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Spatial distribution of charge-density-wave phase slip in NbSe3

S. G. Lemay, M. C. de Lind van Wijngaarden, T. L. Adelman, and R. E. Thorne
Laboratory of Atomic and Solid State Physics, Clark Hall, Cornell University, Ithaca, New York 14853-2501

~Received 24 November 1997!

Steady-state charge transport via motion of charge-density waves~CDW’s! requires conversion between
collective CDW conduction and quasiparticle conduction in the vicinity of current injection contacts. The
conversion occurs via phase slip, in which CDW amplitude defects form and move in the presence of CDW
strain so as to remove or add CDW phase fronts in a process analogous to phase slip in superconductors and
superfluids. We have determined the spatial distribution of phase slip for theTP1

CDW in NbSe3 by measuring
the spatial variation of the CDW current densityj c(x). As the current contacts are approached,j c(x) decreases
and the normal currentj n(x) due to quasiparticle flow increases. The size of the region near each contact where
appreciable phase slip occurs is less than 40mm for T near 120 K but grows to hundreds of micrometers at
lower temperatures. The current and phase-slip profiles are asymmetric with respect to driving current direc-
tion, implying an asymmetry between phase front addition and removal. Analysis of these profiles yields the
local relation between the phase-slip rater ps(x) and CDW straine(x). This relation is not unique, and for a
given strain the phase-slip rate increases with increasing distance from the current electrode. These results are
inconsistent with the predictions of models for phase slip via homogeneous defect nucleation, and provide
evidence for amplitude defect motion. The presence of substantial amounts of phase slip at large distances from
the current contacts explains the loss of coherence of the sliding CDW observed at lower temperatures, and
suggests that predictions of phase-only models of CDW dynamics may be of very limited use in describing the
sliding CDW in NbSe3. @S0163-1829~98!02020-7#
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I. INTRODUCTION

The charge-density wave~CDW! ground state exhibited
by quasi-one-dimensional conductors such as NbSe3 consists
of a modulation of the conduction electron densityn(x,t)
5n01dn cos@Qx1u(x,t)# and a concomitant modulation o
the positions of the lattice atoms.1 When an electric field
greater than a threshold fieldET is applied, the CDW can
depin from impurities and move through the crystal, resu
ing in collective charge transport. CDW motion gives rise
a host of unusual phenomena that are a consequence o
interactions of the CDW’s many degrees of freedom with
random field due to impurities. Analogous phenomena
exhibited by superconducting flux lattices, magnetic mat
als, fluids in porous media, and by systems with mov
interfaces.2 CDW conductors often show the phenome
more cleanly, and thus have been considered prototyp
systems for study of collective dynamics in the presence
disorder.

Conventional models of CDW dynamics describe t
CDW as an overdamped elastic medium in a random po
tial, and assume that the phaseu(x,t) of the CDW’s order
parameter is continuous while its amplitude is consta3

These models predict that above threshold the CDW s
should evolve periodically with a periodt5lc /vc , and that
it should exhibit critical behavior as the applied field a
proaches the depining field from above.4–6 Neither perfect
periodicity nor clear evidence for critical behavior has be
observed experimentally.

CDWs are not perfectly elastic. They exhibit amplitu
defects and associated discontinuities of the CDW phase
correspond to dislocations of the CDW superlattice, a
these give rise to plastic behavior.7 CDW defects are in fac
570163-1829/98/57~20!/12781~11!/$15.00
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essential for steady CDW motion to occur at all. As there
no analog to Andreev scattering,8 only quasiparticles can be
injected at current contacts, and quasiparticle charge mus
converted to CDW condensate charge in the bulk. Theor
cal work9–11 has suggested that this conversion occurs vi
phase-slip process in which dislocation loops form and gr
in the CDW superlattice, leading to addition and removal
CDW phase fronts in a process analogous to phase sli
superconductors12 and superfluids.13 When an electric fieldE
greater than the bulk threshold fieldEP is applied between
current contacts, the CDW slides from one contact towa
the other. The CDW becomes compressed near one co
and stretched near the other,14,15 and the resulting strain
e(x)[(1/Q)(]u/]x) reduces the barrier energy to formatio
of dislocation loops. The dislocation formation rate is larg
near the current contacts, whereueu is largest. The local
phase-slip rate,

r ps~x!52~Q/enc!] j c /]x, ~1!

wherenc is the CDW carrier concentration and2e is the
electronic charge, is determined by the rate at which dis
cation formation and motion removes or adds CDW ph
fronts near each contact. The integral of this rate determ
the CDW current profilej c(x), as illustrated in Fig. 1.

Experiments on the CDW conductor NbSe3 using a four-
probe configuration16,17 measured the phase-slip rate int
grated over half of the sample versus a ‘‘phase-slip voltag
Vps related to the average magnitude of the strain betw
the current contacts,18 and found good agreement with th
predictions of a model for phase slip via homogeneous th
mal nucleation of dislocation loops.11 A subsequent four-
probe experiment19 was, however, interpreted as eviden
12 781 © 1998 The American Physical Society
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12 782 57S. G. LEMAY et al.
that phase slip occurs at substantial distances from the
rent contacts, contrary to the model’s prediction. Spatia
resolved measurements on NbSe3 using an array of contact
also detected evidence for phase-slip-induced disturba
hundreds of micrometers from the current contacts.20 The
results of the latter experiment were, however, corrupted
contact perturbations, and the actual phase-slip profile co
not be determined. Recent spatially resolved studies
K0.3MoO3 using a novel electro-optical technique ha
yielded high-resolution measurements of the CDW str
profile and its response to changes in the driving curr
direction.22 Unfortunately, contact perturbations and t
large anisotropy of this material have made measuremen
the corresponding phase-slip profile difficult.

