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Flux-flow fingerprint of disorder: Melting versus tearing of a flux-line lattice
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A steady-state inhomogeneous Qow of a slowly moving flux-line lattice shows the fingerprint of the
specific realization of dynamically generated disorder obtained through the interaction between the lat-
tice and the quenched pinning centers. This is characteristic of "tearing" of a soft lattice and is pro-
nounced in a narrow regime of the (H, T) phase diagram where the system is neither a stiff lattice nor a
fluid. A first-order depinning transition accompanying this nonequilibrium dynamical phenomenon is
fundamentally different from an equilibrium "melting" of a flux-line lattice. A length scale is proposed
to describe the dynamics.

Forced collective nonlinear transport in random
media' represents dynamics of Aux-line lattices, charge-
density waves, fIuid invasion in porous media, Wigner
solids in two-dimensional electron gas (2DEG), etc. A
basic understanding of the essential features of the dy-
namics is still lacking. It is assumed that there are two
distinct regimes of dynamics, one where the randomness
is "weak" and the motion is that of nearly defect-free
elastic medium, and the other where the randomness is
"strong, " the elastic medium is broken up and the trans-
port is highly inhomogeneous. ' Little is understood ex-
perimentally about the systematics of this crossover. The
fiux-line lattice (FLL) in a clean weak pinning material
such as 2H-NbSe2 serves as an idea1 testing ground for
the basic phenomena. By tuning the intervortex interac-
tion through the magnetic field one can see this cross-
over, marked by the peak effect at H =H slightly below
H, 2. Interestingly, thermal Auctuations could not be ig-
nored in this regime either and a thermodynamic melting
transition of the FLL may occur in the same part of the
phase space. Indeed, a sharp anomaly in the Hall effect
at H has been interpreted as such. Disentangling re-
sults caused by dynamic effects such as discussed here
from those caused by thermodynamic effects such as
melting is nontrivial.

In this paper we report the observation of a series of
anomalous effects in the FLL dynamics including a
"fingerprint" phenomenon in the crossover region be-
tween weak and strong disorder. Experiments were car-
ried out on single-crystal samples of 2H-NbSe2 which is a
weak-pinning material with experimentally advantageous
parameters; T, =7.2 K, 5T, -20 mK, R -20—40, H, 2 at
4.2 K -2.3 T for H ~~c and anisotropy in H, 2-3.3. Typi-
cal sample dimensions are 1 mm X 1 rnm X25 pm. All
transport data are taken in the standard four-terminal
configuration; low-resistance contacts are obtained with
Ag-In solder. The typical critical current density is very
small, e.g. , J, —10 amp/cm at H(~~c)=1 T and T=4.2
K, implying a well-formed lattice. A robust peak effect
is observed around the reduced field b ( =B/H, 2)-0.9 at
all values of T and the angle 0 between H and the c
axis. '

Figure 1 shows the fingerprint phenomenon. The
differential resistance, Rd( =dV/dI), measured from the
dc I-V curves are shown in the main panel for different
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FIG. 1. Variation of the differential resistance obtained from
the I-V curves at various fields. The inset in (a) shows the varia-
tion of the critical current with H. Note that while the jagged
peaks appear for one field they are absent for the other two.
Panels {b) and (c) show the fingerprint phenomena in detail.
The peak structures are numbered and can be matched from
both curves.

values of Hlc. The inset in (a) shows the variation of the
critical current and the pinning force with H. Hp] marks
the appearance of plastic fIow. As the peak regime be-
gins, (for H

I
(H &H ), Rd shows jagged peaks at the

onset of motion, as in 1(a) for H =5.6 T, and decreases to
reach a I-independent terminal value consistent with the
Bardeen-Stephen (BS) form: pf =p„(8/H, &). For the
other two field values, H =4.5 T, slightly below H ], as
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well as for H =6.2 T, coincident with H, R& increases
monotonically from zero and no jagged peaks are visible.
Subsequently, upon lowering the field down to 5.6 T, the
same jaggedness appears, which we call the "fingerprint"
of the disorder in the FLL at that value of H.

Examining the fingerprint in more detail, we plot R&
measured with higher current resolution near the onset of
flow Figs. 1(b) and 1(c) for two fields differing by 0.1 T
and J, 's differing by 15%. In both cases we have num-
bered the various peaks and valleys for easy
identification. Note that features 3, 4, and 5 show a small
difference, while the others are nearly unaffected. Thus,
the depinning of the FLL proceeds via a series of specific
and exactly reproducible jumps (which constitute the
"fingerprint") in the E Vcurv-es corresponding to these
peaks. Moreover, the geld evolution of the fingerprint is
also observed. We propose that this type of fingerprint is
the generic outcome of the breaking up of the FLL and
the onset of an inhomogeneous plastic Aow ' at the
crossover between elastic and Auid Aow.

