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Probing charge-density-wave dynamics: Spatial noise correlations and nonlocal conduction
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We have measured the spatial correlations of low-frequency noise produced by charge-densi{@b&ye
motion in NbSg. The equal-time correlation function is approximately independent of spatial separation up to
at least 500um, but can change abruptly at macroscopic crystal defects. The nonlocal response of the
depinned CDW extends hundredswain from a locally applied ac drive and shows current-dependent structure
mirroring that observed in the low-frequency noise. These results demonstrate a potentially powerful approach
for characterizing CDW dynamics.
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The microscopic dynamics that underlies collectiveRef. 18. A dc current,,; was injected between contacts sepa-
charge transport in charge-density-wa@DW) conductors rated by 5.8 mm. \Voltage measurements were performed in
remains poorly understoddFor example, despite a wealth the middle region of the whisker more than 2.5 mm from the
of predictions for field- and frequency-dependent spatial coreurrent contacts, so as to minimize effects of phase slip near
relations that diverge at dynamical transitionsp experi- the current contacts.
ments have directly probed them. The most detailed informa- For BBN experiments, voltages,(t) andV,(t) were si-
tion about microscopic dynamics has been provided bymultaneously measured across two sample segments with
measurements of the low-frequency or “broadband” noiselengths of 70 um and separations varying from 140 to
(BBN) and of the high frequency coherent oscillations or560 um, as shown in Fig. (B. The voltage cross-
“narrow-band noise” (NBN), hallmarks of CDW correlation function

transport:®4

The broadband noise produced when the CDW moves has (Vi(t+ A V(1)) —(V1)(Va)
a spectral densityS(f)«cf~% where a is typically Ca(h)= >—F—> 5 (1)
0.8-1.24% and an amplitude several orders of magnitude VD) = (V) V(V2) —~(V2)

larger than that of the ¥/noise in ordinary metals. Broad- \as then calculated, whe¢® indicates a time average. Most

band noise is produced by many mechanisms |nC|Ud|ng She%easurements were performed BE70 K on the TP
plasticity, plasticity associated with CDW phase slip and —145 K CDW in NbSa.

giurrr1relgttﬁzrr]r\:\zrlsgé?i\?aetiagncgg:\a/\:g;: rrﬁifgsstzrt])?edsetzetg?gi wit For nonlocal ac conduction measuremetits, a small
the ?ow-fre uency noise that accompanies the motioﬁ of qu>§f|T) ac currentl pe() was applied to one 7qum seg-
. requency P . ent of the sample and the resulting ac voltagg,{!, o)
line lattices in superconductot$the spectral density often her 7 di d
exhibits a complicated driving force dependence with sharpacross another 7Qum segment a distandeaway was mea-

i . . . . Sured using a PAR 5210 lock-in amplifier, as illustrated in
reproducible spikes occurring at particular drivés$n large

samples the noise is Gaussian, but in small Nb&ed

0-TaS; samples individual multilevel fluctuators can be
resolved*!® Analysis of these fluctuations suggests that
their longitudinal coherence length could exceed 20 in

small 0-TaS; specimens® and similar values are expected F—l—»l
for NbSe.>1®These lengths are comparable to those for the
NbSe nonlocal response to locally applied current pulfses.
Here we describe experiments that attempt to directly
probe spatial correlations in CDW dynamics. Using simulta-

neous measurements of the low-frequency noise in different
longitudinal regions of a NbSewhisker the spatiotemporal (b)
correlation function of the noise can be evaluated. Some as-

pects of the low-frequency noise are mirrored in the CDW'’s

. . L—[—.I
nonlocal response to an externally applied perturbation. Our
approach should provide a powerful probe of CDW dynam- Itat

ics. ' u

Noise correlations and nonlocal CDW response were
characterized in four nominally pure whiskerlike crystals of  FiG. 1. Measurement geometry @ broadband noise correla-
NbSe with rR>300 and typical cross-sectional dimensionstion measurements arth) nonlocal conduction measurements. In
of 2x10 wm?. These whiskers were mounted onto arrays ofpoth cases a dc current is injected through the outermost contacts at
2-um-wide gold-topped chromium wires as described ineither end of the sample.