Here we report spatially resolved measurements of
CDW current distributionj c(x) in NbSe3 performed using
micrometer-scale nonperturbing electrodes. These meas
ments confirm that substantial phase slip can occur m
than 100 mm from current contacts at temperatures well b
low the CDW transition temperature. We analyze the curr
distributions to yield the profiles of both the CDW stra
e(x) and the phase-slip rater ps(x), and combine these pro
files to obtain the local relation between phase-slip rate
strain. This relation is not unique but varies with distan
from the current contacts, providing evidence for dislocat
motion. The observed phase-slip profiles explain the los
coherence of the sliding CDW observed with decreas
temperature, and suggest that the plastic behavior of
CDWs may render important predictions of elastic CD
models untestable. Some preliminary results have been
ported previously.23

FIG. 1. Relation between the CDW straine(x), the phase-slip
rate r ps(x), and the CDW current densityj c(x). In ~a!, a current
density j tot greater thanj T , the threshold for nonlinear conduction
is injected into a NbSe3 whisker at side contacts. This causes t
CDW to become compressed near one contact and stretched
the other; the resulting macroscopic CDW strain fielde(x)
}(]u/]x) is shown in ~b!. Phase fronts are added or remov
through phase slip in the regions near the contacts whereue(x)u is
large, resulting in a local phase-slip rater ps(x) as shown in~c!; the
spatial integral ofr ps(x) gives the CDW current densityj c(x),
shown in ~d!. The polarity ofe(x) and r ps(x) shown here corre-
sponds to an electronlike CDW such as theTP1

CDW of NbSe3.
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II. EXPERIMENTAL METHODS

The present measurements were made possible b
method for obtaining high-quality nonperturbing contacts
single-crystal whiskers of NbSe3 described by Adelman
et al.23 High-purity crystals~bulk r R'300) were placed on
alumina substrates patterned photolithographically with fi
gold-topped chromium wires~1.5–2.0 mm wide, 0.1
mm high!, and then held in place by a thin polymer film
Similar patterned substrates have been used by prev
investigators,20,24 but the polymer film improves contact re
liability and permits narrower contacts. The geometry use
shown in Fig. 2. As will be discussed in Sec. IV F, the
contacts were essentially nonperturbing at temperatures
below the CDW transition temperature. The dimensions
the samples reported upon here are given in Table I.

CDW current profiles were measured by injecting a
current densityj tot through two contacts~2 and 15 in Fig. 2
unless otherwise noted! and measuring the voltage across t
remaining pairs of adjacent contacts. A smaller current d
sity j tot50.120.25j T , wherej T is the threshold current den
sity corresponding toET , was used to determine the low
field resistanceRn due to quasiparticle conduction of each
the segments. The average CDW current density in each
ment was then calculated by subtracting the quasipart
contribution to the total current density as^ j c&5 j tot2^ j n&
5 j tot2A21V( j tot)/Rn . Current profiles for theTP1

5145 K
CDW were recorded for driving currents up to about fi
times j T and for temperatures between 70 and 135 K.

The calculation^ j c&5 j tot2A21V( j tot)/Rn assumes tha
Rn is independent ofj tot . If this is not the case andRn

5Rn
01dRn( j tot), then the calculatedj c will be in error by

d j c'2 j n(dRn /Rn
0). Measurements and calculations ind

ear

FIG. 2. Measurement geometry. Unless noted otherwise, a
rent densityj tot was injected at contacts 2 and 15 and the volta
measured across the remaining pairs of adjacent contacts@~3,4!,
~4,5!, . . . , ~13,14!#. Electrodes 1 and 16 are 50mm wide; all others
are 2mm wide.

TABLE I. Dimensions and threshold current densities for t
samples used herein. The sample cross-sectional area was eva
from the room-temperature resistance usingr~300 K!51.8560.03
V mm. j T is given forT590 K using contacts 2 and 15 for curren
injection. The listed uncertainties are dominated by the uncerta
in r~300 K!.

Cross sectionA Thicknesst j T at 90 K
No. (mm2) (mm! (mA/mm2)

1 10.360.2 1.760.2 13.660.2
2 18.460.3 1.960.2 12.560.2
3 11.460.2 1.960.2 18.060.3
4 7.360.1 1.260.1 19.260.3
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57 12 783SPATIAL DISTRIBUTION OF CHARGE-DENSITY-WAVE . . .
cate that such errors introduced by CDW strains, bulk Jo
heating, and by fringing near the current contacts are sm
for all data presented here.25 A more significant source o
error is Joule heating at the current contacts’ Au-NbSe3 in-
terface due to the finite contact resistance. Measurem
indicate that the size of the heated region is less than th
mm resolution of our experiments, and that the NbSe3 region
immediately adjacent to the Au/Cr contact may experie
more than 10 times as much heating as the bulk. If the
gions near the current contacts are at a higher temperatu
smaller strain will be required to generate phase slip th
and this in turn will result in a reduced straine(x) and a
modified CDW current profile everywhere between the c
rent contact — even though most of this region is not hea
This effect limited the maximum current density that yield
reliable data in our experiments to about 5j T at 90 K.

