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Noise probes of underlying static correlation lengths in the superconducting peak effect

M. W. Rabin, R. D. Merithew, and M. B. Weissman
Department of Physics, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801-3080

M. J. Higgins and S. Bhattacharya
NEC Research Institute, Princeton, New Jersey 08540
(Received 23 June 1997; revised manuscript received 21 Augusj 1997

The sensitivity of low-frequency noise to ac magnetic-field perturbations is explored in the plastic flow
regime near the “peak effect” in the clean type-Il superconductor Nb8ery small ac magnetic field®n
the order of 1 Oe in a dc field of about 20 000)Qebstantially reduce the low-frequency spectral density by
inducing rapid switching among metastable configurations present in the pinned state. This sensitivity to ac
fields shrinks rapidly a8l increases in the peak-effect regime, indicating reduced static correlation lengths as
the peak is approachef50163-182608)50902-2

In type-Il superconductors with fairly weak vortex pin- between the peak regime and the main frozen condensate
ning there occurs a dramatic rigihe “peak effect’) in the  regime. We shall argue that the sensitivity to perturbations
nominal critical current; (at which voltage reaches about reflects the inverse of static correlation length, which falls
100 nV) near the boundary between a vortex solid and aapidly as the peak is approached from lbly
vortex liquid. Since the early work of Pippatdt has been The key experimental idea, adapted from work on other
clear that the peak effect in some way results from a softensystems,® is that periodic perturbations of the Hamiltonian
ing of the vortex condensate, allowing the vortices to bettefor disordered systems generally speed up the fluctuation ki-
find the randomly located pinning sites, but without entirelynetics, since the system returns to a partially randomized
losing the collective effects needed to suppress flux creegonfiguration after each cycle. The typical result fof 1/
However, the properties of both the vortex flow abdyand  noise is that for frequencies an order of magnitude or two
of the underlying vortex condensate which create the pealess than the frequency of the perturbatiég, the spectral
effect have been unclear. densityS(f) is reduced:® Nearf,, S(f) can increase, due

Low-frequency broadband noi¢BBN) has been used to to the increase of fluctuations with characteristic rates near
elucidate the nature of the vortex flow in the materialfa.’ Itis helpful to think of a complicated energy landscape
2H-NbSe.?? In the regime wheré, is an increasing func- whose topography rapidly oscillates because of the applied
tion of field, Hy, the flow is very noisyfas also is found in perturbation, facilitating fluctuations among different val-
Y-Ba-Cu-O (Ref. 4] and the noise becomes highly non- leys.(For simple collections of two-state systems, the pertur-
Gaussian at the low-field edge of this regfnisee Fig. 1 bation can reduce the net fluctuations, creating deterministic
Those results made sense in a model of plastic *loith periodic responsgbut such effects are less likely for com-
large dynamicalcorrelation lengths, shrinking ad, is in-  plex configurations.
creased toward the value at thepeak. Further examination ~ Our experiments were performed on a single crystal of
of the noise statistics revealed that the flow requires complegize 1240umx515 umx25 um of the layered supercon-
patterns, not simple flux bundles or channels switching on 15
and off3 10

Most importantly for our present purposes, in prior work
the persistence of BBN when a pulse train of current was
used instead of a dc current showed that the vortex configu<
rations which slowly fluctuate exist in the pinned state, not
just when the vortices are flowirigThus the BBN can be
used to probe underlying pinned-state metastable configura
tions, even though the BBN is only detected when the vorti-
ces are flowing. With care, the sensitivity of BBN to changes
in the vortex spacing of the ideal condensate can be used ti
extract correlation lengths corresponding to the extent of
static rearrangements, as opposed to the velocity-velocity
correlation lengths characterizing the nonequilibrium ffow. 3 . ‘ ‘

In this paper, we explore the sensitivity of the BBN to 10,5~ 1.9 ) 21"
small ac perturbationsd) in H. We shall show that very H (Tesla)
small perturbations change the BBN by forcing the conden- 0
sate to forget its previous metastable configuration. The BBN FIG. 1. Bothl and noise poweffrom about 1 Hz to 2.25 kHz,
sensitivity toSH becomes especially large near the boundaryneasured at 20 mAare shown vé,.
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ductor 2H-NbSg as used in previous workGold wire ' '
leads were attached with low-temperature InAg solder in a
4-probe configuration with current flow in tleeb plane and

the magnetic field along the axis, perpendicular to the
plane of the thin sample. We foulg~7.2 K, with a tran-
sition width of about 225 mK. The state of the vortex con-
densate can depend on whether an above-threshold curre
has been applied after sample coolthtf—all data pre-
sented here intrinsically involved such currents and therefore
do not explore the as-cooled state.

