View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Publications of the IAS Fellows

PHYSICAL REVIEW B VOLUME 62, NUMBER 17 1 NOVEMBER 2000-I

Peak effect, plateau effect, and fishtail anomaly: The reentrant amorphization of vortex matter
in 2H-NbSe,

S. S. Banerjeé* S. RamakrishnahA. K. Grover! G. Ravikumar P. K. Mishra? V. C. Sahni C. V. Tomy?
G. Balakrishnart,D. Mck. Paul? P. L. GammeP, D. J. Bishop, E. Bucher? M. J. Higgins® and S. Bhattachary&’
lDepartment of Condensed Matter Physics and Materials Science, Tata Institute of Fundamental Research, Mumbai-400005, India
2Technical Physics and Prototype Engineering Division, Bhabha Atomic Research Centre, Mumbai-400085, India
3Department of Physics, Indian Institute of Technology, Powai, Mumbai-400076, India
“Department of Physics, University of Warwick, Coventry, CV4 7AL, United Kingdom
5Bell Laboratories, Lucent Technologies, Murray Hill, New Jersey 07974
SNEC Research Institute, 4 Independence Way, Princeton, New Jersey 08540
(Received 21 June 1999; revised manuscript received 23 Septembegr 1999

The magnetic field dependence of the critical current is studied in single-crystal samples of the weak pinning
type-ll superconductor 2-NbSe in the high-temperature and the low-field region of t&T) space. The
experimental results demonstrate various pinning regimes: a collective pinned quasiordered solid in the
intermediate-field range that is destabilized in favor of disordered vortex phases in both high fielés.near
and at low fields neaH.,. The temperature evolution of the pinning behavior demonstrates how the amor-
phous limit(where the correlation volume is nearly field indepengenapproached around the so-called nose
region of the reentrant peak-effect boundary. In the high-field regime the rapid approach to the amorphous limit
naturally yields a peak effect, i.e., a peak in the critical current. In the low-field regime the crossover to the
individual pinning regime gives rise to a “plateau effect.” We show that with increasing effective pinning the
peak effect shifts away frorhl ., and resembles a “fishtail” anomaly.

[. INTRODUCTION experimental efforts have focused on the characteristics of
the dense vortex phasg&!°for which a different type of
The role of thermal fluctuations and quenched disordergritical current density anomaly, termed the fishtail effect
i.e., the pinning centers, on the vortex matter in type-Il su{FE) or the second magnetization peak, has been witnéssed.
perconductors is a subject of current intefestEnhanced The nomenclature of the FE relates to a characteristic shape
thermal fluctuations cause the melting of an ideal flux lineof the isothermal dc magnetization hysteresis loop. The FE
lattice (FLL) into a vortex liquid phase for the high; cu-  amounts to a broad maximum i located far away from
prate (HTSC) system$:” At a given temperature, a vortex H,,; this is in contrast to the conventional PE, which occurs
liquid phase is theoretically expected not only at high fieldsclose toH.,. How the two apparently distinct anomalous
but also at low fields, i.e., a reentrant liquid phase at lowvariations inJ.., the PE and the FE, are related to each other
induction® The pinning centers are expected to add moraemains a subject of active study.
variety to the above clean system phase diagram in the form On the other hand, relatively little is experimentally
of novel pinned vortex phasés?®!° The nature of these known about the dilute vortex phast® A recent theoretical
phases and the transformations amongst them remain a mopiture' proposes that the addition of pinning yields a “re-
controversial subject. In the context of reentrant nature of thentrant glass” at low densities, analogous to the low-density
FLL melting line, the observation of a reentrant locus of thevortex liquid phase in the pinning-free cds&his raises the
peak-effect(PE) phenomenor(for dilute flux lineg in the  question of how the experimentally obsertereentrance of
low-T, superconductor l2-NbSe remains a particularly in- the peak-effect boundary in NbSeelates to the so-called
triguing resultt! The peak effect phenomen@ris the occur-  reentrant liquidl or glassy phasé.
rence of an anomalous enhancement of the critical current In this paper we focus on the magnetic field dependence
density, i.e., the pinning force per flux line, at high fields of the critical current in the high-temperature—low-field re-
near the normal-state phase bounddhe H, line) in low-  gion of the H,T) space in single-crystal samples of
T. systems and nearly coincident with the melting line in the2H-NbSe. We show explicitly how the pinning evolves
HTSC's!® The exact causes of the peak effect arefrom a regime of individual pinning or small bundle pinning
uncertaint*~1® but it is widely regarded as the result of a to the more collective pinning regime with varyiktjandT.
rapid softening of the lattice and the occurrence of plastioNe track their evolution in samples with different amounts
deformation&* and proliferation of topological defecfs'®in of quenched random disorder and also by exploiting the in-
the FLL. The lattice is expected to be amorphous at andrinsic anisotropy of the hexagonal systeid-AbSe. These
above the peak position i, .1’ results provide a scenario that mimics the evolution of the
Recent theoretical work has drawn attention to the possieharacteristics of the critical current density with increasing
bility of pinning induced glassy pha& in the vortex phase effective pinning, as reported in the cuprates in the low-
diagram?=* Since the advent of higfi; era, much of the temperature—high-field regibh'® and in an A-15
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superconductot’ when the quenched disorder was increasedhose in the crystal Y are about five times larger. The result-
externally. The results in2-NbSe crystals also explicitly ing values of the ratio o8.(H,T) to Jo(T), the latter being
show the nature of a disordering process of the FLL at lowthe depairing current density, are in the range 4010 3,
fields, which we now propose is actually better described asvhich confirm the weak pinning status of the crystals under
a “plateau effect that occurs more conspicuously in more investigations.