III. EXPERIMENTAL RESULTS

A. Dependence ofj c„x… on temperature

Figure 3 shows typical CDW current profilesj c(x) at sev-
eral temperatures. For all profiles, the CDW current
smaller near the current contacts than near the center o
sample. At 135 K and 120 K,j c is appreciably reduced onl
in the immediate vicinity~within '30 mm! of the current
contacts; at 105 K, the regions of reducedj c extend more
than 100mm from the current contacts. At 90 and 70 K
j c(x) has a finite slope everywhere, indicating that phase
is occurring in the entire region between the current conta

FIG. 3. CDW current densityj c(x) vs temperature for sample 1
The driving current densityj tot was varied such thatj c 5 8.3 mA/
mm2 at the center of the sample for all temperatures. This CD
current density corresponds to a driving currentj tot54.3j T at T
590 K. For clarity, curves are shown normalized to their maxim
value and successive curves are shifted down by 0.2. The con
ing lines forT5135 K andT5120 K are guides to the eye and fo
T5105 K, T590 K, andT570 K they are fits to Eq.~2!. The
dotted vertical lines indicate the positions of the current contact
x56L/25 355 mm.
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Effects of voltage contact perturbations on these profiles
significant in theT5135 K and 120 K data, where the
cause a larger reduction ofj c near the current contacts tha
would be obtained with nonperturbing contacts.

An interesting feature of the profiles forT,120 K is a
consistent asymmetry with respect to driving current pol
ity. The CDW current is greater near the positively bias
current contact — the region where the CDW is compres
and phase fronts are being removed by phase slip — t
near the negative contact. The asymmetry@ j c(x, j tot)2 j c(x,
2 j tot)#/2 grows roughly linearly with distance from the mid
point between the current contacts (x50 in Fig. 3!. The
magnitude of the asymmetry is negligible above 105 K, a
grows to a value of@ j c(x0 , j tot)2 j c(x0 ,2 j tot)#'0.06j c(0,
6 j tot) at 70 K at a pointx0 half-way fromx50 to the cur-
rent contacts.

The profiles at 70, 90, and 105 K in Fig. 3 are fitted to t
empirical form

j c~x!5 j 02 j 1 exp @2~L/21x!/ l 1#

2 j 2 exp @2~L/22x!/ l 2#, ~2!

whereL is the distance between the current contacts anx
50 is the midpoint between them.

B. Dependence ofj c„x… on driving current

Figure 4 shows the dependence of the CDW current p
file on driving current densityj tot at T590 K. The ratio of
the CDW current near the current contacts to its mid-sam
value increases with increasingj tot . The extent of the region
over which phase slip occurs can be characterized b
phase-slip lengthl s , calculated as

l s5
enc

Q jc
maxE

x0

x~ j c
max

!
~x2x0! r ps~x! dx. ~3!

Herex0 is the position of a current contact andx( j c
max) is the

position wherej c(x) is a maximum. Figure 5 shows the de
pendence ofl s on the maximum CDW currentj c

max at 90 K,
with results for the positively and negatively biased conta
plotted separately. The phase-slip lengthl s decreases mono
tonically with increasing CDW current, reflecting the d
creasing curvature of the profiles of Fig. 4~b!.

C. Dependence ofj c„x… on current contact separation

Figure 6 showsj c(x) for several current contact separ
tionsL at fixed j c

max andT590 K. Contact 2 was used as on
current contact in all the profiles; contacts 6 through 15 w
successively used as the second current contact, yielding
ues ofL from 180 to 710mm. Profiles measured with nega
tive currents are plotted as2 j c(2x) in Fig. 6, providing the
data nearx/L51.

The profiles corresponding to differentL have essentially
the same functional form,j c(x,L)5 f (x/L). Only the CDW
current densities measured at the voltage contact pairs n
est to the current contacts deviate significantly from this
lationship. Similar behavior was observed at 70 and at 1
K; at 120 and 135 K the small size of the phase-slip regio
and contact perturbations prevent meaningful compariso
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12 784 57S. G. LEMAY et al.
D. CDW current beyond the current injection contacts

The macroscopic CDW strain profile due to an appl
electric field between the current contacts must, becaus

FIG. 4. CDW current densityj c(x) vs driving current density
j tot at T590 K for sample 2. In~a!, j c(x) is plotted for both polari-
ties of the driving current. In~b!, j c(x) is normalized to unity at
midsample and plotted only for positivej tot . The relative curvature
of the profiles increases with decreasing driving current. The c
necting lines are fits to Eq.~2!; the dotted vertical lines indicate th
positions of the current contacts.

FIG. 5. Characteristic sizel s of the phase-slip region near th
current electrodes, as defined in Eq.~3!, for sample 1 at 90 K.l s is
larger for the negative contact, reflecting the asymmetry in
CDW current profiles.
of

elastic interactions, extend beyond the curre
contacts.18,23,26 Consequently, some phase slip and CD
conduction are expected in those regions. Since the net
rent beyond the current contacts is zero, the CDW curr
must be balanced by the normal current due to quasipar
flow, j n52 f , resulting in an electric fieldE(x)5
2rnj c(x).

This electric field due to CDW motion beyond curre
contacts was measured by injecting a current through e
trodes 1 and 2 and measuring the voltage across electrod
and 4. The average CDW current in segment~3,4! at T
590 K was 2% of the CDW current between the curre
contacts. No voltage was detected across contacts 4 an
Consequently, phase slip must be confined to a region
tending less than 40mm beyond the current contacts.

E. Mode locking and the CDW velocity profile

The discussion of the data of Figs. 3–6 has implici
assumed that the observed variations inj c5encvc are due to
changes invc and not to changes in the effectivenc resulting
from filamentary conduction. This assumption could
tested by measuring the frequency of the coherent osc
tions ~‘‘narrow-band noise’’! that accompany dc CDW cur
rent flow. These oscillations are analogous to those of the
Josephson effect, and arise due to periodic interaction of
CDW with impurities. By measuring the oscillation fre
quencyvc5Qvc versus position, the CDW velocity profile
vc(x) could be obtained directly. Unfortunately, a dire
measurement of the oscillations was hampered by the r
tively high series resistance of the micrometer-scale conta
Instead, the velocity profile was probed by mode locking
frequencyvc to an applied ac frequencyvac to produce steps
~analogous to Shapiro steps! on the j c– j dc characteristic
where j c remained nearly constant over some finite range
j dc.

