaches L . .

f:ombmatlon of climb and glide, trace out the surface of the

E+, and local depinning occurs over an increasing fraction o . . . .
the total volume, the maximum stress exerted on the region'EanbIIe region. As the phase of the CDW insi@mnd in the

remaining pinned increases indefinitélyUltimately the plane o a loop differs bym/2 from that outside, the phase

CDW ceases to behave elastically, and the stress is relievefthin the region can be adjusted independently of its sur-
through processes of phase-slip not included in the FLF(oundmgs by suitably arranging sufficient (_jlslocatlon loops
model. on its surface® The loops, being free to glide, then effec-
Coppersmith and Milli& have examined the statistics of tively decouple the immobile region from the surrounding
this phase-slip at zero temperature. They find that, in thre€DW. As such decoupling tends to strengthen the FLR weak
dimensions, continuous motion becomes possible in a corkinning by reducing the effective dimensionality, it seems
nected region of CDW at a threshold identifiableEgs but ~ possible that the dislocation loops, once formed, enhance the
that there are inevitably a few isolated regions, where thginning which caused their nucleation. Conceivably this en-
pinning is unusually weak, in which motion occurs below hancement of pinning allows stable immobile regions to ex-
E;, and also more abundant regions of stronger pinningtend indefinitely from the original domains at which phase-
embedded in the moving CDW, which remain at rest wien slip is initiated, increasing both the fraction of the CDW
is greater tharkE+. In these heavily pinned regions, clusters remaining pinned, and the value BfE; required for com-
of impurities happen to occupy sites where each reduces thglete depinning.
energy of the undistorted CDW. With the pinning then in This picture of weak pinning, in which thermally gener-
effect strong, the force required to depin the region mayated dislocations allow substantial regions of the CDW to
exceed that needed to induce phase-slip at its boundary. Afsmain at rest when the rest is in motion, is consistent not
though uncertainty regarding the pinning force and elastiny yith the present experimental results. Clearly, it can
limit of the CDW makes the size of these regions difficult 10 5ot qualitatively for the presence of broadband noise,
estimate, it is obvious that, even if each requires only a feV\énd accompanying frequency modulation of the narrow-band

impurities in nearby sjtes, .they gmount 'to a very small partnoise: both may be attributed to variation in the number of
of the total volume, since impurities typically occupy fewer islocations moving, and thus in the current carried by the

than 0.1% of the available sites. Clearly, the strongly pinne
: . - . CDW. Its consequences for the dependenckEpbn T, and
regions proposed by Coppersmith and Millis are not the im I on E, neither of which is satisfactorily explained by the

mobile regions, occupying up to 25% of the total volume,
detected in the present experiments. FLR model, have yet to be explored. As regafs, the
However, the two may not be wholly unrelated. WhenPresent picture offers at least a qualitative explanation of its

T=0 the elastic limit of the CDW is well defined, and un- Puzzling increase at low temperature. \With now marking
likely to be reached except near small strongly pinned rethe onset of motion in a connected region of the CDW, and
gions. Longitudinal stresses below the elastic limit are no©f thermally induced phase-slip at the boundaries of regions
expected to lead to continuous phase-slip, for although theyhich remain pinned, it would be expected to increas& as
may lead to dislocation generation at Frank-Read source&lls, for greater stress is then required to generate disloca-
those tend to be removed by motion of the CBWThe tions at a given rate. Also expected is the observed tendency
situation is quite different whef>0: dislocation loops can of E; to become less well defined at low temperatures. The
then be nucleated thermalfwherever the CDW is stressed. form of I (E), which at low temperatures commonly varies
Any region pinned more strongly than its surroundings mayas exp—Ey/(E~Ey)], whereE, depends o, also seems
remain at rest in an applied field insufficient to depin it di- qualitatively explicable, in terms of the dependence of the
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