[ tot

0163-1829/2001/620)/20510645)/$20.00 64 205106-1 ©2001 The American Physical Society



S. G. LEMAY, K. CICAK, K. O'NEILL, AND R. E. THORNE PHYSICAL REVIEW B64 205106

< T T T T T T T T <
— (a) T=70K / [l"’m] /f’i,ﬁfﬁg\p‘ﬂ
> vy ?ﬁ" TN et Ay
D P e N R S o e N ol « 140 Il % . \\** gy
— = I! x—\.__\"/!( w Boa
- . 280 L i e
~ 2 W/WW\M’M B 420 :m[, )
&° s s Y,
I1=0 > ':'/ 1\\
2 ‘ ‘ © ’l? f \‘* ’
_ T ® 3 PR
= L FIV AN fa
2 2 T=70K i i YA
— o h | . I
~ < i N ¢
~ s » }";' « s
- 3T toty e R¥,
N S LT
[y LY L L L
" 1=181Ir 0 200 400 600 800 1000
s . . . . . . . . .
"0 1 2 Lot [ HA ]

t [sec] FIG. 4. Correlation coefficien€q vs |4 for four distanced in

sample 1C, is essentially independent bfintil a specific location

FIG. 2. Simultaneous time traces of voltages within a 1-10 Hz . - ; )
in the sample is reached, at which points it sharply drops.

bandwidth across two segments of sample 1(&minned andb)
sliding states. The corresponding correlation coefficients Gye
=0.02 and 0.94, respectively. The two segments werewnd long
and their centers were 28 m apart.

spikes inCq versusl,y; for ;. just abovelt. In all cases
studied,C,; was largest foAt=0, placing an upper bound
of 0.1 ms on the delay for BBN propagation between
Fig. 1(b). Because of the effects of parasitic impedancessegment$! Consistent with bulk BBN measurements the
measurements were limited to frequenCieS below 1049"'2 product of the rms noise VOItagaSl,rmSUZ,rmS increases
Figure 2 shows time traces of noise voltages SimU'taabrupﬂy atl and shows a Sp|key maximum just abdwe
neously recorded across two segments of sample 1 and demefore decreasing at larger currents. The maximum of this
onstrates the hlgh degree of correlation that can be EXhlblteﬁOBe amp”tude product Corresponds rough|y with that of the
by BBN in the sliding CDW state. Figure 3 shows the equal-correlation coefficient.
time correlation coefficien€, as a function of bias current Figure 4 shows howC, for sample 1 depends on the
ltor- The degree of correlation increases sharply from neagistancel between segment€, is essentially independent
zero below the CDW depinning threshdlg=290 nAtoa  of |, except for thel=560 um trace whereC, is much
maximum just above threshold and then slowly decays witismaller. Some samples showed large correlations up to
further increases in current. Some samples also showed shagpgo um away, while others showed a loss of correlations
on much shorter length scales and/or negative valu&3,of

(a) l""(,l-.«a\.‘._r:\
' w3y,

Co

T'=70K

0.04
~_
=3
~

0.02
>

1 .&‘o—l':*'o—lg—f.rv"

V],rms V2,rms [ (MV)2 ]

oty
O)-"'.‘.-.-.-.-‘.-.Q-Q‘ L

0 200 400 600 800
Tror [UA ]

1000

From this we conclude that the loss of correlation in Fig. 4 is

due to a macroscopic sample defect, not to an intrinsic pro-

cess. The temperature dependence of the correlations has not

been studied in detail, but preliminary results indicate that

Cy decreases with increasing temperature: at 120 K in

sample 2C;<1% was observed fdras short as 14Qum.

The C,, frequency dependence has also not been studied in

detail, but measurements on sample 2~a400 Hz and

~4 Hz gave essentially identical results, consistent with the

correlation length being comparable to the sample size.
Figures 5 and 6 show the nonlocal response of samples 2

and 1, respectively, to an applied ac drive. The transfer func-

tion G(l,®w)=Vmeadl, ©)/Vpe(w) increases sharply dt

and shows a weaker variation at lardgy;. For sample 1 at

fixed o1, G(l,w) decreases on a length scale of hundreds of

pm and shows a somewhat larger decreasé 0560 wm.

