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Spatially resolved studies of charge-density-wave dynamics and phase slip in NQRSe
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We have performed spatially resolved measurements of the charge-density@izwe response to bipolar
current pulses. These measurements directly yield the distribution of the CDW phase slip, the temporal evo-
lution of the CDW elastic-force and strain profiles, and the local relationship between the phase-slip rate and
strain. The steady-state elastic-force profile is strongly coupled to the phase-slip distribution. This coupling
increases the CDW strain gradient near the current contacts, and reduces the size of the region in which
significant phase slip occurs. Simulations of a model for CDW dynamics that includes the elastic-force—phase-
slip coupling provide an excellent quantitative account of the complex spatiotemporal response. Our results
imply a revised interpretation of the pulse-sign memory effect, establish the connection between CDW strains
and the phase-slip voltage, provide insight into the processes underlying phase slip, and have broad implica-
tions for the understanding of previous transient and steady-state measurements in CDW systems.

l. INTRODUCTION fronts3°~1% Phase slip is required for conversion between
collective current and single-particle current at current con-
In quasi-one-dimensional metals such as NjSmllec- tacts, and thus plays a central role in CDW transport.
tive charge transport by moving charge-density waves As shown in Fig. 1, when the CDW is depinned between
(CDW's) results in many unusual phenomeéna CDW con-  current contacts by an electric field applied between them,
sists of a modulation of the conduction electron densitythe CDW well beyond the contacts where the field is
An(x)=n,;co§Qx+ ¢(x,t)] and an associated modulation of zero must remain pinned. The CDW thus compresses
the positions of the lattice atoms. The modulation wave vechear one contact and stretches near the other, resulting
tor Q is determined by a nesting vector of the quasi-onein a macroscopic spatial variation ap and a straine
dimensional Fermi surfaceQ=2k;. The modulation’s =d¢/dx.’ 014181 This strain drives formation and growth
phase¢ with respect to the underlying crystal lattice gives of CDW dislocations, resulting in phase front addition at one
the phase of the CDW order parameter. Impurities pin theontact and removal at the other and allowing steady CDW
CDW relative to the lattice and produce spatial variations ofmotion between the contacts. The net phase-slip rate is deter-
¢. Applied electric fields greater than a threshold field depin
the CDW and allow it to slide through the crystal, resulting . .
in spatial and temporal fluctuations ¢f and a current, (O> Uot < T
xdglt. _ _ . ’Hof\LH H/Fifof
Many properties of pinned and sliding CDW'’s have been

analyzed by assuming that the bulk spatial and temporal
variations of the CDW phase are described By

7%— KV2¢= (ﬂ E+ny >, v 8(x—X)siN(Q-x+ ¢),
ot Q =1
1) (b) Uot > T
wherey is the intrinsic CDW dampingK is the elastic con- imM—l Ti’w"
stant,n. is the CDW condensate density, is the applied
field, and the rightmost term describes CDW interaction with N
randomly distributed impurities. Related equations have been d

used to describe depinning and dynamics of flux lattices in

type-Il superconductors, fluid invasion in porous media, and \/WW\/\/\/\/\/WW\/WWVWWVWWV

a variety of interface motion probleisCDW's are thus

viewed as a prototypical system for study of collective dy- g, 1. A CDW crystal with two current contacté) For an

namics in the presence of disorder. applied current,,<it, the CDW remains pinned to impurities and
However, many properties of CDW systems cannot bes unstrained(b) For i,,c>it, the CDW between the contacts de-

accounted for by Eq(1) because it neglects fluctuations of pins from impurities but the CDW well beyond the contacts remains

the CDW amplitude. More specifically, it neglects phase slippinned, so that the CDW becomes compressed near one contact and

in which amplitude defect&dislocationg form and grow in  stretched near the othglhe CDW in NbSg has a negative charge,

the CDW superlattice, so as to add or remove CDW phaseand moves in a direction opposite to that indicated.
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mined by the strain profile, and determines the steady-stateeen analyzed by Ramakrishegal.,'* using earlier ideas of
CDW currenti,.**** Contact-related CDW deformations Maki>'®and of Feinberg and FriedeAssuming thatV s is
and phase slip dominate the measured properties of CDWropped uniformly between the current contacts and that the
materials at lower temperatures and in shorter samples, ar@DW beyond the current contacts is strongly pinned and
are responsible for most CDW memory effects. Phase slip isoes not move, the CDW strain between the contacts is given
also required in the temperature variation of the CDW waveby
vectort®the breakup of the CDW as it is warmed through the
Peierls transitiod;*® the depinning of inhomogeneously

; 120 ; P 1d¢p en x 1
pinned CDW'’s?° and perhaps also in the depinning of local- €X)= = — = —mr 3(_ — _),
ized regions of the CDW in large sampfés. Qox QK ML, 2

Here we describe spatially resolved measurements of the
CDW response to bipolar current pulses. Analysis of thesavherelL, is the current contact separation axds the dis-
measurements yields the temporal evolution of the CDWance measured from one of the contacts. The strain varies
strain profile and the distribution of phase slip between thdinearly with position and its maximum magnitude at the
current contacts. Simulations of a model for CDW dynamicscontacts is determined BY,s. Strain reduces the energy bar-
in the presence of phase slip provide an excellent account afer for thermal nucleation of dislocation loops, resulting in a
the complex spatiotemporal response. These results providecal nucleation rate given by
detailed insight into the phase-slip process and its role in
CDW dynamics, and have broad implications for interpreta-
tion of previous measurements. Preliminary results of this = F{—(ﬂ) —Va
I X)=Trgex
work have been reported elsewhété® P Q / 2QKe(x)
The outline of this paper is as follows. Section Il reviews

previous work on contact-related CDW deformations andwhereV, andr, are related to the barrier height and attempt
phase slip. Section Ill describes sample preparation and megate for dislocation loop nucleation, respectively. The nucle-
surement techniques. Sections IV A and IV B present the eXation rate varies rapidly with strain, so that most of the
perimental results. Analysis of these results in Sec. IV C espucleation occurs near the current contacts, where the strain
tablishes a connection between the CDW current and elastigs |argest. Assuming that the local phase-slip rate is deter-
force profiles, and explains the origin of the CDW transientmined only by the local nucleation ratand not by the sub-
response. Section IV D shows how the CDW strain profilesequent growth and motion of the dislocation loppise net
and its temporal evolution can be directly determined fromphase-slip rate can be obtained by integrating Bj.over
experiment. Section IV E combines the resulting strain prothe strain profile in Eq(2) as
file with the measured current profile to obtain the local re-
lationship between the phase-slip rate and strain. Section V
describes simulations that include phase slip in the model of | = (V_ps) exp( _Va) @)
Sec. IV C, and their predictions for the transient response. ¢ 0 Va Vs |’
Implications for interpretation of previous measurements of

CDW phase slip and of the CDW transient response are diSyherel| oL . andV, increases strongly with decreasing tem-
cussed in Sec. VI. Broader implications for understanding oferature.

@

; )

CDW systems are discussed in Sec. VIL. Equation(4) provides a good fit to the measurédV s
relations in NbSe, andV, values obtained from fits to dif-
Il. REVIEW OF PREVIOUS WORK ferent samples are consistent and show roughly the predicted

temperature variatiot>*However, the experimental magni-
tude ofV, is an order of magnitude smaller than predicted in
CDW phase slip has been widely studied usingl e Ref. 14 for nucleation of pure edge dislocation loops, sug-
measurementd?1121524Early experiments found that to gesting that mixed loops are nucleated or that inhomoge-
produce steady CDW motion between current contacts, aeous nucleation is importafft?® Further, experimentall,
“phase-slip voltage™V s must be applied, in addition to the values do not show a predicted dependence on current con-
voltage required to overcome bulk pinning and dampingtact separatior., suggesting that the strain profile is not
forces. Vs has been assumed to produce the CDW strainlinear and/or that the phase-slip distribution is different than
which drives phase slip. Since the CDW current density ighat predicted by the analysis of Ref. 14.
determined by the net phase-slip rate, measurements of the
i-Vps relation yield information about the phase-slip-rate—
strain relation. Using methods introduced by Giléxperi-
ments by several groups-!?152%n NbSe and TaS have Many experiments provide indirect evidence for the
shown that the phase-slip rate increases rapidly with increagoundary-condition-related CDW deformations that drive
ing Vs, and that thev s required to obtain a given slip rate phase slip:'®?°~**The single-particle resistivity in semicon-
increases strongly with decreasing temperature, suggestirtucting CDW materials such as Ta%nd Ky sMoO 3, which
that phase slip is thermally activated. strongly couples to CDW deformations, varies with position
Phase slip may occur both by homogeneous and by inhdsetween the current contacts and with the direction of current
mogeneoudi.e., defect-assistegrocessed®”?°Phase slip flow.’® The optical transmittance of &MoO5, which de-
by homogeneous thermal nucleation of dislocation loops hapends upon the single-particle resistivity, shows a

A. Phase slip

B. Static and transient CDW deformations
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rate varies with strain, the effect of phase slip on the strain
profile is ignored. Second, while all experiments have used
side current contacts as in Fig. 1, the effect of CDW defor-
mations(and any resulting phase slipccuring beyond these
contacté’ on deformations and slip between them has not
been accounted for. Third, while the post-nucleation growth
and motion of dislocation loops has been qualitatively dis-

cussed, their effect on the rate and distribution of phase slip
has not been established. Fourth, while the CDW strain and

h phase-slip rate are expected to vary strongly with position,

time

applied current

the four-probe configuration used in previous dc and tran-
sient measurements effectively averages over these varia-
tions, so that the underlying locér nonloca) relation be-
tween slip and strain has remained obscure. And, finally,
while most phase slip is expected to occur near the current
contacts, neither transport measurements nor x-ray scattering
measurements have probed this important region.

