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Spatial distribution of charge-density-wave phase slip in NbSg
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Steady-state charge transport via motion of charge-density W@@%V's) requires conversion between
collective CDW conduction and quasiparticle conduction in the vicinity of current injection contacts. The
conversion occurs via phase slip, in which CDW amplitude defects form and move in the presence of CDW
strain so as to remove or add CDW phase fronts in a process analogous to phase slip in superconductors and
superfluids. We have determined the spatial distribution of phase slip fc‘frptlrﬁDW in NbSe by measuring
the spatial variation of the CDW current densjiityx). As the current contacts are approachefk) decreases
and the normal current,(x) due to quasiparticle flow increases. The size of the region near each contact where
appreciable phase slip occurs is less thang for T near 120 K but grows to hundreds of micrometers at
lower temperatures. The current and phase-slip profiles are asymmetric with respect to driving current direc-
tion, implying an asymmetry between phase front addition and removal. Analysis of these profiles yields the
local relation between the phase-slip raggx) and CDW straine(x). This relation is not unique, and for a
given strain the phase-slip rate increases with increasing distance from the current electrode. These results are
inconsistent with the predictions of models for phase slip via homogeneous defect nucleation, and provide
evidence for amplitude defect motion. The presence of substantial amounts of phase slip at large distances from
the current contacts explains the loss of coherence of the sliding CDW observed at lower temperatures, and
suggests that predictions of phase-only models of CDW dynamics may be of very limited use in describing the
sliding CDW in NbSe. [S0163-182@8)02020-7

I. INTRODUCTION essential for steady CDW motion to occur at all. As there is
no analog to Andreev scatterifiginly quasiparticles can be
The charge-density waveCDW) ground state exhibited injected at current contacts, and quasiparticle charge must be
by quasi-one-dimensional conductors such as NieSesists converted to CDW condensate charge in the bulk. Theoreti-
of a modulation of the conduction electron densitfx,t) cal workk~* has suggested that this conversion occurs via a
=ny+ on cos[Qx+ A(x,t)] and a concomitant modulation of phase-slip process in which dislocation loops form and grow
the positions of the lattice atomsWhen an electric field in the CDW superlattice, leading to addition and removal of
greater than a threshold fieB; is applied, the CDW can CDW phase fronts in a process analogous to phase slip in
depin from impurities and move through the crystal, result-superconductoté and superfluids® When an electric field
ing in collective charge transport. CDW motion gives rise togreater than the bulk threshold fielb is applied between
a host of unusual phenomena that are a consequence of therrent contacts, the CDW slides from one contact towards
interactions of the CDW's many degrees of freedom with thethe other. The CDW becomes compressed near one contact
random field due to impurities. Analogous phenomena ar@nd stretched near the otHért® and the resulting strain
exhibited by superconducting flux lattices, magnetic materi€(x)=(1/Q)(d6/dx) reduces the barrier energy to formation
als, fluids in porous media, and by systems with movingof dislocation loops. The dislocation formation rate is largest
interfaces. CDW conductors often show the phenomenanear the current contacts, whefg is largest. The local
more cleanly, and thus have been considered prototypicgihase-slip rate,
systems for study of collective dynamics in the presence of
disorder. rod X)=—(Qleny)dj /dx, @
Conventional models of CDW dynamics describe the
CDW as an overdamped elastic medium in a random poterwheren. is the CDW carrier concentration ande is the
tial, and assume that the phaggx,t) of the CDW'’s order electronic charge, is determined by the rate at which dislo-
parameter is continuous while its amplitude is constant.cation formation and motion removes or adds CDW phase
These models predict that above threshold the CDW statifonts near each contact. The integral of this rate determines
should evolve periodically with a periog=\./v., and that the CDW current profilg(x), as illustrated in Fig. 1.
it should exhibit critical behavior as the applied field ap- Experiments on the CDW conductor NkSesing a four-
proaches the depining field from abd7&.Neither perfect probe configuratiotf!” measured the phase-slip rate inte-
periodicity nor clear evidence for critical behavior has beengrated over half of the sample versus a “phase-slip voltage”
observed experimentally. Vs related to the average magnitude of the strain between
CDWs are not perfectly elastic. They exhibit amplitude the current contact$, and found good agreement with the
defects and associated discontinuities of the CDW phase thatedictions of a model for phase slip via homogeneous ther-
correspond to dislocations of the CDW superlattice, andnal nucleation of dislocation loops.A subsequent four-
these give rise to plastic behavioEDW defects are in fact probe experimef? was, however, interpreted as evidence
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FIG. 2. Measurement geometry. Unless noted otherwise, a cur-

(b) rent densityj,,; was injected at contacts 2 and 15 and the voltage

: measured across the remaining pairs of adjacent confé:®,

: i (4,5, ...,(13,19]. Electrodes 1 and 16 are %0m wide; all others
(c) |  Phase Slip Rate rps /i are 2um wide.

