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RESUME

Nous présentons un bilan resume des preuves du rôle de

barrières de surface dans le mouvement des vortex dans des mono-

cristaux supraconducteurs à haute température de BiSrCaCuO-2212.

Des signatures caractéristiques de ce phénomène se manisfesicnt

dans les boucles d'hystérésis magnétique, dans les effets

d'irradiation, et dans les mesures de fluage de lignes de flux

magnétique.



CRITICAL CURRENT DENSITY OF BiSrCaCuO
SUPERCONDUCTORS: EFFECT OF SURFACE BARRIERS

A. P. MALOZEMOFF
American Superconductor Corp.

149 Grove St., Watertown MA 02172 USA

and

M. KONCZYKOWSKI and N. CHIKUMOTO*
Laboratoire des Solides Irradies
CEREM, Ecole Polytechnique

91128 Palaiseau, France

ABSTRACT
Evidence for surface barriers to vortex motion in BiSrCaCuO-2212 high-
temperature superconducting crystals is summarized. Characteristic
features of this phenomenon appear in the hysteresis loop, in the effect of
irradiation, and in flux creep measurements.

*on leave from the Department of Industrial Chemistry, University of
Tokyo, Bunkyo-ku, Tokyo 113 Japan

1. Introduction

Surface barriers to vortex motion,1-2 studied extensively in low-
temperature superconductors,3'4 have recently come into evidence in high
temperature superconductors.

The first suggestions in this direction were made by McElfresh et
al.5 based on YBaCuO-123 crystal data, and by Kopylov et al.6 based on
BiSrCaCuO-2212 and TlBaCaCuO-2212 crystal data. These authors
attributed a low-temperature upturn in the apparent lower critical field to
surface barriers. Kopylov et al. also argued that they caused a peak effect
in the irreversible magnetization as a function of field.

Subsequent work by Konczykowski and collaborators7"10 revealed
new evidence for surface barriers in the high-temperature region of
YBaCuO-123 crystals, by means of hysteresis loops, flux creep
measurements, irradiation effects, spatial distribution of surface stray fields



and an anomaly in the temperature dependence of the field for first flux
penetration. Most recently, similar effects were identified in BiSrCaCuO-
2212 crystals by Chikumoto et al.,11"13 tying in with anomalies in the
temperature-dependence of the critical current density,
flux creep and size scaling seen by others.14'16

These findings are of importance in two respects. On the one hand,
there has been intense interest in the basic physics of flux dynamics in the
nearly two-dimensional BiSrCaCuO materials, but most theoretical
interpretation to date has been limited to bulk models.17"18 For example,
Zavaritsky and Zavaritsky16 interpret the crossover from low- to high-
temperature regimes in terms of either a decoupling of the bulk
superconducting layers or in terms of a lattice melting permitting a vortex
glass state in the higher temperature region. The new findings of surface
barrier effects require a major revision of these theories insofar as they are
applied to experimental results, especially in the regime above 20 or 30 K
in BiSrCaCuO-2212.

The other importance of surface barriers is that they open up a new
mechanism for pinning and current density at high temperature for
practical applications.

In this paper we summarize and extend the previously reported
results on BiSrCaCuO-2212 crystals which point to the surface barrier
interpretation. A previous review, primarily on the YBaCuO-123
crystals, has been given by Konczykowski.10

2. Surface barriers and the magnetic hysteresis loop

The Bean-Livingston1-- surface barrier to vortex r.iotion can be
understood most simply in terms of an image force argument. To satisfy
boundary conditions along an ideal planar surface, a vortex in the
superconductor, aligned parallel to that surface, can be thought to have an
oppositely oriented image vortex outside the sample at an equal distance
from the surface. The attractive force from the image opposes the
repulsive force from the Meissner surface current and therefore prevents
bulk flux penetration at the lower critical field Hci, even when the bulk is
perfectly reversible. Bulk flux penetration finally occurs at a higher
penetration field Hp closer to the thermodynamic critical field Hc. As first
pointed out by Kopylov et al.6 in the context of the high-K high-
temperature superconductors, this is much larger than Hci, and therefore
surface barriers can have a large effect in principle.

For applied fields H above Hp, flux penetrates through the bulk of
the superconductor, assuming there is no bulk pinning, according to4
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M = (H2-Hp2)l/2-H . (1)

When the field is subsequently reduced, the vortices have no incentive to
leave the sample until the magnetization M reaches zero. At this point the
surface current is zero because the surface magnetization current from the
vortices is exactly canceled by the Meissner current induced by the applied
field. As first pointed out by Campbell and Evetts,3 the barrier to flux
exit, normally arising from the surface current, then disappears, and so
vortices are free to leave, maintaining the M=O condition as H is reduced.
Thus the observation of M=O on the descending branch of the hysteresis
loop is one of the most characteristic signatures of a surface barrier.

