PHYSICAL REVIEW B 67, 104516 (2003

Electrical transport, magnetic, and structural properties of the vortex lattice of V;Si
in the vicinity of the peak effect
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The peak effect in critical current densily is investigated by studying the flux dynamics igSf using bulk
magnetometry, small-angle neutron scattering, and transport measurements on clean single-crystal samples
from the same ingot. For a field-cooled history, well-defined structure in the vortex lattice was found for fields
and temperature@d,T) below the peak-effect linélp(T); above this line, the structure disappeared. History-
dependent, metastable disorder is found only (féfT) below Hp(T) but the vortex system is reproducibly
re-ordered either by field cooling or a low-frequency, pulsed “shaking” transport current. The latter is shown
to attain Bardeen-Stephen flux flow. In addition, flux flow is observeH &(T) at high current levels. The
results support the traditional picture Id%(T) as an order-disorder transition due to the competition between
elasticity and pinning.
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I. INTRODUCTION tive, orderly vortex lattice to uncorrelated, disorderly motion
upon crossing ,(H). These features also confirm the results
The peak effect—in which the critical current density  of a notable numerical simulatiGhmodeling the encroach-
exhibits a local maximum for weak-pinning superconductingment of disorder as pinning overwhelms lattice elasticity as
systems just below the upper critical field lik,,(T)—is  field and temperature are increased.
currently a topic of renewed interest. Recent studies have A recent concern regarding the pinning-versus-elasticity

revealed that the peak effect occurs in all superconductdpiCture is the apparent complication of history effects in the
species, including Mgg ! leading to open discussion of a preparation of the vortex lattice which have been ascribed to

a subpeakmetastable phase’ For the regime examined in
tg_is study, it will be shown that such metastability can be
reproducibly minimized.

unifying magnetic phase diagram(T) for both low- and

high-temperature superconductors. These studies focus s
cifically on the dynamics of vortices about the peak-effect
line Hp(T), where in many cases the situation is simplified
by minimizing thermal effects and anisotropy effects through

the use of clean single-crystal samples of isotropic, low- The samples were all taken from a clefaesidual resis-
temperature superconducting species, specifically N8IV tivity ratio (RRR)=39] single crystal of \Si with high
and (K,Ba)BiQ. Therein, the most popular methods usedGinzberg-Landau parameterof 25. The cylindrical, mother
have been magnetization ~measureméntsyansport  ingot was the same crystal used in Ref. 14, with an estimated
measurementsand small-angle neutron scatterif®ANS)  mean free path=2320 A which is much larger than the co-
(Refs. 4—10 on various samples. In this present work onherence lengthé,=38 A, a critical temperaturd, of 16.3
V3Si all three of these complementary measurement methods, and thermodynamic critical fieltl, of about 0.5 T. The
were utilized, and were performed on clean, weak-pinningsinzburg numberGi, which quantifies the significance of
samples from the same single-crystal ingot. thermal-fluctuation effects, is estimated to be less tharf,10
This study provides additional confirmation of the tradi- which woulda priori eliminate any measurable possibility of
tional picture of the peak effect as an order-disorder transia “melting” transition distinct from the superconducting
tion, as was originally formulated by Pippard and by Larkin transition®
and Ovchinniko?* long before the advent of high- All measurements were done with the field applied paral-
temperature superconductors. The model describes a comget to the crystallographi¢110 direction. The neutron scat-
tition between the elastic energy of the vortex lattice and theering was conducted using horizontal-field geometry at vari-
pinning energy at fields and temperatures close to the transpus constant fields as a function of temperature and thermal
tion to normal state. In this region, the softening of the latticehistory. Magnetization was measured on a disk section using
elasticity leads to more effective pinning. Since the pinninga superconducting quantum interference deviS§®QUID)
disorders the lattice, the peak effect has been seen as amagnetometer, with the field along the central axis and as a
order-disorder transition line. This transition has been obfunction of applied magnetic field and temperature. A 1-mm-
served recently in other cubic species, (K,Ba)Bi®efs. 6 square cross-section rod sample was used for transfgbyt
and 7 and Nb? wherein a quasiordered Bragg glass ismeasurements using a standard, four-contact strip configura-
thought to cross over to a purely disordered state. A mor¢ion of negligible contact resistance, with the field perpen-
recent confirmation utilized specialized scanning tunnelingicular to the length of the rod. The contacts for the current
microscopy? which revealed a clear transition from a collec- consist of indium pads which were ultrasonically soldered

