
PHYSICAL REVIEW B VOLUME 51, NUMBER 13 1 APRIL 1995-I

irreversibility line and the hierarchy of weak links in Bi2Sr2Cacn2os+~

F. Iga
Electrotechnical Laboratory, Tsukuba, Ibaraki 305, Japan

A. K. Grover*
Tata Institute ofFundamental Research, Bombay 4000-05, India

Y. Yamaguchi and Y. Nishihara
Electrotechnical Laboratory, Tsukuba, Ibaraki 305, Japan

N. Goyal
Department ofPhysics, Panjab UniUersity, Chandigarh 160014, India

S. V. Bhat
Department ofPhysics, Indian Institute ofScience, Bangalore 560012, India
(Received 25 October 1994; revised manuscript received 28 November 1994)

The irreversibility line for H~~c in a single crystal specimen of Bizsr2CaCu20&+~ (Bi2212) has been

determined via vanishing of hysteresis in isothermal dc magnetization measurements. The hysteresis

loops (H~~c) in Bi2212 appear to show signatures of two-component magnetic response in several tem-

perature regions where the temperature dependence of irreversibility field charges sharply. It is pro-
posed that the observed behavior may be a consequence of existence of weak links of varying strength in

Bi2212.

I. INTRODUCTION

The fact that the flux pinning has to vanish at a tern-
perature below the superconducting transition in a hard
type-II superconductor inevitably leads to the existence
of pinning-depinning transition [or an irreversibility line
(IRL)] above which the value of macroscopic critical
current density J, is zero. Ever since the determination
of an IRL in a specimen of copper oxide superconductor
by Mueller, Takashige, and Bednorz, ' a variety of tech-
niques and procedures have been employed to determine
IRL in all types of conventional and high-temperature
superconductors. The irreversibility line data obtained
by different techniques on the same specimen do not ap-
pear to exactly overlap, however, there does appear to
exist a definite hierarchy amongst IR lines obtained via
different ac and dc magnetization methods. The beautiful
electron holograph pictures of Harda et al. have vividly
demonstrated that the rigid flux lattice indeed melts in a
single-crystal specimen of Bi2Sr2CaCu20g+a (Bi2212) for
H~~c at a temperature which correlates well with the ir-
reversibility temperature T„(K) value determined from
temperature-dependent magnetization data. The Bi2212
system is an archetypal of highly anisotropic layered su-
perconductors and the IRL in this compound for H~~c
has been most widely investigated. Schilling et al. have
recently argued that a qualitative change in the
temperature dependence of IRL occurring
in the specific field/temperature region (T=50—60 K
and K=800—1000 Oe) can be understood in terms of a
transformation in the dimensionality of the fluctuations
associated with Josephson coupled layered superconduc-

tors. The fluctuations are shown to have two-
dimensional (2D) character below about 50 K and 3D
character above about 60 K. We have reinvestigated IRL
over the entire H-T range in our single-crystal sample of
Bi2212 and we note that change in the character of IRL
occurs at two other field/temperature regions and the
transformations in both these regions correlate well with
a qualitative change in the character of a isothermal hys-
teresis curve. The hysteresis loops in Bi2212 (H~~c) show
signatures of two-component magnetic response in the
temperature regions of sharper change in the temperature
dependence of irreversibility field values. The purpose of
this paper is to present this new correlation and argue
that the observed behavior may be related to the ex-
istence of weak links of varying strength in the Bi2212
system. We feel that these weak links are of inter-unit-
cell variety and are a material characteristic. In layered
superconductors, such as Bi2201, Bi2212, Bi2223, etc.,
there also exists ' an intrinsic intra-unit-cell weak link
corresponding to intrinsic Josephson coupling between a
pair of Cu02 planes (or Cu02 bilayers or Cu02 trilayers).
It may be recalled here that a unit cell of
Bi2Sr2Ca„&Cu„06+&~„&~ comprises two formula units
per tetragonal unit cell. The single-crystal samples of
Bi2212 are never perfectly stoichiometric. " In addi-
tion to the inevitable presence of stacking faults, edge
dislocations, etc. ' ' the high-resolution electron micro-
graphs (HREM) of single crystals of Bi2212 have often
revealed the presence of intergrowth of unit cells of
Bi2201. ' The faults, dislocations, intergrowths, etc.,
can lead to inter-unit-cell weak links having a certain
hierarchy. The intrinsic intra-unit-cell weak link is ex-
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pected to be stronger than all the inter-unit-cell weak
links. Rapid changes in the strength of different inter-
unit-cell weak links may occur over different temperature
intervals and this phenomenon probably can give rise to
observed noticeable changes in the curvature of IRL
across corresponding temperature intervals. It was re-
cently demonstrated from magnetization studies ' ' that
the onset of rapid weakening in the strength of intra-
unit-cell weak links in a sample of Bi2212 occurs at the
dimensional crossover temperature T*=85 K, which lies
only a little below its nominal T, (0) value of 88 K. The
existence of a similar dimensional crossover line in
Bi2212 has also been independently claimed by Wan,
Harris, and Garland' from transport studies, and
confirmed by Rastogi et aI. ' by nonresonant microwave
absorption studies.

