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Plastic sliding of charge density waves: X-ray space resolved-studies versus theory
of current conversion
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We present experimental and theoretical results on the distribution of deformations experienced by a sliding
charge density wave~CDW! in connection with the normal
collective current conversion process. High-
resolution (30–100mm) x-ray measurements of the satellite positional shiftq have been performed on NbSe3

whiskers at 90 K. For the first timeq has been determined with application of direct, as well as pulsed, currents
and in the immediate vicinity of the injection extraction contact. We observe a steep variation ofq near the
contact that we model in terms of intensive nucleation processes of dislocation loops~DLs! at the host defects.
A logarithmic time decay between pulses implies a creep of pinned DLs. A small constant residual gradient in
the central part of the sample indicates that the conversion process is incomplete, consistent with a finite DL
pinning threshold. On the theory side, general equations are derived to describe inhomogeneous distributions of
deformations, electric fields, and currents. Numerical modeling under realistic experimental conditions is
combined with model-independent relations. We discuss both similarities and contradictions with earlier
studies.
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I. INTRODUCTION

Phase slippage is a common phenomenon1 in condensed
matter systems with complex order parameters. Phase g
ents in the condensate, as originating, e.g., from exte
forces, cannot grow indefinitely. Beyond some critical valu
the strain associated with the phase gradient is relea
through 2p phase jumps. The process is repetitive in tim
PRB 610163-1829/2000/61~16!/10640~11!/$15.00
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with a rate dependent on the magnitude of the external fo
Phase slippage has been intensively studied in narrow su
conducting channels,2,3 in superfluid helium,4 and in quasi-
one-dimensional~1D! CDW systems. In the latter case, b
low the Peierls transition temperatureTP , the system is
characterized by a modulated electronic densityr(x)
5r0@11a cos(Q0x1w)# together with a periodic lattice dis
tortion of the same wave numberQ052kF wherekF is the
10 640 ©2000 The American Physical Society
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~generally incommensurate! Fermi momentum. The new pe
riodicity opens a gap in the electron density of states
leads to new~satellite! Bragg peaks. CDW pinning by hos
defects fixes the local phasew and destroys the translation
invariance of the CDW ground state. Application of an ele
tric field E above a threshold valueEt , sets the CDW in
motion and gives rise to a collective current.5–8

Phase slippage is required at the electrodes for the
version from free to condensed carriers.9–11 When the CDW
is depinned between current contacts, CDW wave fronts
created near one electrode and destroyed near the other,
ing to CDW compression at one end and stretching at
other end. In a purely 1D channel, the order paramete
driven to zero at a certain distance from the pinning end9

For samples of finite cross section, phase slippage deve
as dislocation loops~DLs! ~see Refs. 12 and 13!, which
climb to the crystal surface, each DL allowing the CDW
progress by one wavelength.10 In quasi-one-dimensional sys
tems the phase slips are nucleated already at the microsc
level of a single chain. It has been shown14,15 that a free
electron is not stable against a fast (vph

21) conversion into an
amplitude soliton~here the amplitude passes through ze
which is a general necessary condition for the phase slip
occur!. This dynamic stage is not yet sufficient since only
pair of electrons can complete the 2p phase slip. It happen
in the course of a relatively slow kinetic stage when pairs
amplitude solitons aggregate into the 2p ones.

Effects of the current conversion are closely related
another one, at first sight different: strains of the slidi
and/or pinned state. It has long been known that the pro
ties of sliding DWs are nonlocal16 and are affected by
contacts,11 yielding thereby effects of phase slips, curre
conversion, etc. Recent years have brought a new un
standing of the fact that the sliding state of DWs is a
essentially inhomogeneous. A freedom for deformation
demonstrated by the dilemma associated with the choice
solution for the generic equations describing the sliding m
tion and deformation of the CDW phase:

2g] tw1K]x
2w5E, E,g,K5const. ~1!

Taken alone, Eq.~1! is satisfied by any solution of the typ

w5ES 2
c

g
t1

~12c!

2K
x2D ~2!

with an arbitrary value of the coefficientc. Then at first sight
the response to the driving forceE is optionally distributed
between the viscous;t and the elastic;x2 reaction, leaving
the collective current undetermined. We will see that it
specifically equilibrium with respect to phase slips that
lects the solutionc51 and then leaves only the viscous no
deformed regimew;t in the bulk.

Local CDW deformations under the influence of an ele
tric field have been studied by severalindirect methods,17

such as measurements of the shift of the local chemical
tential along the sample using a laser probe,18 electromodu-
lated IR transmission,19 and conductivity measurements o
multicontacted samples.16,20–22 On the other hand, x-ray
measurements yielddirect information on the spatial distri
bution of the CDW deformations. So far, a single experim
has been reported on NbSe3:24 the CDW deformation was
d
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monitored using a 0.8-mm-wide x-ray beam on a 4.5-m
long sample. The data in Ref. 24 suggest an approxima
linear variation of the satellite shiftq(x)5Q(x)2Q0 with x,
in the central part of the sample, but experimental limitatio
did not allow the contact regions to be investigated. T
recent precise space resolved determination of the shiftq(x)
in Ref. 23 confirms that the CDW is deformed in the curre
carrying state with different effects near contacts and in
bulk. These experiments have given access to distribut
and rates of phase slips and/or proliferation of edge dislo
tions across a sliding CDW. Similar effects of plastic flow
are expected also in other types of electronic crystals an
vortex lattices. An original interpretation of the observed d
tortions (qÞ0) came from the argument25,24 that the energy
;U* q of the density wave~DW! strain;q at some effec-
tive stressU* is opposed by the elastic energy;Kq2 result-
ing in q;2U* /K. It corresponds to the solution~2! with
both terms being present,cÞ1. The normal electrons as we
as plastic processes~phase slips, dislocations! affect the
stressU* (x) in such a way that it, and consequentlyq as
well, increases near the injecting contacts giving rise to
‘‘phase slip voltage’’Vps.

