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Magnetic flux jumps in textured Bi2Sr2CaCu2O8¿d
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Magnetic flux jumps in textured Bi2Sr2CaCu2O81d have been studied by means of magnetization measure-
ments in the temperature range between 1.95 K andT c , in an external magnetic field up to 9 T. Flux jumps
were found in the temperature range 1.95–6 K, with the external magnetic field parallel to thec axis of the
investigated sample. The effect of sample history on magnetic flux jumping was studied and it was found to be
well accounted for by the available theoretical models. The magnetic-field sweep rate strongly influences the
flux jumping and this effect was interpreted in terms of the influence of both flux creep and the thermal
environment of the sample. Strong flux creep was found in the temperature and magnetic-field range where flux
jumps occur suggesting a relationship between the two. The heat exchange conditions between the sample and
the experimental environment also influence the flux jumping behavior. Both these effects stabilize the sample
against flux instabilities, and this stabilizing effect increases with decreasing magnetic-field sweep rate. De-
magnetizing effects are also shown to have a significant influence on flux jumping.
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I. INTRODUCTION

Magnetic flux jumps are one of the peculiar phenome
of interest in both conventional, hard type-II superconduct
and in high-temperature superconductors~HTS’s!. Studies of
flux instabilities in superconducting materials are of inter
both from a basic point of view and also in light of the
potential applications. In addition, the investigation of fl
jumps in HTS’s are relevant to understanding the comple
of the vortex matter in the mixed phase of these material
is known that under appropriate conditions, the critical st
of a superconductor may become unstable, leading to an
lanchelike process, initiated by a small fluctuation of t
temperature or external magnetic field. This process is a
ciated with the sudden puncture of magnetic flux into
volume of the superconductor with a corresponding incre
in the material’s temperature. During this process, the scre
ing current is appreciably reduced, perhaps even to z
From the point of view of the applications, magnetic flu
jumps are problematic as they may drive the supercondu
into a normal or resistive state. Flux jumps cause also ab
changes to the sample dimensions, which may be obse
via magnetostriction measurements.1 Flux jumps phenom-
enon have been studied primarily by magnetization meas
ments, screening experiments, and torque magnetometry~see
Ref. 2 for a review!.

The basic theory appropriate to magnetic flux jumpi
was developed in the late 1960s by Swartz, Bean,
Wipf.3–5 Theoretical analysis usually assumes the fulfillme
of the local adiabatic conditions for the sample, which in tu
depends upon the relation between the thermal (D t) and the
magnetic (Dm) diffusivity of the material. IfD t!Dm, the
local adiabatic conditions for the occurrence of the flux jum
process are assumed to be satisfied. Flux jumps are as
ated with the diffusion of magnetic flux into the superco
ductor. The diffusion timetm of magnetic flux is inversely
proportional to magnetic diffusivity, i.e.,tm;1/Dm. Simi-
0163-1829/2003/67~2!/024518~9!/$20.00 67 0245
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larly, the thermal diffusion timet t is inversely proportional
to thermal diffusivity,t t;1/D t . If the thermal diffusion time
is significantly longer than the characteristic time for the p
cess, the conditions of this process are considered to be
cally adiabatic. In the case of magnetic flux jumps, the
conditions are satisfied whent t@tm or D t!Dm.

The stability criteria of the critical state of hard type-
superconductors may be obtained by analysis of a loop
several interconnected processes, as was discussed fo
ample by Wipf2 ~see also Fig. 2 in Ref. 2!. A small thermal
fluctuationDT1 causes an appropriate decrease in the crit
current density. This in turn decreases the screening cur
of the superconductor, allowing some additional magne
flux to enter the volume of the sample. The additional fl
causes heat dissipation, which generates an additiona
crease of the temperature of the superconductor by
amount ofDT2. If DT2.DT1 an avalanchelike process i
form of a flux jump is induced. The range of temperature a
magnetic field for which flux jumps occur is determined
two parameters. The first one is the instability fieldBfj . In
the adiabatic approximation, and for an infinite slab geo
etry sample, the instability field for the first flux jump~after
cooling the sample in zero magnetic field! is given by the
formula

Bfj15A 2m0cJc

2dJc /dT
, ~1!

wherec is specific heat,Jc is critical current density, andm0
andT are the magnetic permeability of vacuum and tempe
ture, respectively. This theory assumes thatJc is independent
on the magnetic field, andBfj1 are measured after cooling th
sample in zero magnetic field.