Il. EXPERIMENTAL METHODS

The present measurements were made possible by a
4 { CDW Current Density j. \ method for obtaining high-quality nonperturbing contacts to
(d) ; ; single-crystal whiskers of Nb§edescribed by Adelman

et alZ® High-purity crystals(bulk rg=~300) were placed on
FIG. 1. Relation between the CDW straéfx), the phase-slip alumina substrates patterned photolithographically with fine
rate rp,{x), and the CDW current density(x). In (@), a current  gold-topped chromium wires(1.5-2.0 um wide, 0.1
densityjo greater tharj, the threshold for nonlinear conduction, xm high), and then held in place by a thin polymer film.
is injected into a NbSgwhisker at side contacts. This causes the Similar patterned substrates have been used by previous
CDW to become compressed near one contact and stretched nGIﬂK/estigator§,°'24 but the polymer film improves contact re-
the other; the resuling macroscopic CDW strain fieddx)  |iability and permits narrower contacts. The geometry used is
<(96/0x) is shown in(b). Phase fronts are added or removed ghown in Fig. 2. As will be discussed in Sec. IV F, these
through phase slip in the regions near the contacts Wém| is  contacts were essentially nonperturbing at temperatures well
large, resulting in a local phase-slip raig(x) as shown ir(c); the |6y the CDW transition temperature. The dimensions of
spatial .integral ofrpgx). gives the CDW current density.(x), the samples reported upon here are given in Table I.
o S, 200120 o 172 57 COW curent profies were measured by necng a de
i ' current densityj ; through two contact§2 and 15 in Fig. 2
that phase slip occurs at substantial distances from the cuwnless otherwise notgdnd measuring the voltage across the
rent contacts, contrary to the model's prediction. Spatiallyremaining pairs of adjacent contacts. A smaller current den-
resolved measurements on NR$ing an array of contacts sity j,,;=0.1—0.25+, wherejy is the threshold current den-
also detected evidence for phase-slip-induced disturbanceity corresponding t&E, was used to determine the low-
hundreds of micrometers from the current cont&t¥he field resistanc®, due to quasiparticle conduction of each of
results of the latter experiment were, however, corrupted byhe segments. The average CDW current density in each seg-
contact perturbations, and the actual phase-slip profile coulghent was then calculated by subtracting the quasiparticle
not be determined. Recent spatially resolved studies Ofgntribution to the total current density &g.) =] (jn)
KogMoO; using a novel electro-optical technique have —j — A=1v(j,)/R,. Current profiles for thelp =145 K

yielded high-resolution measurements of the CDW StrairbDW were recorded for driving currents up to about five

profile and its response to changes in the driving curren{imesj and for temperatures between 70 and 135 K.
direction?? Unfortunately, contact perturbations and the TheTcaIcuIation<j V=i A-V(j)/R, assumes that
c/— Jtot to n

large anisotropy of this material have made measurements 9{ is independent of If this is not the case an®
n tot - n

the corresponding phase-slip profile difficult. "0 . L :

Here we report spatially resolved measurements of the_.R”J”?R”(JtO‘)’ ghen the calculategl; will be in error b_y .
CDW current distributionj(x) in NbSe performed using 9l¢~ ~In(dRa/Ry). Measurements and calculations  indi-
micrometer-scale nonperturbing electrodes. These measure- ) _ N
ments confirm that substantial phase slip can occur more TABLE 1. Dlmepsmns and threshold current densities for the
than 100 wm from current contacts at temperatures well be_samples used herein. The sample cross-sectional area was evaluated

low the CDW transition temperature. We analyze the currengom the room-temperature resistance usiig00 K)=1.85*0.03
pwm. j1is given forT=90 K using contacts 2 and 15 for current

distributions to yield the profiles of both the CDW strain ..~ : o . .
- . injection. The listed uncertainties are dominated by the uncertainty

€(x) and the phase-slip ratg(x), and combine these pro- in p(300 K)

files to obtain the local relation between phase-slip rate and ” '

strain. This relation is not unique but varies with distance Cross sectiom\ Thicknesst i7at 90 K

from the current contacts, providing evidence for dislocation 2 2
motion. The observed phase-slip profiles explain the loss of (um?) (wm) (wA/pm’)
coherence of the sliding CDW observed with decreasing 1 10.3+0.2 1.7%0.2 13.650.2
temperature, and suggest that the plastic behavior of real 2 18.40.3 1.9+0.2 12.5-0.2
CDWs may render important predictions of elastic CDW 3 11.4+0.2 1.9-0.2 18.0-0.3
models untestable. Some preliminary results have been re- 4 7.3+0.1 1.2+0.1 19.2-0.3

ported previoush??
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Effects of voltage contact perturbations on these profiles are
significant in theT=135 K and 120 K data, where they
cause a larger reduction ¢f near the current contacts than
LI would be obtained with nonperturbing contacts.

' An interesting feature of the profiles f@<120 K is a
consistent asymmetry with respect to driving current polar-
ity. The CDW current is greater near the positively biased
current contact — the region where the CDW is compressed
and phase fronts are being removed by phase slip — than
near the negative contact. The asymmeiry X, j o) — j (X,
—Jjwo0 1/2 grows roughly linearly with distance from the mid-
point between the current contacts<0 in Fig. 3. The
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ar magnitude of the asymmetry is negligible above 105 K, and
o grows to a value of j¢(Xo.jio) ~Jc(Xo, 1) ]=0.06 (0,
<L o CDW motion —=> : *jiwop at 70 K at a point, half-way fromx=0 to the cur-
[ e CDW motion <— rent contacts.
ol : The profiles at 70, 90, and 105 K in Fig. 3 are fitted to the
S ! ; : ! ' : — empirical form
' -300 -200 —-100 0 100 200 300
x (um) JeX)=jo—]1 exp[—(L/2+x)/l4]
FIG. 3. CDW current densitj,(x) vs temperature for sample 1. —j2 exp[—(L/2=x)/15], (2

The driving current density,,; was varied such thgt, = 8.3 uA/ . .
um? at the center of the sample for all temperatures. This cDwWhereL is the distance between the current contacts and

current density corresponds to a driving currgpi=4.3j; at T =0 is the midpoint between them.