11 This additional voltage has bee
interpreted25 as a minimal stress required to create a sup
critical D loop that can further expand across the sam
providing a DW propulsion. Moreover it was argued that f
from the contactsU* (x);x following either ~an earlier
opinion24! the mean external voltageU* ⇒F̄(x)52 Ēx or ~a
later point of view21! the phase slip stressU* ⇒Vps(x/L)
distributed over the lengthL between the contacts. While th
predicted size dependence is different, in both cases one
a constant wave number gradient]q/]x5qblk8 Þ0 in the bulk
that is a parabolic phase profilewblk5qblk8 (x2/2) along the
sample. This later point of view was claimed to bring agre
ment between theory and experiments, with quantitative
crepancies being largely eliminated~see21 for a comprehen-
sive review and Ref. 22! with changing to the second
version:U* 5Vps(x/L).

Our conclusions are oppositeto those, derived from both
the new high-resolution x-ray experiments,23 qualitative the-
oretical statements26 and from remodeling of both the prese
and earlier experimental data. We will show that for a lo
enough sample there must beno linear gradient like q
5qblk8 x due to an applied or contact voltage. Instead we p
dict a strong dependence ofq8(x) near contacts that flatten
~exponentially in the simplest case! towards the sample cen
ter. Our modeling shows that the large gradients earlier
served over the entire bulk in multicontact studies21 are due
to anextreme size effect: the distance between contacts w
so short that only a small part ('16% according to our
estimations! of the excess normal current is converted to t
collective one and the partial currents are far from their m
tual equilibrium values. Correspondingly the contact inc
ment was small. On the contrary, the earlier x-r
experiments24 have been performed on longer samples~as in
the presently reported experiment!, but could not resolve the
contact region. What has been observed as a bulk gradie
consistent with our residual quenched distortion: it does
change between dc and pulsed experiments.

In the more recent x-ray experiments23 the contact region
has been resolved and deformations have been observ
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10 642 PRB 61S. BRAZOVSKII et al.
be large in comparison to the residual bulk gradientqblk8 .
Evidence is found in favor of analternative effect, namely
the pinning or at least a strongly reduced climb of t
D-lines, in some analogy to the pinning of individual vor
ces in superconductors, see review.27 In the pulsed curren
experiments the observed decay ofq near the contacts durin
the pulse delay, measured from 1023s to 10 s, resembles th
Kim-Anderson law (2 ln t) for the supercurrent decay in su
perconductors via the creep of pinned vortices. Here we r
to the decay of the DW deformations near the contacts du
the backward creep of DLs during the long silent peri
between active pulses. The residual gradients in the b
indicate that the current conversion is not complet
('90% is converted! so that the normal and collective cu
rents have not reached their stationary equilibrium ratio.

II. EXPERIMENT

The measurements have been carried out on the diffra
meters TROIKA I ~ID 10A! and ID20 at ESRF~Grenoble,
France! using an incident wavelength of 1.127 Å (E511
keV! or 1.033 Å (E512 keV!, provided by a single Si~111!
monochromator. High spatial resolution was obtained by
ducing the beam width to 30mm in the vicinity of the con-
tacts~down to 10 mm at T5110 K!.

The requiredQ-space resolution was obtained by usi
detector slits of 100mm width, yielding a longitudinal reso
lution dQ56.831024 Å21 at the~020! Bragg reflection of
the sample. The mosaicity of the sample was found to
about 0.015°. The sample was oriented with the (a*
1c* ,b* ) plane as the horizontal scattering plane. The ma
part of the measurements were carried out atT590 K, in the
upper CDW state (TP1

5145 K; Q050.241b* ) correspond-
ing to the Peierls condensation of type-III chains.28 A sample
of cross section 1032 mm2 was mounted on a 100
mm-thick sapphire substrate, providing homogeneous sam
cooling as well as adequate beam transmission (;50%).
Electrical contacts were prepared by evaporating wide
mm-thick gold layers onto the sample, leaving a free sam
length of 4.1 mm between electrodes. The use of a subs
and the comparably low threshold current value (I T52.16
mA at T590 K! allowed measurements to be performed n
only with pulsed currents~pc! ~100 Hz, 1% duty cycle! but
also with direct currents~dc! up to 8 mA (53.7I T) without
signs of Ohmic heating.

To erase any remnant deformation due to sample hist
we applied a procedure analogous to that used in dema
tization or depolarization techniques, i.e., application of c
rents of alternating polarities and decreasing amplitude.
verified that this technique succeeds in recovering the or
nal zero-fieldsatellite position as well as the correspondi
profile widths, alongb* and perpendicular to the chain d
rection ~rocking width!.

Figure 1 shows the (0,11Q0 ,0) satellite profiles atT
590 K in reciprocal space along theb* direction at the con-
tact boundary~spatial position:x50) measured with differ-
ent direct currents. The position of the contact boundary
determined with an accuracy of;10 mm from the excess
(;10%) absorption of the deposited gold layer when swe
ing the X-ray beam. When applying a 2-mA current, s
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below the threshold current (I T52.16 mA!, the satellite is
not shifted with respect to its zero-current position but t
peak intensity is already significantly reduced. This loss
peak intensity is recovered in the transversal broadening
the satellite profile. At higher currents, aboveI T , the peak
intensity is further reduced and the satellite position
shifted to lower values~with I .0) until a saturation is
reached at high currentsI .2I T both in peak intensity and
satellite shift.29 While the satellite profiles at zero current ca
be fitted with a single Gaussian, two Gaussians are neede
the sliding state. This peak splitting can originate either fro
a part of the x-ray beam hitting the electrode under which
CDW is always pinned and/or from the inhomogeneous c
rent distribution in the close vicinity of the electrodes due
lateral current injection. However since we recorded sim
splitting at several specific positions far removed from t
electrode positions, we believe that the splittings reflect
inhomogeneous CDW motion, due to the presence of def
in the crystal bulk or due to steps at the surface. We fi
additionally that the application of a dc current produce
larger shift (;31.7) than a pulsed current~100 Hz, 1% duty
cycle! of same intensity.