In order to understand the connection between the
jagged structures in dV/dI and inhomogeneous Aow, we
recall that the net voltage in a Aux-Aow experiment is
given by

V-N, (u ),
where N, is the total number of moving vortices and ( u )
is their velocity. For an elastic medium, the entire FLL
moves together, i.e., N, is current independent; thus,
Rz =N„[d ( u ) /dE ]. The term within the square brackets
is proportional to the inverse of the friction coefficient
p(u). Theoretical work on the dynamics of disordered
elastic media is concerned' with the evaluation of
p,(u). Analogy with critical phenomena' has suggested a
power-law scaling form for the I-V curves for a continu-
ous depinning transition: V- (E E, )~. Some—experi-
mental evidence' supporting such scenarios is available
for different systems. In all cases, p(u) is a smoothly
varying function of the driving force as expected from
such scaling forms. Indeed, such behavior adequately de-
scribes the I-V curves in the present system for the two
field regimes that flank plastic flow, i.e., for both H (Hp]
and H & H, as shown elsewhere.

Note that the appearance of a jagged structure in R&,
for H

&
&H &H, cannot be due to a jaggedness in p(u),

since it is clearly unphysical on the basis of known mod-
els of dynamics. Thus we attribute the fingerprint to the
breakdown of the assumption that N„ is I independent.
The depinning occurs in a sequence which violates the
elastic media approach to the dynamics and a plastic Aow
is mandated. In other words, the various peaks and val-
leys correspond to peaks and valleys in dN„/dI. For ex-
ample, the depinning of a large number of vortices in a
current interval would yield a peak, followed by a smaller
number depinning in the next current interval would
yield a valley, and so on. Thus, the jaggedness of R& is
simply related to the fact that the entire FLL does not de-
pin simultaneously at a given critical current, but in a se-
quence. Thus (u ) is no longer spatially uniform at small
voltages. As I increases, successive depinning occurs for

the different chunks. In this case

V -yn, &u, ), (2)

where the subscript refers to the individual chunks. The
contribution of terms such as dn /dI to R&, as new
chunks begin to participate in the Aow, explains the ex-
perimentally observed large values of R&, greatly exceed-
ing the BS terminal value.

The occurrence of the fingerprint in a narrow field re-
gime can be understood in the following way: The shear
modulus of the FLL softens rapidly as the H approaches
H, q..

C66=(H, 2/4m )(1—I/2' )5 (1—b) (1—0.29b)/gg2 .

As C66 decreases, local strain on the Aux lattices due to
the quenched disorder grows. As it exceeds the elastic
limit in some regions, breakage occurs in the FLL, creat-
ing "chunks. " A natural description of these chunks is
given in terms of a length scale I., over which the time-
aueraged Uelocity is correlated. For an elastic medium
(i.e., H &H, ), even when the instantaneous motion is
jerky, the time-averaged velocity is infinitely correlated,
i.e., I.„ is infinite; hence there are no fingerprints. The on-
set of plastic Aow is given by the finite value of I., at the
onset of motion which measures the size of the chunks.
Pronounced fingerprints are obtained when I., is large,
i.e., there are only a few chunks which are sample
specific. As H increases, L,„decreases until it equals the
lattice spacing ao beyond which the chunk is not a mean-
ingful concept and a Auid Aow is the appropriate descrip-
tion. In this case (i.e., H & M~), disorder is too strong and
the fingerprint is too small to be seen.

In what follows we describe a variety of anomalous re-
sults associated with the dynamics in the plastic Aow re-
gime. A striking example is an anomalous frequency (co)
dependence of R& in the peak regime as illustrated in Fig.
2. It is very pronounced at H =5.7 T, while it is negligi-
ble at the two other fields. The data establish: (i) an
anomalously slow dynamics is associated with plastic
flow (due to slow dynamics of dislocations or defects in a
soft flux lattice) coincident with the appearance of jagged
peaks in dc—Rz, (ii) it occurs at small velocities of the
FLL and disappears at larger velocities where the lattice
becomes more correlated (and L„me tni oend above, is
also large); and (iii) moreover, Rz for all co approaches
the BS value at these velocities, as expected for a healed
FLL."

