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Amorphization of vortex matter and indication of a reentrant peak effect in YBa,Cu3;0,_
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The peak effec{PE) has been observed in a twinned crystal of ¥8a;0;_ 4 for H|c in the low-field
range, close to the zero-field superconducting transition temperafy(®)]. A sharp depinning transition
succeeds the peak temperatliyeof the PE. The PE phenomenon broadens and its internal structure smoothens
out as the field is increased or decreased beyond the interval between 250 and 1000 Oe. Moreover, the PE
could not be observed above 10 kOe and below 20 Oe. The locus df, (i) values is indicative of the
occurrence of a reentrant characteristic with a noselike feature locatélg,(gk)/T.(0)~0.99 andH
~100 Oe(where the flux line lattice constamiy~ penetration deptf). The upper part of the PE curve
(0.5<H<10 kOe) can be fitted to a melting scenario with the Lindemann nuzed.25. The vortex phase
diagram neaf ,(0) determined from the characteristic features of the PE in,@Bg0O;_ s(H||c) bears close
resemblance to that in the 2H-NhS&ystem, in which a reentrant PE had been distinctly observed earlier.

[. INTRODUCTION magnetization peak and that of the conventional peak effect
are far from being understood in the context of a variety of
The advent of highF, superconductor§HTSC'9 pro-  HTSC system$*~*®In contrast, in the conventional oW
vided a new impetdsto studies on phase transformations in superconductord TSC's) with considerably smalleibut of-
the flux-line lattices(FLL's) of type-Il superconductors in ten not negligible thermal fluctuations, a PE near the
general and they remain a subject of considerable curreftormal-state boundary (4l line) is a common occurrence
interest. The competition among the elasticity of vortex me-Over the entire field-temperature reginie?* Various
dium, the pinning of vortex lines, and the fluctuation effectsattempt$®® to gain an understanding of the anomalous
of the thermal energy is expected to yield an ordered vortexariations inJ. attribute this phenomenon to a softening of
solid (presumably a dislocation free Bragg glass phase the (weakly pinned ordered lattice and a consequent trans-
plastically deformed vortex solitoresumably a vortex glass formation into a more strongly pinned amorphous solid or a
phase with proliferation of dislocationsand a pinned as pinned liquid phasé’*°Disentangling the effects of the vari-
well as an unpinned liquid phase in different parts of theous possible sources of pinning and that of the thermal fluc-
field-temperature H,T) phase spack® In the HTSC cu- tuations has however remained difficti®-**Despite this,
prate systems, thermal fluctuations are large and in the higiihere is a widespread acceptaneipported by evidence
temperature part of theH,T) space(i.e., for t=T/T,(0)  from microscopicuSR studies as welt*) that the anoma-
=0.9, whereT,(0) is the superconducting transition tem- lous(sharp variations inJ. signal a change in the stafiee.,
perature in zero field a first-order melting transition occurs in terms of spatial and temporal correlatiprs the vortex
between an ordered solid and a nearly pinning-free vortefnatter. In the collective pinning framework due to Larkin
liquid state’™® This transition in the most investigated and Ovchinnikov}® J; relates inversely to the correlation
YBa,Cu;0,_ 5 (YBCO) system is locatéd 2 at the upper VvolumeV, of the Larki** domain as,
edge of the peak effe€PE) phenomenon in the critical cur-
rent density]. for fields of the order of a few T. At lower /np<f,2)>
temperaturesi.e., t<0.9) and higher fields, where thermal JcH= VA
fluctuations are weaker, a “fishtail” or “second magnetiza-
tion peak” anomaly occut$ presumably across mansfor-  where n, is the density of pinning centers arfd is the
mationbetween a weakly pinned solid and a stronger pinnealementary pinning interaction. Furthermore, in the context
solid >3 of LTSC systems, it is now knownthat upon increasing the
The detailed characteristics of the evolution of the anomaeffective pinning either externally by enhancing the
lous variation inJ. across the i, T) region of the second quenched random inhomogeneities in the atomic lattice or by

@

c

0163-1829/2000/62.0)/66999)/$15.00 PRB 62 6699 ©2000 The American Physical Society