The satellite shift at the contact boundary, as a function
applied direct current normalized to the threshold value
drawn in Fig. 2 for temperaturesT590 K and 120 K. At 90
K, the satellite shift sets in atI 5I T52.16 mA, increases
strongly with I .I T and saturates for currentsI .2I T at a
satellite shift of 5.631024b* . At 120 K, the threshold cur-
rent is 0.8 mA. The current dependence follows a sim
variation but with a much lower saturation of the satell
shift, namely 631025b* .

FIG. 1. Longitudinal satellite profiles at the contact bounda
(x50) for several applied direct currents; NbSe3 , T590 K.

FIG. 2. Change of satellite positionq for direct currents of vary-
ing intensities normalized to the threshold valueI t at the contact
boundary; dots,T590 K; triangles,T5120 K, NbSe3; dashed lines
are guides for the eye.



e

s
n-
di
od
e

in
a

-
1

p

(0

is
nts.
de
out
es
the

the
to

e
ion

o
r-

d

e

ies

ta

io

t

PRB 61 10 643PLASTIC SLIDING OF CHARGE-DENSITY WAVES: . . .
Figure 3 shows both shiftsq15Q(1I )2Q(0) and q2

5Q(2I)2Q(0) as a function of beam positionx along half of
the sample (0,x,2 mm) for applied currentuI u57.5mA
53.52I T at T590 K. For both polarities, theq shift reaches
its maximum at the contact boundary, but with an asymm
try.

Such an asymmetry, already noticed in measurement
the spatial distribution of the CDW current with a multico
tact setup,22 is not yet clearly understood but seems to in
cate that the current conversion mechanism at the electr
is sensitive to the polarity of the driving electric field. For th
negative polarity,q2(x) decreases continuously to zero
the central part of the sample with a law approximated by
exponential decay exp(2x/l) with l5230640 mm. For the
positive polarity,q1(x) shows a linear variation as a func
tion of x in the middle of the sample with a slope of (1.3
60.19)1024b* mm21; but close to the contact 0,x
,0.4 mm, q1(x) decays exponentially according to ex
(2x/l) with l 5290637 mm.

In Fig. 4 we have drawn the ‘‘double shift’’q65Q
(1I)2Q(2I) as a function ofx for the same half of the

FIG. 3. q shift ~in units of b* ) for positive (q1) ~negativeq2)
applied direct currents (I /I T53.52), for one-half of the sample 0
,x,2 mm. The contact boundary is atx50 ~vertical grey line!.
The horizontal grey line is the line of zero shift.q2 is fitted with an
exponentially decaying spatial profile,q1 is fitted with an exponen-
tial decay near the contact boundary (x,0.4) and with a linear
dependence in the central part of the sample. NbSe3 , T590 K.

FIG. 4. Double-shiftq6(x)5Q(I )2Q(2I ) ~in units ofb* ) for
direct ~full squares! and pulsed~open triangles! current (I /I T

52.13). The full line shows the exponential decay near the con
(0,x,0.5) and a linear dependence for 0.7,x,2. The dash-
dotted line extrapolates the exponential fit into the central sect
NbSe3 , T590 K.
-

of

-
es

n

sample for applied~pc and dc! currents of uI u54.6 mA
52.13I T . For dc currents, the spatial variation ofq6(x) can
be fitted with an exponential decay near the electrodes
,x,0.7 mm) with a characteristic length of 375650 mm
and a linear variation for 0.7 mm,x,2 mm with a slope
of ]q6 /]x52(2.060.1)1024b* mm2123. It should be
noted in Fig. 4 that in the middle part of the sample there
no observed difference between direct and pulsed curre
On the contrary the pc shift is nearly zero at the electro
position and reaches a maximum at a distance of ab
100 mm away from the contact boundary. These differenc
suggest a spatially dependent relaxational behavior for
CDW deformations, the fastest relaxation occurring at
contact position. Keeping the pulse duration equal
100 ms, we have measured theq shift for the positive po-
larity at T590 K for a currentI 54.6 mA as a function of the
pauset between pulses.

Figure 5 shows the variation ofq with frequencyf 51/t.
For the highest frequency~5 kHz! the shift reaches 70–80 %
of the ~maximal! dc shift. At low frequencies~0.1 Hz! q still
has a finite value (;20% of the maximal dc shift! that re-
veals frozen deformations in the CDW condensate. Thq
[0 value can only be attained by using the depolarizat
technique described above.

III. PARAMETERS AND MODEL-INDEPENDENT
RELATIONS

Basic parameters relevant to NbSe3 are the following:
NF /S is the density of states~DOS! above Tp where S
5a'

2 is an area per conducting chain andNF

'0.3 (eVA)21, the normal conductivity at 90 K issn'3
3103 (V cm)21. In the upper CDW state there are tw
typesa5 i ,e of normal carriers contributing to the total no
mal densitynn5ni1ne , current j n5 j i1 j e ~both per chain
and per electron! and the DOSNF5NF

i 1NF
e .

The intrinsic carriers,a5 i , originate from the condense
bands with metallic state Fermi level density of statesNF

i .
Below Tp they are excited across the Peierls gap. In NbS3

between the two transitions the DOS partNF
i 5b iNF for in-

trinsic carriers is closed by the DW gap and their energ
are displaced when the Fermi level breathes changingq(x,t)
~see Ref. 30 for details!. The extrinsic carriersa5e arise
from uncondensed bands and their DOS partNF

e5beNF is
not closed by the DW. For NbSe3, the two types of carriers

ct

n;

FIG. 5. Satellite shiftq ~in units ofb* ) at the contact boundary
as a function of the frequencyf 51/t, t: the time between curren
pulses (I /I T52.13). The dashed line represents theq shift for dc
current of the same intensity;T590 K.
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10 644 PRB 61S. BRAZOVSKII et al.
are associated to type-I and -II chains28. Microscopically
their fractionsb i ,be are expected to be close to 0.5.