Just such behavior has been reported by Chikumoto et al.11 at 80 K
in a University-of-Tokyo BiSrCaCuO-2212 crystal, with M very close to
zero on the descending branch of a loop taken with field parallel to the c-
axis (perpendicular to the crystal plane). Another example of a hysteresis
loop at 60 K is shown in Fig. 1. Actually, these measurements are
performed by a miniature Hall probe19 which detects the surface stray field
AH rather than the net magnetization M. This surface stray field is also
proportional to the persistent current density2^ and so AH=O is an equally
good signature of a surface barrier.

In Fig. 1, the loop starts from the virgin zero-field-cooled state. AH
decreases linearly with applied field because of the induced Meissner
screening currents. Flux penetration begins above a clearly defined
penetration field Hp, which in this case is 35 Oe. The higher-field portion
of the ascending branch fits Eq. 1 well, as shown by the solid line. This
supports the surface barrier interpretation, although it must be recognized
that the applied field is oriented perpendicular to the flat plane of the
crystal and that demagnetizing effects have been ignored in the theory.

AH is also flat on the high-field portion of the descending branch
and is close to but low han zero. The lack of perfect AH=O behavior
can be interpreted with tue hypothesis of a less-than-perfect surface
reducing the barrier and allowing the loop to narrow towards the closed
loop of the perfectly reversible bulk Type II superconductor. The
descending branch also rises to a positive value of AH as field decreases to
zero; we interpret this as the onset of some bulk pinning, which is usually
stronger at lower than higher fields.

Fig. 1 also shows the thermoremanent magnetization (TRM), or
more precisely the thermoremanent stray field AH which persists when the
applied field is reduced to zero from a given maximum excursion during
the hysteresis loop. The near-zero TRM values below Hp=35 Oe confirm
that essentially no flux has penetrated up to this point. Immediately above
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Hp, the TRM rises abruptly to its maximum value. Were the hysteresis
observed at 35 Oe attributed to bulk pinning in the conventional Bean
model, one might expect a more gradual rise of the TRM with increasing
field because full flux penetration to the center of the sample should occur
only gradually with increasing field above Hp. The abrupt rise is more
consistent with a surface barrier mechanism since, with minimal bulk
pinning, full penetration is expected immediately above Hp.

Further support for the surface-barrier interpretation in the
temperature range above about 30 K in the University-of-Tokyo crystals
comes from the studies by Kishio et al.14 of the dependence of the magnetic
irreversibility on lateral crystal dimension. At low temperatures the
hysteresis loop scales with dimension, as predicted by the Bean model, thus
supporting a bulk-pinning mechanism. Above 30 K, however, they
observed the magnetization (moment per volume) to be independent of
dimension, as expected when only surface currents are present.

3. Flux Creep

Further insight into the complementary roles of bulk pinning and
surface barriers at different temperatures and times has come from flux
creep measurements. Zhukov et al.15 and Zavaritsky and Zavaritsky 1^
showed that the current density of BiSrCaCuO-2212 crystals, measured
magnetically at fixed time, dropped exponentially with temperature. But
the rate of drop was faster below about 20 K in these crystals than at
higher temperature, and there was a clear break or transition between these
two regimes at 20 K. They observed an even more dramatic transition in
the magnetic relaxation, which they analyzed in terms of a flux creep
activation barrier: Slower relaxation at high temperature corresponded to
a barrier up to five times larger.

The crossover between these two regimes can be observed as a direct
function of time, as shown in Fig. 2 from the work of Chikumoto et al.13

on the University-of-Tokyo BiSrCaCuO-2212 crystals. Since these crystals
are different from those of the Zhukov and Zavaritsky work, we assume
that different degrees of bulk pinning and surface perfection in the
different crystals account for the shift of the transition range from 20 K to
about 35 K. In Fig. 2, a well-defined transition occurs at about 1 sec at 35
K, and it shifts to shorter times with increasing temperature. Thus, there
appear to be two mechanisms for irreversibility: one, predominating at low
temperatures and short times, which is strong but suffers rapid decay, and
a second, predominating at high temperature and long times, which is weak
but more résistent to flux creep.



The short-time regime shows a peak-effect in the field dependence of
AH at fixed time, similar to that illustrated in Fig. 3 at 33 K. By contrast,
the peak disappears completely in Fig. 2 and turns into a downward step in
the same field range, as illustrated also in Fig. 3 at 40 K. There has been
much discussion in the literature about the origin of the peak effect,6 and
the fact that it can disappear completely as a function of time may be an
important clue to its origin. Kopylov et al.6 initially attributed it to a
surface barrier, but the data presented here suggest that it occurs fully in
the short-time or low-temperature regime, which we identify with bulk
pinning, for the reasons discussed above and further below.