=90 K. For clarity, curves are shown normalized to their maximum

value and successive curves are shifted down by 0.2. The connect- B. Dependence of .(x) on driving current

ing lines forT=135 K andT=120 K are guides to the eye and for .

T=105 K, T=90 K, andT=70 K they are fits to Eq(2). The Figure 4 shows the dependence of the CDW current pro-
dotted vertical lines indicate the positions of the current contacts afil€ On driving current density,; at T=90 K. The ratio of
x=+L/2= 355um. the CDW current near the current contacts to its mid-sample

value increases with increasifg;. The extent of the region
gver which phase slip occurs can be characterized by a

cate that such errors introduced by CDW strains, bulk Joul .
ﬁhase—sllp length,, calculated as

heating, and by fringing near the current contacts are smal
for all data presented hef@. A more significant source of o
error is Joule heating at the current contacts’ Au-Np8e = e':qcax x(i¢ )(x—xo) fpX) dx. 3)
terface due to the finite contact resistance. Measurements Qjc Jxo

indicate that the size of the heated region is less than the 20 ) » max -

wm resolution of our experiments, and that the Np@gion ~ HeréXo is the position of a current contact ari ; ?) is the
immediately adjacent to the Au/Cr contact may experiencd0sition wherej(x) is a maximum. Figure 5 shows the de-
more than 10 times as much heating as the bulk. If the rePendence ofs on the maximum CDW currerj{f at 90 K,
gions near the current contacts are at a higher temperatureVth results for the positively and negatively biased contacts
smaller strain will be required to generate phase slip thereplotted separately. The phase-slip lengfliecreases mono-
and this in turn will result in a reduced straifx) and a  tonically with increasing CDW current, reflecting the de-
modified CDW current profile everywhere between the curreasing curvature of the profiles of Figlba

rent contact — even though most of this region is not heated.

This effect limited the maximum current density that yielded C. Dependence of:(x) on current contact separation

reliable data in our experiments to aboyt 5t 90 K.

Figure 6 showg.(x) for several current contact separa-
tionsL at fixedj "™ andT=90 K. Contact 2 was used as one
lll. EXPERIMENTAL RESULTS current contact in all the profiles; contacts 6 through 15 were
successively used as the second current contact, yielding val-
ues ofL from 180 to 710um. Profiles measured with nega-

Figure 3 shows typical CDW current profilggx) at sev-  tive currents are plotted asj.(—x) in Fig. 6, providing the
eral temperatures. For all profiles, the CDW current isdata neax/L=1.
smaller near the current contacts than near the center of the The profiles corresponding to differebhthave essentially
sample. At 135 K and 120 K. is appreciably reduced only the same functional formj,.(x,L)=f(x/L). Only the CDW
in the immediate vicinity(within ~30 um) of the current current densities measured at the voltage contact pairs near-
contacts; at 105 K, the regions of reducgdextend more est to the current contacts deviate significantly from this re-
than 100um from the current contacts. At 90 and 70 K, lationship. Similar behavior was observed at 70 and at 105
j<(x) has afinite slope everywhere, indicating that phase slifK; at 120 and 135 K the small size of the phase-slip regions
is occurring in the entire region between the current contactand contact perturbations prevent meaningful comparison.

A. Dependence of .(x) on temperature
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FIG. 6. CDW current densityj.(x) for nine current contact
separationd., measured in sample 1 at 90 K with a constant mid-
sample CDW current density, = 8.8 uA/um?. The abscissa is
scaled for each profile such thatlL =0 andx/L=1 correspond to
the positions of the current contacts. Note that the data obey
. je(x,L)=f(x/L) near the center of the sample; only the endmost
points of each curve, located 30m from a current contact, depart
from this relationship.
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elastic interactions, extend beyond the current
1 contacts:®2326 Consequently, some phase slip and CDW
conduction are expected in those regions. Since the net cur-
rent beyond the current contacts is zero, the CDW current
_300 —200 —100 © 100 200 300 must b_e balanced by 'ghe nprmal current .due_to guasiparticle
flow, j,=—f, resulting in an electric fieldE(x)=
x (um) )
~Pn) <_:(X)- o _

FIG. 4. CDW current density.(x) vs driving current density This electric field due to CDW motion beyond current
jior &t T=90 K for sample 2. Ina), j.(x) is plotted for both polari- ~contacts was measured by injecting a current through elec-
ties of the driving current. Inb), j.(x) is normalized to unity at trodes 1 and 2 and measuring the voltage across electrodes 3
midsample and plotted only for positiyg,. The relative curvature and 4. The average CDW current in segméBi) at T
of the profiles increases with decreasing driving current. The con=90 K was 2% of the CDW current between the current
necting lines are fits to Eq2); the dotted vertical lines indicate the contacts. No voltage was detected across contacts 4 and 5.
positions of the current contacts. Consequently, phase slip must be confined to a region ex-
tending less than 4@m beyond the current contacts.

