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Nature of vortex lattice disordering at the onset of the peak effect
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We report a transport study of the onset of the peak effect itHaNbSe single crystal with very weak
pinning. At low driving current, we find that at the onset of the peak effect, where the resistance starts to dip
with increasing field, the resistance is hysteretic upon field cycling. The resistance is higher for upward field
sweeps than for downward sweeps. The difference between the two has a double-peak feature, indicative of
two-stage disordering of a vortex lattice. The resistance hysteresis and the two-stage feature disappear after
cold-working the sample. The onset field of the peak effect is found to depend on driving current nonmono-
tonically, suggesting reentrant driven disorder-order and order-disorder transitions in the peak-effect regime.
[S0163-18298)51106-X

Pinning of Abrikosov vortex lines by disorder makes deepen our understanding of the peak effect as well as the
type-ll superconductors useful in carrying electrical currentgeneric problem of pinned elastic phases encountered in
with minimal loss in strong magnetic fields. Thermally acti- many physical systems.
vated vortex creep leads to reduction in critical curresig- In this paper, we report striking effects of vortex dynam-
nificant especially in highF. superconductorslt was thus a  ics observed at the onset of the peak effect in a high-quality
surprise that the critical current in very clean highsuper- ~2H-NbSe single crystal with very weak pinning. Our results
conducting YBaCu;0;_s crystals was found tdncrease sgggest tha'g the onsr—lzt. of the pegk effect is mde_gd _assomated
sharply with increasing temperature just before it vanighes With topologpal transitions, possibly of both equilibrium and
It turns out that this phenomenon, known as fieak effect ~dynamic origins. _
occurs in many lowF, type-Il superconductors® Although In this study, a total of three 2-NbSe single crystal

. . - amples are studied, all of which exhibit a peak effect. The
rarely_ dlsc_usse_d_m the textbool_<s of superconducnw_ty, thefesults presented here are from the sanip&/1-2" ) which
pursuit of its origin led to much improved understanding of

o . .~ has the most pronounced peak efféwith highest ratio of
the problems of random pinning, notably the collective p'n'lc—maximum,{ ~minimum~5). The sample dimensions are

ning model of Larkin-Ovchinniko?” _ ~1.38 mm() X 1.14 mm{) X 0.02 mm¢). The sample-

Figure 1 outlines the basic phenomena in a bytype-Il - g6uth procedures have been described elsewhgtandard
superconductor B-NbSe (sample “XV1-2," see below.  four-probe techniques are used for transport measurements.
As shown by the solid line in Fig. 1, when a driving current g,y curing silver paste€DuPont 4929N are used for con-

is applied (here | =40 mA), and the magnetic field is in- tacts. The contacts are cured on a hot plat@ °C) for 30
creased, the resistance is zero at first and starts to increase at

some field. Then, before reaching the normal-state value it 35 T —35
suddenly dips, in this case almost to zero. Finally it increases 30
again rapidly to the normal-state value. If a critical current is

defined at a certain voltage criterion, say¥, a sharp peak o5 125

in critical current appears, hence the label “peak effect,” as ~ —_
shown by the open circles in Fig. 1. Since the resistance is a&  2r 120 ©__
measure of the average vortex velocity, its increase or de-& 115 3
crease with increasing field or temperature signals a moregt 3
mobile or a more sluggish vortex lattice. At a fixed driving 1t 410
current or force, the sudden drop in resistance indicates a

dramatic enhancement of the pinning of the vortex lattice. 051 ®

This behavior is believed to be related to a rapid softening of ) A

the vortex lattice since a soft lattice can easily adjust itself to 0 0.5 1 1.5 2 25

the random pin&.” Nevertheless, there are still open funda- H(T)

mental questions regarding the underlying physics of this

unusual phenomenon, e.g., whether the onset of the peak F|G. 1. Left-hand axis plots resistance as a function of magnetic
effect is associated with a topological phase transition withield at a driving current of 40 mA. Right-hand axis plots critical
topological defectgedge dislocations, ejcappearing spon- current as a function of magnetic field at a voltage level @i\l
taneously in the vortex lattice. Resolving these issues willnset showdV curves for three different magnetic fields.
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0 . FIG. 3. (a) Difference in sample resistance for upward and

downward magnetic field sweep&) Current dependence dR
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for a fixed field of 1.85 T.
H (T)
FIG. 2. Resistance as a function of magnetic field for threetan(_:e 6>1.9T), for _aII driving Currents;(Z_) in the fie_ld .
different driving currents:(2) 1=30 mA, (b) 1=10mA, (c) | regime where the resistance decreases with increasing field
=8 mA. Arrows indicate direction of field sweep. (from here on we shall refer to this regime as feak effect

