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We present experimental and theoretical results on the distribution of deformations experienced by a sliding
charge density wavéCDW) in connection with the normakcollective current conversion process. High-
resolution (30—100uxm) x-ray measurements of the satellite positional sphive been performed on NbSe
whiskers at 90 K. For the first timghas 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 variatipneaf the
contact that we model in terms of intensive nucleation processes of dislocationRlopsat 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.

I. INTRODUCTION with a rate dependent on the magnitude of the external force.
Phase slippage has been intensively studied in narrow super-
Phase slippage is a common phenomérinrcondensed conducting channefs® in superfluid heliunf, and in quasi-
matter systems with complex order parameters. Phase gradine-dimensiona{1D) CDW systems. In the latter case, be-
ents in the condensate, as originating, e.g., from externdbw the Peierls transition temperatufie, the system is
forces, cannot grow indefinitely. Beyond some critical value,characterized by a modulated electronic densiifx)
the strain associated with the phase gradient is releasedpg[ 1+ a cosQgx+ ¢)] together with a periodic lattice dis-
through 27 phase jumps. The process is repetitive in time,tortion of the same wave numb€&,= 2k wherekg is the
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(generally incommensurgt&ermi momentum. The new pe- monitored using a 0.8-mm-wide x-ray beam on a 4.5-mm-
riodicity opens a gap in the electron density of states andong sample. The data in Ref. 24 suggest an approximately
leads to new(satellitg Bragg peaks. CDW pinning by host linear variation of the satellite shiff(x) = Q(x) — Qg with X,
defects fixes the local phageand destroys the translational in the central part of the sample, but experimental limitations
invariance of the CDW ground state. Application of an elec-did not allow the contact regions to be investigated. The
tric field £ above a threshold valug;, sets the CDW in  recent precise space resolved determination of the sbift
motion and gives rise to a collective currént. in Ref. 23 confirms that the CDW is deformed in the current
Phase slippage is required at the _ellectrodes for the congrying state with different effects near contacts and in the
version from free to condensed carriérs: When the CDW i These experiments have given access to distributions

is depinned between current contacts, CDW wave fronts arg, rates of phase slips and/or proliferation of edge disloca-
created near one electrode and destroyed near the other, Iez—ll1 ns across a sliding CDW. Similar effects of plastic flows

ing to CDW compression at one end and stretching at th.%re expected also in other types of electronic crystals and in
other end. In a purely 1D channel, the order parameter is

driven to zero at a certain distance from the pinning eqnds.vortex lattices. An original interpretation of the observed dis-

For samples of finite cross section, phase slippage develoﬁgrt"jnS G+0) came from the argumezﬁtz“that the energy
as dislocation loopgDLs) (see Refs. 12 and 13which Y™ of the density wavéDW) strain~q at some effec-
climb to the crystal surface, each DL allowing the CDW to {ive stressU™ is opposed by the elastic energyKq®” result-
progress by one wavelengthin quasi-one-dimensional sys- iNg in g~ —U*/K. It corresponds to the solutiof2) with
tems the phase slips are nucleated already at the microscop#éth terms being presert# 1. The normal electrons as well
level of a single chain. It has been shdi? that a free as plastic processegphase slips, dislocatiopsaffect the
electron is not stable against a fast;{') conversion into an  StressU™(x) in such a way that it, and consequendyas
amplitude soliton(here the amplitude passes through zergVell, increases near the injecting contacts giving rise to the
which is a general necessary condition for the phase slips tgPhase slip voltageVp,s. ™ This additional voltage has been
occup. This dynamic stage is not yet sufficient since only alnt_e_rpretea as a minimal stress required to create a super-
pair of electrons can complete therDhase slip. It happens cr|t|c_al_ D loop that can further expan_d across the sample
in the course of a relatively slow kinetic stage when pairs ofProviding a DW propulsion. Moreover it was argued that far
amplitude solitons aggregate into ther 2nes. from the contactsU*(x)~x following either (an earlier
Effects of the current conversion are closely related toopinior??) the mean external voltadé* = & (x)= — &x or (a
another one, at first sight different: strains of the slidinglater point of view’) the phase slip stredd™ =V (x/L)
and/or pinned state. It has long been known that the propedistributed over the length between the contacts. While the
ties of sliding DWs are nonloc¥l and are affected by predicted size dependence is different, in both cases one gets
contactst® yielding thereby effects of phase slips, currenta constant wave number gradiei/ 9x= gy, # 0 in the bulk
conversion, etc. Recent years have brought a new undethat is a parabolic phase prOfikeo|k=CIé|k(X2/2) along the
standing of the fact that the sliding state of DWs is alsosample. This later point of view was claimed to bring agree-
essentially inhomogeneous. A freedom for deformation isment between theory and experiments, with quantitative dis-
demonstrated by the dilemma associated with the choice of @epancies being largely eliminatéseé* for a comprehen-
solution for the generic equations describing the sliding mosive review and Ref. 22with changing to the second

tion and deformation of the CDW phase: version:U* =V (x/L).
) Our conclusions are opposite those, derived from both
—vaet+Kde=E, E,y,K=const. (1) the new high-resolution x-ray experimeRtgyualitative the-