6700 D. PAL et al. PRB 62

changing the magnetic field in a given sample, the PE often [ T

develops internal structure. This has led to suggestiofis® 0.0

of a richer and more complex transformation occurring in a 9 Fo oe
stepwise manner between an ordefgaasilattic¢ phase and [ [at o —fje
a fully amorphous one. Even more interestingly, the low- [F

field part of the phase diagrafs® in the weakly pinned 0.5 [-f fommmenet’
samples of an archetypal LTSC syst&if 2H-NbSe show " 90 91 92 93 94

a variety of interesting features, including a reentrance into a T

disordered phase_ Which_ is _qualitatively similar to a reentrant (a) 20 Oe 40 Oe T ]
glass/reentrant pinned liquid, postulated theoreticaly’ -1.0 -1.0
In this paper, we report on the search and the identifica- 1000e  Tdp YBazCu307.5 Hllc
tion of the anomalous variations i} via the ac magnetiza-
tion measurements in a twinned crydtal.(0)~93.3 K] of
the YBCO system in the rarely reported low-field—high- £ I
temperature part of the vortex phase diagram. In the YBCO £-0.5
system, the presence of twin boundaries is consid®féd’ ~ |
to facilitate the occurrencéand detection of the PE phe-
nomenon. The twinned crystal pied@limensions ~0.5
X 0.5x0.04 mnt and mass-700 ug) chosen for the mea-
surements being reported here is obtained by flux growth
technique, along with detwinned YBCO crystdlsn which
the first-order melting transition was observed via differen-
tial calorimetry? In this twinned crystal, we are able to de-
tect the PE phenomenon over a wide a field rai§eOe—10
kOe), the lower limit being much lower than any previous
study. The evolution in the characteristic of the PE is similar
to that in the weakly pinned samples of a variety of LTSC
systemg??43738hyt some significant differences exist as
well.

(normalized)

Temperature (K)

FIG. 1. Temperature dependence of the normalized values of the
Il. EXPERIMENTAL DETAILS in-phase ac susceptibilifyd7x’(T)] in a twinned single crystal of

o YBa,Cu;0; measured with an amplitudéf.) of 0.5 Oe(rms) and
The ac magnetization measurements were performed Ug 5 frequency of 211 Hz in the dc fieldgc] as indicated in the

ing a well shielded home built ac susceptomélefhe dc ifferent panels. The insets @) and(f) show they’(T) response
field (Coaxial with ac f|e|d was kept pal’a||e| to the axis of in (nominab zero field and 250 Oe, respective|y_ The Ons'E';lX

the YBCO crystals. Both twinned and detwinned samplesand peak T,,) temperatures of the PE have been marked in different
were investigated but PE was detected only in the formerpanels. The inset panels {h) and(c) show the plot ofdy’/dT vs
Data were taken in both the field-cool€eC) and the zero- Tin H=40 and 100 Oe, respectively. The temperature of maximum
field-cooled(ZFC) modes. Most of the data shown are in thein dy'/dT marks the midpoint of the depinning transitiofy(). An

former case, where the PE is more conspicuous. unlabeled arrow in(@) identifies the temperature across which a
remanence of the PE phenomenon can be identified inyth€)
. RESULTS AND ANALYSIS curve atH=20 Oe measured with a highbg, of 2 Oe(rms), as

shown in the Fig. &).
A. Location of the peak effect and elucidation ] ]
of its characteristic features velops across the temperature region marked by a pair of

. ) arrows atT,; and T, in the respective panels. The shape of
Figures 1 and 2 present a collation of the temperaturege ' (T) curve atH=250 Oe @,~3.3x10° A) in the

dependent in-phase ac susceptibility data recorded hyth inset of Fig. 1f) identifies the PE phenomenon in an unam-
of 0.5 Oe(rms) and at the frequency 211 Hz in the field piguous manner. The temperature at which an anomalous
ranges where anomalous variationslincould be identified.  variation sets iny’(T) response aH=250 Oe in Fig. 1f)