Figure 7 shows the measureddV/dI versus position at
T5105 K.27 Steps of nearly constant CDW current appear
peaks indV/dI; these peaks shift to higher driving curren

n-

e

FIG. 6. CDW current densityj c(x) for nine current contact
separationsL, measured in sample 1 at 90 K with a constant m
sample CDW current densityj c 5 8.8 mA/mm2. The abscissa is
scaled for each profile such thatx/L50 andx/L51 correspond to
the positions of the current contacts. Note that the data o
j c(x,L)5 f (x/L) near the center of the sample; only the endm
points of each curve, located 30mm from a current contact, depar
from this relationship.
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57 12 785SPATIAL DISTRIBUTION OF CHARGE-DENSITY-WAVE . . .
j dc as the current contacts are approached. This indicates
it takes a larger driving current to achieve a givenvc and
CDW velocity vc near the current contacts and that, for
given driving current, the CDW velocity is smaller near t
current contacts. This supports the assumption that the m
sured CDW current profilesj c(x) do indeed reflect change
in the CDW velocity.

IV. ANALYSIS AND DISCUSSION

A. The slip-strain relation

The current profiles of Figs. 3–6 can be analyzed to
tain the corresponding phase-slip profilesr ps(x), the strain
profilese(x), and thus the local relationship between pha
slip rate and strain. From the definition of Eq.~1!, the phase-
slip rater ps(xn) at the position of thenth voltage contactxn
can be calculated as

r ps~xn!'2
Q

enc

2

xn112xn21
~^ j c&n11,n2^ j c&n,n21!, ~4!

where^ &nm denotes an average fromxm to xn . The accuracy
of the approximation in Eq.~4! and minor corrections to i
are discussed in the Appendix. For the voltage contacts
mediately adjacent to the current contacts, Eq.~4! does not
apply and we taker ps}^ j c&.

The macroscopic strain profilee(x) can be calculated
from measured CDW current profiles using the method d
cussed by Adelmanet al. A simplified one-dimensiona
model is used in which the effects of pinning are accoun
for phenomenologically using an experimentally determin
pinning forceEP( j c). In the steady state, the model is d
scribed by the equation of motion

FIG. 7. CDW mode locking to an applied 14-MHz sinusoid
excitation. Each curve givesdV/dI at a pair of adjacent voltage
contacts, the bottom curve corresponding to pair~3,4! and the top
curve to pair~13,14!. The dotted vertical lines identify the 1/2, 1/1
and 2/1 mode-locking steps. These steps shift to higher current
positions closer to the current contacts, consistent with the obse
j c(x) profiles. The data are from sample 3 at 105 K.
hat

a-

-

-

-

-

d
d

j c~x!5
1

rn1rc
Frnj tot~x!2EP~ j c!1k

]e~x!

]x G ~5!

52
enc

Q E
2`

x

r ps~x8!dx8, ~6!

whererc5g(Q/enc)
2 is the high-field CDW resistivity,g is

a phenomenological CDW damping constant,k
[(Q2/enc)K, and K is the longitudinal CDW elastic con
stant. This model reproduces most features of the experim
tal spatiotemporal response of the CDW in NbSe3 to bipolar
current pulses.

The strain profile can be determined using Eq.~5! from
measurements of the current profilesj c

0(x) and j c
1(x) ob-

tained by injecting the same driving current through cont
pairs ~1,16! and ~2,15!, respectively. The elastic forc
}k(]e/]x) for a given driving current scales roughly in
versely with current contact separation. Consequently,
widely separated current contacts the elastic force is sm
and the profilej c

0(x) is determined byj tot andEP( j c) only.
Figure 8 shows sample data at 90 K.j c

0(x) is essentially
independent ofx since the current contacts are far from t
voltage contacts, and is larger than the maximum value oj c

1

since the elastic force is much smaller in the former case
follows from Eq. ~5! that the strain at the position of eac
voltage contact is given by

e~xn!5e~x0!1
rc1rn

k (
m51

n

Lm,m21

3K j c
12 j c

01
EP~ j c

1!2EP~ j c
0!

rc1rn
L

m,m21

. ~7!

By approximatinĝ EP( j c)&'EP(^ j c&), which is valid since
EP changes slowly withx, all terms on the right-hand sid
except the constante(x0) can be determined experimentall

Figure 9 shows the phase-slip rater ps versus 1/ke at T
5 90 K as calculated from Eqs.~4! and ~7! for several dis-
tancesx from the current injection contacts. The two curre

for
ed

FIG. 8. CDW current density profilej c(x) in sample 1 at 90 K
for current injection at contacts 2 and 15~circles! and at contacts 1
and 16~squares!. j c(x) is essentially position independent in th
latter case, suggesting that the voltage electrodes are not pertu
the profile appreciably. Although all profiles are forj tot 5 61 mA/
mm2, j c(x) is greater when injecting current at contacts 1 and
since the elastic force}(]e/]x) due to the macroscopic strain fiel
is smaller in this case.
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12 786 57S. G. LEMAY et al.
polarities were averaged together28 ande(x0) chosen to pro-
ducee50 at the center of the sample. At all positions t
phase-slip rate increases rapidly with increasing strain. H
ever, for a given strain the phase-slip rate grows with
creasing distance from the current contacts. The curves
x.0 exhibit kinks that are similar from curve to curve an
are reproducible for a given sample, but vary from sample
sample. They can be traced to irregularities ine(x, j tot) in the
middle part of the sample that are propagated through
summation of Eq.~7!. For large applied currents~as indi-
cated by the open symbols in Fig. 9!, the strain for a given
slip rate is reduced due to heating in the immediate vicin
of the current contacts, as discussed in Sec. II.