A further result of the plastic Aow is that the moving
state is not unique, unlike for an elastic medium. ' Due
to the metastability of the moving state and anomalously
slow dynamics of FLL defects, the system becomes noisy
as well as history dependent. A specific example is shown
in Fig. 3 where the I-V curve is evaluated for a sample in
the peak regime. Clearly, the curve is history dependent
for I values for which large jumps in V are observed; the
higher mobility (larger V) state is retained at smaller E on
the decreasing-force (E down) branch. Also note that as E
is increased, V can occasionally decrease as well, which is
symptomatic of transitions among various "metastable"
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moving states. These results mark the coexistence of
domains with different average velocities, as is implied by
the plastic Aow of the FLL, which is analogous to the
coexistence of ordered and disordered phases in a con-
ventional first-order transition. Thus, in contrast with the
behavior conjectured for the defect-free elastic medium,
one sees a first-order depinning transition for the defec-
tive FLL, as has been conjectured by Coppersrnith in a
different context. It is indeed interesting to note that
they are also remarkably similar to those obtained in the
cuprates by changing T or H at a fixed current. '

A final example of anomalous dynamics, resulting in a
"puddle effect" is shown in Fig. 4. In (a), we show Rd
measured at a large bias current at two temperatures, as
shown in the inset. The data can be collapsed by plotting
the normalized resistance against the reduced field b as
shown in the main panel. The functional form is close to,
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FIG. 3. History dependence of the depinning process in the
plastic How regime. Note the similarity with data in the cu-
prates as in Ref. 13. See the text for discussions.

FIG. 2. Anomalous frequency dependence at the onset of
motion associated with plastic Aow. Note the striking efFects at
H =5.7 T, while the frequency dependence is absent at both 5

and 6 T.
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FIG. 4. (a) H dependence of the Aux-How resistance
Rf ( d V/dI at large I) at two values of T is shown in the inset.
The main panel shows the collapse of the data onto a nearly
Bardeen-Stephen form when the normalized resistance is plot-
ted against the normalized field b I =H /H, 2(T) j. But the resid-
ual kink at H~ is not normalized out. (b) The variation of Rf at
three values of driving bias current. I, is —12 mA. The curves
are shifted along the ordinate for clarity. The small shift in H
for the kink at larger I is due to a small amount of Joule heat-
ing. At the kink, the terminal value of Rf is not reached even at
the largest biases although it is reached for H below the kink at
the smallest bias. See the text for discussions.

although not identical with, the BS form. In the peak re-
gime, the residual kink from the peak effect does not nor-
rnalize out. Figure 4(b) shows a series of dV/dI values
measured with dc bias current I much larger than I, . At
these values of I, one would expect to find the terminal
BS Aux-How resistance. But the residual kink of the peak
effect remains visible. Moreover, as the current is in-
creased, there is only a very small effect on the kink. For
H slightly below the kink, the terminal behavior is at-
tained at dc bias currents much smaller than what is
shown here.

We propose that this is caused by the formation of a
puddle of Aux lines, and provides circumstantial evi-
dence of a melting of the underlying clean lattice. This
sample has regions of strong pins, which could be over-
come by the interaction among Aux lines when the lattice
is sufficiently rigid. But as the rigidity disappears due to
a presumed melting transition in close proximity of H,
the strong pins create a puddle of immobile vortices
around which Aux Sow continues. This puddle would re-
quire a much larger force in order to be free and to parti-
cipate in the Qow. Inspecting a number of samples we
conclude that nearly every sample shows a puddle effect,
although their sizes, as obtained from the reduction in
Rd, differ from sample to sample, as do the force regime
where they are visible. It is in this type of partial Row
with steady-state velocity gradients that one may invoke
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the notion of a Aux-line viscosity, ' in addition to the
friction coefticient p noted above, in order to account for
extra damping and the concommitant reduced flow of the
vortices. ' . This provides an extreme example of the ab-
sence of coherent motion even at very large forces of
what presumably is a flux-line liquid.

In summary, we have demonstrated a series of dynami-
cal anomalies associated with the crossover between elas-
tic and fluid flow through the intermediate plastic flow
regime. A length scale I, is introduced to describe the
dynamics in this crossover regime. It would be useful to
understand the relationship between L„and the other
two lengths in the problem, the Larkin length R, (Ref. 6)
and the Fisher length (Refs. 1 and 9) g„. The range of dy-
namics can be summarized by two divergences: (1) a
divergence of L, at the onset of motion in the elastic flow
regime as the FLL stifFens and (2) a divergence of the
force necessary for a plastic-elastic crossover, ' as the
FLL softens or even melts. Note also that L, is strongly
I dependent in the plastic flow regime. As I increases,
pinning becomes less important and L„ increases; the

plastic-to-elastic crossover at large I is marked by the
divergence of L, and the consequent absence of a 6nger-
print at large drives.

We conclude with a word of caution. Note that the
critical current is strongly dependent on H and T. The
effects observed here (in, e.g., Fig. 3) at fixed H and T for
varying I, resemble those observed at fixed I and T (or H)
for varying H (or T) in the cuprate superconductors. '

The latter have been attributed to a thermodynamic melt-
ing transition, in clear distinction from the purely
dynamical effects described here. Since the anomalous
dynamics occur for soft lattices in the same part of the
(H, T) phase space where a melting transition should
occur, a careful comparison of linear versus nonlinear dy-
namics is needed to separate the two distinct phenomeno-
logies.
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