At sufficiently low temperatures, both the specific heat
the superconductor and the instability field for the first fl
jump Bfj1 increase with temperature. At some higher te
perature, theBfj1(T) curve reaches a maximum and the
©2003 The American Physical Society18-1
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drops to zero at the critical temperature of the superc
ductor (Tc), because at this temperature the critical curr
of the superconductor vanishes. At 4.2 K typical values
Bfj1 predicted by Eq.~1! are of the order of 0.1 T. Thus flu
jumping is expected to be an important problem from
point of view of applications of type-II superconductors, as
limits the performance of these materials in a lo
temperature regime.

The second parameter affecting the appearance of
jumps is the critical dimension of the superconductor, i
the minimum sample dimension for which flux jumps occ
The critical dimension of the sample depends on the s
ple’s shape, its orientation relative to the external magn
field, and on the relation betweenBfj1 and the value of the
field of full penetration (B* ) of the superconductor. For th
case of infinite slab geometry sample, or for an infinite
long cylindrical sample with an external magnetic fie
aligned parallel to its surface~slab sample! or axis~cylindri-
cal sample!, the role of the critical dimension is played b
the sample diameter. The parameterB* depends on the
sample shape, the sample’s orientation in the magnetic
and the field dependence of the critical current density.
the good approximationB* is proportional to the critical
current density (Jc) and sample dimensions.

For the case of an infinite slab or cylinder and under
assumption thatJc(B)5const ~the so-called Bean model6!,
the field of full penetration can be calculated using the re
tion B* 5m0Jcd, whered is a half of the diameter of the
infinite slab or the cylinder. At sufficiently low temperature
Bfj1 increases with increasing temperature, whereasB* de-
creases. At some temperature (T1), B* (T1)5Bfj1(T1) and at
higher temperaturesB* ,Bfj1 . Assuming that Jc(B)
5const, the critical diameter of the slab or cylinder sam
for which Fcrit52dcrit , may be determined from the equ
tion B* (T1)5m0Jc(T1)dcrit . For a slab~or cylinder! with
diameter smaller than the critical one, no flux jumps occu
any temperature for any external magnetic field, independ
of whether the measurements are made during the vi
magnetization curve~taken after cooling the sample in ze
external magnetic field! or for other parts of magnetizatio
hysteresis loop. However, when the critical current den
depends on magnetic field, the situation becomes more c
plex. In this case, even if there are no jumps in the vir
magnetization curve, some jumps~so-called ‘‘solitary
jumps’’7! may appear after reversal of external magne
field direction. When the critical current density is a no
monotonic function of the magnetic field~the so-called ‘‘fish
tail’’ or ‘‘butterfly’’ effect !, then under appropriate condition
so-called ‘‘island jumps’’ may also be found.8 All these phe-
nomena result from the changes in magnetic-field profile
superconducting sample caused by the field dependenc
the critical current density as well as by magnetic history.
all cases, however, some critical dimension of the sam
exists and for samples with dimensions smaller than the c
cal one, no jumps occur at any temperature or magnetic fi
Thus by reducing the diameter of the superconductor i
possible to avoid flux jumping. This approach is common
used in producing multifilament superconducting wires. F
jumping in conventional superconductors, including the
02451
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tension of the basic flux jumping theory to nonadiabatic co
ditions, has been thoroughly reviewed in Ref. 9.

Magnetic flux jumps have also been observed in hig
temperature superconductors.2 Because of the existence of
critical dimension, flux jumping in HTS’s was observed on
in relatively large single crystals or well-textured polycry
talline samples with high values of the critical current. N
such effect has been observed in ceramics, because the
cal dimension in these materials is limited by the grain si
which is typically very small, of the order of several m
crons. Most of the studies of flux jumps in HTS’s that ha
been reported to date have been carried out
YBa2Cu3O61d ~Ref. 2! or La2-xSrxCuO4 ~Refs. 1, 10, and
11! single crystals, or on highly textured polycrystalline m
terials. In contrast, there are only a few reports of magn
flux jumping in the Bi2Sr2CaCu2O81x system.