It is of principal importance to distinguish between t
potentialsVe , Vi , andVc experienced by the extrinsic, in
trinsic, and condensed electrons, respectively. In the c
densed state the potentialVe experienced by extrinsic carri
ers is still the pure electric one:Ve5F. But the potential
Vi5V experienced by intrinsic carriers is composed ofF
and of the potential due to the DW breathing;q:30

Ve5F, Vi5V5F1q/pNF
i . ~3!

The normal currents are driven by the effective elec
fields Ea , which are gradients of their total chemical pote
tials ma ,

Ea5 j a /sa52]ma /]x, ma5Va1za~na!, a5 i ,e.
~4!

The local chemical potentialsza can always be linearized in
deviationsdna ~except for very lowT in semiconducting
DWs! and we have

ma5Va1
dna

Na
, Na5

]na

]za
5raNF

a , 0,ra<1. ~5!

The relative normal densityr i and the ‘‘condensate’’ density
rs512r i changes fromr i51,rs50 in the metal state to
r i50,rs51 at lowT. At the same timere'1 remains nearly
constant.~The second DW transition atT559 K closesNF

e

in NbSe3. Thenre becomes ‘‘intrinsic’’ with respect to the
second CDW.! Fast equilibration of quasiparticles alway
leads locally tom i5me[mn . The inhomogeneous electro
chemical potentialmn determines the normal current

j n52sn

]mn

]x
, sn5s i1se , ~6!

wheresn is the normal conductivity.31

A. Elastic and plastic deformations. Local relations

We separate the total charge densityntot and the current
density j tot into their normal and condensate counterparts

dntot5dnn1dnc , j tot5 j n1 j c ~7!

with

dnn5dne1dni , dnc5wx /p, j c52w t /p. ~8!

Herewx5]w/]x5q andw t5]w/]t stand for the local spac
and time derivatives of the CDW phasew. The phase rela-
tions in the presence of dislocations are derived elsewhe26

Finally, the potential of condensed electronsVc coincides
with the appropriately normalized CDW stressU. More spe-
cifically we define 2U as the energy per chain paid to disto
the CDW elastically by one period 2p. Thus,U, as well as
the strainq/p, refer to one electron in the ground state and
plays the role of a potential energy for the condensate e
trons Vc . With this choice,U and the CDW driving force
F52]U/]x are additive toF and E52]F/]x, respec-
tively. Being given by a variation of the local energy ov
q/p, the potential U includes contributions from thre
n-

c
-

.

t
c-

sources: the elastic stress, the stress provided by the ex
concentration of intrinsic carriers, and the electric potent

Vc[U5~q/p1dni !/NF
i 1F, F52]U/]x. ~9!

There are three main principal ingredients.
~a! The forceF is equilibrated by the host lattice reactio

which is either the rest pinning forceFpin for E,ET or the
friction force F frc( j c) for E.Et . The equation F5
2F frc( j c) or its inverse j c5Jc(F) are obtained from the
bulk V2I or I 2V characteristics of the sliding CDW.

~b! The exchange between the normal carriers and
condensate results finally in the equilibration betweenmn
andU. Actually this process goes via proliferation ofD lines
or growth ofD loops. This latter is controlled by the differ
ence between 2mn andmd5]Wd(N)/]N5zd12U, whereN
is the number of chains encircled by theD loop with a total
free energyWd , the internal chemical potentialzd arising
from the entropy of defects or from the shape of theD loops.

~c! The local electroneutrality condition32 implies that the
variation of the carrier concentrationnn images the CDW
wave number variations:18

dnn52dnc52q/p. ~10!

With Eqs.~3!, ~9!, and~10! we can expressq, at anyx and
t, as

gq/pNF
i 5mn2U[h, g215S r i

rc
1beD . ~11!

Here r i and be characterize the screening of the CDW d
formations by intrinsic and extrinsic carriers. As a wholeg
is the normalized elastic constant since the total static ene
density of the strained state is (K/2)(wx /p)2 with K
5g/NF

i . At T→Tc , g;rc→0; at T!D, g'be
21 , or for

semiconducting DWs,g;r i
21; exp(D/T)→`, which is the

Coulomb hardening effect. In earlier studiesU was supposed
to be the elastic stress;rsq, which appears opposing th
electric field. Actually this conjecture, captured from th
physics of neutral superfluid liquids is not quite applicable
the DWs. It has been shown33 that the full stress 2U, which
includesF also, enters as theD-loop energy.

We see that the CDW is deformed whenever the stresU,
the energy of condensed electrons, does not coincide
the electrochemical potential of the normal carriersmn. The
quantityh characterizes this mismatch, and hence the exc
or lack of normal carriers, which is measured directly byq.
The exchange between the normal carriers and the con
sate results finally in the equilibration betweenmn and Vc
[U, a process taking place via nucleation and growth
DLs. Differentiating Eq.~11! we arrive at

q8g

pNF
i

5F~ j c!2
j tot2 j c

sn
. ~12!

Sinceg5g(T) is reasonably well known microscopicall
and F( j c) is known from theV2I curves for nonperturba
tive distant contacts, then all observable quantities can
expressed locally and instantly viaq, which is determined by
the space resolved x-ray studies. Thus the DW currentj c is a
solution of Eq.~12!. This equation can be reduced to the o
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PRB 61 10 645PLASTIC SLIDING OF CHARGE-DENSITY WAVES: . . .
used by the authors of Refs. 21 and 22, if we suggest
F( j c) may be decomposed to a major linear part plus pinn
corrections and also ignore the structure ofg in Eq. ~11!.

The equilibrium bulk currentj c is given by the above
equation with the left-hand side~LHS! LHS50. Then the
electric field~relative to the extrapolated normal one at t
same total currentj tot) is

DE5E2
j tot

sn
52be

j c

sn
2b i S j tot

sn
2F~ j c! D . ~13!

This expression gives the nonlinear voltage: the increm
with respect to the value extrapolated from below the slid
threshold. Other equivalent expressions forE may be useful
in various circumstances:

E5be

j tot2 j c

sn
1b iF~ j c! or E5b i

gq8

pNF
i

1
j tot2 j c

sn

~14!

or E5F~ j c!2be

gq8

pNF
i

. ~15!