oretical statementSand from remodeling of both the present
and earlier experimental data. We will show that for a long
c (1-c¢) enough sample there must b linear gradientlike g
p=E| ——t+ 7X2> ) =qpx due to an applied or contact voltage. Instead we pre-
4 dict a strong dependence qf(x) near contacts that flattens
with an arbitrary value of the coefficient Then at first sight (exponentially in the simplest cas®wards the sample cen-
the response to the driving for&is optionally distributed ter. Our modeling shows that the large gradients earlier ob-
between the viscoust and the elastie-x? reaction, leaving  served over the entire bulk in multicontact studfesre due
the collective current undetermined. We will see that it isto anextreme size effecthe distance between contacts was
specifically equilibrium with respect to phase slips that seso short that only a small part~(16% according to our
lects the solutiort=1 and then leaves only the viscous non- estimation$ of the excess normal current is converted to the
deformed regimer~t in the bulk. collective one and the partial currents are far from their mu-
Local CDW deformations under the influence of an elec-tual equilibrium values. Correspondingly the contact incre-
tric field have been studied by seveiatlirect methods)’ ment was small. On the contrary, the earlier x-ray
such as measurements of the shift of the local chemical paxperiment& have been performed on longer samps in
tential along the sample using a laser prébelectromodu- the presently reported experimgrtut could not resolve the
lated IR transmissiof® and conductivity measurements on contact region. What has been observed as a bulk gradient is
multicontacted samplé§:?°=?2 On the other hand, x-ray consistent with our residual quenched distortion: it does not
measurements yieldirect information on the spatial distri- change between dc and pulsed experiments.
bution of the CDW deformations. So far, a single experiment In the more recent x-ray experimefitshe contact region
has been reported on NbS¥ the CDW deformation was has been resolved and deformations have been observed to

Taken alone, Eq(l) is satisfied by any solution of the type
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be large in comparison to the residual bulk gradigf. 5000
Evidence is found in favor of aalternative effegtnamely
the pinning or at least a strongly reduced climb of the
D-lines, in some analogy to the pinning of individual vorti-
ces in superconductors, see reviéwn the pulsed current
experiments the observed decayqafear the contacts during
the pulse delay, measured from 18 to 10 s, resembles the
Kim-Anderson law ¢ Int) for the supercurrent decay in su- 1000
perconductors via the creep of pinned vortices. Here we refer 2 2% e \
to the decay of the DW deformations near the contacts due to 02405 12410 12415  1.2420
the backward creep of DLs during the long silent period Kb’

between active pulses. The residual gradients in the bulk
indicate that the current conversion is not complete
(=90% is convertedso that the normal and collective cur-

rents have not reached their stationary equilibrium ratio.  below the threshold curreni{=2.16 mA), the satellite is
not shifted with respect to its zero-current position but the
Il. EXPERIMENT peak intensity is already significantly reduced. This loss of
peak intensity is recovered in the transversal broadening of

The measurements have been carried out on the diffractcgt]e sa_tellllte profile. At higher currents, aboV@, the p.e.ak .
meters TROIKA 1(ID 10A) and ID20 at ESRRGrenoble intensity is further reduc_ed and the _satelllte position is
France using an incident wavelength of 1.127 ZE(:ll’ shifted to lower valuegwith 1>0) until a saturation is
keV) or 1.033 A E=12 keV), provided by a :single §111) reached at high currents>2l+ both in peak intensity and

monochromator. High spatial resolution was obtained by reiztzltlt':fj ?/\r/]iltfrfavgiwl?eﬂgaiast;!;e &gf"ézsuzgfsgg ;lrjérﬁgégzg in
ducing the beam width to 3Qwm in the vicinity of the con- 9 '

_ the sliding state. This peak splitting can originate either from
tacts(down to 10 um atT=110 K). o i
The requiredQ-space resolution was obtained by usinga part _of the x-ray beam hitting the electrode under which the
. . o L CDW is always pinned and/or from the inhomogeneous cur-
detector slits of 100um width, yielding a longitudinal reso- rent distribution in the close vicinity of the electrodes due to
lution 6Q=6.8x10"*4 A~ at the(020) Bragg reflection of y

the sample. The mosaicity of the sample was found to b(Iaateral current injection. However since we recorded similar

o . . Splitting at several specific positions far removed from the

ibgug*c))'ollfne' a-ghtiesr?onr]ig:)ent;\llzsca?tgﬁztedIavr\llghTrglfmg'oreleCtmde positions, we believe that the splittings reflect the

’ P : gp i ! inhomogeneous CDW motion, due to the presence of defects
part of the measurements were carried outat0 K, in the

o e * in the crystal bulk or due to steps at the surface. We find,
upper CDW state'[pl—l45 K. Qo=0.241%) correspond- additionally that the application of a dc current produces a

ing to the Peierls condensation of type-Iil chaifig, sample larger shift (- X 1.7) than a pulsed currefit00 Hz, 1% duty

of cross section 182 um? was mounted on a 100- cycle) of same intensity.

wm-thick sapphire substrate, providing homogeneous sample The satellite shift at the contact boundary, as a function of
cooling as well as adequate beam transmissiorb@%).  applied direct current normalized to the threshold value, is
Electrical contacts were prepared by evaporating wide, 2grawn in Fig. 2 for temperaturéb=90 K and 120 K. At 90
wm-thick gold layers onto the sample, leaving a free samplg; the satellite shift sets in at=17=2.16 mA, increases
length of 4.1 mm between electrodes. The use of a substrat@rongly with |>1; and saturates for currents>2l; at a

and the comparably low threshold current valu@=2.16  gatellite shift of 5.6 10" “b*. At 120 K, the threshold cur-
mA at T=90 K) allowed measurements to be performed notrent is 0.8 mA. The current dependence follows a similar
only with pulsed current¢pc) (100 Hz, 1% duty cyclebut  yariation but with a much lower saturation of the satellite
also with direct currentédc) up to 8 mA (=3.77) without  gshift, namely 6< 10~ °b*.

signs of Ohmic heating.
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FIG. 1. Longitudinal satellite profiles at the contact boundary
(x=0) for several applied direct currents; NaS& =90 K.