II. EXPERIMENT%I.

The single-crystal sample at nominal composition
Bi2212 used for the present study is the same on which
the 3D to 2D crossover phenomenon just below T, had
been vividly elucidated by magnetization studies. The
new dc magnetization data over the entire H Trange (-for

H~~c) have been obtained using low-field (up to 10 kOe)
120

(a)

and high-field (up to 55 kOe) Quantum Design supercon-
ducting quantum interference device magnetometers.
Figures 1 —5 show the isothermal M-H curves obtained at
several temperatures lying between 5 and 88 K. Figures
2—4 also show the selected portions of M-H curves at a
few chosen temperatures on an expanded scale. The ob-
jective of expanded plots is to search and to highlight the
presence of two-component magnetic response in dc mag-
netization data. ' ' The magnetization hysteresis
loops from 5 to 15 K (see Fig. 1) appear to be nominally
one component (i.e., superposition of magnetic responses
from two independent/interdependent sources is not
necessary). The loop at 5 K [Fig. 1(a)] does, however,
contain the presence of Aux jumps between +35 kOe
and +40 kOe and also, the loops from 5 to 15 K show the
phenomenon of dip in magnetization values as the field
approaches zero value on the reverse and the forward
hysteresis cycles. The hysteresis loops at 25 K [Figs.
2(a) —2(c)], at 75 K [Fig. 4(d)], at 85 K [Fig. 5(a)], and at
86.7 K [Figs. 5(b} and 5(c)] clearly have signatures of
two-component magnetic response (see, discussion
ahead}. Irrespective of the observation that hysteretic
magnetic behavior is one- or two-component-like, we can
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FICx. 1. Magnetization hysteresis loops for H~~c in Bi2212 at

5 K, 10 K, and 15 K, respectively.

FIG. 2. Magnetization hysteresis curves in Bi2212 for H~~c at
25 K. (b) and (c) show the details on the expanded scales across
the H=O region and on reversal from H,„of 10 kOe, respec-
tively.
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identify from any hysteresis loop a field value at which
the hysteresis vanishes. Such a field can be taken to iden-
tify the irreversibility field H„(T). Figures 6(a) and 6(b)
show the variation of H„(T) vs T on linear and logarith-
mic scales, respectively. The general shape of the H„(T)
line up to 85 K in Fig. 6(b) is sinular to that of Schilling
et al. Following Schilling et al. , we show semilog
plots of H„vs (T, /T —1) and H vs T, /T in Figs. 7(a)
and 7(b), respectively. It is apparent that the data in the
lower-temperature region fit to 1/T behavior [see Fig.
7(b)], whereas at higher-temperature values they fit to
power-law behavior, H„proportional to ( T, /T —1)",
with exponent n =1.2, as compared to n =1.8 observed
by Schilling et al. It may be noted that the measured
values of H„( T) undergo drastic change at the dimension-
al crossover temperature of 85 K; the three data points
in Fig. 6(b) identify this change which has been described
in some detail earlier by Nishihara et ai. ' We shall not

dwell more on this discontinuous change occurring at 85
K in the present paper.

III. DISCUSSIGN

The arrows at 30 K and at 75 K in Fig. 6(a), approxi-
mately mark the temperatures across which visible
changes in the character of the IR line occur. The M-M
curve at 25 K in Figs. 2(a) and 2(b) has an unusual shape
(two-peaked structure). Such unusually shaped M H-
loops in the temperature interval 15—35 K have been
found for Bi2212(H~~c ) in numerous studies. ' ' ' The
hysteresis loop at 25 K may be viewed as a superposition
of two superconducting hysteresis loops. Such a behavior
is reminiscent of well documented two-component mag-
netic response in ceramic samples of oxide superconduc-
tors, multifilament wires of conventional alloy super-
conductors, two-phase alloys, etc. Further, the ex-
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panded portion of the M-H curve at 25 K in Fig. 2(c)
shows that the virgin [zero-field-cooled (ZFC)] magneti-
zation curve lies above the reverse magnetization curve
between 5.5 and 8 kOe. This type of behavior would be
viewed as anomalous if the irreversibility is resulting only
from macroscopic currents Aowing in the bulk of the
sample as per the description of irreversible magnetic
response in terms of the critical-state model. However,
it may be possible to understand this so-called anomalous
response in terms of irreversibility arising from surface
barrier effects as proposed recently by Zeldov et al. in
the context of studies for Hiic in the Bi2212 system. Such
a behavior was noted ' at T) 85 K [see, for instance,
Fig. 5(b)], where the two-component nature of magnetic
response has also been clearly visible [see Fig. 5(c)]. We
may, therefore, take the existence of the observation,
iMzFc(H)i ( iM(H 4)i (over a limited field interval near