Here the first form provides a direct relation ofE to j c and
hence toq8 via ~12!. The second form involves the norm
currents that can be measured independently. The third f
requires attention: notice that the identificationE5F, as usu-
ally assumed in the interpretation of experimental determ
tion of the I 2V curves, is correct only in semiconductin
DWs with be50. In cases like NbSe3 or semimetallic
SDWs, only the simultaneous measurements of the two
rameters (E and q8 or E and j n) allow one to extract the
intrinsic characteristicsF( j c), including the pinning thresh
old Fc , which are the fundamental properties we are look
for. The second form in~14! brings an important reassign
ment. We see that the measurement ofE at knownsn does
not provide direct access toj c which was a typical assump
tion in the analyses given in Refs. 21 and 22. Then the
equation in~14! shows that the discrepancy is maximal ne
the contacts@whereF( j c)50#: we see the reduction by abc
factor that is 50% for NbSe3; thus, j n is underestimated by a
factor of 2. This effect comes from the fact that the extrin
carriers move under the DW stress as well as under the e
tric field. The results of multicontact experiments need to
reconsidered in this view. The usual interpretation of
phase slip voltage also should be refined. Using the sec
form for E we obtain

Vps5E
cnt

`

@E~x!2E~`!#5
K

p
q1E

cnt

` j n~x!2 j ~`!

sn
dx.

~16!

Here the first term coincides with the expected elastic st
at the contact. But we notice also an effective voltage fr
the excess of normal carriers that gives a comparable co
bution. Finally notice that experimentally one usually e
tracts the current increment for which there are no con
nient expressions. In general, monitoring the current give
simpler access to internal processes than a more usual m
toring of the voltage.
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B. Mechanisms for the current conversion

The local relations~11! must be supplied with boundar
conditions and with a law for the current conversion due
DL nucleation.~For brevity we do not consider the transie
DW current in multicontact configurations!. The boundary
condition at the outermost contactsxcnt is straightforward:
j n(xcnt)5 j tot , j c50. The asymptotic condition far from th
contact is more subtle and it turns out to be one of the po
that distinguishes our picture from other recent treatme
e.g., Ref. 25. Namely, the condition that all partial curre
are stationary in the sample bulk implies the absence of
rent conversion, all types of carriers being in equilibriu
with equal chemical potentialsmn5md/2. Furthermore, al-
lowing for largeD loops or nearly straightD lines reduces
md down to 2U. Then we see from~11! that q→0, which
proves our statement on the absence of deformations in
free sliding regime.

The balance between the different types of carriers is c
trolled by the injection/extraction rates from the electrod
and by the conversion rateR between normal carriers an
condensed carriers. The conversion rate can always be
composed into passive and active contributions as

R~h, j c!5Rp~h!1Ra~h, j c!.

There are two extreme scenarios for the passive con
sion. The first refers to an ideal host crystal, both in the b
and at the surface, where onlyhomogeneousnucleation is
present as a spontaneous thermal25 or even quantum34 super-
critical fluctuation, so that

R5R0 exp@2h0 /uhu#, or atT→0,

R5R0 exp@2~h0 /h!2#. ~17!

This frequently exploited form is valid asymptotically ath
→0. Actually the so-called attempt rateR0Þconst, R0
;ha with the indexa dependent on dimension and on m
croscopic mechanisms of aggregation of electrons to the
So for h being not too small, the power laws will domina
over the exponential one.

A quantitative analysis of the passive DL nucleation
quires a determination of the characteristic time scalet0.
Usually 1/t0 is identified with an attempt rate derived from
microscopical parameters like a phonon frequency. It see
that in CDWs the rate is rather limited by the ability o
electrons to concentrate in required volume~of a size ofD
loop! for a sufficient time. Hencet05RC, whereR andC
are the resistance and the capacitance of the correspon
volume. Conveniently in a three-dimensional~3D! geometry
this product does not depend on the length scalet0

5 f (r i /r')/s̃, where s̃ is a relevant conductivity, mos
probably the normal perpendicular ones̃;sn

' , and r i ,r'

are characteristic sizes of the nucleation region.
Another heterogeneousextreme refers to samples with

sufficiently large density of imperfections acting as nuc
ation centers for supercritical DLs, the simplest form for th
case beingR}h. Sincedh52qdnng/NF

i , then the lawR

5GpNF
i h is equivalent todṅ52dn/tcnv. Indeed

2dṅn5dṅc52gGpdnn5dnn /tcnv, tcnv5~2gGp!21.
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Heretcnv is the lifetime of an excess carrier with respect
its conversion to the condensate, that is the mean free
before an absorption by a DL. Both of the above scena
are of the‘‘passive’’ type, when the DW motion itself play
no role. A plausible‘‘active’’ scenario emerges for a fa
enough DW motion when the DLs are created by the D
sliding through bulk or surface defectsR5R(h, j c), such
that R(0,j c)5R(h,0)50 with R}h j c as the simplest ver
sion. The conditionR(0,j c)50 tells us that the creation of
DL by the current is not sufficient. An active process in t
bulk corresponds to the creation of pairs of dislocat
loops35–37 at strong impurities, thus providing for a loca
slowing down of the DW motion. If alsohÞ0 then loops of
one sign will have a higher probability to survive and fina
to aggregate into larger ones. Another branch of this s
nario, possibly the most realistic one for clean thin samp
relies upon the ultimate creation ofD lines at crystallo-
graphic steps on the surface. The current being forced
cease~for inward steps! or start~for outward steps!, a whole
D line must be created after each DW period. The act
mechanism may dominate at large enoughj c but it cannot
trigger itself from zero. There must be either a passive c
tribution or a finite j cÞ0 at the boundary. The last cas
implies that the conversion is exceptionally efficient at t
very edge of the contact, which is quite plausible; in th
case, a part of the normal current would be converted wit
a narrow layer beyond the experimental resolution.

