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Evidence for a depinning transition in the vortex quasilattice of Bi2Sr2CaCu2O81d
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~Received 7 May 1997!

Magnetization measurements have been performed on several crystals of Bi2Sr2CaCu2O81d as a function of
both temperature and magnetic field. A pinning crossover for vortices is identified at fields above the arrow-
head second peak transition but below the irreversibility line in agreement with recent Hall-array measure-
ments. In addition, a small but clear feature is apparent in the derivative of the magnetic moment as a function
of temperature at fields below that of the arrowhead at an almost field-independent temperature of about 32 K.
These features define a pinning-related transition that crosses continuously from the disordered into the ordered
vortex solid phase.@S0163-1829~97!02641-6#
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Bi2Sr2CaCu2O81d ~BSCCO! is a model system for the
study of the generic vortex behavior in anisotropic hig
temperature superconductor~HTS! materials.1 The large an-
isotropy, unusual parameter values, and strong thermal
vation effects conspire to make bulk pinning very weak o
a wide range of reduced temperature.2 At the same time,
pronounced surface3,4 and geometrical effects4–6 result in
hysteresis in the magnetic moment, in addition to that fr
bulk pinning, and obscure or complicate clear identificat
of the various transitions or crossovers in theH-T phase
diagram. Thus, the complete magnetic phase diagram
BSCCO remains a subject of ongoing interest. Small an
neutron scattering ~SANS! and Bitter decoration
measurements7–9 show the existence of a well-formed thre
dimensional~3D! quasilattice or Bragg glass10 at low fields
and temperatures in BSCCO. At high temperatures, wh
pinning is negligible, the vortex lattice simultaneously me
and decouples.11–13 At intermediate temperatures bulk pin
ning becomes significant and the effects of surface barr
also become pronounced.4 The effect of disorder on the
phase transitions and phase diagram has recently rece
considerable attention10,13,14 although the relationship be
tween the phase transitions, irreversibility line, and the
pinning line for vortices is not yet absolutely establishe
Zeldov et al.4 have used local Hall probe measurements
determine the onset, with increasing field, of a critical st
at the temperatures where the second peak in the mag
moment, or ’arrowhead’ feature, is observed. They find
‘‘depinning transition’’ which has a weak temperature d
pendence and lies below the irreversibility line which is d
termined at these temperatures by the surface barrier.4 This
depinning transition was observed at fields above the arr
head only~50 mT! and indicates the temperature where t
disordered 2D vortex solid or glass becomes unpinned.
known that the vortexlattice or solid is unpinned at high
temperatures,6 but strongly pinned below about 20 K. How
ever, there have been no clear attempts so far to elucidat
depinning line for the vortex lattice which these two resu
suggest should exist. In this paper we present evidence
this depinning transition or crossover.

Samples of Bi2Sr2CaCu2O81d were obtained from two
different sources.15,16 The as-produced mosaics were repe
edly cleaved until single, optically smooth crystals were o
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tained with dimensions 0.5 mm2 in the ab plane and thick-
ness of between 10 and 20mm. Magnetic moment
measurements were made as a function of tempera
(m-T) or applied field (m-H) with Bic using a vibrating
sample magnetometer. Them-T curves were measured i
applied dc fields of between 1.5 mT and 5 T after either
cooling to 5 K in zero applied field, applying the field, an
measuring the moment during warming~FW! to 125 K, or
field cooling~FC! to 5 K during measurement. Several cry
tals from each source were measured and the results
firmed to be general. In what follows we present results
one crystal from each source, hereafter referred to as
~Ref. 15! and K1 ~Ref. 16!. The Tc of the crystals as mea
sured from the sharp onset of a diamagnetic signal in 0.5
were very close andTc.89 K.

Figure 1 shows representativem-H and m-T data for
crystal W1. Figure 1~a! shows them-H curve measured at a
temperature of 30 K. At this temperature, which is above
temperature interval where the arrowhead feature is obse
for this crystal~22–28 K!,17 the magnetic moment exhibit
weak, asymmetric hysteresis becoming fully reversi
above a criterion determined irreversibility field
H ir.550 mT. The asymmetry in them-H behavior shows
that surface or geometrical barrier effects are signific
since pinning always produces symmetric hysteresis. H
ever, the remanent moment,mrm , determined from the zero
field intercept of the decreasing field cycle, is also marked
Fig. 1~a!. This suggests that pinning effects are finite at lo
fields and allows the magnitude of these effects to be e
mated.