B. Comparison with the homogeneous nucleation model
of phase slip

The only quantitative predictions for CDW phase s
have been made by Ramakrishnaet al.,11 based on earlier
work by Maki9 and by Feinberg and Friedel.10 In their
model, dislocation loops form in the presence of CDW str
by homogeneous thermal nucleation, and then grow by cl
to remove or add an entire CDW phase front. Assuming t
the local phase-slip rate is simply proportional to the lo
nucleation rate, they predicted that

r ps~x!52sgn@e~x!# r 0 e2Va /2kue~x!u, ~8!

where Va'z(p2Q/enc)(K̄/kBT), z is a constant of orde
unity, K̄5@(KxK)1/21(KyK)1/2#/2 is a normalized transvers
elastic constant,K is the longitudinal elastic constant, andr 0
is related to an attempt rate that is difficult to estimate.

FIG. 9. Phase-slip rater ps(x) vs CDW straine(x) at four posi-
tions x in sample 4 atT590 K. Each data point corresponds to
different driving current. According to the bulk nucleation mod
Eq. ~8!, the data for the various positions should collapse ont
unique straight line. Instead,r ps for a givene increases with dis-
tance from the current contact. The dotted line is a fit of thex50
data to Eq.~8!.
-
-
or

o

e

y

n
b

at
l

The dotted line in Fig. 9 shows a fit of Eq.~8! to ther ps-
e data near the current contact (x50). The predicted func-
tional form is consistent with the data over the full two d
cade range ofr ps. The fit yieldsr 05231015 and Va5 19
mV; data from the other samples in Table I giveVa ranging
from 17 to 23 mV.

Previous four-probe measurements18 were analyzed to ob-
tain the total phase-slip rate versus a quantityVps related to
the average strain. Those data were well described by
corresponding homogeneous nucleation theory predict
most likely because the total phase-slip rate in four-pro
measurements is dominated by slip near the current cont
The value ofr 0 obtained here is in good agreement wi
those results, but the value ofVa is smaller than Maher
et al.’s estimate of 35 mV at 90 K. As pointed out by Ade
man et al.,23 however, the value ofVa obtained from the
four-probe measurements was overestimated becaus
simplifications29 made in interpreting the meaning ofVps.

30

Away from the current contacts, the observed slip-str
relation deviates from the prediction of the homogeneo
nucleation theory in a fundamental way: the relation is n
unique, but varies with position. As noted above, the slip r
for a given strain increases with increasing distance from
contact. The data forx.0 roughly follow the activated form
of Eq. ~8! with an activation energy that is comparable
that of thex50 curve, but with anr 0 that increases by an
order of magnitude for each 20mm of distance from the
current contacts.

Equation ~8! for r ps(e) due to homogeneous nucleatio
can be combined with the model of Eq.~5! to predict the
CDW current profilej c(x). Figure 10 shows simulatedj c
profiles using the material parameters of sample 1.31 The

a

FIG. 10. Simulated CDW current profilesj c(x) using Eq.~5! for
the equation of motion, the bulk nucleation model@Eq. ~8!# for the
phase slip rate, and material parameters corresponding to sam
~a! shows the dependence ofj c(x) on temperature at fixed maxi
mum CDW current densityj c58.3 mA/mm2. ~b! shows the depen-
dence ofj c(x) on driving current atT590 K. Although the simu-
lations reproduce qualitatively the experimental dependence
temperature and driving current, they show no asymmetry and
dict phase-slip regions that are smaller than in the experiment.
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calculated profiles reproduce qualitative features of the
periment, including the decrease in the size of the phase
region with increasing temperature and with increasing d
ing current. The simulated slip regions are too small, ho
ever, because the homogeneous nucleation model unde
mates the amount of slip for a given strain away from
current contacts.

The origin of the discrepancy between our measurem
of r ps(x) away from the current contacts and Eq.~8! is not
known. One possibility is that the additional phase slip is d
to dislocation motion along the direction of current flow,
has been discussed by Gill.19,35 The derivation of Eq.~8!
assumes that dislocations grow and add or remove p
fronts where they are nucleated. But dislocations can m
with the moving CDW as they grow, and in the presence
shear stresses such as those associated with field fringi
current contacts or with variations in crystal thickness acr
the crystal width32 they can glide along the CDW as wel
Although simple estimates and measurements of the tran
response of the CDW indicate that the first mechanism is
significant,23 the second could result in substantial slip o
curring far from the contacts where the strains are too sm
to produce appreciable nucleation. The discrepancy betw
the measured and predicted slip-strain relations could
arise because dislocations form by some other mechan
~although this mechanism should exhibit a strong variat
of rate with strain!, because of dislocation-dislocation inte
actions, or because of the effects of the fluctuating stra
associated with the moving CDW’s interaction wi
impurities.5,6,33

C. Source of the asymmetry inj c„x…

A surprising feature of the CDW current profiles is the
asymmetry with respect to the driving current directio
Equation~5! for j c together with Eq.~8! for r ps(e) predict
that j c(x) is symmetric ande(x) is antisymmetric about the
midpoint between the current contacts. At 70 and 90 K, ho
ever,j c(x) has an antisymmetric component that is about
of its symmetric component ande(x) has a symmetric com
ponent that is about 10% of its antisymmetric compone
Similar asymmetries have been observed in the semicond
ing materials TaS3 ~Ref. 21! and K0.3MoO3.