In zero field, the normalized Ay’ has a value-1 (c.g.s.  can be distinctly marked aB,. Further, the peak tempera-
units) in the superconducting state and it crashes sharply taure T, at 250 Oe can also be precisely identified in the inset
wards the zero value [the transition width and main panels of Fig.(f) with the (deeper minimum in
(10-90%)AT,(0)~0.8 K (Ref. 42] in a featureless man- x'(T) curve. In Fig. 1f), at T=T,,dx'/dT=0, whereas in
ner [see inset of Fig. B)]. We now focus on they'(T) Figs. 1b)—-1(d), the T, values have been identified with the
responses shown in the Figgat-1(f) asH increases from (respective temperature at whicdy’/dT is at a local mini-

20 to 250 Oe. I'H=20 Oe(where FLLag~1.1x10"* A), mum, and from which a sharp upturndry’/dT commences
x'(T) is still featureless, though the superconducting transi{cf. insets in Figs. (b) and Xc)].

tion is broader. Figures(lt) and Xc) show that as H in- Within the Bean'’s critical state model prescription of the
creases from 40 Oeaf~8x10° A) to 170 Oeb,~4  magnetization of irreversible superconductbrshe shield-
x10* A), a characteristic feature reminiscent of the PE de4ing response(’(T) can be approximated 48:
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FIG. 2. Plots of 4rx" vs T in higher dc fields. The inset panels
in (@) and(c) help to view the occurrence of the PEHit=500 and
2500 Oe, respectively. The inset(d) shows the location of th&y,,
via a plot ofdy’/dT versusT at H=6000 Oe. The inset irib)
shows a plot of the paramet&T, versus field(see text for de-
tails). 10 (b)

h 75 80 85 90 95
X(T~=1+a5<;  for hy <H*, 2 Temperature (K)
Cc
FIG. 3. Thex'(T) measured in d,. of 2 Oe(rms) and at a
Je frequency of 211 Hz irfa) 320 Oe andb) 20 Oe. An enlarged plot
x'(T)~ _’Bhi ; for hye>H*, (3)  inthe inset of panefa) shows the presence of the differential para-
ac magnetic effec DPE), which follows the occurrence of the peak
wherea and 8 are geometry and size dependent factbirs, ef,fect. The inset of panelb) shows an inflection feature in the
is the (threshold parametric field at which the magnetic field X (T) curve atH=20 Oe.
penetrates the center of the sample. Equati@sand (3)
imply that the temperature variation jtf is governed by the yields a characteristic widtAT4,, whose field dependence
temperature variation af. in a givenH. Thus the observed is shown in the inset of Fig.(B). Interestingly, AT, (H) is
minimum in x'(T) in the inset of Fig. f) marks a peak in  smallest forH~1000 Oe and increases for both increasing
Jc, i.e., the PE, which is characterized by two temperaturesand decreasing fields, as shown in the inset of Fig). Zhe
the onsefl, and the peak &f,. The vanishing oflc above AT (H) at 1 kOe is smaller than its value even at zero field
Tp, i.e., the depinning of the vortex state is characterized bysee the encircled data pojinthe latter is very close to the
the sharp increase ig’ tp its normal-_state_ value. A dep|_n- AT,(0), which is shown in the inset of Fig.(4).
ning temperaturdy, (notionally the mid point of collapse in . ) . )
J.) is obtained from the peak idy’(T)/dT, examples of B. Observation of the differential paramagnetic effect
which are shown in the insets of Figgbland Zd). )
The other noteworthy features contained in Figs. 1 and 2 Figures 3a) and 3b) show thex'(T) values measured
could be summarized as follows: with a higherh,. of 2 Oe(rms) at a frequency of 211 Hz for
(i) The PE is sharpest around an intermediate field othe vortex states obtained in 320 and 20 Oe, respectively.
~1000 Oe, it becomes a broad anomaly for both higher andhe PE in the main panel of Fig.(@ is pronounced” A
lower fields, and cannot be detected above 10 kOe and belogignificant feature to note, however, is thdtmakes a sharp
40 Oe. transition from diamagnetic values faramagneticvalues
(i) Characteristic structurge.g., two well resolved across the depinning temperatdig,. The inset in Fig. Ga)
minima instead of a single composite minimumyif), very  reveals a small paramagnetic peak above the temperature
similar to what has been seen in LTSC systems, appears iy, (only slightly greater than the so designatgg,), the
the intermediate field regime as evident in Figé),12(a),  ubiquitous irreversibility temperature. The paramagngtic
and Zb). Such a structure has been reported in anotheresponse returns to the background level on crossing over to
study?? but in higher fields than is shown here. the normal state at.(H). An identical paramagnetic peak
(i) Depinning phenomenon acrosty, is a sharp located at the edge of the depinning transition has earlier
anomaly. A simple fit of the form: #y'=a+T/ATg,, been reported in LTSC systems, such as, GefRef. 45
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and 2H-NbSeg (Ref. 46 and identified with thaifferential
paramagnetic effetDPE).*" Between T, (H) and T(H), 00 -
the vortex state is reversible, for whiciM/dH is positive,
i.e., diamagnetic dc magnetization decreasel &xcreases,
implying, a DPE. The paramagnetic peaks in {H€T) data