D. CDW current beyond the current injection contacts

The macroscopic CDW strain profile due to an applied E. Mode locking and the CDW velocity profile

electric field between the current contacts must, because of . : . o
The discussion of the data of Figs. 3—6 has implicitly

o assumed that the observed variationg i en.v . are due to
L, ] changes i and not to changes in the effectiug resulting
I Negative contact | from filamentary conduction. This assumption could be
Positive contact tested by measuring the frequency of the coherent oscilla-
tions (“narrow-band noise’J that accompany dc CDW cur-
rent flow. These oscillations are analogous to those of the ac
Josephson effect, and arise due to periodic interaction of the
CDW with impurities. By measuring the oscillation fre-
guencyw.=Qu versus position, the CDW velocity profile
ve(X) could be obtained directly. Unfortunately, a direct
measurement of the oscillations was hampered by the rela-
tively high series resistance of the micrometer-scale contacts.
Instead, the velocity profile was probed by mode locking the
OO e 5 — 1'0 — 15 frequencyw, to an applied ac frequenay,.to produce steps
. max 2 (analogous to Shapiro stepsn the j.—jq4. Characteristic
Jemox (uA/pum?) whore: - .
jc remained nearly constant over some finite range of
FIG. 5. Characteristic sizk of the phase-slip region near the Jdc-
current electrodes, as defined in E8), for sample 1 at 90 Kl is Figure 7 shows the measuretl//dl versus position at
larger for the negative contact, reflecting the asymmetry in thel =105 K2’ Steps of nearly constant CDW current appear as
CDW current profiles. peaks indV/dl; these peaks shift to higher driving currents

o e

80
H
I

90 K ]
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FIG. 8. CDW current density profilg,(x) in sample 1 at 90 K
for current injection at contacts 2 and (&rcles and at contacts 1
and 16(squares j.(x) is essentially position independent in the
latter case, suggesting that the voltage electrodes are not perturbing
: the profile appreciably. Although all profiles are figg; = 61 wA/
0 R0 40 60 80 100 um?, j«(x) is greater when injecting current at contacts 1 and 16
Jtot (uA/pum?) since the elastic force (de/ dx) due to the macroscopic strain field

. . . . . is smaller in this case.
FIG. 7. CDW mode locking to an applied 14-MHz sinusoidal

excitation. Each curve givedV/dl at a pair of adjacent voltage
contacts, the bottom curve corresponding to [9&j4) and the top

de(X)

PnjotX) —Ep(jc) + & 6)

J o(X) -
X = —
Je pPntpc

curve to pair(13,14. The dotted vertical lines identify the 1/2, 1/1, oX

and 2/1 mode-locking steps. These steps shift to higher currents for

positions closer to the current contacts, consistent with the observed o eng(x A

j<(x) profiles. The data are from sample 3 at 105 K. - Efimrps(x )dx’, (6)

j4c as the current contacts are approached. This indicates théf1erepc= y(Q/e nc)_z is the high-field CDW resistivityy is

it takes a larger driving current to achieve a givepand & ghenomenologlc_al CDW  damping constant
CDW velocity v, near the current contacts and that, for a=(Q“/€n;)K, andK is the longitudinal CDW elastic con-
given driving current, the CDW velocity is smaller near the Stant. This model reproduces most features of the experimen-
current contacts. This supports the assumption that the mefg! spatiotemporal response of the CDW in Nb&ebipolar

sured CDW current profilef,(x) do indeed reflect changes current pulses. _ _
in the CDW velocity. The strain profile can be determined using E5). from

measurements of the current profilj‘:%(x) andjg(x) ob-
tained by injecting the same driving current through contact
pairs (1,16 and (2,15, respectively. The elastic force
A. The slip-strain relation xk(deldx) for a given driving current scales roughly in-
byersely with current contact separation. Consequently, for
widely separated current contacts the elastic force is small,
and the profilej S(X) is determined byj,; andEp(j.) only.
Figure 8 shows sample data at 90 J{(x) is essentially
independent ok since the current contacts are far from the

IV. ANALYSIS AND DISCUSSION

The current profiles of Figs. 3—6 can be analyzed to o
tain the corresponding phase-slip profilgg(x), the strain
profiles e(x), and thus the local relationship between phase
slip rate and strain. From the definition of Ed), the phase-
slip rater ,{x,) at the position of theth voltage contacx,

can be calculated as voltage contacts, and is larger than the maximum valujé of
since the elastic force is much smaller in the former case. It
Q 2 _ _ follows from Eq. (5) that the strain at the position of each
o Xn) =~ “en m(<1c>n+l,n_<]c>n,n—l)a (4 voltage contact is given by
where( ), denotes an average froxg, to x, . The accuracy _ pPctpn é L
of the approximation in Eq) and minor corrections to it €(Xn) = €(xo) + Kk gy mmot

are discussed in the Appendix. For the voltage contacts im-
mediately adjacent to the current contacts, &j.does not
apply and we takepe<(j ).

The macroscopic strain profile(x) can be calculated
from measured CDW current profiles using the method disBy approximatingEp(j))~Ep({jc)), which is valid since
cussed by Adelmaretal. A simplified one-dimensional Ep changes slowly wittx, all terms on the right-hand side
model is used in which the effects of pinning are accounteg:xcept the constari(x,) can be determined experimentally.
for phenomenologically using an experimentally determined Figure 9 shows the phase-slip ratg versus lke at T
pinning forceEp(j.). In the steady state, the model is de- = 90 K as calculated from Eq$4) and (7) for several dis-
scribed by the equation of motion tancesx from the current injection contacts. The two current

y jl_jo+Ep(ji>—Ep<12> |
¢ e Pct Pn mm-1

)
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FIG. 10. Simulated CDW current profilgs(x) using Eq.(5) for