strongly pinned samples. In addition, these results also delin- In addition, we have utilized the anisotropy of the hex-
eate the regime where a collectively pinned ordered vortexagonal H-NbSe by examining the changes in the charac-
phase exists and specifically bring out how an amorphouteristics of magnetization hysteresis loops as the applied field
phasesurroundsand/orswampsthis ordered regime around orients away from thec axis of the crystal. For such an

the so-called “nose” of the peak-effect boundaty. angular dependence study, we utilized a larger sized crystal
(dimensions 5 4x 0.45 mn?) with T.(0)~=7.25 K. At low
Il. EXPERIMENT fields (H<200 Oe) and high temperatures, i.e., for 0.96

<T/T(0)<1, the locus oft,(H) [=T,(H)/T(0)] values
We have extracted the field dependence of critical currentfor H||c) in this sample(designated Y) displays behavior
density J;(H) (for Hl|c) in two types of single crystals of similar to that being reported in the crystal Y.
2H-NbSe [to be designated as Ref. 14 and Y (Ref. 10,
respectively either by directly relating(H) to the width of

the isothermal magnetization loop or by analyzing the in- Il. RESULTS AND DISCUSSION
phase and out-of-phase ac susceptibility Hatsithin the - ]
framework of the critical state mod&:?® The isothermal dc A. Isothermal critical current density Jo(H) for Hilc

magnetization hysteresis measurements were performed on aFigure 1 summarizes thi vs H data H| c) for the crys-
commercial quantum design superconducting quantumtals X and Y in two sets of log-log plots in the temperature
interference devic€SQUID) magnetometer wita 2 cmfull  regions close to the respectidie(0) values. The peaks in
scan length andfoa 4 cm*“half-scan technique” prescribed J_(H) occur at fields H,) less than 1 kOdsee insets in

by Ravikumaret al,?* whereas the in-phase and out-of-phaserigs. 1c) and Xg) for t,(H) curves in X and Y, respec-
ac susceptibility data with different ac amplitudes were meatjyely].

sured using a home-built system. The crystal piecedX We first focus on the shapes of thgH) curves[cf. Figs.
mensions 4 1.74x0.18 mn) with T(0)~7.22 K and re-  1(a)—1(d)] in the cleanest crystal X. In Fig.(d), the three
sistivity ratio Rago k/Rg k 0f 20 is similar to the one utilized regimes(marked 1, I, and Il in the figurg of J.(H), at a