in single crystals of YBCO and BSCCO had been reported in
other studies as wetf=° Morozov et al*® had reported a I
sharp paramagnetic peak in a single crystal of \l§ 0.5
Bi,Sr,CaCyOg (BSCCQO via local micro-Hall sensors at < -
temperatures where a step change in equilibrium magnetiza
tion (M¢q) due to FLL melting is expected. However, no
peak effect has been reported in these studies. The questic
as to whether the sharp onset of the DPE peak marks the ste

0.0

f hac = 2 Oe (rms)

change inMq at the FLL melting transitioff and/or it re- YB 580 0((;
flects the depinning transition located at the upper edge ol 1.0 L ‘ a2t.ugvz.-3
the PE phenomenon, requires more detailed investigations '

Hllc

|12 |51 | PRI |

We note, however, that Ishid# al.* and Ravikumaet a S

have presented evidence of a step changd ig across the 76 80 84 88 92
PE region in the low-field—high-temperature part of the

(H,T) phase space in single crystals of YBCO and Temperature (K)
2H-NbSQ, respectively. Thus the sharp transition from the FIG. 4. Comparison of thg'(T) behavior[h,.=2 Oe (rms)

PE peak to a DPE peak in weakly pinned syst¢assin Fig.  and f=211 Hz] for the vortex states prepared at 500 Oe in the
3(a)] may indeed mark the transition from a pinned to anzero-field-cooledZFC) and the field-cooledFC) modes. The inset

unpinned state of the vortex matter. shows an enlarged view of the data acrdgs
Furthermore, Fig. &) shows yet another effect of a larger
i : i isi i i FC ZFC
ac amplitude: a residual PE now visible in contrast with the JEC(H)> 3" (H) > JZFS(H), ()

low amplitude data in Fig.(®). It is possible that a larger ac
signal anneaf the dilute lattice thereby making the amor- hered"™"(H) is the current density while reversing the field
phization more easily detectable. The possible annealing eﬁ/ ¢

fect of a larger ac field needs further investigations. Studiesg(,;?sabt?]\(/ae'}'ﬁétgor a g?{g&g |2na:jn ﬁgigﬁ{;ﬁ; ag}clgorﬁ:em
on samples of LTSC had earlier revedfethat specific de- y ! Y b 9