To erase any remnant deformation due to sample history, Of = kg ]
we applied a procedure analogous to that used in demagne- ] %\E\?-_fﬂ_;_-_;
tization or depolarization techniques, i.e., application of cur- 1 % ]

21

rents of alternating polarities and decreasing amplitude. We
verified that this technique succeeds in recovering the origi-

. . . . -3f "
nal zero-fieldsatellite position as well as the corresponding

satellite shift q [10° b*]

profile widths, alongb* and perpendicular to the chain di- 4 ) ® 90K ]

rection (rocking width. -5} EE 4 120K
Figure 1 shows the (0;£Q,,0) satellite profiles afl P s

=90 K in reciprocal space along t# direction at the con- 6 1 2 3 4 5 6

tact boundary(spatial positionx=0) measured with differ- direct current

ent direct currents. The position of the contact boundary is FiG. 2. Change of satellite positianfor direct currents of vary-
determined with an accuracy ef 10 um from the excess ing intensities normalized to the threshold valyeat the contact

(~10%) absorption of the deposited gold layer when sweepboundary; dotsT =90 K; triangles,T=120 K, NbSg; dashed lines
ing the X-ray beam. When applying a 2-mA current, still are guides for the eye.
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distance from contact x [mm] FIG. 5. Satellite shifg (in units of b*) at the contact boundary

as a function of the frequendy=1/7, 7: the time between current
FIG. 3. g shift (in units of b*) for positive @,) (negativeq_)  pulses (/1;=2.13). The dashed line represents thehift for dc
applied direct currentsl(l+=3.52), for one-half of the sample 0 current of the same intensit{f=90 K.
<x<2 mm. The contact boundary is at=0 (vertical grey ling.

The horizontal grey line is the line of zero shift. is fitted with an sample for applied(pc and dg currents of|[I|=4.6 mA
e_xponentially decaying spatial profilg, is fitted with an exponen- - _ 5 14 1. For dc currents, the spatial variationf (x) can
tial decay near the contact boundary<(0.4) and with a linear o fiveq \ith an exponential decay near the electrodes (0
dependence in the central part of the sample. NbSFe=90 K. <x<0.7 mm) with a characteristic length of 3750 m
) ] and a linear variation for 0.7 m#mx<<2 mm with a slope

Figure 3 shows both shiftg, =Q(+1)—-Q(0) andq-  of gq, /gx=—(2.040.1)10%p* mm 2. It should be
=Q(—1)—Q(0) as a function of beam positioralong half of  noted in Fig. 4 that in the middle part of the sample there is
the sample (6x<2 mm) for applied currentl|=7.5mA o gpserved difference between direct and pulsed currents.
=3.521 at T=90 K. For both polarities, the shift reaches  on the contrary the pc shift is nearly zero at the electrode
its maximum at the contact boundary, but with an asymmepsition and reaches a maximum at a distance of about
try. i i 100 wm away from the contact boundary. These differences

Such an asymmetry, already noticed in measurements Qf,ggest a spatially dependent relaxational behavior for the
the spatial distribution of the CDW current with a multicon- cpyy deformations, the fastest relaxation occurring at the
tact setup? is not yet clearly understood but seems to indi- contact position. Keeping the pulse duration equal to
cate that the current conversion mechanism at the electrodggg us, we have measured tleshift for the positive po-

is sensitive to the polarity of the driving electric field. For the larity at T=90 K for a current = 4.6 mA as a function of the
negative polarity,q_(x) decreases continuously to zero in pauser between pulses.

the centra}I part of the samplg with a law approximated by an Figure 5 shows the variation of with frequencyf = 1/7.
exponential decay exp(/A) with A =230+40 um. Forthe  por the highest frequend§ kHz) the shift reaches 70—80 %
positive polarity,q. (x) shows a linear variation as a func- ¢ the (maxima) dc shift. At low frequencie€0.1 H2) g still

tion of x in the middle of the sample with a slope of (1.31 a5 3 finite value £20% of the maximal dc shiftthat re-
+0.19)10 “b*mm *; but close to the contact <OX  veals frozen deformations in the CDW condensate. Ghe
<0.4 mm, q.(x) decays exponentially according to €xp =g value can only be attained by using the depolarization

(=X/\) with A =290+37 um. . technique described above.
In Fig. 4 we have drawn the “double shift't].=Q

(+D)—Q(—1) as a function ofx for the same half of the Ill. PARAMETERS AND MODEL-INDEPENDENT

RELATIONS

Basic parameters relevant to NRSare the following:
Ne/S is the density of state¢DOS) above T, where S
zaf is an area per conducting chain ant\g
~0.3 (eVA) %, the normal conductivity at 90 K is,~3
x10® (Qcm) L In the upper CDW state there are two
typesa=i,e of normal carriers contributing to the total nor-
mal densityn,=n;+ng, currentj,=j;+j. (both per chain
and per electronand the DOSNg=Ng+ Ng.

The intrinsic carriersp=1i, originate from the condensed
bands with metallic state Fermi level density of staltgs.
Below T, they are excited across the Peierls gap. In NbSe

FIG. 4. Double-shify. (X)=Q(1) ~Q(~1 (in units ofb*) for ~ PEtWeen the two transitions the DOS phigt= N for in-
direct (full squares and pulsed(open trianglel current (/I tr|n3|9 carriers is closed by the DW gap and their energies
=2.13). The full line shows the exponential decay near the contaci’® displaced when the Fermi level breathes chang(ng)
(0<x<0.5) and a linear dependence for €x<2. The dash- (see Ref. 30 for details The extrinsic carriersx=e arise
dotted line extrapolates the exponential fit into the central sectionfrom uncondensed bands and their DOS pét= 8N is
NbSe, T=90 K. not closed by the DW. For Nb§gthe two types of carriers

double-shift q, [10% b]
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are associated to type-1 and -l cha&fhsMicroscopically — sources: the elastic stress, the stress provided by the excess

their fractionsg; , 8. are expected to be close to 0.5. concentration of intrinsic carriers, and the electric potential:
It is of principal importance to distinguish between the i
potentialsV,, V;, andV, experienced by the extrinsic, in- Ve=U=(a/m+6n)/Neg+®, F=-9Ulox. (9

trinsic, and condensed electrons, respectively. In the con-
densed state the potentid), experienced by extrinsic carri-
ers is still the pure electric on&/,=®. But the potential
V;=V experienced by intrinsic carriers is composeddof
and of the potential due to the DW breathingy:*°

