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Flux Flow Noise and Dynamical Transitions in a Flux Line Lattice
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Generation of low frequency broadband noise is studied in the low-T, superconductor 2H-NbSe2 near
the "peak effect." A striking dependence on both current and magnetic field is observed in the power,
spectral shape, and non-Gaussian nature of the noise. The noise is very large in the plastic flow regime
of the dynamics, and small in both the elastic flow and fluid flow regimes. The results show a rapid
decrease in the velocity correlation length, a measure of the spatial homogeneity of the moving flux line
assembly, as the upper critical field is approached.

PACS numbers: 74.60.Ge, 74.40+k

Conjectures on possible phase transitions and the pres-
ence of exotic phases in clean and disordered magnetic
Ilux line lattices (FLL) in a type-II superconductor have
led to the recent resurgence of activities in this area [1].
Most of the experiments [2] have involved transport stud-
ies, not the usual way of detecting thermodynamic phase
transitions. The results provide direct information only
about the nature of dynamics and pinning. Those, in
turn, may be related to the nature of ordering of the FLL
phases, but only through strongly model-dependent in-
terpretations, which remain ambiguous and controversial
owing to the highly incomplete understanding of the dy-
namics of a disordered FLL.

Recent studies on dc transport [3,4] have suggested three
distinct regimes of dynamics: elastic, plastic, and fluid, as
the magnetic field H approaches the upper critical field
H, 2. The shear modulus C66 of the FLL softens: C66 =
(H~z/4n) (1 I /2v )b (1 b) (1 —0.29b)/8tt, where
b (=B/H, 2) is the reduced field. This leads to increased
strains in the FLL near the pins. Above a field H~],
the strain exceeds the elastic limit in some locations
and plastic deformation [3—6] of the FLL occurs. It is
speculated [4] that the FLL is broken up into chunks or
filaments of dimension L„ the time averaged velocity
correlation length. The resulting defects and dislocations
would lead to a decrease in the correlation volume of the
FLL and thus to a rapid increase [7] in J, . The increase
in J, continues up to the peak field H~ which is nearly
coincident [3] with the Lindemann melting field.

The FLL is a prototype for collective transport in
disordered systems for which 1/f-like broadband noise
(BBN) is expected to provide valuable information about
the dynamics [8]. But a clear experimental demonstration
is not available, although flux flow noise has been studied
extensively for nearly three decades [9]. In this Letter
we report the observation of a striking dependence of all
the characteristics of the BBN on both the driving current
I and the magnetic field H. The results demonstrate a
crossover in the FLL dynamics from the elastic to the
fluid through the intermediate plastic regime characterized

by a large BBN. We measure a rapid decrease in I
confirming directly, for the first time, earlier speculations
[3,4] that changes in the velocity correlation length are
responsible for changes in the dynamics.

All data shown were acquired on a single crystal sam-
ple of the layered low-T, superconductor 2H-NbSe2 of
dimension 870 p, m X 780 p, m X 150 p, m. Similar data
were obtained in two other samples. Typical parameters
are T, —7.2 K, 6T,. —40 mK, and R —20. Low resis-
tance contacts were made with evaporated gold, and all
measurements were made in the four-point configuration
with I in the a-b plane and H along the c axis and in the
a-b plane normal to I. Noise characteristics were mea-
sured at a fixed temperature, T = 4.2 K, at varying H and
I. In order to obtain correlations with time-averaged dy-
namics, I Vcurves an-d I dV/dI cur-ves were also mea-
sured; the latter were typically obtained with the standard
ac method. We first summarize the main observations.

(I) Current dependence of noise power at different
magnetic fields: The inset of—Fig. 1 shows the variation
of the critical current I,. with H at T = 4.2 K for
H ~~ c. The sharp rise of I, marks the on. set of plastic
deformations [3] at H~~ = 1.81 T, and the peak in I,
is the well-known "peak effect" at H„= 1.95 T (H, .2 is
2.2 T). The extreme weakness of pinning is shown by
the smallness of the critical current density (—8 A/cm
at 1 T, for example). The main panel in Fig. 1 shows
the variation of the noise power fS(f) with Iq, for H in
the "peak regime" (i.e., Hv~ ( H ( H„) (The noise is.
plotted here in logarithmic scale for easier viewing). The
data show the following: (i) The noise appears with the
onset of resistance, ensuring that the noise is indeed due to
Ilux motion; (ii) the noise power increases by many orders
of magnitude to a maximum S „,slightly above I,. ; and
(iii) the noise power decreases at large I, i.e. , a rapidly
moving FLL is much less noisy.