FIG. 2. The pulse-sign memory effect. When an applied current 10 address some of these issues, we have performed spa-

pulse is preceded by a pulse with the same sign, the CDW curredtally resolved electrical measurements of the dc and tran-

follows the applied current. When the preceding pulse has oppositgient CDW response in NbgeThese measurements provide

sign, the initial CDW current is larger than its steady-state value. detailed insight into the relationship between phase slip and
strain in CDW conductors, and into the role of phase slip in

similar variation with positior?® When the CDW is depinned  ransient CDW dynamics.
in one segment of a crystal, the resulting deformations ex-
tending beyond the contacts can help or hinder depinning in
an adjacent segment, depending upon the relative signs of
current flow?’ NbSe; grows in the form of long, ribbonlike whiskers
Direct evidence for boundary-condition-related CDW de-with typical thicknesses of a few micrometers, widths of a
formations has been obtained from x-ray scattering measurgew tens of micrometers, and lengths of centimeters. Inde-
ments. Longitudinal strains produce a shift in CDW wavependent CDW'’s form below Peierls transitionsTat = 145
vectorAQ(x) = d¢/ox. DiCarloet al'” found that the wave- .4 T. =59 K !
vector shift increases strongly with increasing current ancr P2 '
decreasing temperature, similar to the measured behavior of Experiments were performed _on tﬁ—e‘_’l COW at _tem-
the phase-slip voltag¥,. For the middle two-thirds of the Peratures betweefip, and Tp,. High-purity NbSe single
region between current contacts probed in the experimentsyystals were prepared using the methods described in Ref.
the wave-vector shift varied roughly linearly with position 35. The crystals were held to alumina substrates patterned
between the current contacts, apparently consistent with Equith an array of 2um wide, 0.25um high contacts, using a
(2). These results indicate a general connection betweethin polymer film3® Typical contact resistances were 300
contact-related CDW deformations ai}s, and between (1, roughly two orders of magnitude larger than the sample
these deformations and phase slip. resistance between contacts. Combined with NfsSalectri-
One of the most striking manifestations of phase-slip-cal anisotropy, these resistances ensured that the contacts
related CDW deformations is the pulse-sign memorywere essentially nonperturbing.
effect?28-33As first shown by Giff® and illustrated in Fig. 2, Two contact configurations were used, as shown in Fig.
when an applied current pulse is preceded by a pulse of thg(a,b. In all measurements, the sample was current biased
same polarity, the voltage follows the current. But if the pre-and the voltage response was measured for each pair of ad-
ceding pulse has opposite polarity, the initial voltage isjacent voltage contacts. The total applied curigp(t) flows
smaller than its steady-state value, indicating that a transiernts single-particle and CDW currents,
excess CDW current flows. Gill suggestdbat the transient i,(t)=ig(x,t) +i.(x,t). CDW motion, thus, reduces the
is due to CDW motion between its steady-state strained prasingle-particle current below,, and reduces the voltage be-
files appropriate to the two current directions. X-ray scattertween a given contact pair by
ing measurements by Sweetlagidal 3* showed that the time
scale for the evolution of the CDW wave vector when the
applied current direction is reversed is comparable to that of Ap.= f"m i (x.1)dx )
the transient observed in the electrical response, confirming n Psl el '
this interpretation. However, many features of four-probe
measurements of the transient response are inconsistent with ] ) ] o )
simple models for the deformations. wherepy is the smgle-par_tllcle resistivity per unit length and
Although previous theoretical and experimental work hasta and x,,are the positions of the voltage contacts that
illuminated many aspects of CDW deformations and phaséefine thenth sample segment. The average CDW current
slip, many aspects have remained obscure. First, while thibowing between thenth voltage contact pair is given by
analysis of Ramakrishnat al* predicts how the local slip icn=Aun/Rs. For dc measurement®yv,, was calculated

time

CDW current

IIl. EXPERIMENTAL METHODS

Xn_
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FIG. 3. Contact configurations used in the experiments. Num-
x (um)

bers identify sample segments between adjacent voltage contacts.

FIG. 4. Steady-state CDW current profiles in NRSat T=90 K

from the measured voltage, asAv,=psii—Un; fOr tran-  for four different applied currents, measured using contact configu-
sient measurement®yv, was determined using an active ration A in Fig. 3. Current contacts are located at the left and right
bridge. axes, and the positions of the voltage contacts are indicated on the

Quantitative interpretation of transient response measures axis. The .profiles for.opposite f:urrent .directions Qiﬁer slightly. As
ments requires a careful choice of the applied current pulsghown in Fig. 9, the single-particle resistarRg=v/i,; measured
sequence. An applied current pulse deforms the CDW, a\éll'[h |mt<_|T is t_he_sar_ne for all segment; and is independent of
shown in Fig. 1. If the current is set to zefor reduced S@mPle history, indicating that the decreasé (k) near the current
below thresholiiat the end of the pulse, as in Fig. 2, pinning contacts is not. due to contact-geometry-related field variations or
by impurities will tend to keep the CDW in this deformed CDW deformation-related changes

state. Phase slip and CDW motion driven thermally and by )
the CDW elastic force will eventually relax the CDW to- #M Of the current contacts. Some phase slip may occur be-

wards an undeformed state. As a result, the magnitude of th&nd the cur3r7ent contacts, but no current was detectable be-
transient observed when a current pulse of opposite polarityond 20um.*" Detailed measurements of the CDW current
is applied will decrease as the pulse separation and thus thgofile as %f“”Ct'O” of current and temperature are dejf”bed
time for this relaxation is increased. The measurements wer@SeWhere: Other attempts to determine this profile
performed with zero pulse separation in order that the tran?@ve been complicated by contact perturbations.
sient magnitude reflect the full magnitude of the CDW de-
formations in the two current-carrying states. B. Transient evolution of the CDW current profile

All of the experimental data presented here were mea-
sured atT=90 K, using a single high-purity NbS3ecrystal
with a thicknesg=1.9 um, a cross-sectional arde=11.4

Figure 5 shows the transient CDW responde (i) to

um?, a threshold fieldE(T=90 K)=160 mV/cm, and a =1
threshold current+(T=90 K)=205 uA. The small cross- S
sectional area ensured that field and current inhomogeneities o
due to current injection were confined to a very small region ;5
near the current contacts. Qualitatively similar behavior was 3
observed in other samples and at other temperatures. The K 1
magnitudes of the various effects studied vary strongly with < §
temperature. s
2
IV. EXPERIMENTAL RESULTS AND ANALYSIS - —
A. Steady-state CDW current and phase-slip profiles >1§ +5
Figure 4 shows the CDW current in Nb$at T=90 K as S /\@%-
< o lf ! |

a function of position between current contacts, for four ap-
plied currents. The CDW current is largest in the middle of
the sample and decays as the current contacts are ap-
proached. The slope of the current profilig /dx is propor- FIG. 5. CDW response in Nbgeat T=90 K to a sign reversal
tional to the local phase-slip rate per unit length. Most of theof an applied currenti . ~5i, measured using contact configu-
phase slip occurs very close to the current contacts: the CDWationB. Numbers indicate the response of each sample segment in
current reaches 90% of its midsample value within 30Fig. 3(b).

0 20 40 60 80 100 120 140 160 180
time (us)
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FIG. 6. Evolution of the CDW current profile when the applied
current direction is reversed, calculated from the data of Fig. 5. o L ) ,
. by _ . . o
Time t=0" indicates the profile immediately after the current di- 0 100 200 300 400
rection reversal, and=< indicates the steady-state profile. The ic (uA)

solid lines are guides to the eyes.