Early experiments by Guillot and co-workers12 observed
flux jumps in an assembly of preferentially oriente
Bi2Sr2CaCu2O81x single crystals. Unfortunately, no system
atic studies of this phenomenon were reported. Magnetic
jumps were also found in a large polycrystallin
Bi2Sr2CaCu2O81x flux tube.13 More systematic observation
of flux jumping in BiSCCO system have been reported
Gerber and co-workers.14 This work reports flux jumps in a
Bi2Sr2CaCu2O8 sample consisting of a pile ofc-oriented
single-crystalline slabs, but only at relatively high magnet
field sweep rates, above 1 T/s.14 Among HTS materials
Bi2Sr2CaCu2O81x is characterized by a strong anisotrop
much stronger than is the case in La2-xSrxCuO4 or
YBa2Cu3O61d . Hence flux jumps studies o
Bi2Sr2CaCu2O81x may be useful in understanding the deve
opment of the instability process in strongly anisotropic s
perconductors. A detailed understanding of the instabi
process in Bi2Sr2CaCu2O81x is also important from the
viewpoint of potential applications of Bi-based compoun
in Ag/BiPbSrCaCuO composites.

Many aspects of magnetic flux instabilities in HTS’s
well as in conventional superconductors require further
vestigation to both elucidate the intrinsic dynamics of ma
netic flux in superconductors, and to enable future appli
tions.

II. OBJECTIVES

Despite the large literature on Bi2Sr2CaCu2O81d single
crystals or textured polycrystals, flux jump instabilities ha
rarely been reported on. Thus no systematic studies of
critical state stability in the Bi2Sr2CaCu2O81d single crystals
or textured materials have been reported and there is l
understanding as to how different parameters affect fl
jumping in this system. The limited literature does sugg
that Bi2Sr2CaCu2O81d is less susceptible to flux jumps tha
other known type-II superconductors.

The present paper deals with systematic studies of m
netic flux jumping phenomena inc-oriented, textured
Bi2Sr2CaCu2O81d samples at magnetic-field sweep rates b
tween 0.06 and 0.2 T/min. Specifically, we investigate
temperature and magnetic-field sweep rate dependenc
8-2
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flux jumping, as well as the influence of magnetic flux cre
on the phenomenon.

We will first compare the flux jumps in our texture
Bi2Sr2CaCu2O81d sample with that in other type-II supe
conductors. We go on to estimate the basic parameters
evant to the critical state stability in this material. We th
study the influence of the flux creep on the flux jumps.
flux creep is relatively strong in our sample, one may exp
it to have a significant influence on the critical state stabil
Several theoretical models describing the influence of
flux creep on the critical state stability have be
developed.10,15 However, the quantitative comparison
these models with experimental data is lacking.

Finally, the present work also deals with analysis of t
influence of demagnetizing effects on the critical state sta
ity. To the best of our knowledge, no investigation of th
phenomenon has been performed to date. As the dema
tizing factor of our sample is large, it is important to take th
effect into account in the analysis of the flux jumps even
The influence of demagnetizing effects on flux jumping
discussed in the framework of the Brand, Indenbom, a
Forkl model of the critical state of an infinitely long and th
superconducting strip in an external magnetic field perp
dicular to its surface.16

III. EXPERIMENTAL DETAILS

A Bi2Sr2CaCu2O81d polycrystalline boule sample with
circular cross section of about 6 mm in diameter was gro
by the floating zone technique in a four mirror optical fu
nace. The critical temperature of the as-grown material w
about 92 K, very close to optimal for this HTS. From th
as-grown boule, a sample of approximate dimensions
32.230.2 mm3 was detached by cleaving, such that t
shortest edge of the detached sample was parallel to tc
axis.