This behavior is roughly consistent with the behavioCgf

A characteristic length of hundreds pim is also consistent

with previous measurements of the nonlocal response to cur-

FIG. 3. (a) Correlation coefficien€, and(b) product of the rms
noise voltage vs driving curreit,, for two 70 wm segments sepa- rent pulses! Many samples exhibit sharp spikes just above
rated byl =280 um in sample 1. The measurement bandwidth is|t at biases that correspond to the spikes observed in the
1-10 Hz. The dotted lines are guides to the eye. noise power versulsy:. G(lo) is independent o¥/ ¢ (i.€.,
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the thermal history of the sample: temperature excursions of
the order of 0.1 K are sulfficient to cause the peak structure of
this curve to change significantly. This behavior is reminis-
cent of the evolution of the BBN spectrum with temperature
cycling

Our measurements show that the BBN in Np8gystals
can be~95% correlated over distances of hundredg.ai.
Within regions of sizel, the measured noise power scales
essentially a4 ?, consistent with the observed correlations.
These results confirm the lower bound estimates for the lon-
gitudinal BBN coherence length of Refs. 15 and 16, which
were based on the amplitude of two-level fluctuators. How-
ever, correlations can be destroyed at macroscopic crystal
defects that produce discontinuities in the average CDW ve-
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locity.
00400 200 0 200 200 600 Measurements of the nonlocal ac response show that its
Lot [UA ] bias dependence—especially the very sharp features ob-

served in many samples—closely follows that of the BBN.
FIG. 5. Transfer function for nonlocal conductioB(l,,)  Below threshold, the CDW is pinned and responds nonlo-
=Vimeas/ Vpert VS l1or in sample 2, for two segments separated by cally only over lengths comparable to the pinning correlation
=315 um. Nonlocal conduction turns on sharply at threshold andlength, on the order of 1Qum in high-purity NbSg, and so
exhibits sharp, sample-dependent spikes that diminish well abovboth the BBN amplitude and nonlocal response on
threshold. The small signal fdf,<I+ is due to leakage currents. >100 wm lengths are negligible. When the CDW depins,
local disturbances can propagate diffusively throughout the
Vineas Varies linearly withVyer) for Vpe<Reed7, Where CDVK over at Ieast huhndrleds pfn|1 The CDP:N resrp]onse toa
Rsed T roughly corresponds to the separation of the spikes i rB?N gﬁ(r)tvl:/rsb?r?;gb?litioeusdo:)?ibijrgeSt where the de-driven
. : ; pt transitions, such as at
Vpert- G(lto) Is usually asymmetric, being larger by about currents where two-level fluctuators appear and at the low-
50% whenV . is applied to a segment that is at a higher dc

voltage than the segment whéevg,.,sis measured temperature “switching” threshold.
eas . H i
The amplitude and phase @(w) are independent of The dominant sources of BBN in Nb$Sare CDW shear

frequency below 10 kHz, the maximum frequency accessiblQCCUmng along steps in crystal thickness that run along the

whisker axié and, in high-quality samples at lower tempera-

in our measurements. Preliminary measurements indica :
that G is roughly independent Gf below 100 K: above 100 E_%res, current-contact related pha_se_sllp. Shear also causes
irregularities in the dd-V characteristic. Shear may thus be

Eelé ;n?lgfgjismgm(;n;f;ﬂ?g r’[ggrpi;egu&e ::i)'(n e%:;je:ﬁfesponsible both for fluctuations in CDW resistance with the
' P e drivel,, responsible for the bias-dependent structur@ in

roughly follows the temperature dependence of the CD S X L
order parameter. At a given temperature below 100 K, theand for the local perturbationdikely associated with indi

detailed current dependence {1, is very sensitive to vidual phase slip eventshat drive these fluctuations at fixed
l 1ot to produce BBN.