Whatever the mechanism for the creation ofD lines orD
loops, their subsequent propagation across the sample i
fected by interaction of these lines with impurities. A
known from the theory of vortex lines and from the expe
ence with supercurrent decay in superconductors, such a
is subjected to a collective or a local pinning, see Ref.
The collective pinning implies the existence of a critic
value h t below which the motion is hindered, the DL wi
not expand so thatR50 if uhu,h t . We associate the sma
residual gradientqblk8 to this effect. An important observatio
is that its value does not change between dc and pulsed
periments. This tells us that the associated deformatio
frozen in. Since in dc experiments the DW body pinning
overcome, it is natural to invoke a plastic pinning mech
nism like the pinning ofD lines.

A similar phenomenon, but in reverse order, seems to
observed in the contact region in pulsed experiments. S
the scattering intensity is accumulated mostly through
passive intervals between the pulses~typically several orders
of magnitude longer than the active pulses!, what one then
observes is a residual quenched deformation. Presumabl
same mechanism that causes the observed pinning of
nantD lines in the bulk here prevents the backward mot
of excessD lines in the contact region. Actually at very lon
times, the thermal climb, similar to the creep of vortices, w
allow for DW propagation and the contact deformation w
eventually decay.

Present preliminary results on the dependence ofq on
pulse frequency are consistent with this scenario. Indeed
decay time ofq as measured at a fixed point near the conta
as shown in Fig. 2, has a clear logarithmic character. T
analogy to the Kim-Anderson law in the case of superc
ductors is transparent: the propagation ofD lines works to
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relax the strain]w/]x in the same way as the vortices of th
superconducting phasex work to relax the supercurrentj s
;]x/]x.

The boundary between the contact regions, whereq
changes with time and the middle part where it does not, t
us about the crossover from local DL pinning~leading to
creep! to collective pinning below the threshold stressh t .

IV. STATIONARY DISTRIBUTIONS FOR VARIOUS
CONVERSION LAWS: THEORY VERSUS EXPERIMENT

The equation for the stationary distribution of the CD
deformation can be obtained directly from Eqs.~3!, ~9!, ~11!
as

]h

]x
5F~ j c!2

~ j tot2 j c!

sn
, ~18!

which follows from the definition ofh and the current par-
tition j n5 j tot2 j c . Equation~18! should be combined with
the relation:

] j c /]x52R~h, j c!,

which results from the carrier conservation law

]~dnc!/]t1] j c /]x5d~dnc!/dt52R

with ](dnc)/]t50 in the stationary case.
The function F( j c) or its reciprocal j c5 j c(F) can be

taken from the experiments on long samples, e.g., it can
modeled by the standard Bardeen parametrization38 valid
empirically except in the close vicinity ofFt :

Jc~F !5s`~F2Ft!expF2
kFt

F G , k'1.1. ~19!

Consider the simplest case of a heterogeneous, pas
nucleation of DLs:

R5Rp~h!5GpNF
i h. ~20!

Suppose also that the driving force is linear,F( j c)5 j c /sc .
Then the solution of Eqs.~18! and ~19! is

h52
j tot

sn
l

sinhx/l

cosha/l
~21!

~for contacts atx56a). Here j tot is the total current applied
at the contacts andl is the characteristic length scale of th
phase slip distribution. Equation~21! shows explicitly that
for a long enough samplea>l there will be no linear gra-
dient in the bulk. The carrier conversion will be nearly com
plete and the CDW deformation will reduce to zero. F
short spacing a<l we find a linear variation h'
2x j tot /sn which is a consequence of a negligible curre
conversion. Forl we obtain

l5r DA4p

b i
gs* tcnv, r D5S S

4pe2NF
D 1/2

;1Å. ~22!

At a given currentq8;(sng)21; then nearTc , g;(Tc
2T), while sn' const and we find that just at the conta
the gradient of the deformation increases but may not
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visible because the length scale shrinks asA(Tc2T). Theq
values grow asq;1/A(Tc2T). For semiconducting DWs a
low T the fast, activational,T dependences ofs* 'sn

;rn ,g;rn
21 cancel in expressions forq8 andl. Henceq8

will be a smooth function whilel(T) andq(T) will grow as
tcnv

1/2 .
The electric field can be found as

E5
j tot

sn1sc
1h8s* S be

sn
2

b i

sc
D ,

which gives us the phase slip voltage

Vps52s* S be

sn
2

b i

sc
Dhucnt.

Since at the contacth'( j tot /sn)min$a,l%, we obtain

Vps

V̄
5S b i2be

sc

sn
Dmin$1,l/a%, V̄5

2a j tot

sn1sc
,

whereV̄ is the bulk voltage across the sample of length 2a.
Notice thatVps; j tot rather than being an intrinsic activatio
energy. Notice also the opposite sign of the contribut
from extrinsic carriers. The opposite polarization ofi ande
carriers has already been noticed in the linear electrodyn
ics of CDW.30

Applying Eq. ~21! to our dc data, one obtains a very sa
isfactory fit of the spatial variation ofq6(x) from the contact
position x50 to x50.5 mm with the characteristic lengt
scale of the phase slip distributionl5375 mm650 mm ~at
I CDW52.1I T). However, the observed linear variation ofq in
the central part of the sample~Fig. 2! suggests that the con
version rate may be suppressed by pinning of the DLs be
some finite nonequilibrium thresholdh t :R50 if uhu,h t . In
this latter case, the carrier conversion is blocked and
normal and collective current densities,j n and j c , are fixed
at values above (j n) or below (j c) their equilibrium values.
We then see from Eq.~18! that]h/]x5hblk8 5constÞ0, thus
h(x)5hblk8 x and thereforeq}x, in agreement with the dat
in Fig. 2. More generally, numerical simulations of statio
ary solutions of Eq.~18! can be obtained for various types
conversion mechanisms and from thej c dependence ofF( j c)
obtained from experimental I–V curves.26

Knowing the value ofl we can estimate the phase sl
rate or the conversion lifetime,

tcnv5S l

r D
D 2 b i

4pg

1

s*
;S 331024

1028 D 2
1

25g
10213;

4

g
1026 s.