FIG. 9. Phase-slip rate,{x) vs CDW straine(x) at four posi-  the equation of motion, the bulk nucleation mofiet.. (8)] for the
tions x in sample 4 aff=90 K. Each data point corresponds to a phase slip rate, and material parameters corresponding to sample 1.
different driving current. According to the bulk nucleation model, (8 shows the dependence pf(x) on temperature at fixed maxi-

Eq. (8), the data for the various positions should collapse onto anum CDW current density,=8.3 uA/um?. (b) shows the depen-
unique straight line. Instead, for a givene increases with dis- dence ofj(x) on driving current aff =90 K. Although the simu-
tance from the current contact. The dotted line is a fit oftked  lations reproduce qualitatively the experimental dependence on
data to Eq(8). temperature and driving current, they show no asymmetry and pre-
dict phase-slip regions that are smaller than in the experiment.

polarities were averaged togetffeand e(x,) chosen to pro- The dotted line in Fig. 9 shows a fit of E() to ther o«

duce e=0 at the center of the sample. At all positions the dat th i ta0t=£0). Th dicted f
phase-slip rate increases rapidly with increasing strain. HowS ata near the current contact£0). The predicted func-

: . : - . _tional form is consistent with the data over the full two de-
ever, for a given strain the phase-slip rate grows with in- S
g P b g de range of ,;. The fit yieldsro=2x 10" and V,= 19

creasing distance from the current contacts. The curves foqav_ data f he oth les in Table | aV ;
x>0 exhibit kinks that are similar from curve to curve and MV: data from the other samples in Table | gvg ranging

are reproducible for a given sample, but vary from sample tgrom 17. to 23 mV. 34

sample. They can be traced to irregularitieg (R, j o) in the .PreV|0us four-probe_ measuremeritgere analyzed to ob-
middle part of the sample that are propagated through th in the total pha_se-shp rate Versus a quarity fe'f”“ed to
summation of Eq/(7). For large applied current&@s indi- the average strain. Those data were 'WeII described k')y.the
cated by the open symbols in Fig), 9he strain for a given corresponding homogeneous nucleation theory prediction,

slip rate is reduced due to heating in the immediate vicinitymOSt likely because the total phase-slip rate in four-probe
of the current contacts. as discussed in Sec. Il. measurements is dominated by slip near the current contacts.

The value ofry obtained here is in good agreement with
those results, but the value &f, is smaller than Maher
B. Comparison with the homogeneous nucleation model et al’s estimate of 35 mV at 90 K. As pointed out by Adel-
of phase slip man et al>® however, the value o¥, obtained from the
The only quantitative predictions for CDW phase slip four-probe measurements was overestimated because of
have been made by Ramakrishesal,!* based on earlier simplificationg® made in interpreting the meaning Ys. .
work by MakP and by Feinberg and Fried¥.In their Away from the current contacts, the observed slip-strain
model, dislocation loops form in the presence of CDW strairf€lation deviates from the prediction of the homogeneous
by homogeneous thermal nucleation, and then grow by climfucleation theory in a fundamental way: the relation is not
to remove or add an entire CDW phase front. Assuming thagnique, but varies with position. As noted above, the slip rate

of Eqg. (8) with an activation energy that is comparable to
that of thex=0 curve, but with arr, that increases by an
order of magnitude for each 2@m of distance from the
current contacts.

Equation(8) for rp{€) due to homogeneous nucleation
can be combined with the model of E(p) to predict the
CDW current profilej.(x). Figure 10 shows simulatefi.
profiles using the material parameters of sampfé¢ The

rpdX)=—SgrLe(x)] ro e Va/2xl<l, ®)
where Vawg(wzQ/enc)(K/kBT), { is a constant of order

unity, K =[ (K,K) Y2+ (K,K)*2]/2 is a normalized transverse
elastic constanK is the longitudinal elastic constant, angl
is related to an attempt rate that is difficult to estimate.
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calculated profiles reproduce qualitative features of the exdent of sgng) for a given distance from the current contacts;
periment, including the decrease in the size of the phase-sli@ follows that the correct value of is that for which the
region with increasing temperature and with increasing driV'cun/esrps(e) for all symmetrically positioned pairs of volt-
ing current. The simulated slip regions are too small, how-age contactée.g., pairs 3—4 and 13—JL4ollapse onto each
ever, because the homogeneous nucleation model underesi, o, simultaneously. This procedure yield «=(1.0
mates the amount of slip for a given strain away from thei 0.5)x 103 um~* at 90 K. For comparison, the modula-

current contacts. . tion of the single-particle resistance by the CDW stfain
The origin of the discrepancy between our measurements,

of r,{x) away from the current contacts and E8) is not gives a valugB/ k~5x 10" ® for typical driving current den-

