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Persistent Metastable States in Vortex Flow at the Peak Effect in NbSe2
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Non-Gaussian flux-flow noise was measured in the “peak-effect” regime of NbSe2. The form
of the second spectra showed that neither flux bundles with Poisson statistics nor simple flow
channels switching on and off could account for the noise. More complicated persistent flow
patterns were needed. These metastable flow states were shown to correspond to different pinn
configurations. [S0031-9007(96)01401-9]

PACS numbers: 74.40.+k, 71.30.+h, 72.70.+m, 74.60.Ge
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Statics and dynamics of magnetic flux line lattice
(FLL) in type-II superconductors in the presence o
quenched pinning disorder have attracted a great dea
attention in recent years [1]. Of special importance is th
nature of FLL dynamics and its relation to the underlyin
spatial (and temporal) ordering in the pinned and movin
states [2]. The appearance of the so-called peak eff
(i.e., a sharp peak in the critical current for the onset
motion) in close proximity to an underlying FLL-melting
transition is being studied extensively in both the high-Tc

[3] and the conventional [4] systems.
There has also been much speculation on the nat

of the vortex motion in the peak-effect regime [4]
Several recent studies in this regime [5–7] have foun
large flux-flow noise [8,9], whose statistical propertie
provide a useful new window on the dynamical effect
in the flowing vortex condensate. Large non-Gaussi
effects have been found, supporting some sort of plast
flow picture [5]. However, the nature of the dynamica
coherence in this regime has not been much explore
In particular, it has not previously been establishe
whether the noise is a purely dynamical effect involvin
metastable flow patterns far from equilibrium, or rather
symptom of the many metastable pinned configuratio
available to the vortex condensate. In this Letter, w
provide evidence unambiguously demonstrating that t
noise arises from complicated configuration fluctuation
which persist even when the vortices are not flowing.

Standard models of vortex flow noise have been bas
on independent vortices or independent vortex bund
[6,8]. Such models predict Poisson statistics with a si
gle time constant for bundles traversing the sample. It
known, however, that such models are inadequate at le
in some regimes [10]. Recent noise measurements on fl
flow near the peak effect in Y-Ba-Cu-O have been inte
preted in terms of independent channels of flow openin
and closing, yielding Lorentzian spectra with much slowe
time constants [7]. Both pictures lead to specific pre
dictions about higher-than-second-order moments of t
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voltage time series in a transport experiment. Spec
cally, both models can be shown to predict that the s
ond spectrum, the spectrum of fluctuations in the ordina
first spectrum [11], is essentially independent of secon
spectral frequencyf2. We present data from 2H-NbSe2

contradicting that prediction, requiring that there be mul
state metastable flow patterns, e.g., interacting flow ch
nels, in the peak-effect regime.

Regardless of the detailed nature of the differe
moving states, a central question is whether these
purely dynamical states (like, e.g., the fluctuations
turbulence) or metastable disordered states which are o
probed by the nonlinear transport coefficients [as foun
e.g., in some related charge-density-wave (CDW) no
effects] [12]. In this Letter, we will show using simple
pulsed-current experiments that the metastable mem
survives in the pinned state and thus reflects proper
of that state.

All data presented here come from a single-crys
sample of the layered superconductor 2H-NbSe2 of size
1240 mm 3 515 mm 3 25 mm. Similar results for the
dc experiments were obtained with a second sample. G
wire leads were attached with low temperature InAg sold
in a four-probe configuration with current flow in thea-b
plane and magnetic field along thec axis. We foundTc ,
7.2 K with a width of about 225 mK. A small residua
resistance in one of the samples belowTc indicated that the
current and voltage leads were not completely independ
but the field dependence of the noise spectra rule
the contacts as a significant source of noise, as descr
below. Figure 1 shows the dependence of the criti
currentIc on field (“peak effect”) and a typical differentia
resistance curve atH  1.95 T, where all of the detailed
noise data presented here were taken.

The noise magnitude, spectral shape, and promine
of non-Gaussian effects observed were so similar to th
found by Marley et al. [5] that we shall not comment
extensively upon them. As before, the noise was la
only on the low-field side of the peak.This fact provides
© 1996 The American Physical Society 3197
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FIG. 1. Critical currentIc vs magnetic field shows a pro-
nounced peak effect just belowHc2 ø 2.3 T. All noise data
presented here were taken withH  1.95 T (dashed line). In-
set: ac differential resistance vs driving current atH  1.95 T.

a very convenient test for noise artifacts, since essentia
all such artifacts would be as large or larger on the high
field point with similar current and critical current to
the low-field point. Except for at the very low end of
the frequency range of our data, no such artifacts we
detectable.