X-ray-diffraction studies of the cleaved sample show it
consist of a mosaic of several well-aligned single crysta
The rocking curve showed that the total misalignment of
c axes of this mosaic of single crystals was about 5°. T
sample was used for all further studies of magnetic fl
jumps reported here. Magnetization measurements were
ried out using a Quantum Design PPMS-9 system with
maximum external attainable field of 9 T. The measureme
were performed using the extraction magnetometer opt
In this option the sample is moved between two pickup co
with constant velocity, whereas the signal from the pick
coils is integrated to calculate the magnetic moment of
sample under study. During experiment the sample was
rounded by a low-pressure helium gas~around 0.5 Tr! thus
similar heat sinking conditions were maintained by cross
from 1.95 K to above 4.2 K. In all the magnetization me
surements reported here, the temperature was varied bet
1.95 K andTc and the external magnetic field was chang
in sweep mode. The temperature dependence of magne
tion hysteresis loops was measured with a constant sw
rate of 0.3 T/min. In addition, the magnetic-field sweep r
dependence of the flux jumping was studied systematicall
a single temperature of 4.2 K. The sweep rates were ad
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able between the maximum and the minimum rates att
able in our system, i.e., between 0.06 and 1.2 T/min, resp
tively.

IV. RESULTS

Figure 1 shows magnetization hysteresis loops for
sample, with the external magnetic field parallel to itsc axis.
These data were obtained for temperatures between 1.95
6.5 K. All the measurements presented here were perfor
after cooling the sample in zero magnetic field. The exter
magnetic field was then swept from 0 to 9 T, back t
29 T, and again back to 0 T. The magnetic flux jumps a
observed in the temperature range from 1.95 up to 6 K and
they are not evident at 6.5 K, as Fig. 1 shows. Such mag
tization hysteresis loops were also measured above 6.5 K
temperatures up toTc , but these measurements showed
magnetic flux jumping in the investigated sample. Simi
measurements, carried out with magnetic field parallel to
sample surface, i.e., perpendicular to thec axis and at the
same sweep rate of 0.3 T/min, showed no magnetic
jumps in the whole temperature range studied, i.e., betw
1.95 K andTc .

As can be seen in Fig. 1, the number of observed jum
decreases with increasing temperature. Increasing the
perature increases both the value of the field at the first
jump,Bfj1 ~see also Fig. 4!, as well as an increase in the fie
spacing between subsequent jumps. At temperatures abo

FIG. 1. Magnetization hysteresis loops taken of the 4.232.2
30.2 mm3 Bi2Sr2CaCu2O81d textured sample in the temperatu
range 1.9–6.5 K are shown. Thec axis was parallel to the externa
magnetic field and the magnetic-field sweep rate was 0.3 T/min
8-3
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K, all of the observed jumps are complete, meaning that
magnetization of the sample during a jump drops to ze
Figure 1 shows also the influence of the magnetic history
flux jumping. This influence is most clearly seen in the hy
teresis loop measured at relatively high temperatures suc
6 K. Here one can see that only a single jump occurs wit
the first quadrant of theM (H) plot, i.e., while the externa
magnetic field increases from 0 to 9 T. There are no jum
observed in the second quadrant of theM (H) curve, when
the magnetic field is decreased from 9 to 0 T. Subseque
there are two jumps present when the external magnetic
is changed from 0 to29 T ~within the third quadrant!.

The magnetic-field sweep rate dependence on flux ju
ing has been studied at the temperature of 4.2 K and th
results are shown in Fig. 2. These measurements were
ried out in the first quadrant of theM (H) hysteresis loop.
With increasing sweep rate, and external magnetic field
the range from 0 to 9 T, the number of observed flux jum
increases, whereas the value ofBfj1 decreases~see also Fig.
6!. We emphasize that, at the lowest attainable sweep ra
0.06 T/min and the same temperature of 4.2 K, no flux jum
occurred in our sample. Figure 2 shows all experimen
points recorded. One can see that the observed jumps o
in a time interval shorter than that between the subseq
experimental points. The minimum time interval between
perimental points is limited in our system to about 5 s.