FIG. 7. Pinning fieldE, at T=90 K for the NbSg sample
a reversal of the applied currefit,|~5I+, for each of the studied here. The dotted lines at a4 and 183uA indicatei? for
sample segments indicated in Fig. 3. Figure 6 shows th#he data of Fig. 9.
corresponding transient evolution of the CDW current
profile*? The response is roughly symmetric about the mid-file of the CDW elastic force~K[d°¢/dx?(x)] can be de-
point between the current contacts, and has faster initial tim&ermined from the measured CDW current profiléx).
scales and larger transients near the current contacts. The Ep(i.) can be directly determined from the dev rela-
transient response observed in previous four-probéion measured using widely separated current contacts. As
measurements®~33 decreased monotonically in time, and discussed in Sec. II, the phase-slip rate and total CDW cur-
could be fit using exponential or stretched-exponential timeent are determined by the CDW straércd¢/Jdx near the
dependencies. In contrast, the responses of the individuaurrent contacts. For a given CDW current, the required
segments in Fig. 5 are nonmonotonic and nonexponentiagtrain(as indicated by the phase-slip voltagg) is approxi-
especially near the current contacts. Transient CDW motiomately independent of current contact separatign®®24
is also observed beyond the current cont4t®he long-time  Thus, for large current contact separations the elastic force
responses in Fig. 5 correspond to the steady-state currents K (9% ¢/ dx?) < (del 9x) ~2|e(x=L.)|/L, becomes very

Fig. 4. small. ForL large compared to the voltage contact separa-
tion L, , the CDW current will be constant between voltage
C. Origin of the transient response: contacts, because most slip occurs near the current contacts.
The CDW current-elastic force connection Equation(7) then simplifies to yield

To interpret the transient response of Figs. 5 and 6 we

begin by considering a simplified, one-dimensional version Ep(ic)=psitor—(pctps)ic, Le>L,. ®

of Eq. (1), Figure 7 shows (i) at T=90 K for the NbSe sample
ib [en Fn studied here, obtained using E() and the measured
YW:(E)UE_EPHKW' (6)  ic(iy relation forL>L,. Whenliy|=it, Ep=E;. When

iwi1, Ep is nearly constant. Whefi|<it, i.=0, and
This equation determines macroscopic variations of thé=p can take on a range of values betweeBr and +E+ to
CDW phase¢ associated with boundary conditions by bal- cancel the applied fiel&.
ancing the forces due to CDW damping {¢/4t), pinning The relation in Fig.(7) yields the pinning force profile
(xEp), and elasticityf =K (92¢/x?)] with the electric force Ep(x) for any CDW current profild ;(x). Given this rela-
(<E). The effects of short length-scale phase variations asion, Eq.(7) andi(x) thus yield the CDW elastic-force pro-
sociated with impurity pinning are accounted for using afile for anyic(x)>0. For sufficiently large .(x), such that
phenomenological pinning fielEp, taken to be a function Ep(ic(x)) does not vary appreciably with positiarbetween
of i..* Both Ep and the electric fieldE vary withi.; i,  current contacts, the first two terms on the right-hand side of
varies with position, but the applied curren, does not. EQ. (7) are constant. Spatial variations of the elastic force
Using E=pds, iw=ictis, ic=A(en./Q)d¢l/ot, and Will then directly follow the spatial variations of the CDW
=oAL -2 imolifi current.
po= YA "(enc/Q) 7, Eq. (6) can be simplified as Equation(7) also has implications for the transient CDW
response in Figs. 5 and 6. When the current direction is sud-
6 ) denly reversed, measurementsTat 120 K (where deforma-
tions due to boundary conditions are smaiidicate that
where p. is the high-field CDW resistance per unit length. Ep responds with a time scale much smaller than that ob-
This equation suggests thatHg (i) is known, then the pro- served in Fig. 5. Equatiofi) thus implies that the transient

-1 &2¢

en
“o)

Psior— Ep(ic) +

I

_pc+Ps
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variation of the elastic-force profile determines and can be = - 1
determined from the transient variation of the CDW current

orofile. For sufficiently large(x.), these transient varia- | R
tions directly follow each othéF This interconnection be- 82¢ /822
tween the elastic force and CDW current profiles has been |
overlooked in previous work. It implies a revised interpreta-
tion of the transient response and, as will be discussed in
subsequent sections, has broad implications for interpretation
of experiments in CDW materials.

The coupling betweem,(x,t) and K(d%¢/ax?(x,t) im- o
plied by Eq.(7) can be directly tested by comparing the () @ o« psiter—Ep
steady-state and transient responses. Equéfijoocan be re-
written as

io(X)=12(X)+ i (x), (9)

where

[psitor— Ep(ic(X))] (10 x

i¢(itorsic(X)) oot pe

and FIG. 8. Schematic illustration of the relation between the current
profilesi¢(x), i2, and 8i(x)*a?¢/x? implied by Eq.(7). The

PR applied force € i) minus the pinning forceEp) must equal the

ﬂ Ka ¢ (11) damping force ¢i.) plus the elastic-force«{ i), so that the CDW

Q a_xz_(x)' current and elastic-force profiles must be coupled. The profiles
shown are for the case of large CDW currents, for wHighand

Each of these terms can be independently measured as fohusi? are constant. For small CDW curreni$will decrease near

lows: the current contacts due to the variationEaf(i ;).

(i) i¢(x) is the steady-state CDW current profile
i.(X,t—), as in Fig. 4.

(i) ig(imt,ic(x)) is the CDW current, due td,,; and
Ep(i;) alone. Althoughi,, is constant,i, may vary with
position, producing variations iBp(i.) and thus inig. For
smalli, iS must be explicitly determined from the applied

die(Xx)=

Pctps

Fig. 9 indicates that phase-slip-related variatiom.afear the
current contacts has a dramatic effect on the elastic force in
this region. For example, at 5bom from the current contacts

in Fig. 9,i is only 10% below its midsample value. But this

200
9

it and the measuredep(i;). For largei.(x) and ig, i@ = 183 uA

En(i (%)) is roughly independent of position and equal to ; ..... RO G.B. ..... d) ................. 1

Ep(iQ). 2 is then roughly independent of position and equals g ® 5

. . . . » - Q 4~

ic measured using widely spaced current contacts with —| @

L>L,. lo
(iii ) ol is the CDW current due to the CDW elastic force gl @ ® o o o B8 © 0 O

alone. In the steady state, the elastic force hinders CDW — — log

motion between the current contacts, so that the sighiof 3 a2 ~

iS opposite to that oﬁg. When the driving currenty ) + g v e

. .0 . . .. oL -0 5

changes signi,; also changes sign and the elastic force ini- % 0 e + 0%

tially aids CDW motion by an amount equal to its hindrance o R iQ = 54 yA 1

i the stea dy state. Thereforsi, can be | dete.rmine dfom 6 ..... ; ..... RO (.b. ..... + .......... 1.

the transient part of the CDW current @s.=[i (X,t—») [ e = O &

—i(x,t=0"%)]/2. ‘ 1=
Equation(9) thus predicts that the dc CDW current pro-

. H 'O H T y 1 1 1 1 1 ] 1 1 1 1

filesi, andi; and the transient CDW current profil@ ., © 0 90 160 230 300 370 440 510 580 650

which have no obvioua priori connection, should be related
in a simple, quantitative way. This relation between the cur-

rent-proflles is illustrated schematically _'n F'g',%' o FIG. 9. Comparison of measured profilesigfandi2+ Si for
Figure 9 compares measured values 0andic+dic i o applied currents. Current contacts are located at positions cor-

NbSe; at T=90 K, for two applied currents,,;. For both  responding to the left and right vertical axes. The excellent agree-

currents, the values between the current contacts are suclnent confirms the coupling between the CDW current and elastic-

thatEp is approximately constafit. The excellent agreement force profiles. The single-particle resistanBe=uv/i,,, measured

— with no adjustable parameters — confirms the couplingwith i,,<it is the same for all segments and is independent of

between the CDW current and elastic force. Furthermoresample history.

x (um)
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o~ tion for NbSe; at T=90 K with |i,y/it|=5, obtained using
or 10T the Avn(t)ocicn(t) data of Figs. 5 and 6 and the measured dc
> |-V characteristid? .
o 27 The CDW strain profilee(x,t) xd¢/dx can be obtained
P by integrating the elastic ford€[ 32¢/ax?(x,t)]. In particu-
Z ot lar, the strain difference between adjacent voltage contacts is
—~ given by
N
< -5t
3 t t)= 9 t)d
E‘;—H} : I I ) ! ) ) ) ! 1 6(Xn+, ) E(Xn” )_ Q Xn (9X2 (X, ) X
S _
enc | (*n.