tails of the structure in thg'(T) curve across the PE depend e,t:%) has r???"’ed new |mpetl§§.Th¢_ °b§§rva"°”§F};ha(‘)
on the amplitude of the ac field Jo“(H)=>Jc ™ (H) for H<H, and (i) J."(H)~Jc" (H)
' forH>H, in LTSC systems have led to the suggesttahat
FC states attempt to freeze(ire., supercoglthe amorphous
correlations present gand abovg the peak position of the
) _ PE. A FC state is therefore more strongly pinned than the
The history effects pertain to the dependencgdH,T)  corresponding ZFC state. The ZFC phase, in contrast, is con-
on the path followed in reaching a givéhandT. A simple  sjdered to be prepared by exposing the weakly pinned super-
way to explore them is to examine the differencexif{T)  conducting sample to an applied field which generates vorti-
between ZFC and FC modes. Figure 4 displays ¥h€T)  ces that enter the sample at high velociiemnd are able to
data inh, of 2 Oe(rms) atH=500 Oe (|c) (i.e., when the  overcome the effects of pinning centers to eventually explore
PE peak is well recognizabléor both ZFC and FC modes. the well ordered stable state of the system. It may be specu-
The inset in Fig. 4 shows the data across the PE region on aated here that while field cooling in the YBCO case, the
expanded scale. Note first that abolge, x'(T) behavior is  temperature interval between the irreversibility temperature
the same for both ZFC and FC modes. However, prior to ther,.. and the peak temperatulg, is so narrow[cf. Fig. 3a)]
entry into the PE regiofi.e., forT<T,), [xrc|>|xzrcl- AS  that the sample fails to explore tifequilibrium) amorphous
per Egs.(2) and (3), this inequality would translate ak“  phase during a very fast cooldown. The vortex density in the
stFC for T<T,. In terms of Larkin-Ovchinnikov scenario sample is uniform in the FC state, whereas in the ZFC case,
[cf. Eq. (1)], this implies that the correlation volumé, in in particular at low fields, the strong pinning effects near the
the FC state is larger than that in the ZFC state. This inferedges in the platelet-shaped samples of YBCO result in the
ence agrees with the direct observation of better order for theortex density being nonuniform across the cross section of
vortex stategmostly at low field$ prepared in the FC man- the sample. Large thermal energy would help overcome the
ner as compared to those prepared in the ZFC manner i@ffects of pinning centers in both cases, however, the FC
crystals of YBCO>2 as well as in other high-, cuprates*  state being morémacroscopically uniform eventually pro-
However, the above inequality is in complete contrast to theluces a better ordered FLL with a larger correlation volume
situation in weakly pinned samples of LTSC systems onV of the Larkin domair(than that in the ZFC cageWe note
which history dependend, data have been reported for that Kokkaliariset al’® have recently reported that in an un-
long 55-58:22.24 twinned YBCO crystal, which displays the phenomenon of a
In transport studies of single crystals of niobium, Stein-broad second magnetization pe#d be designated aé.;) at
gart, Putz, and Kram&t had noted the inequality high fields and lower temperature3:"“(H)<JL®’(H) for

C. History effects in x'(T) behavior
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FIG. 5. The vortex phase diagram in the twinned ¥8a,0;_ ; FIG. 6. Log-log plot ofH vs (1—t), wheret=Tg,/T(0). The

crystal (for H||c) constructed on the basis of the data on the onsef0lid lines correspond to the power lgid~Ho(1—t)"], above

(T, the peak T,) and the endi.e., the depinning temperature and below the field-temperature region of a collagse turn

Tqp) of the peak effect phenomenon. The schematically drawn noraround in the depinning line. The high-field{>0.3 kOe) expo-

mal state boundaryi.e., the dottedH., line) corresponds to the nentisn~=2 and the prefactoH,~7.9x10° Oe. The inset shows

(nomina) zero-field transition temperature of 93.3 K and Th¢H) @ Plot of H vs (1-t,)? wheret,=T,/T.(0). Ty(H) data yield

values ascertained at high fieldd £0.25 kOe). The dashed line PrefactorHo~3.7x10° Oe.

notionally marks the upper end of the pinned amorphous region and

it corresponds to the relationship=7.9x10f[1—T/T,(0)]? Oe. tures of a step change in the equilibrium

For a justification of the nomenclature of the different vortex magnetizatiot?*31’ One could draw the loci of different

phases, see text. features of the PE phenomenon seen in transpbtrand ac
susceptibility measuremenits*1’however, they all seem to