(2) Field dependence of the maximum noise power
Figure 2(a) shows the remarkable H dependence of S „
and of the critical current I,. in the vicinity of the peak
effect [9]. First, below Hv~ the noise is very small. Then,

0031-9007/95/74(15)/3029(4)$06. 00 0& 1995 The American Physical Society 3029



VOLUME 74, NUMBER 15 PH YS ICAL REVIEW LETTERS 10 AvRIL 1995

10

~ 10

10
—16

~ ' I ' I ' I ~

'Hg,

0

~ 'M0
10

—17

10 18
1.88T 1.9T

I

10O I (mA)

FIG. l. Current dependence of noise power measured at f =
34 Hz at four fields in the peak regime. To improve averaging
without loss of information, since the noise is broadband, the
individual bins of the power spectrum S(f) are summed from
f to 2f giving fS(f) All no. ise power and excess variance
displayed in this paper are for f = 34 Hz. The inset shows the
peak effect, i.e., the pronounced peak in the field dependence
of the critical current. Hp( marks the onset of the peak regime,
and Hp is the peak field.

a gigantic peak occurs between Hp] and Hp. Finally, the
noise plummets to a very small value around Hp. The
implications for the H dependence of the noise are as
follows: (i) The large noise accompanies plastic fiow and

(ii) the peak in noise clearly occurs at a value of H (
H„. Figure 2(b) shows that the same qualitative result
is obtained for H i c and for both I, and S „:S „
grows rapidly at Hp] and reaches a sharp maximum for
a slightly larger H and drops below background levels at

Hp For H J c the overall magnitude of noise and 1, is
considerably larger.

(3) Current and field dependences of the non Gaussian-
nature of the noise —The non. -Gaussian higher moments
of the noise are expected to yield more insight into the
nature and number of Auctuators. We use the fractional
variance of the noise (i.e., the fiuctuation of the noise
power in a fixed frequency window measured in a given
time interval, over many such time intervals) to measure
the fluctuations of the Auctuators. The excess fractional
variance 5, above the Gaussian value, becomes large

when a small number of fluctuators produce most of the
noise [10].

We use H 4 c to study the non-Gaussian nature of
the noise because of the larger ratio of signal noise to
background noise. Figure 3 inset shows the I dependence
of 5 at H = 5.4 T. 5 typically peaks at the onset of
motion, i.e., at the nominal I„and drops rapidly at larger
currents. This peak 5 „occurs around I, which is
smaller than the value of I where the noise power peaks.
But, most importantly, the overall scale of non-Gaussian
nature is found to depend very strongly on H as well as I,
as shown in the main panel. The data clearly show that

(i) 6,„,corresponding to the fewest Iluctuators, coincides
with H~~ and not with the peaks in either J, or S(f); (ii)
moreover, 5 „(I)coincides with the onset of motion at
I less than that for the peak in S(f)

(4) Current and field dependences of the spectral shape
function For .e—ach current value, the noise spectrum was
measured spanning two decades in frequency (between
a few Hz and a few hundred Hz). The data shown
above represent behavior measured in a fixed f window.
Although the same behavior is seen at all f in this range,
there are some quantitative differences observed in subtle
changes in the spectral function. Following time-honored
methods, we characterize S(f) by a power-law (f )
form, which yields a good fit to the data. However, the
exponent n is strongly I dependent. Figure 4 shows that
n typically has at a value near 2 around where the noise
peaks and then continues to decrease with increasing I
and approaches a much smaller value near 0 at large
I. Moreover, the spectrum at large I is nearly white at
larger H as seen from the data for H = 1.87 T, in contrast
with the data at H = 1.83 T. The same trend is also
observed for the other geometry, i.e., H J c.

The data summarized above show unequivocally that
the noise is localized in a narrow range of H and I that
has previously [3,4] been speculated to be the plastic
fiow regime and that both the elastic solid and the fiuid
regimes are relatively noise-free. The data also show that
the decreasing velocity correlation length I accounts for
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FIG. 2. Magnetic field dependence of the critical current and
the maximum noise power for (a) H ~~ c and (b) H i c.
The peaks in noise power occur at fields below Hp in both
geometries.
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FIG. 3. The inset shows the current dependence of the noise
power and the excess variance 5 which reaches its maximum
value 5 „at l, and decreases rapidly at higher I. The main
panel demonstrates the strong H dependence of 5 „which
peaks at Hp) See the text for discussions.
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FIG. 4. The current dependence of noise power and the slope
n of a power law (f ) fit to the frequency spectrum for two
values of H. The slope is near 2 at the peak of noise and
decreases to a smaller value at large J. At the higher field in
(b), near the fiux liquid regime, the noise at large I is almost
white.

the various dynamical regimes as the superconducting-to-
normal phase boundary is approached.