There are three main principal ingredients.
(a) The forceF is equilibrated by the host lattice reaction,
which is either the rest pinning forde,;, for E<Ey or the
friction force Fy.(j.) for E>E,. The equationF=
—Fue(je) or its inversej.=J.(F) are obtained from the
Vo=@, V;=V=®+q/aNL. (3y  bulk V=1 or |-V characteristics of the sliding CDW.
(b) The exchange between the normal carriers and the

The normal currents are driven by the effective electriccondensate results finally in the equilibration between

fieldsE,,, which are gradients of their total chemical poten-andU. Actually this process goes via proliferation Dflines

tials ., , or growth of D loops. This latter is controlled by the differ-
_ _ ence between 2, and uq= dWy(N)/dN= {4+ 2U, whereN
Ea=lal0a=—0maldX, pme=Vat+in(n,), a=i,e. is the number of chains encircled by tBeloop with a total

(4) free energyWy, the internal chemical potentidly arising
from the entropy of defects or from the shape of Ehiwops.

(c) The local electroneutrality conditihimplies that the
variation of the carrier concentratiam, images the CDW
wave number variation$

The local chemical potentials, can always be linearized in
deviations én, (except for very lowT in semiconducting
DWs) and we have

Ha=Vat L N“=Zi§a=paNﬁ‘, 0<p.=<1. (5) Ny == dNe=—a/. (10
: With Egs.(3), (9), and(10) we can expresg, at anyx and

The relative normal density; and the “condensate” density t, as

ps=1—p; changes fromp;=1,0,=0 in the metal state to

pi=0,s=1 atlowT. At the same tim@.~1 remains nearly P _ 1

constant(The second DW transition §t=59 K closesNg go/mNg=u,—U=9, g =

in NbSe. Thenp, becomes “intrinsic” with respect to the

second CDW). Fast equilibration of quasiparticles always

leads locally tou;=pue=pn,. The inhomogeneous electro-

chemical potential,, determines the normal current

. (1D

Pi

—+

Pc Pe
Here p; and B, characterize the screening of the CDW de-
formations by intrinsic and extrinsic carriers. As a whaje,

is the normalized elastic constant since the total static energy
density of the strained state isK{2)(¢,/7)? with K

_ PR =g/Ng. At T-T,, g~p.—0; at T<A, g=~p,*, or for
In==0on 2"y On=0it e, (6)  semiconducting DWsg~ p; *~ exp(A/T)—o, which is the
Coulomb hardening effect. In earlier studigsvas supposed
whereo, is the normal conductivity- to be the elastic stress pq, which appears opposing the
electric field. Actually this conjecture, captured from the
A. Elastic and plastic deformations. Local relations physics of neutral superfluid liquids is not quite applicable to

the DWs. It has been showithat the full stress @, which
includes® also, enters as thB-loop energy.
We see that the CDW is deformed whenever the sttgss
M= N+ Ne,  jror=intic 7) the energy of cpndensed .electrons, does not poincide with
_ the electrochemical potential of the normal carrigrs The
with quantity » characterizes this mismatch, and hence the excess
or lack of normal carriers, which is measured directlydyy
The exchange between the normal carriers and the conden-

Here g, = doldx=q and¢,= d¢/ gt stand for the local space sate results finally i_n the equili_bration bgtwem,q and V.
and time derivatives of the CDW phage The phase rela- =U, @ process taking place via nucleation and growth of
tions in the presence of dislocations are derived elsewfiere.DLs. Differentiating Eq.(11) we arrive at
Finally, the potential of condensed electroscoincides , , .

with the appropriately normalized CDW streds More spe- a9 _ .. Jwule

" ) - . . —=F(jo) . (12
cifically we define 2J as the energy per chain paid to distort ' on
the CDW elastically by one period72 Thus,U, as well as
the straing/, refer to one electron in the ground state and it Sinceg=g(T) is reasonably well known microscopically
plays the role of a potential energy for the condensate eleand F(j.) is known from theV—1 curves for nonperturba-
trons V.. With this choice,U and the CDW driving force tive distant contacts, then all observable quantities can be
F=—0Ulox are additive tod® and E=—g®d/dx, respec- expressed locally and instantly wigwhich is determined by
tively. Being given by a variation of the local energy over the space resolved x-ray studies. Thus the DW cuijreista
g/, the potentialU includes contributions from three solution of Eq.(12). This equation can be reduced to the one

We separate the total charge density and the current
density | into their normal and condensate counterparts:

SN,=0ng+on;, ong=oylm, je=—e¢/m. (8)

TINE
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used by the authors of Refs. 21 and 22, if we suggest that B. Mechanisms for the current conversion

F(jc) may be decomposed to a major linear part plus pinning  The |ocal relationg11) must be supplied with boundary
corrections and also ignore the structuregah Eq. (11). conditions and with a law for the current conversion due to
The equilibrium bulk currenf. is given by the above p) nycleation.(For brevity we do not consider the transient
equation with the left-hand sidd.HS) LHS=0. Then the  pw current in multicontact configurationsThe boundary
electric field(relative to the extrapolated normal one at the ., ndition at the outermost contacts,, is straightforward:

same total currenfyy) is in(Xend) =litot» jc=0. The asymptotic condition far from the
j j j contact is more subtle and it turns out to be one of the points
tot tot . isti i 1
AE=E— °_ —Be—c—ﬁi —O—F(Jc)). (13) that distinguishes our picture frpm other recent_treatments,
oq On oq, e.g., Ref. 25. Namely, the condition that all partial currents