34

The asymmetry inj c(x) can be described phenomenolog
cally by introducing an additional term in the CDW equati
of motion. The lowest order term with the proper symme
is obtained by replacing k(]e/]x) by k(]e/]x)
1sgn(j c)be in Eq. ~5!. Gill suggested a formally equivalen
model to account for an asymmetry in the response to n
uniform driving fields.35,36Several mechanisms can give ri
to such a term to leading order, including the modulation
the single-particle resistivity by the CDW strain, nonharm
nicity in the elastic energy due to electron-hole asymme
and a dependence of the CDW damping constantg on the
local CDW wave vectorQ(11e).

Postulating that such a term is responsible for the
served asymmetry, we estimate the value of the parameteb.
The strain profilee(x; j tot ,b) can be calculated as a functio
of b from our experimental CDW current profiles.37 Since
we are assuming that the observed asymmetry is not du
the phase-slip process, the magnitude ofr ps(e,x) is indepen-
x-
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dent of sgn(e) for a given distance from the current contac
it follows that the correct value ofb is that for which the
curvesr ps(e) for all symmetrically positioned pairs of volt
age contacts~e.g., pairs 3–4 and 13–14! collapse onto each
other simultaneously. This procedure yieldsb/k5(1.0
60.5)31023 mm21 at 90 K. For comparison, the modula
tion of the single-particle resistance by the CDW strain38

gives a valueb/k'531026 for typical driving current den-
sities, which is too small by two orders of magnitude. Sim
larly, a modulation of the elastic constant or damping co
stant of the order of 10% would be required to cause
observed asymmetry, far greater than can be expected
the change in the CDW wave vector of order 0.1% that
sults from the macroscopic strain field.

It therefore seems likely that the observed asymmetry
not a property of the elastic CDW, but rather is a con
quence of the phase-slip process. The shape of the obse
CDW current profiles is determined by the phase-slip rate
from the current contacts, and this rate is not accounted
by existing models of phase slip. This suggests that a c
acteristic feature of the mechanism that leads to the ex
phase slip is sensitivity to the polarity of the driving electr
field.

D. Consequences of the observedj c„x…

Aside from their importance in elucidating the mechanis
underlying phase slip and current conversion in CDW co
ductors, the present results explain some previously puzz
observations and have broader implications as well.
NbSe3, the spectral width of the coherent oscillations th
accompany dc current flow increases rapidly when the te
perature is decreased below 120 K, and the fundame
spectral peak develops a low-frequency tail. The mo
locking steps on the dcI -V characteristic become rounde
the corresponding peaks indV/dI become broadened an
reduced in amplitude, and most subharmonic peaks dis
pear entirely.39 In addition, the onset of CDW conduction a
threshold becomes progressively more gradual.40 These re-
sults are inconsistent with purely elastic models of CDW
which predict a vanishing spectral width for the cohere
oscillations, sharp mode-locking features, and a single fo
for the dcI -V characteristic over a broad temperature ran

The observed behavior is a consequence of the evolu
of the CDW current profile with temperature. The width
the region near the current contacts where the CDW cur
is below its midsample valuej c

max grows rapidly below 120
K. The CDW moves more slowly in these regions, produc
a distribution of coherent oscillation frequencies below t
fundamental spectral peak corresponding toj c

max. This distri-
bution of velocities and coherent oscillation frequenc
leads to rounding of thê j c&-V characteristic, particularly
near threshold or in short specimens, and to rounding of
mode-locked steps, as is evident in Fig. 7. The detailed
fects on mode-locking behavior are likely quite complicate
since there is presumably competition for locking of adjac
regions with different preferred coherent oscillation freque
cies to different rational multiples of the applied ac fr
quency. All of these effects are observed even in four-pro
measurements because the voltage contacts used in sta
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measurements are always heavily perturbing and the cu
they shunt out of the crystal must be reinjected via ph
slip.

The present results also have ramifications for the anal
of experiments measuring the dynamical CDW carrier d
sity. nc can be determined from the relationship betwe
CDW current density and fundamental coherent oscillat
frequency asnc5(Q/e)(d jc /dvc). Richard, Chen, and
Artemenko41 found thatd^ j c&/dvc decreases with decrea
ing temperature at temperatures well belowTp , contrary to
expectations. McCartenet al.42 argued that this effect is du
to interactions between the normal carriers and the slid
CDW. The analysis of the experiment, however, assum
that j c(x) is constant. Since the low-frequency tail is no
mally ignored in determiningvc from the coherent oscilla
tion spectrum, the measuredvc corresponds toj c

max, the
CDW current density in the region far from the contacts. T
dip in j c(x) near the current contacts at low temperatu
thus reduceŝ j c& but notvc , leading to an apparent reduc
tion in nc . The fractional reduction is predicted to be of th
order of 2l s /L, the ratio of the length of the phase slip r
gions to the sample length. This is consistent with the
ported order of magnitude of the effect.

Dynamical critical behavior predicted based on elas
models of the CDW has been the focus of much of the t
oretical attention devoted to CDW’s for more than
decade.4–6 Various experiments have attempted to confi
predicted scaling forms for the dcI -V characteristic just
above threshold43 and near the edges of mode-locked step44

The present results showing that substantial phase slip oc
over large distances in NbSe3 imply that these predictions
being based on purely elastic models, are experimentally
relevant. Coppersmith45 has pointed out that for sufficientl
large systems, elastic models exhibit local regions with v
large CDW strain and thus must fail due to phase slip. Wh
this observation is of fundamental importance, the effects
phase slip at current contacts on observed properties is m
orders of magnitude larger.