Sinceg;1 at T'90 K, then the conversion rate is withi
the range of MHz. This crossover frequency separates
two regimes of the CDW electrodynamics: a quasiequi
rium one at low frequencies and the two-fluid one in the h
frequency. To our knowledge, this division has never be
taken into account in earlier theoretical studies and in in
pretations of microwave experiments. The time-depend
equations will be described elsewhere.26
n
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V. MODELING UNDER EXPERIMENTAL CONDITIONS

Below we shall give several examples of simulations u
der real experimental conditions relevant to our experime
distances between contacts areL52a54 mm, the total cur-
rents arej tot53.5I T and 2.13I T . We have tried the following
forms for R, see discussion in Sec. III B.

~I! Heterogeneous nucleation~passive plus active contri
butions!,

R5Rph1Rah j c . ~23!

~II ! Homogeneous nucleation,

R5R0 exp@2h0 /uhu#. ~24!

In all cases we also try a quenched version withR50 at
uhu,h t , where the potentialh t is a threshold below which
the pinning ofD lines is stronger than the oversaturation.

Figure 6 presents our simulation for the shiftq at the
current I 53.5I T . The q shift ~in units of b* ) for positive
(q1) ~negativeq2), for one-half of the sample 0,x,2 mm
plotted against experimental data from Fig. 3. The cont
boundary is atx50.

Taking from the experimental data the contact value
q(1)cnt'6.42531024b* for positive, q(2)cnt'5.09
31024b* for negative current polarity and assumingg51,
b* 51.8 Å21, we determine the contact overstressh (1)cnt
'1.2 meV andh (2)cnt'0.97 meV. From our fit the cutoff
valueh t'0.32 meV is in a good agreement with the val
h t'0.35 meV estimated from the persistent gradient in
middle of the sample for positive current polarity. The ra
of passive to active conversion isRp /RaI CDW'2.1, so the
active conversion contributes to about 30% of the total.

Figure 7 gives the distribution of the CDW curre
I CDW/I T , dashed line, and of the electric field (E
2Eblk)/FT , solid line, for I 53.5I T . The parameters hav
been determined from our best fit ofq(x) in Fig. 3. The
midpoint of the sample corresponds tox52 mm.

Figure 8 shows the distribution 2q(x) for I 52.13I T plot-
ted against the double-shift data of dc experiments, Fig
The x axis gives the distance from the left contact atx5
22 mm to the midpoint of the samplex50. The y axis
gives 2q ~double shift! in units of 1024b* . Taking from the
data the contact value of 2qcnt512.631024b* assumingg

FIG. 6. Calculatedq(x) profile for positive (q1) ~negativeq2)
applied direct currents (I /I T53.52) against experimental dat
shown in Fig. 3.
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10 648 PRB 61S. BRAZOVSKII et al.
51, we determine the contact overstresshcnt51.2 meV.
From our fit we have the cutoff valueh t50.24 meV in a
good agreement with the estimate based on the persi
gradient in the middleqblk51.1024 Å21, which givesh t
50.25 meV. A comparison of the passive and active conv
sion mechanisms is given by the ratioRp /RaI CDW'1.2 de-
termined from our fit. In this case the two contributions a
comparable. We have also done the simulation for the s
parameters as for Fig. 8 but without the cutoff:h t50,
dashed line on Fig. 8. While the contact region is fitted w
the middle part does not reproduce a finite gradient.

Notice that in both cases (I 53.5I T and I 52.13I T) none
of passive and active conversion mechanisms taken s
rately is able to provide a satisfactory fit of the experimen
data for the regime with essentially nonlinear I-V~the model
with the linear I-V is well fitted in both cases with linea
Rp;h alone!.

We have also done the fit relevant to the multicont
experiments21 using the same model as for the Grenoble
periment. Now the distance is shortL5670 mm and the
current is highI 55I T . We obtained that there isno visible
differencebetween the solutions with and without cuto
Hence in experiments21 the entire sample length is influence
by the contacts, the partial currents are far from equilibriu
and conversion takes place over the entire sample but is
from being complete.26

A comparison between the two sets of x-r
measurements23,24 in the middle of the sample indicates th

FIG. 7. Calculated distributions of the CDW currentj c /I T

~dashed line! and of the electric field (E2Eblk)/Ft ~solid line! be-
tween electrodes (x50, x54 mm) for the best fit of theq(x)
profile in Fig. 3 (I /I T53.52).

FIG. 8. Calculated 2q(x) profile (I /I T52.13) against experi-
mental data shown in Fig. 4. The dashed line shows the same fi
without cutoff h t50.
nt
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the cutoff valueh t in the Cornell sample24 is about twice
higher than in the Grenoble one.23 It is clear that the Cornell
x-ray data show the effect of a quenched gradient of
same origin as in the Grenoble experiment, but not the ph
slip stress transferred from the contacts as suggested by
authors. The x-ray and multicontact experiments refer
completely different regimes.

Our fitting allows an estimate of mean concentration~per
unit sample cross section! of lattice faultsNflt contributing to
the active conversion mechanism. We shall view those fa
as line objects, perpendicular to the chain axes, most p
ably as crystal-shape steps. We have

2Ra~h, j c!5
d jc
dx

5PNflt j c , ~25!

whereP is the probability to create a supercriticalD line at
one fault per one DW period. Our hypothesisRa;h j c means
that P(h)5h/h* where the constanth* is determined by
the conditionP(h* )51. Henceh* can be estimated as th
stress sufficient to unbound the tightestD line that is just at
one layer from the surface. Since the normal to the surf
direction in NbSe3 corresponds to the weakest interchain~ac-
tually the interplane! coupling characteristic of semiconduc
ing materials~of the order ofTp), we expecth* ;100 K.
Now

Nflt52h* Ra'1025 Å21.