by Higgins and Bhattacharyfain their electrical transport reduced temperature=0.973, can be summarized as fol-
experiments. The sample Yimensions 52x0.2 mm)  |ows: (1) At the lowest fields H~ 10 Oe),J, varies weakly
with T (0)~7.17 K and with resistivity ratidsoo x/Rg k Of  with field (region I), as expected in individual pinning or
16 (Ref. 11 is slightly more strongly pinned than crystal X. small bundle pinning regime, noted earlier also by Duarte
However, the locus of peak temperatuflggH) in this spe- et al?® and Marchevsky® (2) Above a threshold field value,
cific sample shows a reentrant characteri$fit below a  marked by an arrowJ (H) variation (in region Il closely
field value of 150 Oe at a reduced temperatlte follows the archetypal collective pinning power-iadepen-
=T/T¢(0)] of about 0.98 in the “nose” region. We have dence ¢ 1/H). (3) This power-law regime terminates at the
verified that there is a satisfactory agreement betweedthe onset(marked by another arrowposition of the peak-effect
values(at low fields and close to the nose temperature rephenomenottregion Iil). On increasing the temperatUsee
gion) estimated from the width of the dc magnetization hys-Figs_ 1a) and 1b) for the data at=0.973 and 0.994, re-
teresis data and those estimated from an analysis of in-phaggectively, the following trends are immediately apparent:
and out-of-phase ac susceptibility data®**A simple way (1) The peak effect becomes progressively shallower, i.e., the
to estimate]. from the in-phase ac susceptibility d&tas the  ratio of J,(H) at the peak position to that at the onset of the

generalized critical-state model relationsfip: PE becomes smaller. For instance, the ratio has a value of
about 8 att=0.973 and it reduces to a value of 3.5tat
, ahye =0.994.(2) The power-law region shrinks. For example, the
X'~ J(H)” D field interval between the pair of arrowgdentifying the

power-law regioh spans from 10 Oe to about 500 Oetat
In this relation,« is a geometrical factor that depends upon=0.973 in Fig. 1a), whereas at=0.996 in Fig. 1c), the
the size, shape, and orientation of a given specimen witppower-law regime terminates near 40 Oe. Also, the slope
respect to the applied field. It can be determined for each value of linear variation of logyJ; vs logoH in the latter
circumstance by comparing estimatesJofH) by different  case is somewhat smaller. At still higher temperatiise®,
procedures and/or directly measured values of transpofor instance, Fig. ) at 0.997, the power-law region is
J:(H,T). Note that a small uncertainty in the absolute valuesmearly invisible and the anomalous PE peak cannot be dis-
of critical current densities in different crystals does not in-tinctly identified anymore, as only a residual shoulder sur-
fluence the primary objective of the present paper, in whichvives.
we shall attempt to bring out the characteristic features in the In contrast, the second set of pldtee Figs. (e)—1((h)]
evolution of pinning behavior in different circumstances byin the crystal Y show a somewhat different behavior, al-
examining thenormalized value®f current density. In the though the overall evolution in the shapeslgfH) curves is
field-temperature region of our present interdstH,T) val-  generically the same. In Fig(d), at a reduced temperature
ues in crystal X are in the range of 401 A/m?, whereas t~0.965, one can see the same power-law regime as in Fig.
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105 S ‘1, 3 10° L 3 been displayed in@—(d) and in (e)—(h). The
: YR ] g Nt Y ] J.(H) plot att=0.997 in crystal X in(d) and that
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1(a), but as the extrapolated dotted line showgH) departs B. Evolution in pinning characteristic through plots of J.(b)
from the power-law behavior in the low-field regigire., for

- Kiipfer et al!® had drawn attention to the evolution in
H<200 Oe). As the field decreases below 200 Oe, the CUl3inning behavior in weakly pinned crystals of YE2;0,_

rent density in crystal Y {(=0.965) starts to increase more 4.4 \/S; via plots of current density versus normalized field
rapidly (than that given by the power lawowards the back- H/H,,, where H,, is the irreversibility field (as H

ground saturation limifi.e., the current density at the lower ““H,,, J.—0). In analogy with this work, we consider it

- Irr s Cc . 1

Eglgk;rrc])%ngss;&m?orﬁdliri%ttgiczrr?t:tl ;(’ nzrbihaﬁ)g\:\?eiczetlginStrUCtive to view plots of normalized values of current den-