H,„), also to be a signature of the presence of two-

component magnetic response. The M-H loops below 25
K and above 35 K appear to be nominally one com-
ponent. However, a careful examination of an expanded
portion of the M H-loop at 75 K in Fig. 4(d) reveals the
presence of the behavior described above, i.e., the virgin
magnetization curve lies above the reversed magnetiza-
tion hysteresis curve (obtained on reversal of field from a
given H,„)in the field interval, 70 Oe & H (260 Oe. We
also note that the irreversibility field value at 75 K de-
pends on the maximum field H,„up to which we ramp
the field during the virgin forward run. The H„(T) value
of 84 Oe at 75 K in Fig, 6 corresponds to H „of150 Oe.
No anomalous behavior is evident at 75 K if the H „
value is limited to 150 Oe (data not shown here). Howev-
er, the H„( T) value at 75 K from the data of Fig. 4(d)
would be reckoned to be greater than 260 Oe. The
dependence of the H„(T) value on H,„appears to be
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another curious facet associated with two-component
magnetic response, as has also been pointed out earlier
from the examination of data at T & 85 K. ' This kind of
curious behavior is not observed between 5 and 15 K, be-
tween 35 and 65 K, and between 78 and 83 K. To sum-
marize the scenario in terms of one-component and two-
cornponent magnetic responses, it may be stated that we
have observed the following transformations (for H~~c) in
our Bi2212 sample: 5 —15 K (one component) ~25 K
(two component) ~35—73 K (one component) ~75 K
(two component) —+78 —83 K (one component) ~85 K
(dimensional crossover temperature) ~85—88 K (two
component). A very rapid increase in H„(T) values sets
in below about 25 K, and a somewhat sharper increase in
H„(T) values also appears to occur below about 75 K.
Around both these temperatures, 25 and 75 K, vivid sig-
natures of two-component magnetic response are evident.

In the case of ceramic samples of high-T, cuprates, the
two-component magnetic response is considered to arise
from intragrain and intergrain regions. In ceramic sam-

ples, inter granular links decide the transport critical
current density, J,'. J,'(H) at a given field H has been ob-
served to be lower during the virgin ramp up of the field,
as compared to that during the reverse cycle. J,'(H) is a
single-valued function of H; the history dependence in
the measured value of J,'(H) )arises from the influence of
grain magnetization on the field value in the intergrain
regions. The history-dependent transport current density
data in ceramic samples are usually explained in terms
of an idea of Evetts and Glowacki. ' It is argued ' ' that
intergrain region experiences more field (than the applied
field) during the virgin run, and lesser field (than the ap-
plied field) during the first reverse run due to a larger pin-
ning effect within the grain. The magnetization counter-
part of the above observation may be stated as, the mag-
nitude of the (intergranular) magnetization value at an
applied field H will be lower during the virgin run when
compared to that during the reverse cycle. There is,
however, an additional complication in the case of mag-
netization values as compared to measured field depen-
dence of J,'(H). As stated above, magnetization data in a
ceramic sample comprises superposition of hysteretic
responses from both intergrain and intragrain regions.
The two hysteretic responses are dictated by the respec-
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arrows in (a) mark the temperatures around which signatures of
the two-component magnetic response are visible.
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tive current densities and the intergranular contribution
has an additional complexity due to the history depen-
dence of J,'(H).

