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Spatially resolved study of charge-density-wave strain in NbSe3:
Evidence for a finite threshold for creep
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We have used spatially resolved measurements of the low-field charge-density-wave~CDW! response in
NbSe3 to obtain the CDW strain profile with single-wavelength resolution. Below;35 K, the single-particle
~linear! resistanceR shows significant hysteresis with electric fieldE for E below a threshold fieldET . The size
of the local hysteresis loopDR(x) and thus of the CDW straine(x) varies linearly with position to within 20
mm of the current contacts. Our results confirm that slip boundary conditions at the current contacts are
responsible for the single-particle resistance hysteresis, but not for the ‘‘switching’’ observed at a larger field
ET* . Although CDW motion is slow and creeplike betweenET andET* , extremely slow hysteresis relaxation
below ET implies that the creep rate changes by at least several orders of magnitude atET . This threshold
behavior is inconsistent with existing predictions for thermal creep, and highlights the highly unusual character
of CDW dynamics at low temperatures.
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The mechanism of low-temperature transport in char
density-wave~CDW! conductors remains one of the mo
important problems in the collective dynamics of disorde
systems. Below;35 K in NbSe3, CDW conduction is char-
acterized by two threshold fieldsET and ET* . BetweenET

andET* , the CDW velocity is extremely small, temperatur
activated, and increases exponentially with applied fie
suggesting that motion occurs via thermal creep.1 However,
coherent voltage oscillations accompanying this ‘‘cree
imply that CDW motion exhibits temporal order. AtET* , the
CDW velocity in high quality samples with homogeneo
current flow jumps by several orders of magnitude; Abo
ET* , conduction is nearly ohmic and weakly temperature
pendent. Significant hysteresis is observed in the sin
particle resistance belowET and in the CDW velocity nea
ET* .2 Many of these features have been observed in o
CDW conductors.3,4

The single-particle resistance and its low-field hystere
have been extensively studied,3,5–8 in part because the resis
tance couples to CDW strain and thus probes CDW str
ture. Although originally believed to be intrinsic to th
CDW’s bulk response in the presence of quenched disor
a variety of experiments including four-probe,6 five-probe7

and sliding-contact three-probe transport measurements8 in-
dicate that hysteresis is primarily a finite-size effect asso
ated with boundary conditions imposed by current contac9

Spatial variations in CDW strain in the high-temperatu
sliding state have been probed using x-ray diffraction10 and
optical transmission,11 but these techniques have not be
extended to characterize the hysteretic low-temperature,
field strain. Most experiments to date have been corrupte
inhomogeneous CDW depinning and current flow associa
with crystal defects and contact imperfections.

Here we report spatially resolved measurements of
single-particle resistance in high-quality NbSe3 crystals at
low temperatures. Our results indicate that the CDW str
profile varies linearly with position to within 20mm of the
current contacts, that the low-field hysteresis is due
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boundary conditions at current contacts, and that
‘‘switching’’ at ET* is a bulk effect not associated with thes
boundary conditions. Hysteresis is confined to the regio
2ET,E,ET and shows extremely slow relaxation. Th
implies an extremely sharp onset for creeplike motion atET ,
providing additional evidence for the remarkable characte
CDW transport at low temperatures.

High-quality NbSe3 crystals with bulk residual resistanc
ratios r R.300, homogeneous current flow,12 and cross-
sectional dimensions of roughly 135 mm were mounted on
arrays of 2mm wide gold-topped chromium wires, as di
cussed in Ref. 13. The differential resistanceRd5dV/dItot
versus applied currentI tot was measured as a function o
position with a spatial resolution of 20–70mm. To trace out
the limiting hysteresis loop,I tot was swept from a large
negative value (,2I T* ) to a large positive value (.I T* ) and
then back to its initial value. The typical acquisition time f
a current sweep was 30 min, sufficient to allow a close
proach to steady state.

The resulting measurements of single-particle resistiv
rs(x)}Rd(x) for uI u,I T were used to determine the CDW
strain profile e(x)5(1/Q)(]u/]x), where Q is the CDW
wave vector andu is the CDW phase.3,13 CDW strain corre-
sponds to a modulation of the condensed carrier density,
induces a modulation of the single-particle density and re
tivity, drs /rs5he1O(e2). In a semimetal with one CDW
band and one metallic band,h'nc /ns . In NbSe3 at low
temperatures both hole and electron pockets are presen
h cannot easily be determined.14 Using nc51021 cm23 and
ns5531018 cm23 in the two-band expression of Ref. 1
yields an upper bound ofh'200.

Figure 1 shows the differential resistanceRd as a function
of current and position between current contacts for a Nb3

sample at T525 K. The abrupt drop inRd at I T*
5220 mA indicates a ‘‘switch’’ to the high-velocity CDW
state,3 and is independent of position. At lower currentsRd
exhibits hysteresis, where dcI -V measurements reflec
changes in the absolute resistanceR5V/I tot . For constant
©2001 The American Physical Society02-1
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I tot , the value ofRd in the hysteresis loop is stable over
time scale of at least several hours forT,30 K. For reasons
to be discussed below, we associate the value ofI tot that
bounds this hysteretic region with the threshold currentI T .