{T\ 107 =(pstpc) @2 . di dx
N (b) strain —t=ee "
© 5r ~—t=13us :Ps+pc ene [Av
5 Ps KQ2 "
- Ot
—_ _(Xn+_xn7)psi 8], (12
8
© -5
N =0+ wherex, andx, are the positions of the two contacts that
\g/_m e bound thenth sample segment antlv, is the response of

0 x (um) 670 that segment. Note that this equation gives the exact strain

difference between the voltage contacts, and not a space-

FIG. 10. Evolution of(@) the CDW elastic-force profile ant) averaged vglu_e. These strain differences dgtermine the strain
the CDW strain profile after a reversal in the applied current. TheprOfIIe to within an unkr_lown offset. Previous work has .
profiles are calculated from the transient response in Fig. 5 using'©Wn that the phase-slip rate depends upon the CDW strain.
Eq. (7). The dots in(a) indicate the average elastic force for each EJuation(12) shows that the CDW strain depends upon the
segment, and are positioned midway between adjacent voltage cofgPW current distribution, and thus upon the distribution of
tacts. The dots itib) indicate the strain at each voltage contact. The phase slip.
solid lines are guides to the eyes. Profiles are showt=@", 1, 3, Figure 1@b) shows the time evolution of the strain profile
5, 10, 15, 20, 30, 50, and 6@s. calculated using Eq(12) and the data of Fig. 5, witlg

chosen for each profile so that the strain in the center of the

increases the CDW elastic for¢measured down fronf to sample is zer8® Near the sample center, where the CDW
i) by more than a factor of three. current is approximately constant, the steady-state strain var-

An important assumption in the above analysis is that thées approximately linearly with position, consistent with pre-
single-particle resistancg of each sample segment is not Vious x-ray measurements. Near the current contacts,
affected by CDW deformations and phase slip. Changes iwhere phase slip produces a smaller CDW current, the
R, would change the apparent CDW current steady-state strain is significantly enhanced over its linear
i. =i—vn/Rs, and thus modify the measured transient€xtrapolation. Furthermore, the strain’s transient evolution
arn1d steady-state current profiles. Large changeRdrare near the current contacts is much more rapid j[han near the
observed in semiconducting CDW materials, such as3Tassample center. For example, after &S the stra:)n 2q“.m ,
and Ko, MoO,, where deformation-related CDW density from the _current co_ntacts has advanced to 90% of its final
changes can be comparable to the equilibrium single—particll—f‘alue' while the strain 14am frqm the current contacts h_as
density™16 But for theTp. CDW in NbSe, such changes are advanced to only 30% of its f!nal value_. Recent spatlally

P1 . . resolved measurements by ltkis and Bfilbf the optical

very sma]l. To examine the size of deforma.tlon-reIated,[ransmittance of i MoO; — which couples to the CDW
changes inRg at T=90 K, the CDW was polarized by a '

- : . ) strain — have yielded steady-state profiles that are qualita-
current pulse withi,|>it. Changes irR; were determined

; tively similar to that in Fig. 1(b).
by measuring the response of each sample segment to a sec- y g- 10)

ond pulse withi,,,<<i using a bridge. For polarizing pulses ) ) _
of opposite sign, the bridge output was identical to within E. The local slip-strain relation
one one-hundredth of the overshoot size. Deformation- Previous four-probe measurements |Qf_Vps relations

related changes iR thus have no significant effect on the show how the total phase-slip rate varies with the average
CDW currents measured here. strain magnitude within a sample. The present measurements
of the CDW current profile yield both the phase-slip profile
D. The CDW Strain Profile rpX)ecdic/dx and the strain profilee(x). Comparison of
The analysis of the previous section provides a methodhese profiles thus gives a direct estimate of Itheal rela-
for determining the CDW elastic-force profile tionship between the phase-slip rate and stngige(x)).
K[ d?¢l 9x3(x)] from the CDW current profilé,(x). Figure The strain at each voltage contact between the current
10(a) shows the elastic-force profile and its transient evolu-contacts is determined from the CDW current profile in Fig.
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V. SIMULATIONS OF TRANSIENT CDW DYNAMICS

120

A. Model and simulation method

The results of the previous section establish that the CDW
elastic force and strain profiles are strongly coupled to the
CDW current and phase-slip profiles. To gain further insight
into the experimental results, we have performed numerical
simulations that solve for CDW motion in the presence of
phase slip. The simulation is based upon E@sand(3) and
proceeds in alternate time steps: phase is added according to
Eqg. (3), and the resulting phase profile then evolves accord-
ing to Eq. (7). The CDW current is given by
i.=A(en./Q)(d¢lat), and modifies the single-particle cur-
rentig=i,,—i. and thus the electric field=pgis. This cur-
rent is associated only with the post-slip phase evolution, and

01 2 3 4 5 6 7 8 9 10 not with phase slip itself. The phase and current profiles
K(d¢/dx) (1076 eV &-2) evolve until, in the steady state, phase is added by phase slip
at the same rate as it is removed by CDW motion and current

FIG. 11. Local phase-slip rate versus local strain at two posi{low.
tions, determined using contact configurati®n(®) indicates es- Taken together, these time steps solve for the evolution of

timated values at the current contacts:) indicates values 40 g phased(x,t), which is renumbered by phase slip and obeys
pwm from the current contacts. The solid line is a fit of the current
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4 using Eq.(12), with i%(io,i.) determined from the mea-
suredEp(i.) relationship. The phase-slip rate per unit length _ fx r (X, 1))dx’ (13)
) : pd , .
at each voltage contact can be estimated from the difference o
between CDW currents measured for sample segments on
either side of it. The first term on the right-hand side corresponds to the dy-
Most phase slip occurs very near to the current contactiamical evolution of the phase according to Ed@), and
The strain at each current contact can be estimated by egives the CDW currento d¢/4dt). The second term on the
trapolating the strains at the two nearest voltage contacts, 2@ght-hand side accounts for phase slip. The renumbered
wm and 40um away*® The phase-slip rate at each current phaseé describes spatial deformations of the CDW and re-
contact can be estimated from the CDW current measurethains well defined during phase slip. The original phase
between the nearest voltage contact pair. This CDW currentariable ¢(x,t) does not remain well defined. For example,
is created or destroyed by phase slip occurring between thegéen a constant CDW current flows between current con-
contacts, between the current contact and these contacts, at@gts, d@/dt must be finite there. But well beyond the con-
beyond the current contact. Most of this phase slip occurs itacts, the current and thusp/Jdt must be zero. The contrast
the immediate vicinity of the current contact, and simulationsbetween these regions implies thais poorly defined at the
discussed in Sec. V suggest that phase slip is distributedoundary.
roughly symmetrically about the contact. Thus, the phase- The effects of phase slip of(x,t) in the steady state is
slip rate at each current contact is estimated from half theshown schematically in Fig. 12. Initially, the CDW is dis-
CDW current measured between the nearest voltage contatirted. Phase slip occurs at both sides of the sample, reduc-
pair. ing the strain near the current contacts and renumbering the
Figure 11 shows the resulting,{ €) relations at a current phase downward between the contacts; this renumbering
contact and at a voltage contact Z&n from the current does not produce a CDW current. The forces acting on the
contact. The solid line indicates a fit of the current contactCDW drive it back towards its original profile, and this mo-
data to the local slip-rate—strain relation E8) predicted in  tion produces a current. In this way, the phgseontinually
Ref. 14. The valu&/,= 31 mV obtained from this fit is close advances, buf maintains a uniform profile. Steady state in
to the valueV,=35 mV obtained from fits to four-probe Eq. (13) is determined by 6/dt=0.
measurements by Mahet al'>2* for NbSe; at T=90 K.
The fit valuer y=5x 10 s~ m 1 is slightly larger than the
corresponding value obtained by Matedtral. ) ]
Although experimental uncertainties in thg(e) data at Figure 13 shows the voltage respomse, i calculated
the voltage contact are large, the phase-slip rate observesing Eq. 13 for an applied curreng; and contact spacings
there is clearly much larger for a given strain than is ob-equal to those used in Fig. 5. The values of the parameters
served near the current contacts. This indicates that thEp(i;), ps, andp. used in the simulation were all indepen-
phase-slip rate is not simply a function of strain. As dis-dently determined from steady-state measurements described
cussed in Sec. VII, the position dependence ofe) sug- earlier®® V, andr, were obtained from the fit in Fig. 11 to
gests that the phase-slip process is nonlocal, perhaps astte local slip—strain relation near the current contacts. The
consequence of dislocation motion. sole remaining parameter — the elastic conskanrt- deter-

B. Transient response simulation results
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| phase slip

1

x

FIG. 12. Schematic illustration of a time step used in the simu-
lation. Phase slip occurs near the current contéictsicated by
dotted vertical lines reducing the CDW strain there and shifting
the CDW phas& between the contacts downward. CDW motion,
driven by the applied current, increasebetween the contacts and
the strain near the contacts. In the steady state, the phase change per
unit time due to phase slip is equal in magnitude to that due to
CDW motion and §6/4t)(x,t)=0.