S " - sities, which is too small by two orders of magnitude. Simi-
known. One possibility is that the additional phase slip is duﬁarly a modulation of the )e/Iastic constant or%lamping con-

to dislocation motion along the direction of current flow, as )
has been discussed by Git®> The derivation of Eq.(8) stant of the order of 10% would be required to cause the

assumes that dislocations grow and add or remove pha§Pserved asymmetry, far greater than can be expected from
fronts where they are nucleated. But dislocations can mové€ change in the CDW wave vector of order 0.1% that re-
with the moving CDW as they grow, and in the presence ofults from the macroscopic strain field.
shear stresses such as those associated with field fringing at It therefore seems likely that the observed asymmetry is
current contacts or with variations in crystal thickness acrosg§0t a property of the elastic CDW, but rather is a conse-
the crystal widtf? they can glide along the CDW as well. quence of the phase-slip process. The shape of the observed
Although simple estimates and measurements of the transieDW current profiles is determined by the phase-slip rate far
response of the CDW indicate that the first mechanism is nofom the current contacts, and this rate is not accounted for
significant?® the second could result in substantial slip oc-by existing models of phase slip. This suggests that a char-
Curring far from the contacts where the strains are too smamcteristic feature of the mechanism that leads to the excess
to produce appreciable nucleation. The discrepancy betwedase slip is sensitivity to the polarity of the driving electric
the measured and predicted slip-strain relations could alstield.
arise because dislocations form by some other mechanism
(although this mechanism should exhibit a strong variation
of rate with straif), because of dislocation-dislocation inter- D. Consequences of the observed(x)
actions, or because of the effects of the fluctuating strains Aside from their importance in elucidating the mechanism
associated with the moving CDW'’s interaction with underlying phase slip and current conversion in CDW con-
impurities>®% ductors, the present results explain some previously puzzling
observations and have broader implications as well. In
NbSe, the spectral width of the coherent oscillations that
accompany dc current flow increases rapidly when the tem-
A surprising feature of the CDW current profiles is their perature is decreased below 120 K, and the fundamental
asymmetry with respect to the driving current direction.spectral peak develops a low-frequency tail. The mode-
Equation(5) for j. together with Eq(8) for r{€) predict locking steps on the dt-V characteristic become rounded,
thatj.(x) is symmetric anck(x) is antisymmetric about the the corresponding peaks ihv/dl become broadened and
midpoint between the current contacts. At 70 and 90 K, how+educed in amplitude, and most subharmonic peaks disap-
ever,j.(x) has an antisymmetric component that is about 3%pear entirely’® In addition, the onset of CDW conduction at
of its symmetric component ang(x) has a symmetric com- threshold becomes progressively more gradtdlhese re-
ponent that is about 10% of its antisymmetric componentsults are inconsistent with purely elastic models of CDW's,
Similar asymmetries have been observed in the semiconduaihich predict a vanishing spectral width for the coherent
ing materials Ta$(Ref. 22 and K, M003.3* oscillations, sharp mode-locking features, and a single form
The asymmetry in.(x) can be described phenomenologi- for the dcl-V characteristic over a broad temperature range.
cally by introducing an additional term in the CDW equation  The observed behavior is a consequence of the evolution
of motion. The lowest order term with the proper symmetryof the CDW current profile with temperature. The width of
is obtained by replacing x(de/dx) by «(deldx)  the region near the current contacts where the CDW current
+sgn()Be in Eq. (5). Gill suggested a formally equivalent is below its midsample valugl'® grows rapidly below 120
model to account for an asymmetry in the response to nonk. The CDW moves more slowly in these regions, producing
uniform driving fields*®*® Several mechanisms can give rise a distribution of coherent oscillation frequencies below the
to such a term to leading order, including the modulation offundamental spectral peak correspondingctd‘. This distri-
the single-particle resistivity by the CDW strain, nonharmo-bution of velocities and coherent oscillation frequencies
nicity in the elastic energy due to electron-hole asymmetryleads to rounding of thé&j.)-V characteristic, particularly
and a dependence of the CDW damping constamin the  near threshold or in short specimens, and to rounding of the
local CDW wave vectoQ(1+e). mode-locked steps, as is evident in Fig. 7. The detailed ef-
Postulating that such a term is responsible for the obfects on mode-locking behavior are likely quite complicated,
served asymmetry, we estimate the value of the parargeter since there is presumably competition for locking of adjacent
The strain profilee(X;jt,8) can be calculated as a function regions with different preferred coherent oscillation frequen-
of B from our experimental CDW current profildsSince cies to different rational multiples of the applied ac fre-
we are assuming that the observed asymmetry is not due tguency. All of these effects are observed even in four-probe
the phase-slip process, the magnitude gfe,x) is indepen- measurements because the voltage contacts used in standard

C. Source of the asymmetry inj.(x)
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measurements are always heavily perturbing and the current
they shunt out of the crystal must be reinjected via phase
slip.

The present results also have ramifications for the analysis
of experiments measuring the dynamical CDW carrier den-
sity. n. can be determined from the relationship between
CDW current density and fundamental coherent oscillation
frequency asn.=(Q/e)(dj./dw.). Richard, Chen, and
Artemenkd! found thatd(j.)/dw. decreases with decreas- .
ing temperature at temperatures well beldyy, contrary to x
expectations. McCarteat al*? argued that this effect is due
to Interactions betyveen the normf“l carriers and the sliding FIG. 11. Schematic illustration of perturbation by a voltage con-
CDW. The analysis of the experiment, however, assUmegyct |n (a), the dashed line represents the macroscopic strain field
that j¢(x) is constant. Since the low-frequency tail is nOr- ¢(x) in the vicinity of a voltage contaddelimited by the vertical
mally ignored in determiningo. from the coherent oscilla- gotted lines in the absence of contact perturbations. Shunting by
tion spectrum, the measured, corresponds tgJ®, the the contact reduces the average current dengig(x)) in the
CDW current density in the region far from the contacts. Thesample cross section, as showrlin For a small perturbation, only
dip in j.(x) near the current contacts at low temperatureshe quasiparticle current density,) is reduced while the CDW
thus reducesj.) but notw,, leading to an apparent reduc- current density(j.) remains constant; the reduced electric field
tion in n,. The fractional reduction is predicted to be of the Pn(in) is compensated by a change in the CDW strain gradient near
order of 4,/L, the ratio of the length of the phase slip re- the contacfsolid line ir?(a)]. The contacts become perturbing when
gions to the sample length. This is consistent with the ref€pet; @S shown in the figure, becomes comparable to
ported order of magnitude of the effect. A_x (€l IX) macro» the change in strain due tq the macroscopic strain