We have obtained the distanceLflt51/Nflt;10 mm, which is
less but comparable to the initial decay scale (q/q8)cnt
; 60 mm and 30 times below the total characteristic leng
300 mm. We see that the current conversion is provided
about 1012102 crystal defects with a maximal~near the con-
tact! efficiency of a few percent,hcnt/h* ;0.1. We conclude
thatD loops of opposite signs predominantly annihilate ea
other by exchanging locally the normal currents and o
some fraction survives to proliferate across the sample.

VI. DISCUSSION

The conclusions we derive from our high-resolution x-r
measurements and from the above theory are as follows.
a long enough sample the largeq(x) values near the contact
decrease~exponentially in the simplest case! towards zero at
the sample’s center. The large gradients observed in ea
multicontact studies21 can now be reinterpreted as due to
extreme size effect: the distance between contacts is so s
that only a small part of the applied normal current is co
verted, so that the currentsj c and j n stay far from their
equilibrium values. In such a case,q(x) is close to linear
with only small contact increments. For longer samples~4.5
mm!, as was used in x-ray experiments, these deformat
leave the bulk free and concentrate near the contacts. Ea
x-ray experiments24 could not resolve the contact region an
what was observed as a bulk gradient coincides with
residual distortionqblk8 from pinned deformations.

The earlier x-ray experiments24 have been performed us
ing only pulsed currents when the intensity is collected p
dominantly through passive intervals with zero current.
was suggested that the gradients formed during the ac
pulses do not relax during the long passive intervals, t
ut
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allowing for a finiteq shift. This picture seems to be contr
dictory: if the relaxation is supposed to be long enough
preserve the state of the preceding active interval during
long passive one, then the active interval becomes much
short for establishing the steady-state configuration adeq
to injection or applied voltage. Then, one may think th
what was observed actually were the residual distorti
quenched by some kind of pinning, at first sight by the co
ventional pinning39 of the DW body. The Grenoble exper
ments, performed both in pulsed and dc regimes, underm
the possibility of body pinning by showing that the ‘‘re
sidual’’ distortions are present invariably also in dc regim
where the body pinning has been overcome. Hence there
request for another type of pinning present for the DW b
in motion and at rest. The picture we have for the origin
these gradients is the pinning ofD lines, thus hindering the
current conversion.

An important observation is that this gradient does
change between dc and pc experiments, indicating that
associated deformation is quenched. A related pinning p
nomenon is observed in thecontactregion inpulsedexperi-
ments. Noting that 99% of the x-ray intensity is accumula
during the passive intervals between current pulses, we
clude that the observed pc shifts correspond to pinned de
mations, which remain quenched on the time scale of
pulse interval. At very long times, thermal climb, similar
vortex creep, will allow for DL propagation and for the eve
tual decay of the deformation. Our preliminary results on
dependence ofq on pulse frequency are in favor of this sc
nario.

Our definite choice for an heterogeneous DL nucleat
scenario comes from the observation of the partially loc
ized character of the deformations near the contact, whe
the homogeneous scenario would lead to an extremely s
;1/ln(x2xcnt) decay of the deformations. An intriguin
question therefore arises: Why is a value of the decay len
l found in the present measurements so similar to that
tained from multicontact and optical measurements on se
conducting CDWs~Refs. 19 and 20!, where a drasticT de-
pendence ofl is expected due to the freezing of the norm
carriers. A tentative answer can be derived from the line
ized model~Sec. IV!, which shows that the concentration
normal carriers affects the quantitiesg and s* in opposite
senses (g;1/rn , s* ;rn) leaving l;(s* g)1/2 following
Eq. ~22! invariant. Finallyl;ADntcnv appears to be clearly
related to the one-electron diffusion length with respect to
absorption to the condensate, independent of the free car
concentration. This important cancellation supports
model and the argument that the conversion rate depend
is primarily R;2dn, while the law R;h appears as a
consequence due to local relations2dn5q/p andq;h.

VII. CONCLUSIONS

Till now the DW ability to slide and to be deformed we
assumed to be closely related. Our results show that
rather exclude each other. In the sliding state the DW car
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its fraction of the total current that can reach, far from co
tacts, a value corresponding to the parallel circuits of norm
and collective conductances. This state is reached only w
the DW is unbound from contacts and the equilibration b
tween the normal current and the collective one is co
pleted. In contradiction to earlier theoretical expectations a
interpretations of experiments, we show that this state
mainly undeformed. Namely, elastic deformations, eith
from the distributed stress~as it has been conjecture
originally25,24! or from the phase slip tension at the conta
~as it has been supposed later21!, are incompatible with an
equilibrium with respect to the conversion. Notice that t
first multicontact experiments performed on semiconduct
TaS3 ~Ref. 20! have already revealed a dominance of cont
deformations and their shrinking with increasing current
accordance with our modeling.

Our results show that the contact deformations can spr
over large distances from the contacts, as long as the pa
currents are not equilibrated. The strong linear depende
of the DW wave numberq(x) inferred earlier from the mul-
ticontact experiments must be reinterpreted as ‘‘ballistic
with respect to current conversion, a regime when mos
the normal carriers pass along the sample length with
initiating the necessary climb of dislocations. The DW cu
rent and the total conductivity are then expected to
smaller than their nominal values. Also, the enhancemen
the deformations near the contacts should be relatively sm
as the simulations in Ref. 21 actually show. In contrast,
x-ray experiments in Grenoble are characterized by str
effects near contacts and by relatively weak but stable~e.g.,
persistent through the passive intervals in pulsed exp
ments! gradients through the middle part. This tells us th
the conversion is hindered below some threshold value of
parameters describing the departure from equilibrium. In t
case the DW current stays below its nominal value, but
formations are allowed at this expense. Hindering of the c
rent conversion gives information on the pinning of the d
location lines that persists even in the sliding state when
pinning of the DW body has been overcome. It is the sa
quenched regime in the bulk that has been observed in ea
x-ray studies,24 since the contact regions were not accessib

We believe our results illustrate a number of importa
common features to the physics of all different sliding sup
structures. The elaborate picture presented here shoul
taken into account also in studies of 2D electronic cryst
and of vortex lattices.
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