The voltage measured in a transport study is a direct
measure of the time rate of change of the magnetic flux,
i.e., V —N(v), where N is the number of vortices moving
and (v) is the average velocity; the fluctuations in the
voltage are then related to the fiuctuations in N(v). The
noise is found to appear and disappear as a function of
H for a given sample in a fixed geometry, arrangement
of leads, etc. [9]. Furthermore, the appearance of noise
corresponds precisely to anomalous I-U curves which
signify different regimes of dynamics [3,4], showing that
the noise is unambiguously related to flux transport in the
sample.

It has been shown earlier that while metastability in
the pinned state is a generic situation in these classes of
systems, the moving state may, in some cases, be unique
as long as the system remains elastic [11]. Thus the
absence of noise for H ( Hp& is entirely consistent with
the view that the motion of the FLL, while instantaneously
jerky, is nearly uniform on average. Although fluctuations
can occur in the time scale of the washboard period
(to = v/ao, where v is the velocity, and ao is the lattice
constant), giving rise to a narrow band noise, similar to
the charge-density wave (CDW) case [8], no noise is
expected in the low f regime described here.

This near uniqueness of the moving state breaks down
if the medium is no longer elastic, i.e., if plastic defor-
mations occur [5,6]. We propose that the noise is due
to transitions among the various metastable moving states
of a plastically deformed FLL. Each of the metastable
configurations consists of a different arrangement of mo-
bile vortices whose number and velocity varies from one
state to another. These transitions directly lead to the ob-
served noise. We propose that the rapid decrease of noise
at large current in Fig. 1 is due to the reduced effect of

pinning and metastability of the FLL as the system heals
back to the elastic regime.

We propose that for fluid flow at H ~ H„ the noise is
very small due to a different reason, i.e., the depletion in
the size of the velocity correlation length I to typically
the liquid correlation length -ao, the lattice constant. As
the lattice softens, I decreases as well and the moving
FLL has a larger number of channels. The incoherent
addition of fluctuations from many channels will lead not
only to a depletion of noise but also to a rapid drop in 5, as
shown above. This implicitly proposes that the velocity-
coherent regions themselves are the fiuctuators (which may
be identified with the Kim-Anderson flux bundles).

In the conventional scenario of the 1/f noise, the
noise spectrum is explained by postulating processes with
a suitable distribution of relaxation times and the spectral
shape is the result of a summation over many Lorentzians
5(f) —f rg(r) dr/(I + cu~r2), where r is the character-
istic time. This restricts n between 2 and 0, at frequencies,
respectively, above and below the characteristic frequency
range. In our experiment n is indeed restricted between
these values. The average characteristic frequency, which
moves through our experimental frequency window as the
slope changes from 2 towards 0, is much lower than the
washboard frequency and corresponds well with the in-
verse transit time in the sample which ranges from 10 ' to
10 Hz in our experiment. The I dependence of n can be
attributed to a decreasing v. with increasing I, i.e., increas-
ing FLL velocity. We speculate that 7. is related to the
macroscopic rearrangement time of a particular vortex as-
sembly. Moreover, as the FLL correlations decrease with
increasing H between Hpi and H~, I becomes smaller,
yielding a smaller ~ and thus a smaller n at large I, as in
Fig. 4. In other words, the noise for fluid Bow would be
nearly white, consistent with the expected absence of long-
time correlations.

In conclusion, the flux flow BBN shows a dramatic de-
pendence on H and I in all its characteristics in the regime
where the peak effect occurs. The results conclusively
show that the large noise is due to plastic flow. Both the
elastic solid and the flux liquid are much less noisy, but
for different reasons. As shown in the general scenario
developed above, the noise is caused by transitions of the
moving FLL among metastable moving states. The ab-
sence of noise for the elastic solid is due to the near ab-
sence of metastability and for the fluid due to the smallness
of the velocity coherence length I . All the experimen-
tal observations shown above, viz. , the rapid decrease in
the noise magnitude and its variance and, moreover, the
change in the noise spectrum, as H increases towards H, .2,
are consistent with a rapid decrease in the velocity correla-
tion length I „, the central measure of the (time-averaged)
spatial coherence of the moving flux assembly. This pro-
vides a clear description of the long-sought transition of
the dynamics from an interaction-dominated regime to a
disorder-dominated one [1]. These results would provide
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insight into closely related phenomena in systems such as
the CDW's and the Wigner solids [8].
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