. . ) . ) . are stationary in the sample bulk implies the absence of cur-
This expression gives the nonlinear voltage: the incrementy ¢ conversion, all types of carriers being in equilibrium,

with respect to the value extrapolated from below the sliding, 1, equal chemical potentialg,= u4/2. Furthermore, al-
. . n . )
threshold. Other equivalent expressions Eomay be useful lowing for largeD loops or nearly straighb lines reduces

in various circumstances: wq down to 2J. Then we see fronf1l) that q—0, which
o ] ] proves our statement on the absence of deformations in the
e . 99" e free sliding regime.
E=Be on TAFU) or E=p mNE * on The balance between the different types of carriers is con-

(14)  trolled by the injection/extraction rates from the electrodes
and by the conversion rat@ between normal carriers and
, condensed carriers. The conversion rate can always be de-
or E=F(jo)— Be 99 (15  composed into passive and active contributions as

7N .
R(7,jc)=Rp(17) +Ra(7,jc)-

Here the first form provides a direct relation Bfto j. and
hence toq’ via (12). The second form involves the normal ~ There are two extreme scenarios for the passive conver-
currents that can be measured independently. The third forgion. The first refers to an ideal host crystal, both in the bulk
requires attention: notice that the identificatlrs F, as usu- and at the surface, where onhomogeneousiucleation is
ally assumed in the interpretation of experimental determinaPresent as a spontaneous thefrhat even quantui super-
tion of the | —V curves, is correct only in semiconducting critical fluctuation, so that
DWs with B.,=0. In cases like NbSeor semimetallic
SDWs, only the simultaneous measurements of the two pa-
rameters E andq’ or E and j,) allow one to extract the
intrinsic characteristic§ (j ), including the pinning thresh- R= Ry ex{ —(70/7)]. (17)
old F, which are the fundamental properties we are lookingrhis frequently exploited form is valid asymptotically at
for. The second form i{14) brings an important reassign- _,0. Actually the so-called attempt ratR,+ const, R,
ment. We see that the measuremenEddt knowno,, does  — ;@ with the indexa dependent on dimension and on mi-
not provide direct access §@ which was a typical assump-  croscopic mechanisms of aggregation of electrons to the DL.
tion in the analyses given in RefS. 21 and 22. Then the ﬁrSSO for 7 being not too Sma"’ the power laws will dominate
equation in(14) shows that the discrepancy is maximal neargyer the exponential one.
the contact$whereF(j;)=0]: we see the reduction by & A quantitative analysis of the passive DL nucleation re-
factor that is 50% for NbSethus, j, is underestimated by a quires a determination of the characteristic time scaje
factor of 2. This effect comes from the fact that the extrinsicysually 1/, is identified with an attempt rate derived from
carriers move under the DW stress as well as under the elegyicroscopical parameters like a phonon frequency. It seems
tric field. The results of multicontact experiments need to bahat in CDWs the rate is rather limited by the ability of
reconsidered in thIS VieW. The usual interpretation of thee|ectrons to concentrate in required Vo|uma size ofD
phase slip voltage also should be refined. Using the secongdop) for a sufficient time. Hence,=RC, whereR andC

R=Rgexd —no/|n|], oratT—0,

form for E we obtain are the resistance and the capacitance of the corresponding
K 00— () volume. Conveniently in a three-dimensioitaD) geometry
ee] o] X —_— o0 .
Vps:j [E(X)— E(2)]= _q+j In J dx. this produEt does rlot' depend on the Iength scaje
cnt ™ cnt On =f(ry/r.)/o, where o is a relevant conductivity, most

(16) probably the normal perpendicular ore- oy, andr,r,

Here the first term coincides with the expected elastic stresar® characteristic sizes of the nucleation region. _

at the contact. But we notice also an effective voltage from Anotherheterogeneousxireme refers to samples with a

the excess of normal carriers that gives a comparable contreUfficiently large density of imperfections acting as nucle-

bution. Finally notice that experimentally one usually ex. ation centers for supercritical DLs, the simplest form for this
. _ . © ;

tracts the current increment for which there are no conve¢ase beingRe=7. Since §7=—qén,g/Ng, then the lawR

nient expressions. In general, monitoring the current gives & I'yNg 7 is equivalent toSn= — n/ 7. Indeed

simpler access to internal processes than a more usual moni- .

toring of the voltage. —oNny=aonc=2gl",on, =N/ 7eny,  Ten= (Zng)‘l.
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Here 7., is the lifetime of an excess carrier with respect torelax the strairie/dx in the same way as the vortices of the
its conversion to the condensate, that is the mean free timguperconducting phase work to relax the supercurrerjt,
before an absorption by a DL. Both of the above scenarios- dx/dx.

are of the“passive” type, when the DW motion itself plays ~ The boundary between the contact regions, where
no role. A plausible“active” scenario emerges for a fast changes with time and the middle part where it does not, tells
enough DW motion when the DLs are created by the DWus about the crossover from local DL pinniriigading to
sliding through bulk or surface defec®=R(7,j.), such creep to collective pinning below the threshold stregs

that R(0,j.) =R(%,0)=0 with Rx5j. as the simplest ver-

sion. The conditiorR(0,j.) =0 tells us that the creation of a IV. STATIONARY DISTRIBUTIONS FOR VARIOUS
DL by the current is not sufficient. An active process in the CONVERSION LAWS: THEORY VERSUS EXPERIMENT

bulk corresponds to the creation of pairs of dislocation Tpe equation for the stationary distribution of the CDW