Dynamical critical behavior predicted based on elasticf'eld between a current contact and the adjacent voltage contact.

models of the CDW has been the focus of much of the the, .46 . . )
oretical attention devoted to CDW's for more than aAppIymg Eq. (9) to the data of Itkiset al. yields a phase

decadé~® Various experiments have attempted to confirmsnr?1 rsgrlr?nalrgbﬁsl\(/l) (?/v%a\t,\/ighogs\grl\?(taz %nl\}gg‘ﬁ?irgiz of els?g
predicted scaling forms for the dicV characteristic just R P 99

above threshoff and near the edges of mode-locked stéps. that many of the concluspns drawn here should be appli-
! . ; cable to other CDW materials.
The present results showing that substantial phase slip occurs

over large distances in Nbgénply that these predictions,
being based on purely elastic models, are experimentally ir-
relevant. Coppersmiffi has pointed out that for sufficiently Previous attempts to measure CDW current profiles in
large systems, elastic models exhibit local regions with veryNbSe and other materials were unsuccessful because of con-
large CDW strain and thus must fail due to phase slip. Whilgact perturbations. Before concluding, we present a discus-
this observation is of fundamental importance, the effects osion of these perturbations and the extent to which they may
phase slip at current contacts on observed properties is mamffect our experiments.
orders of magnitude larger. Voltage-sensing contacts on the surface of a sample shunt
current out of the sample, modifying the electric field and
E. Determining the phase-slip distribution in other materials CDW current distributions in their vicinity. As discussed by
Maheret al,'8 only the quasiparticle current density(x) is
reduced beneath the contact if the amount of current shunting
is sufficiently small. A CDW strain gradient develops in this
region to offset the decrease in electric field and k¢gp
constant, as illustrated in Fig. 11. If the voltage contact

(e)

{Jtot)

F. Contact perturbations

The CDW current profiles in other CDW materials, in-
cluding Ta$ and K, s;Mo0O;, have not been determined. This
is due in part to the difficulty of forming high-quality non-
perturbing contacts to these materials. More importantly, un

like NbSe these materials are fully gapped below the CDWshunting is large, however, the straifix) near the contact

transition and have much smaller _single-partiple densit_iesmay become large enough to cause phase slip. This occurs
As a result, the effects of CDW strains on the S'ngle'pa.rt'dﬁgore readily at the voltage contacts nearest the current con-
resistance are much larger, and the S|mple separation ¢ cts, where the macroscopic strain field is largest. In our
CDW and single-particle currents using Ef) is nota good gy erimental geometry, the measured CDW current profile is
app“?x'ma“‘g?- . ) . thus strongly perturbed if the change in strain caused by a
lt_k's et al: have succeeded in measuring the CDW Stralr\/oltage contactj €,¢1, IS comparable to the change in strain

profile €(x) in Ko MoOj versus driving current by measur- g, q 14 the macroscopic strain field between a current contact
ing the modulation of the infrared absorption by CDW strain. ;1 4 the nearest voltage contatt( e/ x) macro.

Using the mpdel of Adelmaat "’?'-' thes_e rgsults can t.’e. ana-  one way to test experimentally for phase slip induced b

Iyzgq T[O estimate the phase-slip distribution. Cqmblnlng thei:ontact pe)r/turbations ?s to injectycurrepnt throug;)h contactsyl

Seflnllgon(g)frpgé(), Eq. (.1)’ atﬂgité]e .CDW/SQT(;'OU %f MO and 16 and measure the CDW current density profi(®) in

1on, £q.{5), and assuming pLic()]/dx yielas the region between contacts 2 and 15. Since the current con-

2 tacts are far away from this region, any phase slip observed
Q« 9”€(x) _ (9) can be attributed to voltage contact perturbations. As shown

ens(pntpc)  9x? in Fig. 8,j2(x) is essentially constant at 90 K, indicating that

rps(x)% -
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TABLE II. Comparison of the calculated strain difference from the table that\x«(de/ 9X) macro decreases rapidly with
caused by perturbations at a voltage electrod®epeqr, With the increasing temperature whileA e, is relatively indepen-
strain differenceAx«(Je/ 9X) macro measured in sample 1 between gent of temperature.
adjacent contactscA eyt is given for the cases of ideal nondissi- At 70 and 90 K,xA €pert IS MUCH €SS tham A €3¢0 €VEN
pative contactdsecond columnand for a small contact interface jn the very conservative case of ideal contacts, and we expect
resistance(third column. The contacts are perturbing when the the yoltage contacts to be essentially nonperturbing.
magnitude of kAepe; is comparable to or greater than that of At 105 and 120 KaKAepert is comparable tacA €macro-