Figure 1~b! shows representativem-T data for the same
crystal. Both FW and FC curves at a fixed applied field of
mT are shown. FW and FC conditions generate differ
field profiles in the sample when pinning effects are sign
cant and are often used to identify the irreversibility tempe
ture, Tir , at constant field. In the presence of bulk pinni
the measured FC magnetization curve is determined by
competition between Meissner expulsion and pinning effe
which prevent complete fluxexclusion.18,19 FW measure-
ments, on the other hand, probe thepenetrationof vortices,
both due to increasing thermal activation and tempera
dependence of the superconducting parameters as the
10 832 © 1997 The American Physical Society



h
ur
ct

i

ec
w

n
ib
e
m
en

in
in
tu

ity
in
ha
lt

in
ed

n
to

in

w-
r
ic

d
e

2,
.

em-

om
ed
of

es
ts
ce

and
ey
ur-
ust

in-

the

tio
y

of

56 10 833BRIEF REPORTS
perature is raised.19 We emphasize that the regime in whic
most of our conclusions are drawn is at reduced temperat
where the temperature dependence of the supercondu
parameters is not a significant effect.

To elucidate subtle changes in the magnetic moment w
temperature we evaluate the logarithmic derivative,ST
5d ln(m)/dT51/m dm/dT, of the data. Figures 2~a! and
2~b! present FW data at fields of 40 and 200 mT, resp
tively. These fields are larger than that at which the arro
head feature is observed for this crystal~30 mT!.17 It is clear
from this figure that the derivative of the magnetic mome
depends strongly on temperature at these fields and exh
two minima indicating points of maximum slope in th
ln(m)-T curve. The locus of the lower temperature minimu
in ST is associated with the temperature at which the p
etrating critical state reaches the sample center.19 The higher-
temperature minimum inST is associated with a decrease
the nonequilibrium magnetic moment as the effects of p
ning are reduced due to thermal activation. The tempera
at which this second minimum inST is observed is still con-
siderably lower than the barrier-determined irreversibil
temperature,Tir , at these fields. This suggests that depinn
of vortices begins at a temperature considerably lower t
the irreversibility temperature, in agreement with the resu
of local Hall probe measurements.4 We therefore identify the
extrapolated higher temperature end point of this ‘‘depinn
peak,’’ Td1 , with a depinning temperature for the disorder
vortex solid. Comparison of Figs. 2~a! and 2~b! shows that
the depinning and irreversibility temperatures,Td1 and Tir ,
become closer as the applied field is increased. This ca
understood by the increasing role of bulk pinning relative

FIG. 1. Magnetic moment of crystal W1 measured as a func
of ~a! field at 30 K and~b! temperature at 50 mT. The irreversibilit
field, H ir(T), and temperature,Tir(H), are marked accordingly.
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surface and geometrical barrier effects asTd1 andTir move
to lower temperatures with increasing field.Td1(H) and
Tir(H) are plotted on theH-T phase diagram presented
Fig. 4~b! and are discussed further below.

Next we discuss the low field behavior below the arro
head. The FWm-T data at an applied field of 10 mT fo
crystals W1 and K1 is presented in Fig. 3. The logarithm
derivative of them-T data,ST , exhibits a single pronounce
minimum which develops with increasing field into th
lower temperature minimum observed at higher fields~Fig.
2!. In contrast to the high field behavior presented in Fig.
however,ST does not exhibit a second ‘‘depinning’’ peak
Rather, a different feature is apparent in the data at a t
peratureTd2.32 K for both crystals. The sharp change inST

at Td2 reflects a sharp change in gradient of the ln(m)-T
curve. We suggest that this point marks a crossover fr
pinning to a surface or geometrical barrier controll
behavior.4–6 This is supported by the exponential variation
the low field FW magnetic moment aboveTd2 which is con-
sistent with that expected for thermal activation of vortic
over a surface barrier20,21 and yields comparable exponen
with Ref. 4. The penetration of vortices through the surfa
barrier is expected to be influenced strongly by the order
dimensionality of the vortex solid phase into which th
penetrate.22 In the 3D regime, penetrating vortices create s
face interstitial defects in the vortex lattice which must adj
to restore equilibrium.22 Pinning of the 3D vortex lattice,
however, is expected to retard this adjustment, thereby
creasing the effective barrier to vortex penetration.22 This
results the ‘‘softening’’ of the temperature dependence of
magnetic moment at temperatures just belowTd2 and ex-

n

FIG. 2. Variation of the FW magnetic moment and derivative
ln(m) for crystal W1 at~a! 40 and~b! 200 mT. A depinning tem-
perature,Td1 , separate fromTir , is determined from the high-
temperature endpoint of the ‘‘depinning’’ peak inST as marked in
the figure.
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10 834 56BRIEF REPORTS
plains the different forms of the depinning features in t
two regimes.

Further evidence for a change in the low field vortex b
havior atTd2 is found from the remanent moment.17,23 The
average internal magnetic field,Brem, is determined from
mrm and the crystal dimensions and is shown as a functio
temperature in Fig. 4~a!. The temperature dependence
Brem is rather similar to the low fieldm-T data measured
directly ~Fig. 3!. In particular, the data show a similar sha
feature atTd2.30 K. The internal field at which this anoma
lous feature is observed is considerably smaller than the
rowhead field for this crystal~30 mT!, confirming that the
observed feature atTd2 is associated with the behavior of th
low field vortex lattice phase.7–9 It is important to note that
the low fieldm-T behavior in Fig. 2 and the remanent m
ment reflect two different processes; the former is de
mined by the entry of flux into the sample whilst the latter
determined by flux exit. This implies that the change in v
tex behavior atTd2 represents a crossover which is insen
tive to the direction of flux motion, i.e., due to bulk pinnin
rather than surface or geometrical barriers. Nidero¨st et al.23

have measured the relaxation of the remanent moment
time over a wide temperature range and find thatmrm exhib-
its a similar change in behavior at.30 K.