Ioop§5‘37 at strong impurities, thus providing for a local deformation can be obtained directly from E¢@), (9), (11)
slowing down of the DW motion. If als@+# 0 then loops of zg

one sign will have a higher probability to survive and finally
to aggregate into larger ones. Another branch of this sce- an . (Jtot— )
nario, possibly the most realistic one for clean thin samples, X Fo——0—
relies upon the ultimate creation @ lines at crystallo- ) .
graphic steps on the surface. The current being forced tWh'Ch_fOHQWS from the Qefmmon ofy and the cur_rent par-
ceasgfor inward stepgor start(for outward steps a whole tition J“:.“?t_JC' Equation(18) should be combined with
D line must be created after each DW period. The activethe relation:
mechanism may dominate at large enoyglbut it cannot 9jelax=2R(7,jc),
trigger itself from zero. There must be either a passive con- _ _
tribution or a finitej.#0 at the boundary. The last case Which results from the carrier conservation law
implies that the conversion is exceptionally efficient at the . _ _
very edge of the contact, which is quite plausible; in this 9(0nc)l 3t djclox=d(onc)/dt=2R
case, a part of the normal current would be converted withiwith d(dn.)/dt=0 in the stationary case.
a narrow layer beyond the experimental resolution. The functionF(j.) or its reciprocalj.=]j.(F) can be
Whatever the mechanism for the creatiorlofines orD  taken from the experiments on long samples, e.g., it can be
loops, their subsequent propagation across the sample is anodeled by the standard Bardeen parametriz&tioalid
fected by interaction of these lines with impurities. As empirically except in the close vicinity ¢ :
known from the theory of vortex lines and from the experi-
ence with supercurrent decay in superconductors, such a line I(F)=0.(F—F )ex;{ _ E
: ; ; P c » t
is subjected to a collective or a local pinning, see Ref. 27. F
The collective pinning implies the existence of a critical ) ) )
value 7; below which the motion is hindered, the DL will Consider the simplest case of a heterogeneous, passive
not expand so tha®=0 if |7|< 5,. We associate the small Nnucleation of DLs:
residual gradieng,, to this effect. An important observation _ _ i
is that its value does not change between dc and pulsed ex- R=Rp(7) =T pNe 7. (20
periments. This tells us that the associated deformation iSuppose also that the driving force is linegfj.)=j./o..
frozen in. Since in dc experiments the DW body pinning isThen the solution of Eqg18) and(19) is
overcome, it is natural to invoke a plastic pinning mecha-
nism like the pinning oD lines. _ tor, sinhx/A
A similar phenomenon, but in reverse order, seems to be n=- U_n)\m
observed in the contact region in pulsed experiments. Since o )
the scattering intensity is accumulated mostly through théfor contacts ak=*a). Herejy is the total current applied
passive intervals between the puléggically several orders at the contacts anil is the characteristic length scale of the
of magnitude longer than the active pulseshat one then phase slip distribution. Equatiof21) shows explicitly that
observes is a residual quenched deformation. Presumably tf@r & long enough sample= X there will be no linear gra-
same mechanism that causes the observed pinning of rerflient in the bulk. The carrier conversion will be nearly com-
nantD lines in the bulk here prevents the backward motionPlete and the CDW deformation will reduce to zero. For
of excesD lines in the contact region. Actually at very long short spacingas<\ we find a linear variation 7~
times, the thermal climb, similar to the creep of vortices, will —Xjwt/on Which is a consequence of a negligible current
allow for DW propagation and the contact deformation will conversion. Fon we obtain
eventually decay.

Present preliminary results on the dependence) @n B [Am _ S 12 A
pulse frequency are consistent with this scenario. Indeed, the A=Tp Eg‘f Tew D= m ~1A. (22
decay time ofy as measured at a fixed point near the contact, F
as shown in Fig. 2, has a clear logarithmic character. Thét a given currentq’ ~(o,g9) ; then nearT., g~(T.
analogy to the Kim-Anderson law in the case of supercon—T), while oy~ const and we find that just at the contact

ductors is transparent: the propagationDpfines works to  the gradient of the deformation increases but may not be

(18

n

. k=11. (19

(21)
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visible because the length scale shrinksy§$.—T). Theq a9
values grow ag|~ 1/y/(T.—T). For semiconducting DWs at 4
low T the fast, activational,T dependences ob*~c, o
~pn.g~p, * cancel in expressions faf' and\. Henceq’ 2 .
will be a smooth function while.(T) andq(T) will grow as 0 .
1/2
cnv-
The electric field can be found as -2 *
| Be B B
_ Jtot I e Pi
E_O'n+(rc+7]0 on 0'C>’ T
0 0.5 1 1.5 2
x (mm)

which gives us the phase slip voltage
FIG. 6. Calculatedj(x) profile for positive €. ) (negativeq_)
applied direct currents I(l+=3.52) against experimental data
7I|cm- shown in Fig. 3.

Be B

On O¢

Vps=—0* (

. . . . V. MODELING UNDER EXPERIMENTAL CONDITIONS
Since at the contach~ (j/o,)min{a,\}, we obtain

Below we shall give several examples of simulations un-
der real experimental conditions relevant to our experiments:
, distances between contacts are 2a=4 mm, the total cur-
Ont o rents arg ;= 3.5t and 2.13;. We have tried the following
o forms for R, see discussion in Sec. Il B.
whereV is the bulk voltage across the sample of lengéh 2 (I) Heterogeneous nucleatidpassive plus active contri-
Notice thatV s~ rather than being an intrinsic activation butions,
energy. Notice also the opposite sign of the contribution

{50 i, -
v Bi=Be min{1\/a}, V=

2ajot

from extrinsic carriers. The opposite polarizationiainde R=Ry7+Ra7jc. (23
carriers has already been noticed in the linear electrodynam-
ics of CDW3° (I' Homogeneous nucleation,

Applying Eq.(21) to our dc data, one obtains a very sat-
isfactory fit of the spatial variation af. (x) from the contact R=Ro exd — 7o/|7[]. (24)
position x=0 to x=0.5 mm with the characteristic length .
scale of the phase slip distribution=375 um=50 xm (at In all cases we also try a quenched version viRth O at

| cow=2.17). However, the observed linear variationgpin | 71 <7, where the potential, is a threshold below which

the central part of the sampi€ig. 2 suggests that the con- the pinning ofD lines is stronger than the oversaturation.

version rate may be suppressed by pinning of the DLs below Figure 6 presents our simulation for ;Ehe shiftat the

some finite nonequilibrium thresholg :R=0 if | | < 7. In currentl =3:5|T. The g shift (in units of b*) for positive

this latter case, the carrier conversion is blocked and théd+) (negativeq_), for one-half of the sample<Ox<2 mm

normal and collective current densitigs,and], are fixed  Plotted against experimental data from Fig. 3. The contact

at values abovej() or below () their equilibrium values. Poundary is ak=0. .