H<Hf,. Such an inequality is indeed consistent with theindicate thatH-T lines so drawn would conform to the

behavior in LTSC systemicf. Eq. (4)]. The role that the Power-law FLL melting relationship

width of the PE region could play in deciding the nature of

the inequality betweed®© and J2F¢ in LTSC/HTSC sys- B )n

tems remains to be further investigated. It is to be noted that T.(0)) "’

regardless of the sign of the history dependence, in all cases 0111317 18

reported so far, th&, provides an upper limit of the history Where the prefactoH,~10° Oe andn~1 to 2>*H1317

dependence. Thus, in analogy with disordered magnets sudost of the data on the PE curve or the melting line or the

as spin glasse§,, marks a characteristic “transition” tem- irreversibility line (in YBCO) in the literature, which have

perature above which the system is disordered in “equilibbeen found to conform to the power law relationship, are at
rium.” fields larger than 1 kOe. A broken line satisfying thg,(H)

data points foH>0.25 kOe in Fig. 5 attests to the efficacy
of the power-law behavior. We, however, find that in the
low-field region (H<0.5 kOe), the deviations from the
power-law relationshipflH~(1—t)"] set in a significant
Figure 5 shows a collation of the data corresponding tananner for both the curveg, (H) and T,(H).
the PE region marked by the onsét,() and the peakTp) We recall that a sudden collapse of the irreversibility line
positions along with the depinnindr§,) and the supercon- between 1 and 0.2 kOe in the twinned and the untwinned
ducting transition T,) temperatures over theH(T) region,  crystals of YBCO was reported by Krusin-Elbauen al®°
where the PE phenomenon could be identified. In view of thdrom high-frequency ac susceptibility measurements. How-
observation that the sharp depinning transitibe., the irre-  ever, in their data, there is no evidence of the occurrence of
versibility temperatureimmediately succeeds the peak of a PE. Below 200 Oe, the irreversibility line of Krusin-
the PE, theT ,(H) line in Fig. 5 runs parallel to th&y,(H) Elbaumet al®® can be seen to proceed towards Thg0)
line. Several report8*317in the twinned and untwinned value in a power-law manner once again, but with a different
crystals of YBCO provide evidence that tfig(H) values value of the exponent. Following Ref. 60, we show in Fig.
are located either in close proximity to the melting tempera-®6, the plot of logH versus log (1-t) for the Ty, line in our
tures(as determined from the transport stud?éd!) of the  sample of YBCO. Note that the data for 608H=< 250 Oe
underlying pristine FLL or they coincide with the tempera- and for 76cH=<20 Oe could be considered to conform to

HmzHo(l (5)

D. Construction of the vortex phase diagram and its
comparison with earlier reports
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10000

of the T,(H) curve in Fig. 7 is reminiscent of the reentrant
characteristic in the PE curve noted by Ghathal® in
2H-NbSe.

We further note that the broadening and eventual disap-
pearance of the PE phenomenon at fields less than 30 Oe is
also similar to the behavior in Nbgedf we assume that the
PE curves) separates the ordered and disordered phases of
vortex matter then the absence of the PE at low fields
(<30 Oe, whereay>1 pm) amounts to the absence of an
ordered phase, when the dilute vortices are individually
pinned by the quenched random disorder in the atomic lat-
tice. In analogy with the results in NbS€&Ref. 37 and other
LTSC system$??*we have chosen to label the vortex phase
between the higher field upper portion of tiig(H) curve
and theTy,, line as the pinned amorphouanalogous to the
pinned liquid phase and the vortex phase aboveTggline
_______________ . as unpinned amorphous phdsé&in to unpinned liquidl The
ot pinned and unpinned amorphous phases get distinguished by

0.98 0.99 1.00 their (contrasting diamagnetic and paramagnetic @iffer-
entia) shielding responses. Also, the hysteretic dc magnetic
T/Tc (0) response in the pinned region is subjected to relaxation ef-

FIG. 7. The same data as in Fig. 5 on a semilog plot il Strat,ngfects on long time scales as compared to the absence of such
e | 1g. l 1y | . . . .
the shape of thg,(H) curve at low fields K <300 Oe). As in Fig. effects in unpinned region. The4(T) region below the re-