In order to analyze the influence of flux creep on fl

FIG. 2. The dependence of flux jumping versus the exter
magnetic-field sweep rate at the temperature 4.2 K is shown.
measurements were taken after cooling the sample in zero mag
field with sweep rates 0.12, 0.21, 0.3, 0.6, 1.2 T/min, respectiv
Thec axis of the sample was parallel to the external magnetic fi
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jumps we have measured the magnetic relaxation of
sample. The following procedure was adopted during
measurement. The sample was cooled in zero magnetic
to the temperature of 4.2 K, at which time the external m
netic field was increased from zero to 2 T at a rate of
T/min. This value of the field, 2 T, was chosen to preve
appearance of flux jumps, which first occur at this tempe
ture at slightly higher magnetic fields i.e. at 2.38 T~see Figs.
1, 2, 4, 6!. Measurements of magnetic moment were th
performed over a period of 1 h and these results are shown
Fig. 3. The relaxation of the magnetic moment is appro
mately logarithmic in time. After 1 h, about a 10% decrea
from the initial value of magnetic moment is observed in t
sample.

V. ANALYSIS

The behavior of the magnetization jumps displayed by
Bi2Sr2CaCu2O81d sample and shown in Fig. 1 is typical fo
thermally activated flux jumps in type
II-superconductors.1–5,7–14These data allow one to constru
a relation between the field of the first flux jump,Bfj1 and
temperature, as shown in Fig. 4. The fact thatBfj1 increases
with increasing temperature is consisitent with the adiab
theory of flux jumping,3–5 discussed earlier.

The present results show that all flux jumps we observ
temperatures higher than 3 K are complete. This indicate
that the energy released during the jump is sufficient to dr
the superconductor into the resistive state, which means
this energy is sufficient to increase the temperature of
sample to the value at which the critical current density
the superconductor vanishes. It is important to note tha
reduce critical current density to zero in the case of HTSs
is not necessary to heat the superconductor aboveTc but just
above the vortex melting temperature, where the vortices
come virtually unpinned. At lower temperatures more ene
is required to drive the superconductor into the resistive s
as compared to higher temperatures. The temperature

l
he
tic

y.
.

FIG. 3. The relaxation of the magnetic moment at 4.2 K in
external magnetic field 2 T is shown. The sample was first coole
zero magnetic field, followed by an increase of the magnetic field
2 T at a rate of 0.3 T/min. Subsequent to this, the relaxation of
sample was followed for 1 h.
8-4
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crease during a jump depends on the quantity of energy
leased during the jump, and on the specific heat of
sample. At 1.95 K the magnetic-field interval between
successive jumps is less than at higher temperatures.
the magnetic energy stored in the superconductor betw
two successive jumps at 1.95 K is smaller than it is at hig
temperatures. It may be that this magnetic energy is insu
cient to drive the superconductor into the resistive sta
Therefore for a number of jumps observed at 1.95 K,
magnetization of the sample does not drop to zero, as
can see in Fig. 1.

The magnetic history dependence on flux jumping, sho
in Fig. 1, can also be accounted for by the theory presen
in Refs. 7 and 8. In these references, the temperatures
magnetic-field range for which flux jumps occur was stud
in the framework of the adiabatic theory, assuming differ
dependences of the critical current density as a function
the magnetic field. It was found that, if the critical curre
density decreases with increasing magnetic field, flux jum
first appear in the third quadrant of theM (H) plot. Therefore
this quadrant of theM (H) plot is least stable from the poin
of view of appearance of flux jumping. Comparison of t
magnetization hysteresis loops at different temperatu
shows that as the temperature is lowered flux jumps ap
in the first quadrant and also at the end in the second q
rant of the M (H) plot. Thus the second quadrant of th
M (H) plot is the most stable from the point of view o
appearance of flux jumping. This behavior of the flux jum
has been also observed in our sample, as shown in Fi
~e.g., temperature 6 K!.

In order to quantitatively compare the present experim
tal results with the predictions of the adiabatic theory,
have estimated the value ofBfj1 at 4.2 K. This requires an
estimate of the specific heat as well as temperature de
dence of the critical current density. Determination of t
critical current densities on the basis of magnetization h
teresis loop measurements as well as the stability of the c
cal state depends strongly on the distribution of the scree
currents in a superconducting sample. This problem is
portant in the case of polycrystalline HTSs, where the gr
boundaries may act as the weak links, reducing the crit