II. EXPERIMENT
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FIG. 2. Magnetic moment versus temperature: upper curve is
field cooled, lower is zero-field cooled. Lower inset shows the
subtle hysteresis close k., ; upper inset shows the corresponding
hysteresis proportional to the peak in critical current denity

FIG. 1. Magnetization versus applied field) Hysteresis loop
for T=13.2 K, showing small loop at higher fields, corresponding
to the subtle peak effect if. in (b) which also shows peaks for two
other temperatures. The paramagnetic compone@l is due to the

normal-state Pauli paramagnetism of the V-based system. i
sample field cooledFC) atH=6.0 T and then subsequently

onto the rod, yielding a contact resistance below °10.. warmed(FCW). The extent of order shows sgturation at low-
This enables a maximum system current level of more thaffSt temperatures and decreases monotonically towards the
50 A, although in this study there was almost no need td'0rmal-state transitiof(Hc,) ~13.7 K determined from the
exceed 10 A. The applied “shaking” current was a low- magnetization measurements. However, all ordered structure

frequency rectangular wave where eagileis followed by ~ disappears at a slightly lower temperature, 13.0 K, which
a null signal of 2.5 sec. For currentsL00 mA, the cycle js according to Fig. 2 is the temperatufg (6 T) where the
the 2-sec period of a rectangular wave. For current90  Peak effect occurs. _ .

mA the current is applied over a much shorter interval of 30 Consistent with this is the clear radial and azimuthal
ms, with each pulse separated by a null signal of 0.5 sec. Fgroadening of the same Bragg spot when approachingas

all currents, voltage and current readings are sampled over$0Wn in the lower plots. The data also shows history effects:
smaller interval, 17 ms, within each pulse, and the final reagthe SANS intensity is noticeably higher for the vortex lattice
ings are averaged over one to three cycles. after it has been cooled to base temperature and then

warmed, implying a type of lattice-defect “healing” at low-
est temperatures. The ordering effect of cooling is also seen
il RESULTS AND DISCUSSION in the peak breadth, which is narrower upon warming.

A first signature of the peak effect comes from the mag- These observations are similar to those in other cubic su-
netic hysteresis measurements, plotted in Fig. 1. The weaRérconductors, (K,Ba)Bip (Ref. 7 and Nb: Consistent

pinning in the system is evident from the rapid collapse ofWith Ref. 9 is our observation of Bragg-spot broadening and
low-field irreversibility into an almost-reversible regime at history effects. While the result and interpretation for Nb is

. O . - . .
higher fields, developing a subtle “fishtail” just below the controversiaf® in (K,Ba)BiO; the regime belowT,(H) is
normal-state transition fielti,(T). Using the Bean model, interpreted as a quasilattice Bragg glass® where disorder
the corresponding. peak is shown in the lower plot, where Was shown to be significantly reduced by adding a small
peaks for two other temperatures are also shown. These fegScillatory component to the field while cooling. This is also
tures are qualitatively similar to the results of another study€miniscent of the well-known order-disorder coexistence
on high-RRR samplésmaking the samples in the present S€€N forlGETg corresponding  regime in  anisotropic
study an ideal system for observing the peak effect. TheséH-NbSe. . o
features are also seen in the temperature domain for several The observation of both significant Bragg neutron scatter-

fields, although the hysteresis is below instrument resolutiofd in @ field-cooled vortex lattice and the near-reversibility
at lower fields: Fig. 2 shows the case #dr=6.0 T, where of magnetization raises the possibility of observing Bardeen-

the J. peak appears at temperatdfe: 13.0 K. Stephen fqu flow(BSFB, yvhere the ela_lstipity of an Qrdered
The observed collapse in magnetic irreversibility has beeff?0Ving lattice could dominate weak pinning. The simple ra-

interpreted as a complete “melting” into a vortex liquid deep 10 between flux—flgw resistangg and normal-state resistiv-

within the mixed state. However, in this sarkeT regime 'Y pn IS given by

our SANS studies of of the vortex matter show the existence 4

of long-range order, or a significant vortex-lattice phase. Fig- Pt _ c i _ CH[ (%(T )) (T-T )} (1)