The dc fieldHy was supplied by a persistent supercon-
ducting magnet. The ac perturbation field, denoted
2Y2H, cos(2rfat) with fo~110 Hz, was applied with a
small nonpersistent home-made superconducting magne
wound on a stainless steel form. We used a sample suppol
made of Teflon, since eddy currents in the standard oxygen
free high conductivity copper support screened the sample
from H, at 4.2 K. Room-temperature calibration ldf, was
corrected 16% for the effects of operating inside the larger
bore persistent magnetin an inadvertent preliminary ex-
periment, which inspired this work, the ac field was supplied
by a loose wire near the sample, with rather poorly characl=12.5 mA, the samé as in the dc datahas no significant
terized orientation and time dependence. effect on the BBN and no measurable effect on the fractional

All the BBN data presented in detail here were taken areduction due tdH; . [In another experiment, we found that
4.2 K in liquid He by conventional four-probe noise tech- similar effects onS(f) occur even when small field changes
niques, using a dc current sour¢eithley 224. Results are made only while the sample current is pffhese facts
obtained with a variety of forms of ac current are too com-confirm that the BBN and its sensitivity to small field per-
plicated to discuss in detail in this paper. The first stage ofurbations reflect fluctuations among metastable configura-
the low-noise amplification chain was a PAR 1900 trans-ions shared by the pinned and sliding vortex condensate.
former, which could be dc coupled since the four-probe dc The typical time for a vortex to move across the sample
voltage was very low. Standard low-noise amplifiers and anunder the conditions illustrated in Fig. 2 is 60 msec. Never-
tialias filters were used to condition the signal for Fouriertheless the form o$(f) shows that the long-time configura-
analysis on a PC, with the useful analysis range typicallytional memory must extend to times longer than the inverse
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FIG. 2. S(f) vsf for severaH, are shown foH,=1.823 T and
I=12.5 mA. Spectra are smoothed, with the raw spectrum also
shown forH,;=0.

being 1-50 Hz. In order to avoid saturating the post-

transformer amplifiers with pickup from the ac magnetic

of the lowest measured frequency, i.e..>#d s. The vortex
lattice retains more memory of its configuration after the

field, a synchronized signal was subtracted at the input ofortices have been swept through the sample many times

one of the differential preamps.

I vs Hy (see Fig. 1 closely resembled previous
measurementSwith a very slight change of characteristic
fields (here the peak is aty~1.98 T), probably due to

than after their concentration has been changed many times
by a part in 10.

We shall argue later that the sensitivity of the BBNHg
is related to a correlation length of the vortex condensate.

slight changes in alignment on changing the sample supporf.he dependence of this sensitivity &ty can help elucidate

The BBN voltage spectral densit$(f), measured for
|>1., resembled that previously reportedn this and simi-
lar samples as a function &f, and of applied currenit and

showed the same dependences on the form of applied current Figure

(dc, ac, pulse train, efc.The noise statistics, including sec-
ond spectra, also resembled those previously repérted.

the relation between the peak effect and the underlying vor-
tex phases. Some care is required to separate that dependence
from the dependence on the dc measuring curient,

3 shows the normalized noise power
S(4 Hz, I, Hy)/S(4 Hz, 1, 0) as a function oH, for sev-

eral currents a#l;=1.838 T, for whichl .~7 mA. (A band

Here we report in detail only on data taken on the left-handaround 4 Hz was used because it was the lowdst which

side of the peak, in which the BBN is most easily detectable

artifacts were consistently absgrnthese data are typical for

focusing on the range between 1.823 and 1.920 T, for whiclthe region 1.8%H;<1.88 T. We can conveniently param-

the spectral density exponeptn S(f)of~” ranged from 0.9
to 1.1.

The key experiment is to measuséf) at fixedl >1. as a
function of H;. The key effect, a reduction i$(f) for
f<fa, is illustrated in Fig. 2 for data taken a,
=1.823 T. S(f) is most reduced at the lowekt indicating

etrize these curves by definimty, (Hq,l) as the value oH;
for which S(4 Hz, I, Hy,Hy)/S(4 Hz, |, Hy, 0)=3.
Figure 4 showsH, as a function ofl, again for Hg
=1.838 T, showing a minimum ik,, coincident with the
maximum inS(4 Hz) as a function ol. The coincidence of
the minimum inH,, and the maximum ir8(4 Hz) as func-

that the perturbation disrupts long-time correlations, as extions of current is a generic feature of the data in this region.

pected.S(1 Hz) can be reduced by a factor of 2 by,
<107 H,.