E. Determining the phase-slip distribution in other materials

The CDW current profiles in other CDW materials, i
cluding TaS3 and K0.3MoO3, have not been determined. Th
is due in part to the difficulty of forming high-quality non
perturbing contacts to these materials. More importantly,
like NbSe3 these materials are fully gapped below the CD
transition and have much smaller single-particle densit
As a result, the effects of CDW strains on the single-parti
resistance are much larger, and the simple separatio
CDW and single-particle currents using Eq.~5! is not a good
approximation.

Itkis et al.22 have succeeded in measuring the CDW str
profile e(x) in K0.3MoO3 versus driving current by measu
ing the modulation of the infrared absorption by CDW stra
Using the model of Adelmanet al., these results can be an
lyzed to estimate the phase-slip distribution. Combining
definition of r ps(x), Eq. ~1!, and the CDW equation of mo
tion, Eq. ~5!, and assuming thatdEP@ j c(x)#/dx'0 yields

r ps~x!'2
Qk

enc~rn1rc!

]2e~x!
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nt
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Applying46 Eq. ~9! to the data of Itkiset al. yields a phase-
slip region in K0.3MoO3 with a width on the order of 100
mm, comparable to what is observed in NbSe3. This suggests
that many of the conclusions drawn here should be ap
cable to other CDW materials.

F. Contact perturbations

Previous attempts to measure CDW current profiles
NbSe3 and other materials were unsuccessful because of
tact perturbations. Before concluding, we present a disc
sion of these perturbations and the extent to which they m
affect our experiments.

Voltage-sensing contacts on the surface of a sample s
current out of the sample, modifying the electric field a
CDW current distributions in their vicinity. As discussed b
Maheret al.,18 only the quasiparticle current densityj n(x) is
reduced beneath the contact if the amount of current shun
is sufficiently small. A CDW strain gradient develops in th
region to offset the decrease in electric field and keepj c
constant, as illustrated in Fig. 11. If the voltage conta
shunting is large, however, the straine(x) near the contact
may become large enough to cause phase slip. This oc
more readily at the voltage contacts nearest the current
tacts, where the macroscopic strain field is largest. In
experimental geometry, the measured CDW current profil
thus strongly perturbed if the change in strain caused b
voltage contact,Depert, is comparable to the change in stra
due to the macroscopic strain field between a current con
and the nearest voltage contact,Dx(]e/]x)macro.

One way to test experimentally for phase slip induced
contact perturbations is to inject current through contact
and 16 and measure the CDW current density profilej c

0(x) in
the region between contacts 2 and 15. Since the current
tacts are far away from this region, any phase slip obser
can be attributed to voltage contact perturbations. As sho
in Fig. 8, j c

0(x) is essentially constant at 90 K, indicating th

FIG. 11. Schematic illustration of perturbation by a voltage co
tact. In ~a!, the dashed line represents the macroscopic strain fi
e(x) in the vicinity of a voltage contact~delimited by the vertical
dotted lines! in the absence of contact perturbations. Shunting
the contact reduces the average current density^ j tot(x)& in the
sample cross section, as shown in~b!. For a small perturbation, only
the quasiparticle current density^ j n& is reduced while the CDW
current density^ j c& remains constant; the reduced electric fie
rn^ j n& is compensated by a change in the CDW strain gradient n
the contact@solid line in ~a!#. The contacts become perturbing whe
Depert, as shown in the figure, becomes comparable
Dx (]e/]x)macro, the change in strain due to the macroscopic str
field between a current contact and the adjacent voltage conta
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contact perturbations are too small to cause phase slip in
geometry. Similar results were obtained for all experimen
conditions presented here except atT 5 135 K, wherej c

0(x)
dipped due to phase slip near contacts~3,4! and~13,14!. This
dip was typically about half of that observed when injecti
through pair~2,15!, indicating that the triplets of contact
~2,3,4! and ~13,14,15! were strongly perturbing at 135 K.47

This experimental test does not rule out phase slip du
contact perturbations below 135 K when injecting curren
contacts 2 and 15, however, since in this case the vol
contacts are much closer to the current contacts wh
e(x)macro is large. We estimate the importance of conta
perturbations below 135 K using the model of Eq.~5!. The
magnitude ofkDepert was evaluated by solving Laplace
equation numerically for the electric field distribution nea
side voltage contact. Treating the contact as a perfect c
ductor with a perfect interface to the sample and assumin
sample thickness of 1.9mm, an electrode width of 2mm and
a resistivity anisotropyrx /ry510 yields that 14% of the
quasiparticle current is shunted by the contact. A more r
istic estimate including a finite interface resistance of
Vmm2 yields 4% shunting.48

The corresponding change in strainDepert in the region
under the contact due to perturbations is, from Eq.~5!,

Depert52~rn /k!E @ j tot
` 2^ j tot~x!&# dx, ~10!

where j tot
` is the current density far from the perturbing co

tact. From the numerical solution for the quasiparticle c
rent distribution, we findkDepert5arnj tot , wherea50.20
mm for ideal contacts anda50.05 mm for a finite contact
resistance of 10Vmm2.

Table II compares the calculated values ofkDepert for a
current densityj tot53 j T(90 K) 5 40.8 mA/mm2 with the
measured values ofkD«macro[Dxk(]e/]x)macro in sample
1. The quoted values useDx520 mm, the shortest contac
separation in our experiment, andk(]e/]x)macromeasured in
the center of the sample, where it has its smallest value. N

TABLE II. Comparison of the calculated strain differenc
caused by perturbations at a voltage electrode,kDepert, with the
strain differenceDxk(]e/]x)macro measured in sample 1 betwee
adjacent contacts.kDepert is given for the cases of ideal nondiss
pative contacts~second column! and for a small contact interfac
resistance~third column!. The contacts are perturbing when th
magnitude ofkDepert is comparable to or greater than that
Dxk(]e/]x)macro. kDemacrocould not be measured at 135 K due
contact perturbations.