ure 3 shows the intensity of a primary Bragg spot for the PN Heo dT ¢ ¢ '
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whereC is a dimensionless factor of order unity in this re- driving the sample into the normal state first, is further tes-
gime and we useH.,/dT (T.)=—2.3, consistent with our tament to the quality of the samples in this study.
final data(Fig. 10. The first exercise is to compa¥4l) curves generated in
A direct way to examine the possibility of BSFF is two different waysia) Increasing: preparing a virgin lattice
through the direct application of transport current and ob-and then applying pulsed current where the pulse hdight
serving the voltage-curreM(l) response in light of Eq.1). starts at lowest levels—Ilower than critical currégt—and is
Doing this at various pointgH, T) aboutH,(T) (determined then progressively increasedy) Decreasingl: starting |
from magnetization measuremerns therefore a way of >I. at highest value$~10 A), then progressively lowering
probing for a transition between order and disorder as a reto lowest levels. The presumption is that sche@ewould
sult of competition between elasticity and pinning, andprobe the virgin lattice along with any metastable disorder,
whether or not this indeed occurs &t,(T)—i.e., the while schemeb) would ab initio drive out any such disorder
Pippard-Larkin-Ovchinnikov picture. This is almost analo- before the curve is traced. These are shown in Fig. 4 for
gous to a recent study on NbS¥ wherein the metastable various temperatures at a constant field 4.3 T, for whigh
phase is seen as “blurring” the location of the order-disordemwas identified as 14.0 K. We observed the followikig:For
transition; when the metastability was significantly mini- all T, the V(I) generated by schem) is thereafter inde-
mized, this transition was shown to occur exactly on thependent of the history by whichis changed; i.e., it becomes
peak-effect lineHy(T). In the present study, the fact that reversible or “stable” with respect th as therefore indicated
BSFF could be achieved at all, without contact heating oy the double arrow(ii) For T<T, (main panel and top
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FIG. 4. Voltage-curren{V(l)] curves for T<T, (H=4.3T)

=14.0K, shov_ving a highelrz metastabili';y curveopen squares <T, (4.3 T) by stopping at increasingly higher currerits (see
and the reversible, lowdr; stable curvdsolid squares See text for text). As in Fig. 4, dotted diagonal line marks an Ohmic regime at

details. Dashed straight line indicates the Ohmic regime at highe,r]igh currents. Dashed horizontal line shows criterion used for
currents. Insets shoWw(1) for other temperatures at the same field: Inset: 1, of theseV(l) curves as a function df, .

Top showsT below but closer tdr, where a metastable curve still
exists; bottom show3>T, where the curves are stable.