Figure 5 illustrates the dependencetbf, on Hy andl.
Between 1.807 T and 1.878 H,, increased a factor of 2 or

Under the conditions of these data, replacing the dc bia8, regardless of whether one selects data at fixeti2.5 mA

current wit a 2 kHz pulse traiiswitching betweemh=0 and

or atl chosen to maximiz&(4 Hz). At higherHg, the com-



RAPID COMMUNICATIONS

R722 M. W. RABIN et al. 57
1 7
s v
- i
¥ 0.5 J w7 v
= s 1r .
= = N Current in mA
N
= v 3 ® 13.75
3 410 415
<$11.25 V20
= 125 O 25
’ | | 02 1.86 1.92
1.8 . .
0 1 2 3
H (G rms) H0 (Tesla)
1

normalized to the value &, =0, at several currents, at,=1.838 ~ Measurements made withchosen to produce the maximugi4
T. The curves are smoothed, with raw data shown for the 8 mAH2) at eachHo.
data.

changes irH by considering what happens when the vortex
bination of history-dependent effects and strong dependencgensity changes. Our arguments are meant only to serve as
of I on Hy made it more difficult to cleanly separate the jnitial interpretive guides until a more serious theory can be
direct effect orH,, of changingH, from the effect of chang- developed.
ing I. We define a correlation lengthy as being the distance
Very close to the peak ic, different effects were found. over which the vortex configuration changé., vortices
ForHp=1.973 T(near the peak itsglf y<0.1, and no effect  find new pinning sitesin typical coherent rearrangements of
of H; on the BBN was evident up td; =30 Oe. This result the vortices.Ly must be at least as large as a Larkin-
is to be expected, since if the characteristic fluctuation rate®ychinnikov lengtht?*3 the distance over which the vortex
are already greater thdn (as indicated byy), the perturba-  arrangement becomes distinct from simple periodic spacing.
tion cannot increase them. If a large fraction of the vortices within a coherently pinned
In the narrow regime neat,=1.94 T with the largest region move a distance comparable to a vortex radius, they
BBN (see Fig. 1, with y~1.6, the effect oH,; was toin-  must find new pinning sites. If we express the Hamiltonian
crease $4 Hz). TheH, scale for the increase (4 Hz) was  for the vortex condensate as a nonrandom interaction term
comparable to the scale for the decreaseSi# Hz) at  plus a quenched random perturbation around the ordered lat-
slightly lowerH,. Given the largey in this regime, there is a tice, the quenched random term is then thoroughly random-
very large extrapolated spectral weidhglow the observed ized. Thus if6H is large enough to add or remove a row of
frequency range. It is not surprising then that perturbationgortices in a region of dimensiondy, ie., if H;
increasing the fluctuation rate would incre&é Hz) rather > (o,H,)Y?/L, those features of the vortex configuration
than decrease it, because the large very low frequency noisghich depend on disorder must be randomized. Likewise, it
is moved up into the observed range. is clear that adding less than one vortex to a static correlation
We may understand the sensitivity of the configuration toregion (Hl<<Po/Lﬁ) cannot affect the configuration. To get
a more accurate result between these two limits would re-
3x 108 . ; 3 quire a more serious analysis of the metastable configura-
tions.
H\, is then a measure, though not yet a well-characterized
one, of the inverse of y, a static correlation length of the
vortex condensate. Using the lower lirity (@q/Hy)Y? at

N 2x10

= e the onset of the peak effec{;>5 um. In this same regime,

Z o) a standard calculation of the transverse Larkin length would
~ g give about 1um.> At any rate L obviously shrinks a#l is

¥ 1x 1078 ~ increased toward the peak, as does the Larkin length itself.

Whether the growing correlation length near the peak onset
would actually diverge in very clean, homogeneous samples
remains an open question.

The loss of sensitivity to magnetic perturbations together
with the loss of slow relaxation rates at the peak is consistent
with the previous surmigethat all correlation lengths be-
come small near the peak, as the vortices approach a liquid-
FIG. 4. Hy andS(4 Hz) vs| for H,=1.838 T. like state. The results for the narrow regime near the peak
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with especially large BBN with a steep spectrum are moreon dc field shows the existence of a large static correlation
intriguing. One possible suspect is a weak first-order phastength on the low-field side of the peak, shrinking from a
transition, with no diverging correlation lengtiand hence maximum near the peak-effect onset to a minimum at an
no enhancement of the sensitivity t;), but with slow @nomalous noise regime just below the peak field.

fluctuations between the phases. This effect will be explored \ye thank the Science and Technology Center for Super-
in future work. _ _ conductivity (NSF DMR 91-20000 for primary support of

In conclusion, we have found an interesting probe ofthe Illinois work and NSF DMR 96-23478 for support for
metastable frozen vortex states, the sensitivity of BBN toR.D.M. We thank B. Yanoff and B. Plourde for able techni-
small field perturbations. The dependence of this sensitivitcal assistance.
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