Additional insight into the present measurements

§ ‘ ' ; ; ‘ ‘ ; can be obtained by considering a simple one-dimensional
L ﬂ /I [pm] T=70K i model of CDW dynamics® We replace the disordered im-
| wa g o 140 J=20Hz | purity potential of the Fukuyama-Lee-Rid€LR) modet
S A . 280 with a spatially inhomo_geneous, time-dependent random
0 Fooh s 420 N4 force pinning field® Ep=Ep+ 6Epe(X,t) to yield an equa-
RS mmﬁ ..""“'._fg, + 560 N e tion of motion for the CDW phasex(pc+ pn)(dp/dt)
S TLETD g Jreres = pnit—Ept (x/Q)(#241x?). Here x(py+pe) is @ damp-
S R Al P ing constantj, is the dc current density injected at the cur-
St F ™ i, g i _ y inject u
s Sh, et :aﬁ;‘. g Tt 1 rent contactsg is the CDW spring constan@ is the CDW
L”b AW iigﬁe el 3 ] wave vector, ang, and p, are the quasiparticle and CDW
" 7 i‘f ?}ﬁ resistivities, respectively. Because of the CDW's elasticity, a
3/ ,;'EQ ,«a?’ wf’% locally applied force can affect CDW motion over large dis-
%&%& ﬁ*‘mf 1 tances. For a fluctuating perturbationsE e «(x,t)
ob . . ‘ M ‘ ‘ ] =Vper(t) o(x—Xp) localized atx=x, and with an arbitrary
-1000 -800 -600 -400 200 0 200 400 600 800 1000 time dependence, the solution for a depinned CDW obtained
Lot [1A ] by linearizing about the steady-state solution for

SEpen(X,1)=0 is a diffusion wavé® The position- and
FIG. 6. Transfer functiort(l,,,) for four segment separatiohs  frequency-dependent electric field induced by the perturba-
for sample 1. tion is, for largew,
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p © tially independent of distance over hundreds of micrometers.
n
SE(X,w)= —sgnx—Xg) P

0

" However, the model predicts thé& for the nonlocal ac re-
Pn7 Pe sponse should also be position independent, but instead a
XQVpe,t(w)ei“’“("”\mQ"“XO‘, (2)  9radual decay is observed in Fig. 6.
Although the simple model provides some insight, its fail-
wherewo=Qx/x(pn+ pc)- . ures are not surprising. First, whép,,(w) is comparable to
The BBN generated by a localized sourcexgtdecays the distance fromx, to the current contacts, CDW distur-
exponentially with distance fromx,. The frequency- pances caused by a slow perturbation have time to propagate
dependent length scalg,py(w) for this decay is, from Eq. to these contacts and establish a new “equilibrium” CDW
(2), éppn=Q *2wo/w. This corresponds to a CDW diffu- current distribution. The form of this distribution depends on
sion constanD = wo/Q°. the details of the phase slip boundary conditions at the cur-
If the BBN is generated by local fluctuators uniformly rent contacts and on the presence of macroscopic sample
distributed within the sample, the total BBN amplitude ob-defects, neither of which are included. Second, the simple
tained by summing the contributions of individual fluctuatorsform of the pinning fieldE ignores the collective dynamics
will be independent of position. However, the cross-of the CDW interacting with quenched disorder. Third, the
correlation coefficientC(w,1)=(E;(w)Ex(w))/(E1{®)?  model ignores the fact that the measured voltage-current re-
of the noise sampled at positiorg andx,=x;+1, sponse is due not only to CDW motion, but also to changes
in the local single-particle resistivitg,(x). At the low fre-
Clw,)=[1+1/&ppn(@)]eXH —1/Eppr( @)1, 3 quencies studied here and in Ref. 17, measurements are
will decay roughly exponentially with separatidnwith a  dominated by the latter contributif?*
decay lengthé,,,, reflecting the spatial extent of the indi- At higher frequencies disturbances will propagate shorter
vidual disturbances. distances on the perturbation’s time scale and contact bound-
Within this simple model, Eq(2) also describes the non- ary conditions should become less important. Consequently,
local spatiotemporal CDW response to a locally applied exan extension of the present measurements to a broader fre-
ternal voltageV e andw then represent the amplitude and quency range should permit probing the “intrinsic” spatial
frequency, respectively, of a sinusoidal voltage applied loncorrelations in the CDW's collective dynamics, both near
gitudinally to a short segment of a crystdE is then the and far from the “washboard” or narrowband noise fre-
nonlocal electric field generated by this perturbation, whichuency. An explanation of these correlations is at the heart of
also decays on a |engﬁbbn_ all theories of CDW dynamics.
Using numbers appropriate for NbS& &,,.(w)
~4 mm at a frequency of 10 Hz. This correlation length is  This work was supported by NSF Grant No. DMR97-
comparable to the current-contact spacing in our experimen35433. S.G.L. acknowledges additional support from Cana-
and much greater than the voltage-contact spacing, and #a’s NSERC. Sample holders were prepared at the Cornell
consistent with the noise correlations of Fig. 4 being essenNanofabrication Facility.
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