FIG. 5. Driving from metastable to stabM(l) curve for T

we start with either a stabM(l) or one for a virgin lattice,
then rampl up to a constant level, where we then apply the
insey the V(I) generated by schenie) has a highet than  pulsing current over the time indicated, and then continue
that generated by schentle) and eventually joins with the ramping beyond. The time development shown in the inset
latter at higherl, but (i) for T=T,, the twoV(l) curves underscores the distinction between stable and metastable
coincide, as shown in the two lower insets. This was found to/(1) in this exercise: in the former case, the voltage is con-
be typical over similar other sets oH(,T). It clearly  stant over time—which also confirms that contact heating is
shows that the metastability occurs only {éf,T) below the  negligible—while for the latter there is a gradual approach to
peak effect lineH,(T) and could yield an anomalously the stable voltage. Figure(l§) is notable in that the current
largerl. and, in turn, an anomalouk peak as also seen in levell is such that after about one hour, ¥é) has reached
recent transport experiments with NgS#2°-22Schemgb) its stable level and upon resumptionlafamping, the stable
therefore provides a reliable procedure for determining aurve is traced out. Meanwhile, in Fig(a, the stable curve
stablel .(H,T). is not reached during the same time and shows the settling
We note further that folT<T, the V() generated by behavior discussed in Fig. 5: upon resumptiorl eéimping
scheme(a) is dependent on the history gfthis is shown in  the curve flattens out to re-merge to the origikgl) indi-
Fig. 5, where the measurement is stopped at progressivelated by the dashed curve.
higher| =1 before starting over at the same minimum cur- The most important feature of Figs. 4—6 is that fbr
rent. Each time the measurement is restarted, a different T, each of the stabl®/(l) curves contains a broad por-
curve is generated. The first curve has the highgsbut as  tion which is Ohmic (slope 1l in a log-log plo}. This is
I is increased, the curve generated is progressively closer tughly suggestive of dissipative flux flow preceded by disor-
the stable, lowl-, curve, until eventually becoming reversible dered creeplike flow at smaller driving amplitudesThe
with . This is further illustrated in the inset of Fig. 5 by the Ohmic behavior is indicated by a dashed straight line in each
sharp decrease of to a saturation value dgis increased. A plot. In order to confirm BSFF, stablg(l) curves both
subtlety is also noted in this plot: While the stabl@) is not ~ above and below the peak effedt (,T,) were obtained at
yet reached, there is a tendency to return to the originavarious(H,T). A typical set is shown in Fig. 7 for a constant
virgin-lattice curve: the lowest three curves seem to merge demperature of 14.0 K and fields from 3.5 to 5.5 T. The fields
higher currents into the maximuig-curve of Fig. 5.1 al-  are in increments of 0.1 T, except for the two adjacert to
ways ends up on this curve, except after it ends up on thwith steps of 0.05 T(The curves in Fig. 7 were measured
stable curve, after which the stable curve is retraced for anyith voltage taps which were 25% closer together than those
Is. This behavior is strongly suggestive of a “settling” back used for the data in Fig. 4, thus yielding slightly lower volt-
into the virgin condition, as a metastable ground state. Suchge levels. The corresponding peak effectdg is shown in
would be the case if weakly driven vortices were to accomthe inset, clearly showingl, to be 4.30 T. One overall ob-
modate themselves into random pinning sites. servation from this figure is the fact that all thgl) curves
The approach towards the stable curve can also bbave negative curvature. None have the positive curvature
achieved at a constarit This is shown for two different normally associated with thermally activated flow giving
current leveld in Figs. §a) and(b). For each current level, way to a liquid-phase flow. In other words, this data does not

104516-4



ELECTRICAL TRANSPORT, MAGNETIC, AND . .. PHYSICAL REVIEW B57, 104516 (2003

@

1004 .

V (uv)

1=0.2A

T T T T T b T T
0 10 20 30 40 50 60 70
Time (minutes) E

H<H
14.0K ]

AR R |
10? 10" 10°
FIG. 6. Driving from metastable to stabM(l) curve for T
<Tp (4.3 T) by holding at a constant current level @ 0.2 A and
(b) 0.5 A, for time durations shown. See text for details. For com- FIG. 7. Stable transpol(l) curves at constant temperature, for
parison, the same measurement for a stable curve is also shoviagnetic fieldH (@) =H; and(b) <H,. Block arrow shows direc-
(upper curveks Inset shows/ as a function of time as current level tion of increasingH. Bold V(1) curve corresponds té1=H,

is held, for both initially stable and metastable curves. =4.3T. Inset shows corresponding peak effectlin The upper
dashed curves ifb) are the highest curves from(a). The lower
) . . L dashed straight line corresponds to a separate, lower Ohmic level,
show any sign of melting from a solid to a liquid phase, a,s i, Figs. 4—6, representing a bundled set of field-dependent levels
result consistent with the recent SANS study on Nb by For-see text and Fig.)8