mines the time scale of the response. A value
K=6.2x10 % eV A~! produced the correct time scale, and
is consistent with the value reported by DiCagball’°

The calculated response reproduces most of the important
gualitative and quantitative features seen in Fig. 5. This ex-
cellent agreement provides confidence in the model and
simulation, and justifies their use to study underlying aspects
of transient CDW dynamics that are not readily accessible i .
experiments.
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FIG. 14. Simulated evolution of the CDW phase, strain, elastic
e, phase slip, and current profiles, corresponding to the simu-
lated and measured transient responses in Figs. 13 and 5. Current

Figure 14 shows the corresponding simulation results fOgontacts are located at=0 and 670um, indicated by the dotted
the evolution of the CDW phase, strain, elastic force, phasgertical lines. Profiles are shown fo=0*, 1, 3, 5, 10, 15, 20, 30,

50, 60, 100, 30Qus. Heavy lines indicate=0".

slip, and current profiles. The heavy lines indicate the steady-
state profiles appropriate to the initial current direction; ex-

cept for the current, the final profiles are symmetric to these.
r The steady-state CDW phase in Fig.(d4has a roughly
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parabolic profile between the current contacts and decays to
zero at a distance of roughly 100m beyond the current
contacts. When the current direction is reversed, the para-
bolic profile between the current contacts tries to move
downward uniformly, but elastic interaction with the pinned
CDW beyond the current contacts constrains this motion.
This constraint is first felt near the current contacts and pro-
duces a rapid change in CDW strain and elastic force there;
near the middle of the sample, this constraint affects the
phase much later. The steady-state current in Fige)lde-
creases from its midsample maximum as the current contacts
are approached. Although CDW strain extends significantly
beyond the current contacts, the strain is too small to cause
appreciable phase slip and the CDW current rapidly falls to
zero. The elastic force in Fig. 1@ increases where the

FIG. 13. CDW response to a sign reversal of the applied currenDW current decreasgs J'UISt i_nSide the current contacts, con-
calculated using Eq7) for the conditions and contact configuration sistent with the coupling indicated by E¢7). The CDW

in Fig. 5. Ryqt) is the total phase-slip ratg”Z|r ,ddx normalized
by its steady-state value.

strain profile in Fig. 14b) can be directly compared with the
experimentally determined profile in Fig. ).
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These simulation results provide insight into the complex -
spatiotemporal response observed in the data of Figs. 5 and
13. Just before the applied current changes sign, the elastic -
force opposing CDW motion is largest near the current con-
tacts (segmentst 4), where phase slip produces a smaller -
steady-state CDW current. Just after the sign change, the
elastic force aids CDW motion, and thus drives a larger tran- -
sient CDW currentproportional toAv,, in Fig. 5 near the @
current contacts. This motion is quickly held back by the -
section of the CDW beyond the current conta@sgments
+5), leading to a rapid decay of the CDW current and to an Ot
increase in strain near the contacts. As the strain near the
contacts builds, it eventually becomes large enough to induce -
significant phase slip. Phase slip increases the CDW current :
from its minimum at the “dip” towards a larger steady-state i -
value, and limits subsequent growth of the strain near the xo (#:10)
contacts. Since CDW motion beyond the current contacts
(segments*t5) is only driven by this strain, the dips ob-

se_rve_d just_inside the current ContaCS_egmentstA) nearly calculated using a 5@m current contact separation and other pa-
coincide with the peaks observed just outsi®egments  ameters as in Fig. 13. Roughly 80% of the midsample phase dis-

+5). Near the middle of the sampleegments 0:-1), the  pjacement is due to CDW deformations beyond the current con-
CDW moves independent of the region beyond the contactgts.

for a longer time, producing a slower transient. The response
here is monotonic, since phase slip is already occuring by thBurely elastic strain relaxation. Once these dislocations have
time the middle region’s elastic force changes sign. been removed, the subsequent evolution of the CDW phase
The most significant discrepancy between the simulation¥ill be elastic until the strains near the contacts again be-
and experiment is in the distribution of phase slip. In thecome large enough to generate dislocations. Since the simu-
simulations, essentia”y no S||p occurs between the Curredﬁtions assume a local Slip-rate—strain relation as determined
contacts at distances greater than 2@ from the contacts, near the current contacts, they underestimate slip away from
whereas in the experiment roughly 4% of the slip occurdhe contacts and ignore slip due to growth in low-strain re-
there. This discrepancy occurs because the simulation agions of dislocations formed in high-strain regions. These
sumes a unique relation between the local slip rate and straifeas suggests that transient response measurements may be
given by Eq.(3), contrary to the experimental results in Fig. useful in studying CDW dislocation dynamics.
11.
A second discrepancy between the simulations and ex- C. CDW deformations beyond current contacts

periment occurs in the first 1s of the transient for seg-  The remarkably large transient response observed beyond
ments O andt 1, near the middle of the sample. The simu-the current contacts in the data of Fig. 5 shows that substan-
lation shows a completely flat response, as expected singg CDW displacements occur in this region. Although the
the effects of the boundary have not reached the middle ofagnitude of these displacements cannot be determined from
the sample at these early times. In contrast, the measurgHe data, the close agreement between the measured and
responsesv, =i in Fig. 5 shows a small, sharp drop fol- simulated responses for segmentS gives some confidence
lowed by a slower increase before decreasing towards itthat the simulation correctly predicts the behavior beyond the
steady-state value. This behavior may be due to some detaibntacts. We have thus used the simulations to investigate
of the bulk dynamics, such as variations in CDW pinning, asthis behavior and its effects on the CDW response between
the CDW reorganizes between states of opposite mdtion. the contacts.

The increase in CDW current may arise from CDW phase Figure 15 shows the phase profile igr=50 ©A, calcu-

slip in this region, which is much larger than predicted by thelated using a 50um current contact separation and other
simulation. For a constant applied current, strains near eagharameters as described in Sec. V B. 80% of the midsample
current contact drive formation and growth of CDW disloca- phase displacement in this short segment is due to CDW
tions of opposite type, and motion of the dislocations towarddeformations beyond the current contacts; deformations be-
the center of the sample. This process removes CDW phadeeen the contacts account for only 20%. Displacements be-
fronts near one contact and adds them at the other, allowingond the current contacts thus dominate the total phase dis-
steady CDW motion between them. When the applied curplacement in sufficiently short samples. Beyond the current
rent direction is abruptly reversed, the strain profile awaycontactsj is very small, so that the elastic force is balanced
from the current contacts remains essentially unchanged forenly by the pinning force. Consequently, the extent of the
significant time, as shown in Figs. @) and 14b). Disloca- deformed region beyond the contacts and its contribution to
tions present just before the current direction revefsél the total phase displacement decreases with increasing pin-
opposite sign to those appropriate to the new diregtibns  ning strength andE+.

will continue to grow and remove phase fronts, allowing the  Two quantities are useful for characterizing the phase dis-
CDW strain to relax without moving the CDW. As a result, placement: the midsample phase displacendggy, and the

the transient CDW current will be smaller than that for space-averaged displacement

FIG. 15. Simulated phase displacement profileifge50 A,
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TABLE I. Comparison of the maximum CDW phase displace- inner pair, and the voltage is measured across the outer pair.
ment O and the space-averaged phase displacemeniitained  The average CDW current flowing between the inner contact
from simulations using three different inner contact pair separapair is determined as
tions. The values are for applied curremg that yield the same

strain at the current contacts for each contact separation. i ¢ nomi= ot norm— (Vnorm/ Rs) (15)
Length (um) Bpeak ¢ in the normal configuration and

50 1020 2310 . .