Figure 1 indicates thatRd varies systematically with po
sition x, exhibiting the approximate symmetryRd(x,I )
5Rd(2x,2I ). We define the size of the hysteresis loop
DRd5Rd

1(0)2Rd
2(0), whereRd

1 andRd
2 correspond to the

values ofRd at I tot50 obtained whenI tot is increasing and
decreasing, respectively, throughI tot50. As shown in Fig.
2, DRd /Rd varies linearly with positionx between the cur-
rent contacts and passes through zero near the sample
point x50. Behavior similar to that in Fig. 1 has been o
served in more than eight samples.

FIG. 1. Differential resistanceRd versus driving currentI tot for
NbSe3 sample 1. Each curve is obtained from a different segmen
the sample; from top to bottom, the segments are centeredx
52345, 2325, 2280, 2210, 2140, 270, 0, 70, 140, 210, 280
325, and 345mm, respectively, with current contacts at6355 mm.
The curves are vertically offset. The low-field sample resistance
unit length is;830 V/cm.

FIG. 2. Hysteresis loop heightDRd5@Rd
1(0)2Rd

2(0)#/R̄d ver-
sus positionx for samples 1 and 2. The straight line is the for
expected for strain-assisted phase slip near the current inje
contacts. The vertical dotted lines represent the position of the
rent contacts.
08110
s

id-

The force applied to the CDW between the current co
tacts also produces CDW strain beyond them, and this st
can be measured using arrays of contacts.13 Below I T* at T
'25 K, the CDW currentI c,1023I tot and so changes in
total resistance are almost entirely due to changes in sin
particle resistance. Measurements using a six-probe con
ration indicate that forx.20 mm beyond the contacts
Rd(x) and thus the strain remain independent ofI tot asI tot is
swept through the switching currentI T* . Consequently, the
CDW strain profile beyond and between the contacts d
not change appreciably atI T* .15

Rd(I tot) was measured for several values of current c
tact separationL and currentsI T , I T* and the corresponding
fieldsET , ET* extracted as in Fig. 1. Figure 3 shows that bo
ET(L) and ET* (L) vary linearly with 1/L and have a finite
intercept. The intercepts determine the bulk~largeL) values
of ET and ET* , and the slopes determine the ‘‘phase-s
voltage’’ Vps near these fields.9 Fits to the two lines in Fig. 3
yield slopes that agree to within 15%. Since forI c'0, Vps is
proportional to the CDW strain near the current contac9

the strain magnitudes nearET and ET* are essentially the
same. This provides additional evidence that the transitio
ET* is not associated with phase slip at the current conta

The hysteresis observed inRd for uI totu,I T is readily un-
derstood to be a consequence of boundary conditions a
current contacts.9 We use the model of Adelmanet al.,13

which provides a semiquantitative description of the s
tiotemporal response of the CDW current, strain, and pha
slip rate to changes in applied current at higher temperat
in NbSe3. As will be discussed elsewhere, this model
equivalent to a model recently proposed by Brazovs
et al.16

At current contacts CDW current must be converted
from single-particle current, and this requires strain-induc
phase slip via formation of CDW dislocations.17 Conserva-
tion of total current implies that the CDW current density
given by

f

er

on
r-

FIG. 3. ET andET* versus distanceL between the current con
tacts for sample 3.ET and ET* were determined from differentia
resistance measurements as shown in Fig. 1. The solid lines re
sent fits toE5Ep

01Vps /L, with Vps50.94 and 1.08 mV forET and
ET* , respectively. Open and solid symbols represent negative
positive drive current polarities, respectively.
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j c~x,t !5
1

rs1rc
Frsj tot2Ep~ j c!1k

]e~x,t !

]x G , ~1!

where rs is the single-particle resistivity,rc is the CDW
resistivity,18 Ep( j c) describes the effective force due to pi
ning, andk[(Q2/enc)K whereK is the CDW elastic con-
stant. The pinning forceEp always opposes the effectiv
force Ee f f5rsj tot1k(]e/]x). When the CDW is pinned
Ep(0) acts like a static friction force, self-adjusting up to
maximum valueEp

05uEp(0)umax ~corresponding to the large
L limit of ET) so as to keep the net forceEe f f2Ep driving
CDW motion equal to zero. When the CDW depins a
uEe f fu,ET* , j c! j tot . Ep( j c) is then essentially constant an
can be written asEp( j c)5sgn(j c)Ep

0 .
In our experiments,j tot is swept from a large negativ

value (, j T* ) to a large positive value (. j T* ). Assuming that
the phase-slip rate increases extremely steeply from zero
critical strainec ,13 the solution to Eq.~1! for e(x) between
the current contacts is

e~x, j tot!5@2x/L# f 1~ j tot!ec , ~2!

where

f 1~ j tot!5H 21, j tot, j T
2

~rsL/2kec!~ j tot2 j P!, j T
2, j tot, j T

1, j T, j tot .

~3!