We then see from Eq18) thatdn/dx= 7], = const: 0, thus Taking from the experimental data the contact value of
Y ik L ~6.425<10 “b*  for ositive ~5.09

7(x)= ni,x and thereforgg=x, in agreement with the data q(+)0ﬂgb*'f , pl o and A(-)yent™-

in Fig. 2. More generally, numerical simulations of station- l?:(*l—ol 8 A?[ nega(tjlve currenthpo anty and assumiog- 1,

ary solutions of Eq(18) can be obtained for various types of ° ~ - » We determine the contact OvVerstregs. oy

conversion mechanisms and from fhelependence d¥(j;) L2 mEV ands(yen~0.97 meV. From our fit the cutoff
obtained from experimental 1-V curvas. value 7,~0.32 meV is in a good agreement with the value

Knowing the value of\ we can estimate the phase slip 7760-35 meV estimated fror_n_ the persistent g'radient in t_he
rate or the conversion lifetime middle of the sample for positive current polarity. The ratio
’ of passive to active conversion B,/R,lcpw~2.1, so the
) a2 active conversion contributes to about 30% of the total.
- :(i) i i~(3><10 ) i10*13~ ‘_11076 s Figure 7 gives the distribution of the CDW current
Y o\rp) 4mg o* 108 259 g ' lcow/lt, dashed line, and of the electric fieldE (
—Ep/Fr, solid line, forl=3.591. The parameters have
Sinceg~1 atT~90 K, then the conversion rate is within been determined from our best fit g{x) in Fig. 3. The
the range of MHz. This crossover frequency separates theaidpoint of the sample correspondsxe-2 mm.
two regimes of the CDW electrodynamics: a quasiequilib- Figure 8 shows the distributiono2x) for I =2.13 1 plot-
rium one at low frequencies and the two-fluid one in the highted against the double-shift data of dc experiments, Fig. 4.
frequency. To our knowledge, this division has never beehe x axis gives the distance from the left contactxat
taken into account in earlier theoretical studies and in inter—2 mm to the midpoint of the sampbe=0. They axis
pretations of microwave experiments. The time-dependergives 2y (double shiff in units of 10 *b*. Taking from the
equations will be described elsewhéfe. data the contact value ofgR,=12.6x 10”*b* assumingg
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the cutoff values, in the Cornell sampfé is about twice
higher than in the Grenoble ofRlt is clear that the Cornell
x-ray data show the effect of a quenched gradient of the
same origin as in the Grenoble experiment, but not the phase
slip stress transferred from the contacts as suggested by the
authors. The x-ray and multicontact experiments refer to
——————————————— completely different regimes.

Our fitting allows an estimate of mean concentratipar
unit sample cross sectipof lattice faultsNg; contributing to
the active conversion mechanism. We shall view those faults
) 3 as line objects, perpendicular to the chain axes, most prob-
ably as crystal-shape steps. We have

FIG. 7. Calculated distributions of the CDW currepg/l+
(dashed ling and of the electric fieldE—E,,)/F; (solid line) be- . dj. .
tween electrodesx=0, x=4 mm) for the best fit of they(x) 2Ra(m,jc)= ax PNt e (25)
profile in Fig. 3 (/11=3.52).

whereP is the probability to create a supercritidalline at

=1, we determine the contact overstregg,—=1.2 meV.  one fault per one DW period. Our hypotheBis~ 7] . means
From our fit we have the cutoff valug,=0.24 meV in a that P(%)= n/7%* where the constan* is determined by
good agreement with the estimate based on the persistetite conditionP(#*)=1. Hencen* can be estimated as the
gradient in the middleg,,=1.10% A1, which gives 7, stress sufficient to unbound the tight&stine that is just at
=0.25 meV. A comparison of the passive and active converene layer from the surface. Since the normal to the surface
sion mechanisms is given by the ray/R,l cpw~1.2 de-  direction in NbSg corresponds to the weakest interch@io-
termined from our fit. In this case the two contributions aretually the interplangcoupling characteristic of semiconduct-
comparable. We have also done the simulation for the samieg materials(of the order ofT,), we expectn* ~100 K.
parameters as for Fig. 8 but without the cutoff;=0, Now
dashed line on Fig. 8. While the contact region is fitted well,
the middle part does not reproduce a finite gradient. Ng=27*R,~10"> A~

Notice that in both cased €£3.59 1 andl=2.13¢) none
of passive and active conversion mechanisms taken sep
rately is able to provide a satisfactory fit of the experimental
data for the regime with essentially nonlinear Id¥ie model
with the linear I-V is well fitted in both cases with linear

Ry~ 7 alone. tac efficiency of a few percentyc,/ 7* ~0.1. We conclude

We have also done the fit relevant to the multicontacth DI ¢ ite Si dominantl hilat h
experiment$’ using the same model as for the Grenoble ex- atb) loops ot opposite signs predominantly anniniiate eac

periment. Now the distance is shdr=670 wm and the other by exchangi_ng locally 'ghe normal currents and only
current is highl =511. We obtained that there iso visible some fraction survives to proliferate across the sample.
=5I.

difference between the solutions with and without cutoff.
Hence in experimentthe entire sample length is influenced V1. DISCUSSION
by the contacts, the partial currents are far from equilibrium,
and conversion takes place over the entire sample but is f%
from being completé®

A comparison between the two sets of x-ray
measurement$24in the middle of the sample indicates that