Solid symbols in Figs. 2 and 3 represent first an
second spectra taken with dc sample current,Is. The first
spectra (Fig. 2) show a sharp increase in noise power
Is is increased throughIc, and a change in the spectra
shape from1yf toward white noise asIs is raised to a few
timesIc. Similar behavior observed by Marleyet al. [5]

FIG. 2. (a) Solid symbols represent lns2dfS1s fd (first spec-
trum octave sums) taken with increasing dc bias. A horizon
line represents a1yf spectrum. The dashed line represents o
standard deviation of the (white) background noise for the
experiment. Open symbols represent first spectra taken w
pulse-train driving current—circles: 0 to11.8Ic, squares: 0
to 10.5Ic, triangles:21.8Ic to 11.8Ic diamonds:21.2Ic to
11.8Ic. The crosses were taken under the same conditions
the triangles, but using lock-in detection. The squares and
angles are indistinguishable from the background signal in t
setup. (b) Power in an octave centered atf1  34 Hz as a
function of sample current, showing the peak in noise pow
just aboveIc.
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was interpreted as evidence for plastic flow crossing ov
to elastic flow as the flux lattice becomes less sensitive
pinning at high velocities [5]. The dc cross second spect
(solid symbols in Fig. 3) show remarkable dependence
Is. At Is  12 mA, just aboveIc, the second spectrum is
large and roughly independent off2. As Is is increased,
the S2 develop a1yf dependence onf2 in the regime at
which S itself reaches its maximum. At higher current,S2

decreases in amplitude.
The use of the second spectral technique allows

clear distinction between complicated kinetics involvin
many linked processes with different rates, and simpl
superpositions of single-rate processes with a distributi
of rates. The simple superpositions give nearly whit
second spectra.The strong dependences ofS2 on f2
immediately rule out models which invoke simple bund
transport or two-state channels.Thus some sort of
more complicated persistent flow patterns are require
Since S2 acquires much more low-frequency weigh
in the regime in whichS itself is large, and obvious
tentative interpretation would be that as flow channe
grow to occupy a large fraction of the sample, the
interactions slow a much more complicated set of flow
pattern arrangements. The reasons for the drop inS2 at
a higher current are not fully understood, but are likel
related to the less dramatic drop inS1, which is believed
to be related to healing of the vortex condensate at
higher flow rate [4].

The next question is whether these flow patterns shou
be understood as reflecting the underlying metastabil
of the pinned vortex state. The key experiment he
resembles that for the analogous problem in CDW

FIG. 3. Solid symbols represent lns2df2S2s f2d (secondspec-
trum octave sums) taken with increasing dc bias (see tex
Open circles represent data taken with a pulse train from 0
11.8Ic. Each second spectrum is normalized to the avera
power in the corresponding first spectrum, giving a dimensio
less measure of the (non-Gaussian) squared fractional fluct
tions in the power in an octave ofS1. (Cross second spectra
between adjacent octaves are used so that Gaussian noise w
give zero.) Sample statistical error bars are calculated from t
random imaginary cross second spectrum.
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flow—testing whether the flow noise remembers it
previous value after a period during which there is n
flow [13]. If so, then the information determining the
difference between the voltage and its temporal mean m
be already contained in the pinned state. The experim
simply consists of substituting various pulse trains for th
dc current. A bridge circuit and some analog filtering ar
then needed to allow amplification of the noise withou
overloading the amplifiers. All the pulse trains describe
here were obtained by adding different dc offset squa
waves with 50% duty cycle at 500 Hz (1 kHz for the
lock-in measurement).

When a simple positive-going above-Ic pulse train was
applied, the resulting low-frequency voltage noise spe
trum was nearly identical to that obtained with a dc cu
rent, as shown in Fig. 2. Background taken with below-Ic

pulse trains showed almost no noise. Thus the pinned st
itself already contains information about the deviation o
theI-V curve from its mean, and this information is not los
when the current is raised aboveIc. The noise appears to
come from rearrangements of thepinnedcondensate be-
tween metastable configurations. Unlike in turbulent mo
els [10], the fluctuations cannot be just in velocity fields
Recent vibrating-reed measurements in NbSe2 show dis-
sipation even when the average motion of the vortices
smaller than the spacing between them, supporting this p
ture [14].

The nonlinearity of the mechanical dissipation [14
however, indicates that driven kinetics may be at least
important as thermal kinetics among the metastable sta
Since the detailed noise spectrum in a flowing regio
should be sensitive to the configurations of neighborin
regions regardless of whether they are flowing, the grow
of S2 as more of the sample is driven to slide also sugge
that pinned regions do not sample new metastable step
often as do flowing regions.

In some CDW regimes, although pinned states c
contain the low-frequency noise information, the pinne
states reached from the two opposite flowing configur
tions are so different that switching between these confi
urations eliminates the long-time correlations of the nois
[15]. By applying an asymmetric square-wave bias, w
tested whether something similar occurs in the NbSe2 flux
flow. The low-frequency noise persisted so long as
least one sign of the current bias exceededIc (see Fig. 2),
indicating that the pinned states accessible from the tw
types of sliding state were not much different.

Finally, we have some data (Fig. 2) bearing on th
symmetry of the fluctuations and the role of net current
driving the fluctuations. Using a symmetrical ac curren
bias substantially reduced the noise, whether detec
directly or via a lock-in amplifier. (These measur
different symmetry components of the noise, and the
relative magnitude shows that most of the noise do
not break the symmetry of theI-V curve [16].) We
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are now conducting experiments to quantify the role
the dc component of the current bias in driving the noi
dynamics.

In conclusion, second spectra of peak-regime flux-flo
noise show that there are complicated metastable fl
patterns, especially in the regime for which the noise
largest. The persistence of the noise with various form
of ac drive current shows that the metastable flow sta
reflect underlying metastable pinned states, in part
contrast to suggestions that a metastable self-organi
flow pattern is involved in low-frequency dissipation [14
The extent to which driven effects may dominate th
fluctuation kinetics remains to be quantified.
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