AXx (€l 9X) macro- A €macroCOUId N0t be measured at 135 K due to 5ome phase slip is probably occurring near contacts 3, 4, 13,

contact perturbations. and 14 at 105 K. The effect is even more pronounced at 120
K, where we cannot rule out phase slip at any of the contacts.
KA €pert KA €pert At 135 K €(x) could not be measured since, as discussed
(V) (V) Axk (€l X) macro above, the contacts were completely perturbing. Extrapolat-
(1) Cé':t‘;ilts; (t%rﬁal::rtl;z ( AXLIL;\S),LLm) ing the trend of decreasingA eper from lower temperatures
using theV,s measurements of Mahet al® suggests that
70 -52 -15 160+ 1 kA €per Is roughly 200% of the strain necessary to cause
90 -73 -21 63+ 1 phase slip at this temperature. This implies that the voltage
105 -85 —24 41 contacts should be strongly perturbing, consistent with ex-
120 -9.4 —-2.7 2+1 periment.
135 -9.1 -2.6

V. CONCLUSIONS

We have measured the spatial distribution of CDW cur-
contact perturbations are too small to cause phase slip in thignt densityj ;(x) and phase slip,{x) for the Tp, CDW of

geometry. Similar results were obtained for all expg()rimentaNbS% using arrays of micron-scale contacts. We conclude
conditions presented here excepfat 135 K, wherej:(X)  from measurements and calculations that contact perturba-
dipped due to phase slip near contd@g) and(13,14. This  tjons were negligible at temperatures well below the transi-
dip was typically about half of that observed when injectingtion temperature. Appreciable phase slip occurs in regions
through pair(2,19, indicating that the triplets of contacts that extend less than 40m from the current contacts at
(2,3,4 and(13,14,15 were strongly perturbing at 135K.  near 120 K but grow to hundreds of micrometers at lower
This experimental test does not rule out phase slip due tgsmperatures. The phase-slip profile is also asymmetric with
contact perturbations below 135 K when injecting current akespect to driving current direction, implying an asymmetry
contacts 2 and 15, however, since in this case the voltaggetween phase front addition and removal.
contacts are much closer to the current contacts where Analysis of the CDW current profiles yields the CDW
€(X)macro IS large. We estimate the importance of contaclstrain distributione(x) and the locaf ,¢e relation. This re-
perturbations below 135 K using the model of ESL. The  |ation is not unique: for a given strain, the phase-slip rate
magnitude ofxAeper Was evaluated by solving Laplace’s jncreases with distance from the current contacts. These ob-
equation numerically for the electric field distribution near aseryations are inconsistent with the predictions of models of
side voltage contact. Treating the contact as a perfect corphase slip via strain-driven homogeneous defect nucleation,
ductor with a perfect interface to the sample and assuming and provide evidence for amplitude defect motion. The pres-
sample thickness of 1.4m, an electrode width of Zm and  ence of substantial amounts of phase slip large distances
a resistivity anisotropypy/p,=10 yields that 14% of the from the current contacts explains the apparent loss of coher-
quasiparticle current is shunted by the contact. A more realence of the sliding CDW at lower temperatures, and indi-
istic estimate including a finite interface resistance of 10cates that phase-only models of CDW dynamics may be

Qum? yields 4% shunting® . _ largely inapplicable to the sliding CDW in Nb$eOur
The corresponding change in stralrepe in the region  analysis of the strain profile measurements of Iedsl. in
under the contact due to perturbations is, from &, K .sM0Oj5 suggests that most of these conclusions also hold

in that material.
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Table 1l compares the calculated valuesxaf €, for a APPENDIX: CORRECTIONS TO EQ. (4) FOR 1ps(x)
current densityj = 3j7(90 K) = 40.8 uA/um? with the From the definition of s, Eq. (1), we have
measured values otAeq,c=AXK (€l IX) macro IN SAMPle
1. The quoted values uskx=20 um, the shortest contact - , _ e”CfX”*l

A X ! ; - = = rod X x) dx,

separation in our experiment, ar@d e/ IX) macroMeasured in (Jednsan=(Jchnn-1 Q Jx, , pdX) Gn(X)
the center of the sample, where it has its smallest value. Note (A1)
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where 2a [a I a -1,
X=Xp,—aln TR exp——1 +|— exp——1/|.
Xnt1= X, X <X<Xpy1 + -l a + a (A3)
9n(0) =1 XXn-2)/1-, X”‘1<)_(<X” A2 Eora typical value oh=80 um at 90 K, this indicates that
0, otherwise. the phase-slip rate for contacts 3 and 14=1_=20 um)

and contacts 5 through 12 (=1_=70 um) as evaluated
(4) follows when the lengths, andl_ are nearly equal and using Eq.(4) correspond to the phase-slip rate @ and 5

terms of second order and hiaher in a Tavlor expansion of‘m from the contact toward the current electrode, respec-
9 y P ively. These small corrections are on the same order as other
rpdx) aboutx, are small.

. ) systematic errors in the experiment. A larger correction is
M os(X) wasofound empirically to have the approximate required for contacts 4 and 13 (=20 um, |, =70 pm):

form r(x)~r s exp (—x/a) away from the current contacts, pecause,>|_, the measurement weights more heavily the
wherex=0 corresponds to such a contact. We use this ext, segment. The phase-slip rate calculated from(Bgcor-
pression to evaluate corrections to E4). Substituting into  responds to the phase-slip rate A8 from the contact to-

Eqg. (A1), we find that the phase-slip rate calculated using thevard the center of the sample. These corrections were ap-
approximate Eq(4) in fact corresponds to the phase-slip rateplied to the data in Fig. 9 by extrapolating the strain linearly

Here we defined , =x,, 1 —X, andl _=x,—X,_4. Equation
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