regimeand the resistance peak fieldg, as theonset of the
min with typical contact resistance less thaflLarge gold peak effegt the resistance is hysteretic, i.e., the resistance is
ribbons[50 um(w) X 25 um(t)] are used as current leads, higher for upward field sweeptr field-up than that for
and thin gold wireddiameter 12.5um) are used as voltage downward sweepéor field-down); (3) the drop of resistance
probes(spaced~0.5 mm apait The important physical pa- from the peak to the valley seems to involve two steps. For
rameters of this sample are residual resistance ratifield-up sweeps, there are two steep jumps, while for field-
R(300 K)/R,(7.3K)=19.1, zero-field transition T, down runs, only a shoulder is visible in the peak-effect re-
=7.21 K, and width (10-90 % R,]=60 mK, all of which  gime.
are indicative of good quality. For critical current measure- For a fixed driving current and quenched disorder, the
ments, as shown in Fig. 1 inset, the magnetic field is heldlifference between thél,, and Hg,w, resistances reflects
constant whilelV curves are traced, either with an XY re- different degrees of topological order in the vortex arrays as
corder (using an analog voltmeteor a computerusing a  they are driven through the random pinning potentials. The
digital nanovoltmeter Keithley 182 The sample is im- difference betweem,, and Hyo,, resistances at 10 mA is
mersed in a liquid helium bath. The bath pressure is carefullplotted in Fig. 3a) and gives two striking peaks. The current
regulated and the bath temperature is stable to within 0.5 midependence of this differenceldt=1.85 T is plotted in Fig.
for a period of~6 h. Typically in our setup, no heating 3(b). The absence of data points below 7 mA in Figh)3s
effects are measurable up to 250 mA, beyond which thermalue to the fact that at very low driving currents the signals
runaway occurs. The background thermal voltage is smalldrop below our sensitivity for fields below 1.98 T. We
(=0.8uV) and stable(independent of sample current and should also cautiously point out that, in Figa8 the drop to
field). For field-sweep measurements, a constant current igero inAR at the high field side is due to the loss of signal in
supplied(employing a high precision, HP 3245A, universal the resistance valley. The double-peak feature, however, is
source to the sample while the voltage is recorded as theunquestionable.
field is slowly swept up and down at a rate of 9.2 Oe/sec. Following these experiments, we cut a small piece
Test runs with sample current reversed are also carried o@f.38 mmx0.25 mnmx0.02 mm, sample “XV1-3’) from
and give identical results. this sample(“XV1-2" ) using a razor bladdthe cutting

Figure 2 shows the field dependence of the sample resigauses apparent large scale disorder, visible as ripples on the

tance for three different driving currents: 30, 10, and 8 mA.surface of the sampleThe new sampl€“XV1-3" ) is then
The arrows indicate the directions of the field sweeps. Sevmeasured using the same field and current configuration. In
eral significant features should be pointed ddj:the resis- this smaller sample, the critical current at 1.80 T is twice that
tance is reversible in two field regimes, below the peak of theof the original uncut sample although the width of the new
resistancel<1.78 T) and above the minimum of the resis- sample is four times smalldthe critical current density is
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thus eight times higherRemarkably, the peak effect is still 4 : : : : :
present in the sample, though less pronountganax/min I=100mA

~1.4 (=5 in the uncut sample, see Fig). The resistance
hysteresis, however, disappears along with the shoulder fea-
ture in the peak-effect regime. Another sample with similar
ratio of | .-maxAmin shows behavior very similar to that of
the cut sample. Clearly, the resistance hysteresis and the re-
sistance shoulder reported here are intimately related to the
weak disorder and thus the long-length-scale physics of the
vortex lattice(see below.

O—""M\ )
16 1.7 18 1.9

Resistance hysteresis implies metastability in the moving H(T)
vortex lattice. Hysteresis, due to much stronger pinning, of 120 . . T
orders of magnitude larger than what is seen here, has been (b
reported before, extending to far below the peak effect 90 ) -
regime? What is striking here is that, in this sample with < disordered VL
very weak disorder, the resistance hysteresis appears only at £ 60 -
the onset of the peak effect and becomes more pronounced at =
low driving current. The resistance hysteresis seen here is gl ordered VL i
likely due to the difference in the population of topological
defects in theH,, andH o, Vortex states. Thély,,, State 0 L ! L
has some extra “frozen-in” defects from the high-field dis- tes 1.7 175 18 185
ordered phase, while botH,,, and H oy, Vortex states are Ho (T
defective in this regimeH ,, andH g, resistances merge at
Hg indicating that a stable elastic phase is presentfarH, FIG. 4. (a) Resistance as a function of field for four different

and the vortex lattice becomes defectagntaneouslyas it  driving currents: 9, 20, 60, and 100 mA. Arrows indicate onset of
enters the peak-effect reginté>H,. The low-field defect- peak effectH,. (b) Phase diagram.

free elastic phase, dubbed the “Bragg glas$s a subject

of recent theoretical interest$:**The shoulder and the two- 60, and 100 mA. Only thély,,,, data are shown here. Figure
step feature in Fig. 2 suggest that the disordering of thék(b) is a plot ofl vs H,. With increasing driving currentl,
Bragg glass phase may involve two stages, reminiscent dirst increases slightly from 1.776 T at 7 mA to 1.800 T at 20
the KTHNY melting of two-dimensional solid4. mA, then it starts to shift downward fdr>40 mA.