) ) . ) ntrant leg of thet,(H) curve at low fields has been termed
&;;ge ql_a;]sehestlll;gel;an);?ssfytﬁ];hihp;(:\(/v:)r Iz\;vt;els(t)li(r)]rtwsw: Zse)g;%r:]engs the_ “reentrant disorderec_{’and filled with d_otted linesin
drawn in a freehand manner, it can be seen to run parallel to thEhe_F'g' 7. The reentrant disordered and plnngd amorphous
dashed line foH>300 Oe. However, below 100 Oe, its departure €9ions would overlap near the turnaround in th¢H)
from the the curvature of the dashed line and its tendency to turn€Urve. At temperatures above the turnaround feature (
around strongly suggests the presence of noselike feature in the 0.99), the vortex state remains disordered at all fields.
T,(H) curve. The dotted line joining thi,(H) data points is justa  However, below this temperaturee., t<0.98) an ordered
guide to the eye. vortex phasdpresumably akin to an elastic/Bragg glaes-
ists between the high field upper portionTgfi(H) curve and
the “reentrant disordered” pha$8.The vortex phase be-
'[WeenTp(|-}(1I—|12a andT,(H) curves is expected to be plastically
deformed™~* and has therefore been termed as the plastic
(H>0.25 kOe), both the exponent=2 .an.d the prefactor glass(akin to the vortex g|a$§2,38,46detai|ed theoretical un-
Ho~7.9x10° Oe are comparable to S|_m|Iar17v_aIueB§(2 derstanding of which is still lacking. The pinned plastic glass
""”O”_'|0“6_><106 Oe) found by Nishizaket al."" in a high-  ¢an however, be distinguished from the above-mentioned
quality twinned crystal of YBCO. In between the high-field pinned amorphous phase by the absence of thermomagnetic
and low-field regions, i.e., between 250 and 70 Qg,curve  history dependence in the ac shielding response in the latter
shows a noselike turnaround feature. Such a feature appeaggse. The vortex phase diagram in YBQ® Figs. 5 and ¥
somewhat more accentuatedTlig(H) andT(H) curves, as thus shows a close resemblance with the generic phase dia-
can be better elucidated via a replot of the vortex phase diagram for a weakly pinned superconductor drawn by Banerjee
gram in a semilog manner as shown in Fig. 7. In order tcet al36on the basis of characteristics of the peak effect in
comprehend the genesis of the turnaroundrjiH) curve  the 2H-NbSe system.
around 100 Oe, we refer to the'(T) curves displayed in It is instructive to dwell a little more on the similarities in
Figs. 1b)—(f). These figures show that the PE developsthe present YBCO crystal and the 2H-NhSample studied
gradually, followed by a progressively rapid depinning im-by Ghoshet al®’ We note that the nose feature i
mediately thereaftefcf. data in the inset of Fig.(B)]. A [=To(H)/T(0)] curve occurs at nearly the samei,f)
closer look at they’ (T) curves in Figs. (b), 1(c), and 1d) at  value of (~100 Oe~0.99) and the PE also disappears in
H=40 Oe, 100 and 120 Oe shows how the sharpening dfoth the samples & <30 Oe. Further, the FLL spacirag
the PE features results in an apparent increa3g(H) [and  near the nose feature in NbSwas comparable to its in-
Tgp(H)] values with increasindd. Above about 150 Oe, plane penetration deptR,;,.*® We find the similar corre-
T,(H) values start to show the usual decrease with increasgpondence in YBCQg, at 100 Oe is~5.0x10° A and the
in H. A comparison of thel p(H) values and the shapes of measured value of is ~5.5x10° A (Ref. 61 att~0.99 in
the x'(T) curves atH=250 Oe, 120 and 40 QOeertically  another crystal of YBCO grown by flux growth technique.
stacked in Figs. @), 1(d), and 1b), respectively helps to  The upper portion of the, curve in 2H-NbSg was fitted
illustrate the non-monotonicity in the characteristics of the(see inset in Fig. 2 of Ghosht al*’) to the FLL melting
PE between 40 and 250 Oe, whatever may be the criteriorelation with the exponenn=2 and the prefactoH,
chosen to precisely mark the peak temperatures. The shapeB(c}/G;)H¢(0), where the various symbols have their

Pinned . Y BasCug07._5
2+t amor. Unpinned .

amorphous .
L p _ Hie
‘&I Td ':'ch
P
[ [N H

1000 ?—' ."-,. Normal

L Elastic e

. solid E

H (Oe)