T
~K!

kDepert

~mV!
~Ideal

contacts!

kDepert

~mV!
~10 V mm2
contacts!

Dxk(]e/]x)macro

~mV!
~Dx520 mm!

70 25.2 21.5 16061
90 27.3 22.1 6361

105 28.5 22.4 461
120 29.4 22.7 261
135 29.1 22.6
is
l

to
t

ge
re
t

n-
a

l-
0

-

te

from the table thatDxk(]e/]x)macro decreases rapidly with
increasing temperature whilekDepert is relatively indepen-
dent of temperature.

At 70 and 90 K,kDepert is much less thankDemacroeven
in the very conservative case of ideal contacts, and we ex
the voltage contacts to be essentially nonperturbing.

At 105 and 120 K,kDepert is comparable tokDemacro.
Some phase slip is probably occurring near contacts 3, 4,
and 14 at 105 K. The effect is even more pronounced at
K, where we cannot rule out phase slip at any of the conta

At 135 K e(x) could not be measured since, as discus
above, the contacts were completely perturbing. Extrapo
ing the trend of decreasingkDepert from lower temperatures
using theVps measurements of Maheret al.18 suggests that
kDepert is roughly 200% of the strain necessary to cau
phase slip at this temperature. This implies that the volt
contacts should be strongly perturbing, consistent with
periment.

V. CONCLUSIONS

We have measured the spatial distribution of CDW c
rent densityj c(x) and phase slipr ps(x) for theTP1

CDW of

NbSe3 using arrays of micron-scale contacts. We conclu
from measurements and calculations that contact pertu
tions were negligible at temperatures well below the tran
tion temperature. Appreciable phase slip occurs in regi
that extend less than 40mm from the current contacts atT
near 120 K but grow to hundreds of micrometers at low
temperatures. The phase-slip profile is also asymmetric w
respect to driving current direction, implying an asymme
between phase front addition and removal.

Analysis of the CDW current profiles yields the CDW
strain distributione(x) and the localr ps-e relation. This re-
lation is not unique: for a given strain, the phase-slip r
increases with distance from the current contacts. These
servations are inconsistent with the predictions of models
phase slip via strain-driven homogeneous defect nucleat
and provide evidence for amplitude defect motion. The pr
ence of substantial amounts of phase slip large distan
from the current contacts explains the apparent loss of co
ence of the sliding CDW at lower temperatures, and in
cates that phase-only models of CDW dynamics may
largely inapplicable to the sliding CDW in NbSe3. Our
analysis of the strain profile measurements of Itkiset al. in
K0.3MoO3 suggests that most of these conclusions also h
in that material.
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APPENDIX: CORRECTIONS TO EQ. „4… FOR r ps„x…

From the definition ofr ps, Eq. ~1!, we have

^ j c&n11,n2^ j c&n,n2152
enc

Q E
xn21

xn11
r ps~x! gn~x! dx,

~A1!
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where

gn~x!5H ~xn112x!/ l 1 , xn,x,xn11

~x2xn21!/ l 2 , xn21,x,xn

0, otherwise.

~A2!

Here we definedl 15xn112xn and l 25xn2xn21. Equation
~4! follows when the lengthsl 1 and l 2 are nearly equal and
terms of second order and higher in a Taylor expansion
r ps(x) aboutxn are small.

r ps(x) was found empirically to have the approxima
form r ps(x)'r ps

0 exp (2x/a) away from the current contacts
wherex50 corresponds to such a contact. We use this
pression to evaluate corrections to Eq.~4!. Substituting into
Eq. ~A1!, we find that the phase-slip rate calculated using
approximate Eq.~4! in fact corresponds to the phase-slip ra
at
-

n

B

r-
tt

er

rn
B

f

x-

e

x5xn2a ln
2a

l 11 l 2
F a

l 2
S exp

l 2

a
21D1

a

l 1
S exp

2 l 1

a
21D G .

~A3!

For a typical value ofa580 mm at 90 K, this indicates tha
the phase-slip rate for contacts 3 and 14 (l 15 l 2520 mm!
and contacts 5 through 12 (l 15 l 2570 mm! as evaluated
using Eq.~4! correspond to the phase-slip rate 0.4mm and 5
mm from the contact toward the current electrode, resp
tively. These small corrections are on the same order as o
systematic errors in the experiment. A larger correction
required for contacts 4 and 13 (l 2520 mm, l 1570 mm!:
becausel 1. l 2 , the measurement weights more heavily t
l 1 segment. The phase-slip rate calculated from Eq.~4! cor-
responds to the phase-slip rate 19mm from the contact to-
ward the center of the sample. These corrections were
plied to the data in Fig. 9 by extrapolating the strain linea
between adjacent contacts.
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nounced curvature forj c(x).

28 The r ps-e relation for the positive and negative contacts a
nearly identical, except that the curves for the positive electr
are shifted toward higherr ps by 10–20%. Averaging the two
current directions yields an antisymmetrice(x), removing the
ambiguity ine(x0) in Eq. ~7!.

29More specifically, Maheret al.’s analysis of the four-probe mea
surements assumed thatVps5Vstrain[2k* in(]e/]x) dx when in
fact

Vps5Vstrain2E
out

@rc1rs# i c
1~x! dx2E

in
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1!# dx.

Here the integrals* in and *out are carried out over the regio
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