(H<10 Oe) in crystal X. The smooth crossover to indi- sity Jo(H)/Jo(H=0) versus reduced fiel) (=H/He,) at
dual b ydl - . _ | different temperatures in our crystals of NbSén these

vidua' or small bundle pinning regime, as seen In crysta X’crystals, the peak effect and the irreversibility line are lo-

has therefore added on an additional characteristic in thg e . .
e . ated very close to the upper critical figlH .,(T)] line. In
crystal Y. Further, with increasing temperature, the power- y PP 4t 2(T)]

law regime in crystal Y shrinks faster than that in sample XVieW of the fact thato(H =0) increases as temperature de-
h lizati H implicitly tak
[cf. Fig. () at = 0.965 and Fig. f) at t=0.973, leaving creases, the normalization &f(H) by J.(0) implicitly takes

| her f | .dH) behavi h into account the overall effect of the change in temperature.
ﬁ%K:S{aftie?(;s&?tué%gssxgoggaor‘}'ﬁ)] )Ngtea\allllcs):)ut%;? tth?a Another motivation for plotting the current density vergus
limiting value of the reduced temperature up to which theStems from the dependence of sheagg( and tilt () elas-

| . | ih the PE K . . ¢ tic moduli of triangular FLL on the reduced field at a given
power-law regime along with the = peax SUurvives In Crystaye jynerapyrd227.28The competition between elasticity of the
Y is smaller than that in crystal X. In crystal Y, the PE peak

L . ~“"FLL and pinning governs the correlation volurig of the
can be distinctly discerned only up te=0.977, whereas in pinning gov 'on VoM

crystal X it can be seen even uptte 0.994. Recalling that Larkin domain, which relates inversely & as
crystal Y is more strongly pinned than crystal X, the above 5
observation reaffirms the notibhthat the progressive en- H ~ /ﬂ
hancement in effective pinningvhich occurs as we go from ¢ A
sample X to Y shrinks the H,T) region over which the

vortex matter responds like an elastically pinned vortex latwheren is the density of pins anfirepresents the strength of
tice. elementary pinning interaction.

2
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Figures 2Za) and 2b) show the resulting plots of volumeV, does not vary significantly in this region. Thus, in
J:(H)/J.(0) in crystals X and Y of BI-NbSe at selected such a regimée.g., curves at=0.997 and=0.982 in Figs.
temperatures. The evolution df(H) curves in these two 2(a) and 2b), respectively the pinning is expected to track
sets of plots and its commonality with similar sets of plots inthe field dependence of the elementary pinning interadtion
the cases of cuprate superconductor YBaO,_; (Refs. 18  in Eq. (2). It is pertinent to point out here that at tempera-
and 19 and theA15 alloy V5Si (Ref. 19 now become very tures, where the PE is very pronouncég(H) rises from its
apparent. Note first, that in crystal pee Fig. 23)], the smallest value m_the collective pinning regime at the onset o_f
departure from the collective pinning behavior occurs ath® PE to reach its overall amorphous limit at the peak posi-
smaller values of the reduced field as the temperature irion [Cf. curves fromt=0.973 to 0.990 in Fig. @) and those
creases. For example, in Figa2at t=0.973, the departure 110Mt=0.965100.973 in Fig. )], as proposed in the origi-
from the power-law response occurs aroune0.71, while nal Larkm-Ovchlnnlkov(I__O) scenarid.’ The J(H) curves
att=0.996, this departure occurstat 0.134. At the highest for the more strongly pinned crystal ¥ approach the indi-

temperaturegfor instancef—0.996 anct—0.997), the con- vidual pinning limit faster than those in crystal léompare

X . curves att=0.965 to 0.982 in Fig. @) with those att
ventional sharp peak effect evolves into a broad hump away_ 0.973 and 0.983 in Fig.(3)].

from the correspondindi., value [cf. Fig. 2&) and Fig. The above description leads us to propose that at a given
1(d)], reminiscent of the FE. The evolution 8f(H) curves  temperature, the entire field span is subdivided into three
from the PE to the FE in crystals of YBau;0;_;and VsSi primary pinning regimes: the single-particle or small-bundle
has been reported to occur either by progressive increase fggime at low fields, a collective pinning of an ordered lattice
pinning center or by progressive decrease in temperatureregime at intermediate fields, and finally the departure back
for a given amount ofs in YBa,Cu;0;_5,'8in marked  to a single-particle or amorphous regime at high fidlds
contrast to that by the increase in temperature as in themarked by arrow at the onset of the PE in Fig&)2and
present case of Nbgelt is nevertheless reasonable to sug-2(b)]. It is also obvious that the vortex system fails to reach
gest that the vortex matter becomes amorphous in the fielthe intermediate regimes of the collectively pinned ordered
region of the broad hump, and consequently the correlatiotattice at high temperatures very closeTtg0).
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H (Oe) FIG. 4. Display of the normalized values of the width of mag-

netization hysteresis loop ¥/H () on a log-log plot for various
values ofé. In the curve corresponding @=60° (7/3), the two
arrows mark the power-law regime. The extrapolated solid line
passing through the data points in the power-law regime and the
dotted line passing through the data point in the field region below
the lower limit of the power-law regime demonstrates the surfacing
of the low field anomaly, i.ethe plateau effegphenomenon.