100

the power-law relationship albeit with different values of the
exponentn in the two interval$? In the high-field region
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usual meaning. It yielded the Lindemann numbetr, in
NbSe as 0.17. Following Ghoskt al,®” we plot H versus
(1—Tp)2 in YBCO in the inset of Fig. 6. A linear fit to the
data above 500 Oe in this inset yields~0.25 [where
He(0)=150 T, B,=5.6G;=10 2!] The disappearance of
the PE at low fields is rationaliz&tby invoking the notion
that the pinning length.. and the entanglement length
become comparablécf. Eqn. (6.47) of Ref. 1] at H
~30 Oe. Recalling once again the same relation Lthi o
Nk ag ic

is given as
2
Le 2 |27\ (0) (Gijo)

where the various symbols have their usual meahiNgte,
how theL./Lg scales with the crucial parameters, like the
Ginzburg numbeiG;[ = (1/2) (kg T./HZ£%€)?] and the ratio
J./jo, whereJ; andj, represent the critical current density
and the depairing current density, respectively. Thein

Lc 1/2(1_t)4/3

t l

(6)

YBCO (=10 ?) is expected to be two to three orders larger

than that in 2H-NbSg'%*" but it is compensated by the ex-
treme smallness aof./j, value (~10 °-10 ©) in typically
clean crystals of 2H-NbSe as compared to that
(~1072-10"%) in a clean YBCO sampl® At fields below
30 Oe, wherd_./Lg<1, the dilute vortex array is expected
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“noselike” turnaround feature in the locus of the peak effect
in a LTSC 2H-NbSeg systent’ The notion of the thermal
softening of the vortex corfs has been invokéd for
YBCO, whereas a connection with the reentrant melting/
reentrant disordered phase was proposed for 2H-NbSe
Both ideas imply a transformation/crossover from an inter-
action dominated collective pinning behavior to a different
regime, where pinning/depinning of vortex lines have to be
considered in isolation. The observation of the complexity in
the PE regimdat intermediate fields which comprises the
onset of a sudden shrinkage in the correlation voftfrfie
and the internal structure, reinforces the notion of a stepwise
loss of vortex correlations. Carruzzo and*have recently
theoretically proposed a two-step softening process of the
FLL, in which a first-order transition initially transforms an
ordered vortex solid to adefective soft vortex solid that has
smaller, but, still finite shear modulus. The latter solid in turn
could undergo another first order transition to the vortex lig-
uid state. Our present results call for more detailed study on
the PE in different systems to explore the loss in order of the
FLL. The presence of twin boundaries in YBGRef. 10 is
usually considered to be detrimental to the observation of a
first order melting transition. However, in our case, the pres-
ence of twin boundaries has facilitated the observation of the
peak effect at low fields. Further, a recent study of the first-

to be so disordered that it does not display any anomalousrder FLL melting transition on the twinned crystals of

variation inJ.(T) corresponding to an order-disorder trans-

NdBaCu;0; (Ref. 66§ also shows the usefulness of the

formation in an isofield scan. This order of magnitude estitwinned crystals to explore basic issues in vortex state phys-

mate for the field value of disorder-order transition in FLL

ics. As a final remark, we recall that Griet al® and Horiu-

correlations appears consistent with isothermal Bitter decochj et al®” have directly demonstrated how the disordered

ration data in samples of YBC(Ref. 62 and BSSCG?

IV. CONCLUSION

i

In summary, we have reported the occurrence of the pea%
effect phenomenon for sparse vortex arrays at very low field%f
as well as for the dense vortex arrays at moderately higl{nh

dilute vortex arrays undergo transformation to an ordered
phase as the interaction effect increases due to an increase in
the vortex density either by an increase in the applied
ield®*®” or, more interestingly, by the collation of the vorti-

es around a strong pinning centéBuch studies in samples
YBCO and NbSg, which show reentrant characteristic in

e peak effect curve, are highly desirable.

fields in a twinned crystal of YBCO. The data delineate the
order-disorder transformation regions at low fields, where
the interaction is weaker and the disorder effects of the ther-
mal fluctuations and/or small bund(er individua) pinning

dominate. These observations at low fields agree with an Itis a pleasure to acknowledge numerous discussions with
earlier repof®® of a collapse of the irreversibility line in the Satyajit Banerjee, Shampa Sarkar, Mahesh Chandran, Nan-
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