The loci of the characteristic temperatures,Td1 andTd2 ,
identified from Figs. 1–3 are presented in Fig. 4~b!. The line
denotedBir marks the irreversibility line determined from th
disappearance of hysteresis in both them-H ~Ref. 17! and
m-T behaviors. The line denotedBm marks the melting line
determined by Zeldovet al.24 It forms an almost continuou
low field boundary with the arrowhead feature,Bah , at lower
temperatures showing that our crystals have similar ani
ropy to that in Ref. 24. The high field depinning locus,Td1 ,
~solid circles! determined here byglobal magnetization is

FIG. 3. Variation of the FW magnetic moment and derivative
ln(m) at 10 mT for crystals~a! W1 and~b! K1. A sharp change in
gradient of the ln(m)-T curves is evident at a temperatu
Td2.32 K.
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compared with that determined by Zeldovet al.4 by local
Hall probe techniques~open diamonds!. They show good
agreement considering small differences in intrinsic disor
in the crystals which might reasonably be expected. The
cus of Td2 merges smoothly with the high field bounda
Td1 . This suggests that the two boundaries represent a si
continuous pinning crossover for both the low field 3D vo
tex lattice phase and the disordered 2D phase above it.

It is interesting to note that the depinning bounda
crosses the melting and decoupling line close to where M
et al.2 suggest that a thermodynamic multicritical point e
ists. This is consistent with the suggestion that the arrowh
is a disorder driven transition.25 However, it makes it less
likely that the near vertical ‘‘glass transition’’ rising out o
the critical point is a true thermodynamic transition.

The existence of a depinning boundary at a tempera
well below the melting line is consistent with the conclusio
that the hysteresis in the magnetic moment and critical c
rent density above the depinning temperature is almost
tirely due to surface or geometrical barriers.2–4,6 Our obser-
vations are not necessarily inconsistent with those of Zel
et al.4 and Majeret al.6 who observe domelike field profile
due to the geometrical barrier in the same temperature
gime at fields below where the arrowhead is observed. T
only shows that bulk pinning below the arrowhead is we
and susceptible to flux creep, but cannot preclude finite p
ning effects.

f

FIG. 4. ~a! Average internal remanent field,Brem, vs tempera-
ture. ~b! Magnetic phase diagram for Bi2Sr2CaCu2O81d . The
boundariesTd1 @solid circles, this work, open diamonds, Zeldo
et al. ~Ref. 4!# and Td2 ~solid diamonds! represent depinning
boundaries of the 2D disordered vortex solid phase at high fie
and 3D vortex lattice phase at low fields, respectively.Bir is the
irreversibility line determined where hysteresis in them-T and
m-H magnetic moment disappears.Bah indicates the position of the
arrowhead or second peak in them-H behavior~Ref. 17!. Bm is the
melting line as determined by Zeldovet al. ~Ref. 24!.
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Finally, it is rather interesting that the proposed depinn
boundary at low fields occurs in a small temperature wind
(.1 K). The existence of a quasilattice in the temperat
and field regime below the arrowhead and melting line
BSCCO~Refs. 7–9! implies that vortex-vortex interactions
rather than pinning, dominate the behavior in this regim
Thus, when pinning becomes inactive, large parts of the
tice are able to rearrange simultaneously, thereby explain
the sharp feature.

In conclusion, the temperature dependence of the F
FC, and remanent magnetic moment has been investigat
a function of applied magnetic field. The behavior exhib
significant differences for applied fields above and below
arrowhead and/or melting field. Above this field, the log
rithmic derivative of the magnetic moment exhibits a bro
peak at intermediate temperatures suggesting gradual
mal de-pinning of vortices as the temperature is raised.
high temperature end-point of this peak is identified with
depinning temperature for 2D vortex pancakes which
separate from the surface and geometrical barrier determ
nd
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irreversibility line. The depinning boundary rises steep
close to the proposed critical point2 in the H-T plane and
correlates closely with local Hall probe measurements.4 At
low fields, below the melting and arrowhead fields, the te
perature dependence of the FW and remanent magnetic
ment exhibits a sharp change in gradient at a temperatur
32 K. Above this temperature a weaker mechanism de
mines the more rapid collapse of the FW and remanent m
netic moment with temperature. The locus of this low fie
feature adds a new boundary which appears to merge
tinuously with the previously identified high field depinnin
boundary on theH-T phase diagram. We suggest that t
low field feature at 32 K may represent a depinning bou
ary for the 3D vortex quasilattice phase.
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