ganet al®

Probably the most striking feature of Fig. 7 is the behav-there is significant field dependence on these asymptotic lev-
ior of the V(1) curves at highest currents, something which isels p;(H, 14.0 K), immediately suggesting BSFF, Ed).
easily probed by virtue of the low; levels for this sample. Using normal-state resistivities,(T) obtained fromRT
There are three cases of notg:For H>H,, Fig. @), the  measurements, the ratjg /p, at various constant tempera-
curves tend to approach one Ohmic straight line, @ndor  tures are plotted versud/H, in Fig. 9. Also shown for
H<H,, Fig. 7(b), they also tend to approach a tight set of comparison are lines correspondingGwalues in Eq(1) of
Ohmic straight lines that are widely separated from that ofi, 1.1, and 1.2, as well as the normal-state resistivity level.
case(i). Finally, (i) For H=H,, the curve approaches a For this range of constant temperatures, the curves actually
third straight line separate from both caggsand(ii). These coincide over a wide range, confirming that the same mecha-
observations are more clearly illustrated in Fig. 8. Whenmism is at work in all cases. Furthermore, there is an
compared to constant-current resistance versus temperatuegymptotic approach to a constahBSFF field dependence
R(T), measurements, the level approachedHbyH, curves  at lower fields, where presumably the effect of elasticity
correspond to that of normal-state resistivity which has avould be more significant than pinning effects. Meanwhile,
negligible field dependence in this regime. As for<H, at higher fieldsC shows some field dependence, causing a
the fact that the approach is to significantly lower levels sig-downturn of the instantaneous slope, indicating an increasing
nifies that the vortices are not being driven to the normadifficulty in achieving full BSFF and/or the necessity of an
state but rather to a state of dissipative flux flow. In addition,even larger driving current level. There is an especially sharp
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4 H<H =430 T data—in the Fig. 2 lower inset, where magnetization be-
0.00 ———— s comes constant—and in-field resistance versus temperature
2 3 4 R(T) data, marking the onset of the superconductive drop in
1A R The peak-effect linéH,(T) was obtained from transport

J.(H, T)—such as the inset of Fig. 7—and magnetization
H=H, and(b) for H<H, . Arrows indicate direction of increasing Jc(H,T), such as the lower plot of Fig. 1. The magnetic and
H, where increments\H are in 0.1 T forH>4.30T andH  transport data show good consistency. Block arrows signify
<4.20 T. The two sets approach two different high-current resistivthe presence of long-range order in the regime betdrT),

ity levels E/J, with field-dependent levels fab); note that forH
=H,, there is an approach to a third level as wke text

FIG. 8. E/J versus current plots of data from Fig. 7 foKa)

drop just below the peak-effect field,, again indicating a
large departure from ordered flow Hit, althoughV(l) re-
mains Ohmic.

The fact that, aH,, V(I) does indeed become Ohmic
(Fig. 8 indicates the lowest level of flux flow that can be
achieved for this particular temperature. However, distin-
guishing between scenarios of limited “channel” flow
against a background of pinned vortite€* and collective
viscous flow is beyond the scope of the present study. What
is clear is the following(i) A stable flux-flow state could not
be achieved abovel,(T); (ii) a highly ordered vortex state
can be achieved only belot,(T) but with increasing dif-
ficulty towardsH,(T); and(iii ) aside from a gradual current- 1. 10, Magnetic phase diagram, showing data from transport
driven transition from disordered flux flow to highly ordered measurementsfilled symbols and magnetization measurements

flux flow, no melting is discernible in this regime. (open symbols H, marks the peak effect if ; “ H," the onset of
near reversibility. See text for details. Block arrows indicate exis-
IV. CONCLUSIONS tence of long-range order in the vortex lattice, competing with pin-

ning in the intermediate regime. Direction shows the resulting de-

The H-T phase diagram in Fig. 10 serves as a summaryrease of order towards higher temperatures for a virgin field-cooled

combining transport datdsolid symbol$, magnetic data lattice, as well as the increasing difficulty by which disorder can be
(open symbols and observations from SANS. The points of driven out.
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competing with the disordering effect of pinning which be- Ovchinnikov picture of the peak effect lindl,(T) as an
comes more relatively significant towardt,(T). We have  disorder-driven transition line due to the crossover between
shown that this disorder can be minimized to a small extenthe elastic energy of vortices and the pinning energy intrinsic
by field cooling and to a greater extent by “shaking” the to the superconductor.

vortices with a large enough driving pulsed current, wherein
we observe Bardeen-Stephen flux flow.As is approached,
however, this ordered flux flow becomes more difficult to
achieve, and becomes impossible abé¥g. In the small
region between thél, andH, lines there is no discernible Oak Ridge National Laboratory is managed by UT-
static or dynamic structure in the vortex matter, signifying aBattelle, LLC for the U.S. Department of Energy under Con-
glass or amorphous phase with a field- and current-drivetract No. DE-AC05-000R22725. The authors also thank H.
transition to the normal state, Fig(dJ. All observations are R. Kerchner, E. Y. Andrei, Z. L. Xiao, E. Zeldov, and Y.
consistent in their confirmation of the Pippard-Larkin- Fasano for helpful discussions.
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