FIG. 3. The panel$a) to (c) show the portions of the forward
(—Hpmaxto +Hpa0 and the reverseHH, . to0 —Hp20 magneti-
zation hysteresis curves at=7.0 K at three orientations of the
crystal Y of NbSe.

C. Angular dependence of critical current density and its
relationship with evolution in pinning behavior

The evolution of pinning crossovers iH2NbSe system  HIc at 7 K[see Fig. 8], the collective pinning power-law
can also be elucidated by examining the changes in the shap@dime sandwiched between the individual pinning limit at
of the magnetization hysteresis loop as thexis of the the low-field end and the amorphous limit near tig end
single crystal orients away from the direction of the appliedcannot be distinctly delineated. THis-H loop reminds us of
field. In such a circumstance, the thermal energy remainthe fishtail effect However, as the angle reachesr/3 [see
fixed, but the field span over which the effects of interactionthe evolution of behavior in Fig. 4 and ti\¢-H loop in Fig.
(leading to collective pinning regimean dominate expands 3(C)], the three regimes can be easily identified. These cor-
as a consequence of an increaséljn, following the aniso- respond to the conventional peak effect nédy,, the

tropic Ginzburg-Landau formalism relationship: interaction-dominated collective pinning power-law region at
intermediate fields, and the pinning-induced rapid approach

to the individual pinning limit at low field§which accounts
for the reentrant characteristic in the PE curveEhe solid
line and the dashed line drawn for the curvefat 7/3 in
Fig. 4 help to focus on aeverseamorphization process as
the vortex matter enters the dilute regififlL constantag

of 3500 A atH~200 Oe exceeds the penetration depsh

Heo=Heolllc TIsiP(6) +€2cod()] 2 (3)

wheree=H_,(||c)/Hc(||ab) and @ is the angle between the
applied fieldH and theab plane of the single crystal of
NbSe.}* As ¢ changes fromr/2 towards OH,, increases
from H,(||c,T) to He,(||ab, T), and simultaneously the peak
field H,(0) also increases as the ratid,(6)/Hc,(60) re-  of 3000 A att=0.97 (Ref. 29] from the ordered elastic
mains nearly invarian! The increase in the peak field in vortex solid regime while decreasing the field. At this junc-
turn also implies that the field span over which the collectiveture, it is tempting to draw an analogy between the Gingras
pinning power law behavior holds would expand. For in-and Husé scenarioof an elastically deformed pinned vortex
stance, Figs. @&—3(c) display M-H loops fromé==/2 to lattice state sandwiched between the higher-density vortex
0=m/3 atT=7.0 K in crystal Y of 2H-NbSe. Note the glass phase and the very-low-density “reentrant glass” state
qualitative difference in the shapes of the two loops in Figsand our experimental observation of a collectively pinned
3(a) and 3c). Its significance could become apparent fromquasiordered vortex state sandwiched between a highly con-
the plots of normalized values of hysteresis width versusentrated amorphous vortex state and a very dilute disor-
respective reduced fields. dered vortex array in thenearly individual pinning regime.
Figure 4 summarizes the angular dependence of the nofro reiterate the crossover from collective pinning regime to
malized magnetization data as log-log plots, following theeach of the other two regimes results in an anomalous in-
prescription of Fig. 2. It is apparent that in tMe-H loop for ~ crease inl; values. In the case of the upper PE anomaly, the
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J:(H) rapidly declines from the peak position of the PE due 0~ 1 Q———x T ]
to a collapse of the strengfiof individual pins[cf. Eq. (2)] H, 2H-NbSe, (Sample X) ]