In the present case of a single-crystal specimen of
Bi2212, we would like to argue that at T=O K, the
single-crystal sample comprises aligned microcrystallites
strongly Josephson coupled to each other across inter-
unit-cell weak links. Each microcrystallite further
comprises submicrocrystallites, Josephson coupled to
each other across inter-unit-cell weak links of higher
strength. This subdivision can, in principle, go on (de-
pending on different types of inter-unit-cell weak links
present) till we reach submicrocrystallites of thickness
equal to only a few unit cells. It is pertinent to recall here
that on the basis of transport data in superlattices of Bi-
Sr-Ca-Cu-O, Geballe has asserted that a pair of CuO2
bilayers, i.e., one unit cell of Bi2212, is adequate to give
the R =0 state at a temperature of about 80 K. If the
scenario state above is plausible, two-component magnet-
ic response in a single-crystal sample of Bi2212 (H~~c)
can arise from (sub)microcrystallites and the weak cou-
pling across (sub)microcrystallites, somewhat analogous
to the responses from grains and intergranular regions in

FIG. 7. Plot of H, values vs (a) ( T, /T —1) and (b) T, /T, re-
spectively.

a ceramic superconducting sample. We wish to reem-
phasize here that so long as Josephson coupling between
microcrystallites is relatively strong, the strongly coupled
microcrystallites appear to behave as a single-component
type-II superconductor. As the coupling weakens, we ob-
serve two-component magnetic response, and when the
coupling becomes completely ineffective, we again ob-
serve only one-component magnetic response attributable
only to individual microcrystallitcs.

Following Clem, a vortex line (for H~~c) in a
Josephson-coupled cup rate superconductor is often
viewed as a stacking of pancake vortices localized in
Cu02 planes (or bilayers or trilayers). In a perfectly
stoichiometric case, the pancakes will be. equispaced.
However, if we allow for the possibility of inter-unit-cell
weak links, in addition to the inevitably present intra-
unit-cell weak links, the distance between a neighboring
pair of pancakes would be more across inter-unit-cell
weak links. In the vortex-solid-like phase (the so-called
pinned state or the vortex glass state) with R =0, the
vortex lines are expected to be rigid entities with pancake
vortices nearly perfectly stacked on top of each other for
each vortex line. In the vortex-liquid-like phase, the free-
ly moving vortex lines either comprise, easily cutting and
joining, smaller lines or completely decoupled pancake
vortices in different layers. Since the decoupling (or cut-
ting) across different types of weak links in a vortex line is
expected to happen in stages such that the decoupling
across intra-unit-cell weak links occurs at the highest
temperature resulting in a true dimensional crossover
phenomenon, we expect the transformation from the
vortex-solid phase to the vortex molten phase to occur in
a number of repetitive cycles as temperature and 6eld
values are varied. The electrical transport data in the dis-
sipative state of the Bi2212 system allow for the possi-
bility of an intermediate phase (in between the vortex
glass and the vortex liquid phases) in which the motion of
vortices is partially collective (or thermally activated
across a barrier), i.e., not completely uncorrelated or
diffusive. To conceive this intermediate phase, we are
tempted to schematically view the vortex solid phase as a
columnar phase (see Fig. 8) of disc-shaped objects (a kind
of discotic liquid crystalline phase made up of disclike
molecules or polymers ). To continue with this specula-
tion further, the breakage of vortex lines across inter-
unit-cell weak links may be viewed as analogous to trans-
formation from quasicolumnar phase to a quasi-isotropic
phase (molten phase) via a quasinematic phase as in
discotic liquid crystals. In liquid crystals parlance, the
columnar phase is considered a two-dimensional solid
and its melting will be effected by two-dimensional Auc-
tuations, as desired by the analysis of Schilling et ah.

The quasinematic phases may be viewed as sources of
two-component magnetic response corresponding to a
response from individual disclike entities and another
response from the superconducting network made up of
Josephson current Bows across them. To summarize, if
we have only one type of inter-unit-cell weak link (in ad-
dition to the inevitably present intra-unit-cell weak link),
we expect to see the transformations as shown in the
chart comprising Fig. 9.
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IV. CONCLUSION

To conclude, we have presented a correlation between
the occurrence of noticeable change in the irreversibility
behavior with the appearance of two-component magnet-
ic response in isothermal magnetic hysteresis data for
H~~c in a single-crystal specimen of Bi2212. We have at-
tempted to identify the two-component magnetic

behavior with the responses from inter-unit-cell linkages
and the microcrystallites. The above correlation appears
to imply that as the linkages get strengthened, the ir-
reversibility increases. We have speculated that the
transformation from vortex pinned state (which is like a
columnar phase) to vortex molten state occurs via an in-
termediate state which may be like the vortex liquid crys-
talline discotic nematic phase.
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FIG. 9. A chart showing the
transformation from "one-
component response" to "two-
component-like response" in
magnetization data when one
type of inter-unit-cell (extrinsic)
and the intrinsic intra-unit-cell
links are present. The inter-
unit-cell links are expected to be
weaker than the intra-unit-cell
link and they would get severed
at a relatively smaller tempera-
ture value. The intra-unit-cell
link gets severed last at a tem-
perature close to the nominally
determined T, (0) value.
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