We should contrast our results with those obselvénl SinceH, marks a transition from an orderéahore appro-
high-T, YBa,Cu;0,_s (YBCO) systems. There too, a resis- priately, quasiorderéd'd phase aH <H, to a more disor-
tance hysteresis appears at low driving currents, but witliered phase di>H,, Fig. 4b) would suggest a reentrant
very different characteristics. Thid yown (OF Tgown) resis-  behavior in the moving vortex array as a function of driving
tance is higher than that of the,, (or T,p), exactly the current in the peak-effect regime. A4=1.790T, e.g., the
opposite of what is seen here. In YBCO, the hysteresis ocmoving vortex phase is disordered fior 14.0 mA, ordered
curs at the onset of ohmic resistance where the resistander 14.0 mA<I<41.5 mA, and again disordered far
increases with increasing field or temperattvédere the >41.5 mA.
hysteresis appears at the onset of the peak effect where the The lower part of the dynamic phase diagram in Fidp) 4
resistance starts to drop with increasing field, while the highis very similar to those identified previously*®using a peak
field side of the peak-effect regime is completely reversiblein current dependent differential resistange., a peak in
The sharp rise of resistance with increasigr T in YBCO  dV/dl vs1). We should emphasize, however, the phase dia-
was attributed to the loss of vortex-lattice rigidity, i.e., gram identified here using the onset field of the peak effect
vortex-lattice melting. The drop of resistance with increasingH, is independent of the interpretation of the shape ofithe
H or T in the peak-effect regime was also interpreted as dueurves. We merely use the notfofthat the onset of the peak
to the loss of vortex-lattice rigidit§, or melting’® These effect is a signature of vortex lattice disordering.
seemingly contradictory interpretations may not be mutually We also carry out an extensive study of thé curves
exclusive. The two may be reconciled by considering theacross the peak-effect regime for each of the samples. Three
effects of lattice rigidity on vortex dynamics. On the one of these, for fields below, inside, and above Heeak, are
hand, the loss of the lattice rigidity allows individual vortex plotted as an inset in Fig. 1. The weak pinning in our sample
lines to follow the random potentials, thus enhancing pin-allows us to drive the system into the true flux-flow regime
ning. On the other hand, it also promotes thermal wanderingvith a modest current and without heating, allowing us to
of the vortex lines between pinning sites, thereby reducingxplore a new dynamic regime where the vortex lattice be-
pinning. Which of the two tendencies manifests itself maycomes again disordered. A detailed analysis of th¥sehar-
depend on the details of disorder in a particular system.  acteristics will be presented in a separate report.

From Fig. 2, one notices that the onset of the peak effect If the lower part of Fig. 4b) marks a dynamic
shifts slightly with increasing driving current, frortl,  crystallizatiorf® of the vortex array with increasing driving
=1.780T at 8 mA to 1.799 T at 30 mA. We find that in fact current, the upper part of Fig.(l) would suggest that the
there is a reentrant behavior lify vs driving current. Figure moving vortex array undergoes yet another transition from
4 is a plot of resistance vs field for driving currents at 9, 20,an ordered phase to a disordered phase at a higher driving
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current. It should be noted that there was a brief conjetture the peak effect, suggesting a stable elastic ph@sagg

of a dynamic melting transition caused by collision with ran-glass at low fields and the spontaneous nature of the vortex
dom pinning sites. Here we argue that the reentrant behavidattice disordering(2) the transition between the Bragg glass
is due to different components of the random pinning potenphase and disordered phase seems to involve two st@)es;
tials. It was suggestétithat for increasing vortex velocity the driven-ordered dynamic vortex phase is unstable at high
the pinning effect diminishes for rare regions of strong pinsyelocity leading to reentrant dynamic transitions in the peak-
while it grows for dense weak random pins. We thus inter-gffect regime. It will be very interesting to see whether the

pret the lower part of Fig. @) as a transition from a disor- offects seen here ink2-NbSe also appear in the peak-effect
dered phase to an ordered phase due to the diminishing ro}%gime in highT, YBa,Cu,0,_; crystals
c - .

of rare strong pins, and the upper part of Figbjdas a Note added.Recently, we received an unpublished
transition fr_om an ordered phase to a disordered phase due %pe?S in which the ac susceptibility measurements on
the increasing effect of the dense random weak pins. To th H-NbSe crvstals revealed two di i i i .
best of our knowledge, this is the first experimental evidenc & cry ev Iscontinuous transitions in
that a moving vortex lattice is unstable at high velocities in he peak-effect regime when the sample is cooled in zero
the presence of random pins. This result may be relevant field.

other systems such as sliding frictiGhsedimenting colloi-
dal crystal$® etc., where the stability of a moving lattice
against random forces is also important.

In summary, we have carried out a detailed study of th
onset of the peak effect in aH2NbSe crystal with very
weak pinning. We find thatl) a resistance hysteresis ap-
pears at low driving current and occurs only at the onset o
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