while approaching the normal state. On the other hand, in the %8 \O\ " Tc(0)=722K
case of thaeverseanomaly, from the position of the hump ; wo H/fc :
(see, for instance, the shaded portion in Fig. 4 correspondingg %8 T \O\ \ N
to the curve ford= /3), theJ.(H) values smoothly cross 9 i 10— ANREE % Amorphous
over and approach the individual pinning limit. Therefore, = °*F g disordered | \Hez ] - Normal
we propose that the crossover to an individual pinning limit LI ' ] \9\
(i.e., reverse anomalys better termed the “plateau effect.” 02 Eoof bk - 3 Collectively E
_ 0.98 100 pinned lattic: ]
00 A A A M A A -
D. Estimation of correlation lengths 10 ¥ Qi J'// i
F(b) N e 2H-NbSe, (Sample Y) 1
The volumeV, of a Larkin domain within which vortices 08 Honset\q Ardorphous .~ Tc(0) =7.17K
remain well correlated is usually written a¥.=RZL., r P N e H//c ]
where R, and L, are radial and longitudinal correlation g oot ‘ Hv%kbd U NUH , ]
lengths for the flux line lattice. Onck,(H) is determined in 2, |Sobecively. N N ]
a crystal to which the LOQRef. 27 collective pinning de- = AN Normal

scription applies, the correlation length®, andL., can in

L Re-entrant ¥ _— = AN
Py disordered ; e
principle be computefisee Eq(2)] asL. andR, are related / / K
et & / IS
el .

0.2
to each other through the ratio of elastic modaij, and 0.0 )
12,27 ]
Ceg-" ' I [ Lo
It is useful to view[see insetsi) and(ii) in Figs. 4a) and 0.98 0.98 1.00
insets(iii ) and(iv) in Fig. 2(b)] the computations oR, vs H Reduced temperature (t)

in crystals X and Y at temperatures corresponding to the two ) ] ) ]
extreme behaviors of current density data in the main paneltse mFISrétli'e(i \e/ortﬁi 1",'285: a:(;a%rgg -Sr/Tm oth<e1 (I)owrjeilgr: t;:]gh-
of Figs. 2a) and 2b). These computations have been made P N ' «(0)<1.0) reg

. . . crystals X and Y of H-NbSe. The region between the onset of
using respectivel(H) values in crystals X and Y and fol- .0 oo, peak effect phenomenonHo(*®) and the

lowing the two- and three-dimensioneD agsd 3D collec-  gyperconductor-normal phase boundat4) has been filled with

tive pinning analysis made by Anguret al“* as per their  gotted lines, whereas the low-field region below the start of power-
Egs. (7) and (8). It was surmised by thefd and we have |aw behavior in.(H) (see Fig. 1has been shaded with solid lines.
confirmed® by estimating the longitudinal correlation length The filled triangle data points identify the limiting fields above

L. from J.(0) data in crystal XRef. 14 that the 2D collec- which power-law behavior prevailsee, for instance, Figs(d and

tive pinning description(for which L >thickness of the 1(b)]. Note that the collectively pinned quasiordered lattice region
sampl@ is more appropriate for crystal X. On the other hand,aPpears sandwiched betwee_n the so-called reentrant disordfered re-
our estimates of.. show?® that the 3D collective pinning gion and the amorphous region for 097<0.995 in crystal X in

H H onset;
scenario prevails in crystal Y. The analysis indeed fifdds g er:g (grcggitigagﬁj Th(e:?:r:?l e\(r;?é:);'sgﬁhce”z’ne:;nof thlg cak
data in insets in Figs.(3) and Zb)] that the values of the P P P

. . - - effectin isofieldy,.(T) scans as reported by Banerjeteal. in Ref.
ratio R /a in crystal X att=0.983 are larger than those in 11. The filled inverted triangle data points identify the fields corre-

the more strongly pinned crystal Y at a comparable value ofponding to the upper ends of collectively pinned power-law behav-
t. TheR./a, values in crystals X and Y also appear reason-or as shown in Figs. ()—1(c) and Xe)—1(g) for samples X and Y,
able in the context of estimates & /ay reported by An- respectively. Note that such fields are consistent with the respective
gurel etal? in much more strongly pinned crystals of Hg”“tlines, keeping in view the probable error bars on each of the
2H-NbSe. We note further that the ratio &¥./a, starts to  data points. For the sake of completeness, the lower critical field
collapse atHgnset [see inseti) in Fig. 2a) as well as inset H:1(T) line (Ref. 1) has also been drawn in each of the phase