140 1340 1660 i ¢ rans= ot trans™ (Virans/ Rs) (16)

670 2920 2340 in the transposed configuration, Wheéfg normandi (o yansare

3000 8470 6030 the applied currents/ om and Vs are the measured volt-

ages, andR; is the single-particle resistance of the segment
defined by the inner contact pair. Gill showed that for equal

B CDW currentsi yans=ic.norm: the voltage measured in the
9=Ef o(x)dx. (14)  transposed configuration is larger than in the normal configu-
o ration, i.e.,
Note that botmpeakandg use the renumbered phageather  Vin(ic)=Viandic, trans=ic) = Vaorm(ic,nom=1¢)>0. 17

than ¢ (as discussed in Sec. V)Aso as to meaningfully
characterize CDW displacements in the presence of pha
slip. B

Table | gives values ofi,c,and 6 calculated from steady-
state profiles for current contact separatidnsof 50, 140,

%ill suggested that this extra voltage drives the CDW defor-
SEe_ . . i
mations between current contacts required for phase slip. If
the CDW current is assumed to be constant between the cur-
rent contacts and if the extra voltage is dropped uniformly

: ) ! between them, the CDW strain profile is linear and the strain
670, and 300Qum. The applied currerif, was set indepen- at the current contacts is simply proportionaMg, as in Eq.

dently for e.ac'th to yield the same strain' at the current.(z)_ Measurements of, as a function ofV,, then provide
contacts; this is analogous to typical experimental compari- ¢ tn

hich de for th Mo A ding to Ea(2 direct information about the variation of the slip rate with
Sons, which aré made for the samgs. According to q(2) CDW strain. However, the present measurements show that
of Ramakrishnaet al,, which neglects CDW motion beyond

. the CDW current is not constant, that the CDW strain does
the current contacts and the CDW current—elastic-force co

. : . Yot vary linearly between the current contacts, and that the
pIm_g, the CDV\_/ phase displacement profile should be_ P83z rrent and strain are strongly coupled. How then do the
bolic, and for fixedV ps, both 6peqand 6 should vary lin-

ps> measured voltagés, ,,sandV,,m relate to the strains which
early withL;. 6,cacand @ in Table | generally do increase (rjve phase slip?
with L, but the increase is far from lineafie, and ¢ To answer this question, the quantities of interest must be
increase by factors of roughly 9 and 3, respectively, for adefined. First, we define the phase-slip voltagg(i.) to be
factor of 60 increase iL;; 6 even decreases slightly &  the experimental voltage differendf,(i.) measured when
increases from 50 to 14@0m. Even forL.=670um, used in  the outer contact pair separatibg, is large compared with
the experiments of Sec. IV B and the simulation of Fig. 14,the inner contact pair separatidn,. In general, the mea-
almost half of the midsample phase displacement is due teuredV,,(i.) depends upon the contact pair separatféns.
deformations beyond the current contacts. As will be disBut for L ,,&L;,, the strain-related voltage drop between
cussed in Sec. VIC, these deformations have significangurrent contacts makes a negligible contributioVtg,,, SO
quantitative effects on the measured transient response. that the measured,, is essentially independent &f,,; and
Lin. This definition of Vg differs slightly from previous
definitions®11~-131524yt is the most meaningful. Second, we
VI. COMMENTS ON PREVIOUS STUDIES define a voltagd/q,.;, for the transposed configuration as
OF CDW DEFORMATIONS AND PHASE SLIP
The experiments and analysis presented here provide de- Vo = E Linf2 K@dx (18)
tailed insight into CDW deformations, phase slip, and the St en ) L X2

transient response in Nb&eAs we will now discuss, these ) ) ) ) ) .
results have important implications for interpretation of The integral is proportional to the difference in CDW strain
many previous experiments. between the twdinnen current contacts, or to twice the

strain at one contaCt Vg, thus provides a meaningful
measure of the strain that drives phase slip. In analyzing their
A. DC measurements of phase slip data, Maheeet al® and DiCarloet al’ effectively assumed
Many studies of CDW phase slip have employed four-thatVps=V4ih. The actual relation between these quantities
probe -V measurements, using a method introduced bycan be determined as follows.
Gill.®® In the usual four-probe configuration, referred to as Using Egs.(15) and (16), V(i) can be expressed in
the normal configuration, the current is injected between théerms of the applied currentg, yans@ndiyoy norm required to
outer contact pair, separated by a distangg the voltage is  produce a given=i¢ norm=1 ¢ trans @S
measured across the inner pair, separated_Qy In the
transposed configuration, the current is injected between the Vps= Ry (i tot,trans™ I tot,norm - (19
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i tot, norm @Ndi o yransCan each be determined using Eg). In
the normal contact configuratiom?6/9x?=0, andi, and
thusEp(i.) are constant between the inr(gpltage contact
pair. Equation(7) gives

(20

I'c,norm= m[ﬁ’sl tot,norm EP,norm] .
In the transposed configuration, the curréntvaries with
position between the innécurrenj contact pair. The voltage
measured in this case is

+ o0 +
VtranSZJ Psi S(X)dX: Rsi tot,norm_J- psi C(X)dX, (21)

so that the currerit; ,,sdetermined using E|16) is given

by
. 1 (+=
|c,trans:L__J ic(x)dx. (22
InJ —x
Since  [TZ(5%019x2)dx=[36l 9x(+2)]—[ 6] Ix(— )]

=0, Eq.(7) gives

1 1

+ oo
ic,trans:m L_[Psitot,norm_f B EP,trans(X)dX . (23

n

Substituting fofi ¢ norm @Ndi ot transfrom Egs.(20) and (23),
Eq. (19) becomes

+ o

Vps: - I-inEP,norm"_ J:x EP,traniX)dX (29)

at Values_ Oﬁ tot,norm and I tot, transSUCh thatl c,trans_: ic,norm- i
Equation(24) provides a general expression g, in-

dependent of the phase-slip mechanism and profile. Betwegp, o very well, withV,, values of 37
’ a

the inner contact paif:p norm and Ep ans differ because of

T. L. ADELMAN et al.
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FIG. 16. Comparison of simulatég-V,s andic-V gain relations
for a current contact separation of 6400 and other parameters as
in Fig. 13. The solid lines indicate fits to Ef}).

ing an inner contact pair separation of 14én, comparable

to that used in previoug.-Vps measurements. At small cur-
rents, the simulation shows little current flow beyond the
current contacts, and g,i» and Vs are nearly equal. As the
current increases, more current flow is observed beyond the
contacts, and/q,j becomes larger thavi,s, consistent with

Eqg. (27). Consequentlyj. rises faster withV s than with
Vstrain-

The solid lines in Fig. 16 indicate fits to the functional
form Eq. (4) predicted by Ramakrishret al,** which pro-
vides a good fit to the measuregV , relations in NbSe.
This form describes the simulatégVps andic-V gyqin rela-

mV and 25 mV, respec-
tively. These are larger and smaller, respectively, than

the nonuniform transposed current profile, but this differencq, —31 mV used in the simulations. The predicted form Eq
a . .

is usually small. Assumingp yrand X) = Ep norm between the
inner contact pair, Eq24) simplifies to

Vps: JoutEP,trans(X)dX (25
B _ enc) 1520
= fou (Pc+Ps)|c,trans(X)_ 6 m dx (26)
= fout(pc—i_ ps)i c,tranix)dx"' Vstrains (27)

(4) assumes that the CDW strain profile is linear between the
current contacts and that there is no CDW current flow be-
yond the contacts. Since coupling between the current and
phase-slip profiles enhances the strain near the contacts, ap-
preciable phase slip occurs in a smaller region than if the
strain profile were linear, so that the total phase-slip rate and
current for a given contact strain akg, i, are reduced. This
effect increases with increasing current, and thus reduces
V, obtained from the -V, relation. In thei .-V g relation,

this effect is overwhelmed by a reduction\figs with increas-

ing i, due to increased CDW current flow beyond the cur-
rent contacts; this leads to a larger valua/gf Despite these

where the integrals are taken over the region exterior to theffects, the results of Fig. 16 indicate that the measitgd

inner contact pair. SiNCE, yans and 926/ 9x? have the same
sign in this regionV,s<Vain. Thus, the measured,s un-

does provide a reasonable estimate of the strain at the current
contacts, and that the measuigeV s relations yieldv, val-

derestimates the strain near the current contacts. The diffetes that are comparable to those for the underlying slip-strain

ence betweelV s and Vgyqin — Joulpet ps)ic randX — is

relation.

small for small CDW currents and increases with increasing The strain and slip-rate enhancements near the current

current.

contacts produced by the CDW current—elastic-force cou-

To further investigate the connection between the meapling explain a previously puzzling discrepancy between the
suredi,— Vs relations and the underlying slip-rate—strain i .-V,s measurements of Mahet al.>**and the predictions
relation, we have performed simulations using the model andf Ramakrishnaet al1* Assuming a linear strain profile be-
parameters of Sec. V. Figure 16 shows the CDW currentween current contacts, the net slip rate and thus the CDW

Ic=1l¢, norm= ¢ trans VErsus bothVps and Vi, calculated us-

current for a given contact strain should scale with the con-
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FIG. 17. Simulated -V relations for inner contact pair sepa-

rations of 50, 140, and 67@m, and other parameters as in Fig. 13. N ) )
using conditions comparable to those in the x-ray experiment

tact separation. Consequently, Ramakrisknal. predicted ~ suggest thaK was overestimated by roughly a factor of 2,
that the prefactot, in Eq. (4) should vary linearly with_;, which is comparable to other uncertainties in the estimate in
and thatV,s for a giveni, should decrease with increasing Ref. 17.
L;,. In contrast, Maheet al. found no obvious variation of

lo or Vp(ic) for Lj, varying by a factor of 100. Figure 17
comparesi-V, relations obtained from simulations with _ _ _
Lin= 50, 140, and 67@&m. Both thei .-V relations and the The transient CDW response to bipolar current pulses in

I, values obtained by fitting them are independentgf, ~ NbSe; has been extensively studied using four-probe mea-
consistent with Maheet al’s results. surements. These measurements average over the spatial

variations and can provide only limited information. In this
section, we discuss what can and cannot be determined from
four-probe measurements, and describe simulation results
that provide insight into some puzzling previous observa-
tions.