The low pinning energy in the low-temperature regime can be well
understood with the hypothesis of bulk-pinning: given the highly two-
dimensional superconductivity of the BiSrCaCuO material, vortices
approach a "pancake" structure21 whose core volume is limited.
Therefore, even with optimal defects matching the lateral core dimensions,
the activation barrier to bulk flux creep is small, as confirmed in recent
experiments with heavy-ion irradiation by Gerhaeuser et al.22 In the
unirradiated crystals of Chikumoto et al.13 and Zhukov et al.,15 one may
expect suboptimal defects with an even lower activation barrier.

We attribute the high-temperature regime to surface barriers, for the
reasons described in the other sections. Flux creep data15 indicate five-
times higher activation energy for a surface barrier than for bulk pinning
in the unirradiated crystals. Initial theoretical work6'23 gives the estimate

Usb = <j>02d/(47aab)2 (2)

for the flux-creep activation energy Usb of an ideal surface barrier. For
BiSrCaCuO-2212 parameters, this gives23 300 K, whereas Zhukov et al.15

reported barriers up to 650 K in the high-temperature regime. Given the
approximate nature of the model, this factor-of-two agreement is
encouraging for the surface-barrier interpretation. Up to a numerical
factor, Eq. 2 also gives the activation barrier for a pancake vortex pinned
at an optimally matched defect,21'22 and Gerhaeuser et al.22 measured 750
K, remarkably similar to Zhukov's result. All in all, the agreement of
experimental and theory is encouraging for our interpretation, although
other factors like demagnetizing effects, surface roughness and non-
logarithmic relaxation 13 must still be investigated.

4. Irradiation

Fig. 3, from the work of Chikumoto et al.12-13 on BiSrCaCuO-2212,



shows the effect of 2.5 MeV electron irradiation of the width AHin- of the
stray-field hysteresis loop. In the low-temperature regime (33 K shown
here), the width increases, as expected from the additional pinning defects
created in the bulk of the superconductor by the irradiation. However in
the high-temperature regime (40 K shown here) the loop.width actually
decreases, and the superconductor becomes more reversible. The decrease
can be interpreted in terms of the surface barrier model because the
irradiation is expected to roughen the surface or introduce defects which
could act as "gates" to the entry of flux.8'9 Therefore the contrasting
irradiation effects support the surface barrier model in the high-
temperature regime

5. Conclusions

We have summarized a series of experimental results which together
strongly point to the predominant role of surface barriers in sustaining
irreversibility and persistent currents in BiSrCaCuO-2212 high-
temperature superconducting crystals at high temperatures. These include
1) the shape of the hysteresis loop, both in its ascending and descending
branches, 2) the sharpness of the rémanent magnetization as a function of
maximum field of the hysteresis loop, 3) the dependence of the
magnetization on the lateral dimension of the crystals, 4) the size of the
flux-creep barrier and the crossover as a function of temperature and time
in the persistent cm rent density, and 5) the effect of irradiation. At low
temperatures (below 20-30 K), the data point to bulk pinning as the
predominant source of irreversibility and persistent current.

An alternative picture for the different properties at high
temperature, usually invoked in the context of YBaCuO-123 crystals,24'25

involves granularity. This model can explain the absence of scaling with
lateral crystal dimension. It can also rationalize the irradiation effect if it
is supposed that irradiation damages granular boundaries, thus reducing
any long-range persistent currents. However the microscopic origin of the
granularity is not well established, either in the YBaCuO or BiSrCaCuO
crystals. Furthermore this hypothesis does not explain the characteristic
hysteresis-loop shapes discussed above. It is also hard to imagine that the
onset of granularity could be so well defined as to give the sharp breaks
observed15»16 as a function of temperature in the current density and flux-
creep activation barrier. The well-defined transition observed as a
function of time in Fig. 2 is similarly implausible in this model, and a
reduced relaxation rate (increased activation barrier) in a granular regime
is hard to rationalize.
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We have not discussed here a complementary set of studies5-6'9

which attribute to surface barriers the observed rise at low temperatures in
the field for initial flux penetration. While the theory of this low-
temperature effect seems satisfactory and can coexist with bulk pinning also
observed in this regime, the evidence for the high-temperature role of
surface barriers is much more convincing at this time, based on the
confluence of many different kinds of data. Much remains to be done,
including more detailed fundamental studies and also the effort to translate
surface-barrier irreversibility into improved performance of high-
temperature superconductors in applications.

The authors thank Y. Yeshurun, M. Feigel'man, H. Kuepfer, J.
Gilchrist and L. Burlachkov for valuable discussions.

6. References

1. C. P. Bean and J. D. Livingston, Phys. Rev. Lett. 12 (1964) 14.
2. P. G. de Gennes, Solid State Commun. 3 (1965) 127; also

Superconductivity of Metals and Alloys (W. A. Benjamin Inc.,
New York 1966).