(iii ) in Fig. 2b)], and at the peak fielt,, it approaches the diagrams.
amorphous limit as given by its estimate shown in ing@t |v. CONSTRUCTION OF THE VORTEX PHASE DIAGRAM
in Fig. 2(a) or inset(iv) in Fig. 2(b). Note that in insefi) in

Fig. 2@), R./ap~2 at H=H, for crystal Y, whereas lectively pinned ordered statécf | . :
R./ag~5 atH=H. in crystal X in inset(iii) in Fig. 2b);  ccUvely pinned ordered statecf, power-law regimes in
c’C0 2 p y . . Figs. 1 and 2as distinct from the high-field conventional PE
these estimates are at present just at an order of magnitugi€sion and the low-field individual pinning limiti.e., the
level. They are based on a collective pinning prescriptioy|ateau effedtregion in crystals X and Y of B-NbSe. In
whose validity between the onset and peak positions of thgye magnetic phase diagrams shown in Figs) &nd 5b),
PE still remains to be established. The central observation ige field-temperature region between the start of the PE and
that in a given sample, the current densitydat H,, is of the  the H_,(T) line has been filled with dotted lines and termed
same order as the current density in the amorphous limit, i.eas amorphousregion, whereas the lower fiel@ndividual)
when J.(H) is nearly field independent far beloW,, and  pinning-dominated region has been shaded with solid lines
does not display a collective pinning power-law behavior asand termed ageentrant disordered The so-calledamor-
att=0.997 in sample X and d@&=0.982 in sample Y. phousand reentrant disorderedegions overlap and form a

It is instructive to collate in Fig. 5 the domains of a col-
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continuum in the neighborhood of the nose region of the PESome circumstances, all these effects can be identified as
curve [recall to(H) curves in the insets of Figs.(d and  distinct features lying in juxtaposition to each other, whereas
1(g)]. Thus, the phase diagrams in Figéa)sand 5b) further  in others they are admixed in a manner that the regime of
clarify how the enhancement in quenched random inhomogestability of an ordered vortex lattice becomes obscure. The
nities, as measured by the increaselinvalues, shrinks the latter kind of behavior has often been reported in recent years
domain of the collectively pinned and the elastically de-in a variety of HTSC’s over a very wide field-temperature
formed ordered state in the field-temperature region wherspan unlike in 2-NbSe where such a behavior is seen in a
the interplay between thermal fluctuations and pinning efvery limited field-temperature region ne&g(0).

fects predominates. At temperatures above the nose region, Both the peak effect and the plateau effect mark an amor-
the combination of the thermal fluctuations and the pinningphization of vortex matter at the high-field and low-field lim-
centers destabilizes the ordered lattice over the entire fields, respectively. The resulting “phase diagram” of different
regime. pinning behavior elucidates the details of the reentrance phe-
nomenon of the peak effect observed eatliém constantH

and varyingT measurements. We caution that the (8e

_ drawn in Fig. 5 imply a change in pinning regintacross

To conclude, we have demonstrated the evolution of thgch a boundaijy"'8 Whether they also represent thermody-
pinning behavior through the isothermgi(H) in the high-  namic transformations cannot be determined from the mea-
temperature part of theH(,T) phase diagram in weak pin- syrements reported here. Further work is needed to settle this
ning samples of BI-NbSe. The results show that the collec- issye. Finally, we note that Paltiet al*° have drawn atten-
tively pinned vortex solid(presumably akin to a Bragg tion to the importance of surface barriers at low fields in
glass) is destabilized at both high and low fields. At high crystals of H-NbSe. In the field-temperature region of our

amorphous limit, and it then decreases rapidly with furtherrig_3) suggests that the surface barrier effects are not promi-
increase inH due primarily to the collapse of the pinning pent.

parameterf in Eqg. (2), resulting in a conventional peak ef-
fect. At higher temperatures, the peak effect moves away
from H., in the reducedtemperatureffieldscale and be-
comes a broader anomaly, strongly resembling a fishtail ef-
fect. At low fields, on the other hand, the critical current We would like to acknowledge Nandini Trivedi, Satya
increases rapidly to merge with the amorphous limit which,Majumder, and Mahesh Chandran for fruitful discussions.
by contrast, is a weakly-field-dependent individual pinningThe work at Warwick University is supported by a research
regime and we have designated this as a plateau effect. fgrant from EPSRC, U.K.
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