Ve have obtained the distancg=1/Ng~10 um, whichis
ess but comparable to the initial decay scalyq()qn
~ 60 wm and 30 times below the total characteristic length
300 uwm. We see that the current conversion is provided by
about 10— 107 crystal defects with a maximéhear the con-

The conclusions we derive from our high-resolution x-ray
easurements and from the above theory are as follows. For
a long enough sample the largéx) values near the contacts
decreasdéexponentially in the simplest cgs@wards zero at
the sample’s center. The large gradients observed in earlier
2q, double shift multicontact studi€s can now be reinterpreted as due to an
extreme size effect: the distance between contacts is so short
that only a small part of the applied normal current is con-
verted, so that the currenis and j,, stay far from their
equilibrium values. In such a case(x) is close to linear
with only small contact increments. For longer samgke$s
mm), as was used in x-ray experiments, these deformations
leave the bulk free and concentrate near the contacts. Earlier
x-ray experimentd could not resolve the contact region and
what was observed as a bulk gradient coincides with our
residual distortiorgy,, from pinned deformations.

The earlier x-ray experimerffshave been performed us-
ing only pulsed currents when the intensity is collected pre-

FIG. 8. Calculated g(x) profile (I/1;=2.13) against experi- dominantly through passive intervals with zero current. It
mental data shown in Fig. 4. The dashed line shows the same fit bivas suggested that the gradients formed during the active
without cutoff 7,=0. pulses do not relax during the long passive intervals, thus
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allowing for a finiteq shift. This picture seems to be contra- its fraction of the total current that can reach, far from con-
dictory: if the relaxation is supposed to be long enough taacts, a value corresponding to the parallel circuits of normal
preserve the state of the preceding active interval during thend collective conductances. This state is reached only when
long passive one, then the active interval becomes much taihe DW is unbound from contacts and the equilibration be-
short for establishing the steady-state configuration adequatereen the normal current and the collective one is com-
to injection or applied voltage. Then, one may think thatpleted. In contradiction to earlier theoretical expectations and
what was observed actually were the residual distortiongnterpretations of experiments, we show that this state is
guenched by some kind of pinning, at first sight by the conimainly undeformed. Namely, elastic deformations, either
ventional pinning® of the DW body. The Grenoble experi- from the distributed stresgas it has been conjectured
ments, performed both in pulsed and dc regimes, undermineriginally?>?% or from the phase slip tension at the contacts
the possibility of body pinning by showing that the “re- (as it has been supposed |&tgrare incompatible with an
sidual” distortions are present invariably also in dc regimeequilibrium with respect to the conversion. Notice that the
where the body pinning has been overcome. Hence there isfaist multicontact experiments performed on semiconducting
request for another type of pinning present for the DW bothTaS; (Ref. 20 have already revealed a dominance of contact
in motion and at rest. The picture we have for the origin ofdeformations and their shrinking with increasing current in
these gradients is the pinning Bflines, thus hindering the accordance with our modeling.

current conversion. Our results show that the contact deformations can spread

An important observation is that this gradient does notover large distances from the contacts, as long as the partial
change between dc and pc experiments, indicating that theurrents are not equilibrated. The strong linear dependence
associated deformation is quenched. A related pinning phesf the DW wave numbeq(x) inferred earlier from the mul-
nomenon is observed in tleontactregion inpulsedexperi-  ticontact experiments must be reinterpreted as “ballistic,”
ments. Noting that 99% of the x-ray intensity is accumulatedwith respect to current conversion, a regime when most of
during the passive intervals between current pulses, we conhe normal carriers pass along the sample length without
clude that the observed pc shifts correspond to pinned defoinitiating the necessary climb of dislocations. The DW cur-
mations, which remain quenched on the time scale of theent and the total conductivity are then expected to be
pulse interval. At very long times, thermal climb, similar to smaller than their nominal values. Also, the enhancement of
vortex creep, will allow for DL propagation and for the even- the deformations near the contacts should be relatively small
tual decay of the deformation. Our preliminary results on theas the simulations in Ref. 21 actually show. In contrast, the
dependence af on pulse frequency are in favor of this sce- x-ray experiments in Grenoble are characterized by strong
nario. effects near contacts and by relatively weak but stéable.,

Our definite choice for an heterogeneous DL nucleatiorpersistent through the passive intervals in pulsed experi-
scenario comes from the observation of the partially localiments gradients through the middle part. This tells us that
ized character of the deformations near the contact, whereake conversion is hindered below some threshold value of the
the homogeneous scenario would lead to an extremely slowarameters describing the departure from equilibrium. In that
~1/In(x—X.,) decay of the deformations. An intriguing case the DW current stays below its nominal value, but de-
question therefore arises: Why is a value of the decay lengtformations are allowed at this expense. Hindering of the cur-
\ found in the present measurements so similar to that okrent conversion gives information on the pinning of the dis-
tained from multicontact and optical measurements on semiocation lines that persists even in the sliding state when the
conducting CDWgRefs. 19 and 20 where a drastid de-  pinning of the DW body has been overcome. It is the same
pendence ol is expected due to the freezing of the normalquenched regime in the bulk that has been observed in earlier
carriers. A tentative answer can be derived from the linearx-ray studie<” since the contact regions were not accessible.
ized model(Sec. I\V), which shows that the concentration of ~ We believe our results illustrate a number of important
normal carriers affects the quantitigsand o* in opposite = common features to the physics of all different sliding super-
senses g~ 1/p,, o*~p,) leaving \~(o*g)'? following  structures. The elaborate picture presented here should be
Eq. (22) invariant. Finallyx ~ D7, appears to be clearly taken into account also in studies of 2D electronic crystals
related to the one-electron diffusion length with respect to iteand of vortex lattices.
absorption to the condensate, independent of the free carriers
concentration. This important cancellation supports our ACKNOWLEDGMENTS
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