3. A. M. Campbell and J. E. Evetts, Critical Currents in
Superconductors (Taylor and Francis Ltd., London 1972).

4. J. R. Clem, in Low Temperature Physics LT13, Vol. 3, ed. K. D.
Timmerhaus et al. (Plenum, New York 1974) p. 102.

5. M. W. McElfresh, Y. Yeshurun, A. P. Malozemoff and F. Holtzberg,
Physica A 168 (1990) 308.

6. V. N. Kopylov, A. E. Koshelev, I. F. Shchegolev and T. G.
Togonidze, Physica C 170 (1990) 291.

7. M. Konczykowski, L. Burlachkov, Y. Yeshurun and F. Holtzberg,
Phys. Rev. B 43 (1991) 13707.

8. L. Burlachkov, M. Konczykowski, Y. Yeshurun and F. Holtzberg,
J. Appl. Phys. 70 (1991) 5759.

9. L. Burlachkov, Y. Yeshurun, M. Konczykowski and F. Holtzberg,
Phys. Rev. B, accepted for publication.

10. M. Konczykowski, in Proceedings of the International Workshop on
Critical Current Limitations in HTSC, Warsaw, Sept. 10-13, 1991,
to be published.

I L N . Chikumoto, M. Konczykowski, N. Motohira, K. Kishio and K.
Kitazawa, Physica C 185-189 (1991) 1835.

12. N. Chikumoto, M. Konczykowski, N. Motohira, K. Kishio and K.
Kitazawa, Physica C 185-189 (1991) 2201.

13. N. Chikumoto, M. Konczykowski, N. Motohira and A. P.



Malozemoff, submitted to Phys. Rev. Lett.
14. K. Kishio, S. Komiya, N. Motohira, K. Kitazawa and K. Yamafuji,

Physica C 185-189 (1991) 2377; also preprint.
15. A. A., Zhukov, V. V. Moshchalkov, V. A. Rybachyk, V. A.

Murashov, A. Yu. Martynkin, S. W. Moshkin and I. N. Goncharov,
Physica C 185-189 (1991) 2137.

16. V. N. Zavaritsky and N. V. Zavaritsky, Physica C 185-189 (1991)
2141.

17. S. Doniach, in High Temperature Superconductivity, Proceedings,
ed. K. Bedell et al. (Addison Wesley, Redwood City CA 1989) p.
406.

18. S. Ryu, S. Doniach, G. Deutscher and A. Kapitulnik, Phys. Rev.
Lett. 68(1992)710.

19. M. Konczykowski, F. Holtzberg and P. Lejay, Superconductivity
Science and Tech. 4 (1991) S331.

20. M. Daeumling and D. C. Larbalestier, Phys. Rev. B 40 (1989)
9350.

21. J. R. Clem, Phys. Rev. B 43 (1991) 7837.
22. W. Gerhaeuser, G. Ries, H. W. Neumueller, W. Schmidt, O. Eibl,

G. Saemann-Ischenko and S. Klaumuenzer, Phys. Rev. Lett. 68
(1992) 879.

23. A. E. Koshelev, preprint
24. H. Kuepfer, I. Apfelstedt, R. Fluekiger, C. Keller, R. Meier-

Hirmer, B. Runtsch, A. Turowski, U. Wiech and T. Wolf,
Cryogenics 29 (1989) 268.

25. M. Daeumling, J. Seuntjens and D. C. Larbalestier, Nature 346
(1990) 332.

Figure 1. Surface stray field
ofaBiSrCaCuO-2212
crystal versus applied
field. Open circles -
hysteresis loop from
virgin zero-field-cooled
state; black circles -
rémanent stray field
(TRM) vs. field of
maximum excursion
of the loop. The solid
line above 35 Oe shows
a fit to Eq. 1 of the text.
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Figure 2. Time decay of the irreversible stray field (width of the hysteresis
loop) as a function of time at 35 K, for the same BiSrCaCuO-2212
crystal as in Fig. 1. The figure shows a crossover between a short-
time rapid decay and a long-time slower decay, indicating two
distinct irreversibility mechanisms (after Chikumoto et al., Réf. 13).
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Figure 3. Applied-field dependence of the irreversible stray field of
BiSrCaCuO-2212 crystals at 33 K and 40 K. The field is applied
perpendicular to the crystal plane and along the c-axis. a) represents
the as-grown crystal, while a') and b) represent electron irradiated
crystals at a dosage of 4.4xlO18/cm2 and 2.2xlO19/cm2 respectively.
The lower-temperature data show a peak-effect, while the higher-
temperature data show a step at the same field for the two
temperatures (after Chikumoto et al , Réf. 13).