C. Transient response measurements

B. X-ray measurements of CDW strain

Phase-slip-related strairs: 96/ dx produce local changes
in the CDW wave vectonQ=496/ox that can be directly
measured using x-ray diffraction. DiCartd al!’ measured
the wave-vector shift in a 4.5 mm long Nb$Sesample, and
found thatA Q varied approximately linearly with position in
the middle two-thirds of the sample, consistent with the Four-probe measurements of the transient response have
present results; the shift near the current contacts could nefenerally been performed using the transposed configuration.
be measured because of geometrical constraints. Assumimpr theTpl CDW in NbSe;, these measurements show a

that the CDW strain varied linearly with position over the simple monotonic time variation that has been fit using ex-
entire Iengt.h between current contacts, Ref. 17 estimated ”}?onential or stretched-exponential forms. Figure 18 shows
CDW elastic constark using Eq.(2) as the four-probe transposed response for three different current
contact separations, obtained from simulations using the
en (V_DS) (‘M_Q (28) model and parametérsof Sec. V. Spatial averaging in four-
Q L Ix ’ probe measurement converts the complex spatiotemporal re-
. . . sponse in Figs. 5 and 13 into the monotonic form observed in
whereaAQ/ax is the x—ray—determmgd wave—vector.gradlent experiments. Contrary to suggestions in many previous
for a particular CDW current antl,s is the phase-slip volt- 55y ses; this implies that the stretched-exponential time de-
age for that current, estimated from the measurements Qfendence used to fit four-probe transient response data has
Ref. 15. The resulting valueK=1.7x10"% eVA™'is 1, fndamental significance. In particular, it does not reflect
roughly a factor of 5 larger than estimated using mean-fieldy, intrinsic distribution of pinning strengths or metastable

theory. - _ _ states, but results from a boundary-condition-related distribu-
This estimate must be modified, since the strain only variion of CDW strains.

ies linearly near the middle of the sample and is strongly
enhanced near the current contacts. To a good approxima-
tion, the strain at the current contacts is proportional to
Vps. For a givenV,s andK, the midsample strain gradient Four-probe measurements cannot be used to determine the
will be smaller than if the profile was linear. Consequently, CDW strain profile, but they can provide some information
the assumption of a linear profile in E(R8) overestimates about the magnitude of the strain. In particular, the initial and
K, and makes the CDW appear stiffer than it is. Simulationssteady-state  transposed  voltage¥,,{t=0") and

1. Form of the four-probe response

-1
K=

2. Four-probe measurements and,y
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V yandt— ) measured following a reversal of current direc- (a)
. . . . Aq
tion are related to the phase-slip voltagg, defined in Sec.
VI A.

The difference between the initial and steady-state
voltages can be determined by combining E&) and
Eq. (21). Noting that [2(6%6/9x®)dx=0 and

CDW current

itot,no n(t = 0+) = itot,nom{t_’oc) gives
Vtrans(tzo+)_vtrans(t_’°°)
Ps e
= [ =07
PctPs —o time
+ o
+ f Ep, trand X,t—)dXx|. (29 FIG. 19. Comparison of methods for determining the CDW po-

® larization charge from the transient response. The shaded af@a in

As discussed in Sec. IV Ep is uniquely determined by, ~ Indicates the chargaq of Eq. (32). The shaded area i) indicates

for i(x,t)#0; for i.(x,t)=0, Ep can take on a range of the true pola_rlzatlon charg&q. The_lower curve in(b) |nd|cat§s
values and is determined by the CDW elastic force. Beyontge ph.ase.'S“p current Co.rres.pond'ng o the to.tal phase-slip rate
the current contacts the profiles of both the CDW current an({ihpS(t) In Fig. 13. The polarization current is the dn‘fe_rence between
clastic force are symmetric about zero, giving e total CDW currenfupper curvg and the phase-slip current.

Ep randX,t=07)=—Ep yandX,t—) in this region. Be-
tween the current contacts the CDW curréptis nonzero
and determine&p(Xx,t). In general, the initial and steady-
state CDW current and elastic-force profiles must be used t
determine theE, profiles in Eq.(29). But if the initial and

Previous analysis’!*24%f the CDW response to bipolar

current pulses has assumed that this polarization charge is
given by the transieneéxcessharge flow,

steady-state CDW currents between the current contacts are ~ 7 .

large enough to saturate th&.(i.) variation in Fig. 7, the Ag= fo [io(t) =ic(t—ee)]dt. (32)

integrals between the current contacts in &§) will cancel,

so that This charge is indicated by the shaded region in Figajl9
Viandt=0") = Vyand t—) The results obtained using this assumption have been prob-

lematic, and inconsistent with theoretical expectations. The
present analysis makes clear the reason for these difficulties:
—J Ep,trand X,t=0")dx AqQ and the CDW polarization charge are not equivalent,
out because the total CDW current is a mix of polarization and
phase-slip currents, and the polarization current is signifi-
(300 cantly larger than the transient excess during most of the
transient.
In the steady state, the CDW phase profile and thus the
(31) CDW polarization are constant. The CDW polarization cur-
rent is then zerdi.e., 96/ t=0) and the entire CDW current
flow (determined byd¢/dt) is due to phase slip. The esti-
ate of the polarization charge in E@®2) assumes that the
; i ) phase-slip current remains equal to its steady-state value
yield the same/ = 3.3 mVin each case. Equati¢8l) thus  y,14,ghout the transient. But as shown in Fig. 10, when the
predicts thaVandt=0") = Vian{t =)~ 1.5 mV. This pre-  gnqjied current direction is reversed, the strain near the cur-
diction is in good agreement with the simulation results for.ant contacts abruptly drops below the magnitude necessary
§1II three contact separations, even though the CDW_ currents, appreciable slip to occur. The net slip rate thus drops to
ic~ 50 wA are not large enough for full saturation of ;o0 Only once the phase profile has evolved so that the
Ep(ic) in Fig. 7. strains near the contacts are large enough does the slip rate
again become appreciable, and this does not occur until well
into the transient. The actual polarization current, indicated
Four-probe transient response measurements have besthematically in Fig. 1®), is in general larger than the tran-
widely used to measure CDW polarizations. When the apsient excess current in Fig. &), and the polarization charge
plied current direction is reversed, the CDW evolves fromis larger than the transient charge calculated in(B8). For
being compressed near one contact to being compressed nexample, in the simulation of Fig. 13, the CDW polarization
the other, and the CDW phase profile evolves betweelbetween the current contacts is a factor of 10 larger than
roughly parabolic profiles of opposite sign. The differenceestimated using Eq32).
between the steady-state profiles defines a space-averagedSince the polarization and phase-slip currents and their
phase displacement, corresponding to a net CDW polarizespatial variations cannot be independently measured, the net
tion and charge flow. CDW polarization cannot be easily determined from tran-

Ps
pctps

+ f Ep, trand X,t—0)dx
out

Ps
Pctps

ps

The simulated transposed four-probe responses in Fig.
used p./(p.+ps)=~1/4.35 and applied currents chosen to

3. Measurements of CDW polarizations
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sient response measurements. In principle, for applied voltransient response in conditions that do not produce phase
ages just above threshold, such that essentially no phase shBfip in long samples is extremely difficult.

occurs,Aq determined using Eq32) closely approximates

the CDW polarization charge. In practice, just above thresh-

old the transient is small and has a long time scale, particu- VII. DISCUSSION AND CONCLUSION

larly in longer samples, so that accurately subtracting the s paper has presented spatially resolved measurements
steady-state response to determine the excess current aghhe CDW current profile and its temporal evolution. From
charge is very difficult. ‘these measurements the phase-slip, elastic force, and strain
For applied currents well above threshold, a rough estiyqfiles and their temporal evolutions have been determined.
mate of the net CDW polarization can be obtained by assum- £ nqamental to an understanding of this data is the cou-
ing that no phase slip occurs during the part of the transienb”ng between the CDW current and elastic force implied by
where Av=Ai, is large. In particular, Eq(32) is replaced  gq “(7). This coupling arises because an applied current
with flows as CDW current and single-particle current. When the
. to. driving current and CDW current are both constant, the con-
Aq:fo ie(t)dt, (33 sequences of this coupling are trivial. But when the CDW
current varies relative to the drive, the balance between
wheret, is a time where the transient response is mostlyCDW damping, pinning, and elastic forces must vary. In par-
completed, e.g., the time fdrv to decay to M of its initial ticular, when phase-slip results in a decrease in CDW current
value. near the current contacts, the resulting decrease in the CDW
damping force must be compensated by an increase in the
4. Length dependence of the transient response elastic force. Small changes in CDW current can produce
large changes in the elastic force: a 10% decrease(k)
can increase the elastic force by a factor of 3.
Strong evidence for this coupling is provided by the mea-
red dc and transient CDW current profiles in Fig. 9, which
re quantitatively related as predicted by KEd. Perhaps
ore convincing is the close agreement between the mea-
sured and calculated spatiotemporal responses in Fig. 5 and
Fig. 13. Here, the surprisingly complex experimental re-
%ponse is quantitatively reproduced using a single choice of
the CDW elastic constar as the only free parameter.