Here j P5Ep
0/rs , j T5 j P12kec /rsL and j T

25 j P

22kec /rsL. The solution for a sweep fromj tot. j T* to j tot

,2 j T* is obtained by replacingf 1( j tot) with f 2( j tot)
52 f 1(2 j tot). This result, plotted in Fig. 4, is consiste
with the position and current dependence of the obser
single-particle resistance (}e) in Fig. 1. Typical fit param-
eters obtained at T525 K are hec50.04, Ep

0

550 mV/cm, and 2kec /Ep5180 mm. As in previous
work, ET is predicted to vary with distanceL between the

FIG. 4. Strain profile versus driving current and position,
predicted by Eqs.~2! and ~3!. The current contacts are atx
56L/2.
08110
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current contacts asET5Ep
012kec /L[Ep

01Vps /L, consis-
tent with Fig. 3. A fit to the data of Fig. 3 yieldsVps
50.94 mV. Vps is also given byL(ET2ET

2)/2. Using ex-
perimental values forET and ET

2 for the sample of Fig. 3
yields Vps51.1 mV, in agreement with the value obtaine
from ET versusL.

The following picture emerges from this analysis. F
u j totu, j T

2 , the CDW is pinned by impurities,e(x) is inde-
pendent ofj tot and ~in the present experiment! drives the
CDW in the direction opposite to that in which it was la
depinned, andEp adjusts to cancel changes inj tot and keep
j c50. For j T

2,u j totu, j T , Ep remains constant at its max
mum value Ep

0 and the strain profile adjusts to canc
changes inj tot , reaching a slope equal to that forj tot, j T

2

but with opposite sign atj tot5 j T . Although there is no
steady-state CDW motion betweenj T

2 and j T , e(x) rear-
ranges and a polarization transient flows each timej tot is
changed. Foru j totu. j T , phase slip occurs near the curre
contacts producing steady-state CDW motion, and~with our
approximation for the slip-strain relation! the strain profile
remains independent of driving current.

The magnitude of the differential resistance hystere
DRd near a current contact isDRd /Rd'4% at 25 K. Using
h5200, this corresponds to a straine'1024. This strain is
an order of magnitude smaller than typical strains obser
at 90 K by x-ray diffraction for theTP1

CDW,10 and is con-
sistent with an upper bound on the strain obtained from
x-ray measurements atT525 K. The CDW’s midsample
displacement associated with this strain profile is;25 wave-
lengths in our 0.7 mm length samples.

The present results have several consequences. First,
indicate that single-particle resistance hysteresis prima
arises from contact effects, and that any intrinsic hysteres
extremely small, consistent with earlier results. Second,
absence of a significant change in CDW strain both betw
and beyond the current contacts at the switching thresh
ET* shows that switching is not associated with phase slip
contacts. The linearity of the strain profile implies th
switching is also not associated with phase slip centers
tween the contacts.2

Third, the saturation ofRd to a nearly constant and
history-independent value forI T,I tot,I T* shows that the
CDW undergoes slow steady-state motion betweenI T and
I T* . If instead there were no motion or the motion were im
peded by boundary conditions at the current contacts,
single-particle resistance and CDW strain would incre
with increasingI tot for uI totu.I T . Evidence for CDW motion
above I T has been provided by observations of broadba
noise19 and, more compellingly, of highly coherent voltag
oscillations and of the transient response.1 As I tot is in-
creased fromI T

2 to I T , the single-particle resistance move
toward itsI tot.I T value. The CDW strain profile is change
by a transient CDW polarization current, but the persiste
of hysteresis on long-time scales shows that the steady-
current is approximately zero. The net effect of phase-s
boundary conditions is to shift the threshold field for t
onset of steady-state CDW sliding from the bulk thresh
Ep

0 to Ep
012kec /L.
2-3
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Finally, we emphasize what we believe to be our m
important result: the abrupt onset of temperature-activa
creeplike CDW motion atI T . In every other collective trans
port system of which we are aware, thermal creep elimina
the sharp zero-temperature threshold, and the collec
mode’s velocity increases smoothly as the applied force
increased from zero. From the data of Ref. 1 atT
525.9 K, the CDW velocity increases roughly expone
tially from ;10 wavelengths per second (;100 Å /s) at 1.1
I T to ;103 wavelengths per second at 2.8I T . In the present
measurements, single-particle resistance changes du
CDW displacements of roughly one wavelength can be
solved. Since the hysteretic resistance belowI T shows no
relaxation on a time scale of hours, the CDW velocity at,
example, 0.9I T must be less than 1024 wavelengths per
, i
uc

S
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second. Consequently, the CDW velocity increase betw
0.9 I T and 1.1I T is at least 105 times larger than its increas
from 1.1 to 1.3I T ; the characteristic current scale describi
this increase differs by a similar factor. This threshold b
havior of the creep velocity is inconsistent with all existin
theories of elastic and plastic creep in CDW’s.4,20 Based on
this fact and our earlier measurements of coherent osc
tions, CDW transport in the low-temperature regime appe
to result from an interplay between collective dynamics a
thermal fluctuations that is without precendent within t
broader context of collective transport in disordered med
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