: . L The consequences of the CDW current—elastic-force cou-
The length independence of the polarization charge resultsjing are significant: the transient response magnitude near

because, as discussed in Sec. V C, most of the CDW phasfe cyrrent contacts is enhanced: the steady-state CDW strain

displacement between the current contacts in samples shortgry phase-slip rates near the current contacts are enhanced:
than~ 1000 um is due to CDW deformations beyond the 5.4 the length scale on which significant phase slip occurs is
current contacts. In the transposed configuration used ifhq,ced. The coupling also affects interpretation of previous
GI"'S experiments, thoce polarization c_urren_t is given by measurements of phase slip in NaS@s previously as-
poi=A(enc/Q) (1L o) Z.(90/ gt)dx, dsff'ned in analogy 10 gymed, the CDW strain at the current contacts is approxi-
Eq. (22), whereipo~ic randt) ~Rpdt).> Integration of this  mately proportional to the phase-slip voltagg determined
current gives from four-probe measurements, although deviations become
appreciable at large CDW currents. Because of the strain and
Ag= fmi (t)dt=A<%)(i) J’”J”(wmt dx dt slip-rate enhancements near the current contacts,thgg
o P Q/\L¢Jo J-w relations should be roughly independent of current contact
(34)  separation, consistent with the measurements reported in

Gill® has measured the chargkq, for fixed Vps in
NbSe at T=90 K, as a function of the current contact sepa-
ration L,. The measurements were performeg near thresl’gu
old, where the phase-slip rates are small, so Aats given
by Eq. (32) provides a reasonable estimate of the actua
CDW polarization chargé g. Gill found thatAq is approxi-
mately independent of . for L. between 100 and 1700
um. This result was surprising because, for the strain profil
of Eq. (2), the polarization charge should vary linearly with
Lc

Ref. 15.
:A(% i)f+w[6'(t—>°0)—0(t=0)]dx Aside from confirming the CDW current—elastic-force
Q/\Le/J)-= coupling, the agreement between the measured spatiotempo-

ral response in Fig. 5 and the predictions in Fig. 13 provide
20. (35) additional evidence for the importance of phase slip in CDW
Q dynamics. Phase slip limits the strain which can be devel-
~ . oped near the current contacts, and introduces interesting
Thus, the measured charggj~Aq should be proportional - g cture into the transient response, e.g., the dip and recov-
to the space-averaged phase displacersent ery seen for segments 4 in Fig. 5. The good qualitative
Table I shows simulation results férversus current con- agreement between the measured and simulated transient re-
tact separatiorh.., assuming equal contact strains and thussponses in Fig. 5 and Fig. 13 does not necessarily validate
approximately equaV/,s values. Because of CDW deforma- the specific slip-strain relation E(B) used in the simulation,
tions beyond the current contact8, and the polarization but is likely a general consequence of including phase slip.
chargeAq vary by less than a factor of three fbg between Information about the phase-slip mechanism is provided
50 and 3000um. An approximately linear variation aiq by the phase-slip distribution and the local slip-rate—strain
with L. is expected in longer samples, but measuring theelations, determined from the measured CDW current and

e
:A<_nc




1848 T. L. ADELMAN et al. 53

strain profiles. Phase slip is highly localized near the currensurprisingly important role in transient CDW dynamics.
contacts; in Fig. 4, 90% of the phase slip occurs within 30These deformations are responsible for most of the mid-
wm of the current contacts. This is a consequence of straisgample phase displacement observed for current contact
enhancements arising from the CDW current—elastic-forcéeparations of less than 1 mm, and strongly affect the mag-
coupling, and is consistent with a slip rate that is driven bynitude and time scale of the transient response. Although
and varies rapidly with strain, such as described by(@y. deformations beyond the contacts may be large, the phase-
Much of the previous work on phase slip has assumed thaglip rates there are very small. This is indicated by the large
the local slip rate is a function only of the local strain. Thetransient but small steady-state currents/voltages seen for
local slip—strain relation measured near the current contactsegmentst 5 in both the measured and simulated responses
where most of the phase slip occurs, is qualitatively consisof Figs. 5 and 13.
tent with Eq.(3) predicted for slip by homogeneous thermal ~ Finally, although the results and analysis presented here
nucleation of dislocation loops, and is quantitatively consishave focused on th&, CDW in NbSe;, they should be
tent with thei -V relations determined in four-probe mea- readily generalized to describe CDW'’s in other materials.
surements. This suggests that the total phase-slip rate GDW formation in NbSg (as well polytypes of Ta$ and
dominated by local phase slip as described by Bj.and  NbS;) leaves part of the Fermi surface ungapped, so that the
that slip is dislocation-generation limited. However, somesingle-particle density is large at all temperatures. The
phase slip occurs at distances of hundreds of micrometegsingle-particle resistandg, is essentially independent of the
from the current contacts, where CDW strains are small. FOCDW's state of deformation, allowing the single-particle and
a given strain, the slip rates in this region are much largeCDW currents to be unambiguously separated and greatly
than near the current contacts. This implies that the local sligimplifying analysis. In fully gapped semiconducting CDW
rate depends upon parameters other than the local strain. materials such as KMoO3, the single-particle density
This is not surprising. Phase slip involves at least twofreezes out with decreasing temperature, and CDW deforma-
steps: the formation of a CDW dislocation loop or line, tions can change the single-particle resistance by several per-
which requires a minimum CDW strain; and the growth andcent. This deformation-resistance coupling should modify
motion of these defects, so as to remove a CDW phase froRfome details of the CDW response, particularly near thresh-
in the entire crystal cross section, which requires muchold where the CDW current—elastic-force coupling has little
smaller strains:”*?>>*The analysis that leads to E@) only effect. But the basic physics described here should still domi-
calculates the defect formation rafeBut as discussed by nate. This suggestion is supported by recent spatially re-
Gill,*>**dislocations may persist for a considerable time andsolved optical transmission measurements of CDW deforma-
may drift or glide considerable distances from where they argions in K, ;M0 3,*” which show generally similar behavior
formed, producing phase slip there. Thus, the phase-slip prqQo that described here.
cess should be nonlocal. Near the current contacts where the |n conclusion, we have performed spatially resolved mea-
strains are largest, dislocation formation may dominate thgurements of the CDW response to bipolar current pulses,
slip rate; away from the contacts, the strains are too small tand have shown that these measurements directly yield the
form new dislocations, so growth of dislocations formed distribution of CDW phase slip and the temporal evolution of
elsewhere may dominate. the CDW elastic-force and strain profiles. We have demon-
An upper bound on the longitudinal dislocation velocity strated that the CDW elastic-force profile is strongly coupled
can be obtained from the spatially resolved transient reto the phase-slip distribution, and have used a simple model
sponse measurements of Fig. 5. Segmengs attain their  that includes this coupling to account for many features of
steady-state CDW current, and hence their steady-stat@e observed response. These results demonstrate the impor-
phase-slip rate, within 8@s. Assuming that slip in these tance of knowing the full profile of CDW motion between
segments is due to dislocations formed at the current contacthd beyond the current contacts in understanding CDW
195 um away, the dislocation velocity must be at least 240dynamics.
cm/s. The CDW velocity in Fig. 5 is only 5 cm/s, roughly 50
times smaller. This suggests that the dislocations must move
through rather that with the CDW, perhaps by glide rather We wish to acknowledge fruitful conversations with J. C.
than drift. Similar differences between CDW and dislocationGill, J. W. Brill, V. Ambegaokar, C. Myers, and P. Monceau.
velocities have been reported previou¥lyDislocation dy- Sample substrates were fabricated at the National Nanofab-
namics may also play a role in producing the curious initialrication Facility at Cornell University. This work was sup-
rise in Fig. 5 for segments near the middle of the sample. ported by NSF Grant Nos. DMR92-04169 and DMR94-
CDW deformations beyond the current contacts play &24572.
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