FIG. 4. The temperature dependence ofBfj1 , determined on the
basis of the data presented in Fig. 1 is shown.
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current density even by several orders of magnitude. Ho
ever, the texture of the polycrystalline samples is of gr
importance for limiting the critical current. If the polycrys
talline sample consists of a set of well aligned grains, a la
current may be shunt by the substantial common areas
tween adjacent grains, bypassing the weak links. This p
nomenon is described in terms of the so-called ‘‘brick wa
model17 and it is commonly observed in superconducti
thin films as well as in Ag/BiPbSrCaCuO tapes, which d
spite their polycrystalline structure are characterized by h
critical current densities. Similar is applicable in the case
our sample, when an external magnetic field is parallel to
c axes of the grains. In this case, screening currents fl
within the ab planes of the grains and they have very lar
areas with which to bypass the weak links. Hence in o
further analysis the whole sample will be treated as a sin
grain and the effect of the weak links will not be taken in
account. It is also worth noting that after finishing our me
surements the sample was cleaved again into several sm
pieces, each of which possessed almost the same surface
as the original sample. This suggests that the original sam
had a sandwichlike structure of the weak links, which wou
not limit the screening currents inab planes, when the ex
ternal magnetic field is parallel to thec axes of the grains.

The temperature dependence of the critical current den
in the direction parallel to theab plane is estimated based o
the magnetization data and these results are shown in Fi
The widths of the magnetization hysteresis loops were m
sured at different temperatures at the zero external magn
field, and subsequently, a value of the critical current den
was estimated using a formula appropriate to a sample wh
cross section in the plane perpendicular to an external m
netic field is in the shape of a rectangle, as discussed in
18. As the flux jumps occur primarily at low temperature
this procedure cannot be effectively used in this range, be
6 K. Thus the temperature dependence of the critical cur
density was estimated only for temperatures above 6 K. F
ure 5 shows this result between 6 and 38 K.

As one can see in Fig. 5 at zero external magnetic fi
and at 6 K critical current densities of the order
106 A/cm2 were found. These values of the critical curre
density are close to the upper limit of the critical curre
densities usually observed in the Bi2Sr2CaCu2O81d system.
This fact is probably connected with the presence of a la
number of structural defects acting as pinning centers.
temperature dependence of the critical current density at
magnetic field is roughly exponential. However, it is difficu
to fit a unique exponential formula to the whole range
experimental data@see Fig. 5~a!#. An exponential tempera
ture ~as well as magnetic-field! dependence of the critica
current density in superconductors with weak pinning is
pected from flux creep.19 A precise analysis of these depe
dencies must also reflect the scaling of fundamental pinn
related parameters on temperature, as well as on mag
field.20 To take into account the dependence of these par
eters on temperature we have rescaled the temperature
by a functiong(T)512(T/Tc)

2 @see Fig. 5~b!#. This func-
tion is consistent with Ginzburg-Landau theory and is d
cussed in Refs. 19 and 20. In the case of HTS’s theg(T)
8-5
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function is usually assumed in the formg(T)51
2(T/Tirr)

2, whereTirr is the irreversibility temperature. A
zero external magnetic field we have assumedTirr5Tc . As
one can see in Fig. 5, after application of this procedure, v
good fitting of the available experimental data is obtained
using exponential formulaJc(T* )5Jc0exp(2T* /T0) where
T* 5T/g(T), Jc0533106 A/cm2, andT058.4 K.

The specific heat of Bi2Sr2CaCu2O81d at 4.2 K was esti-
mated usingc(T)5bT3 with b52 mJ/K4 mol,21,22 from
which we getc(4.2 K)5113102 J/Km3. Using this value of
specific heat, the above temperature dependence of the
cal current density, and formula~1!, we estimate
Bfj1(4.2 K)'0.15 T, a value roughly one order of magn
tude lower than that observed in our experiment. Sim
discrepancies between experimentally observed value
Bfj1 and those calculated within the framework of the ad
batic theory have been reported for other HT
systems.1,2,7,10–12,14In these studies, the experimentally o
served values ofBfj1 at 4.2 K are of an order of 1 T or highe

In order to account for why our sample appears m
stable against flux jumping than would be expected fr
adiabatic theory, two phenomena need be considered. Fir

FIG. 5. ~a! The temperature dependence of the critical curr
density in the direction parallel to theab plane for zero externa
magnetic field in logarithmic scale is shown. The data was obtai
on the basis of magnetization hysteresis loops measurements
an external magnetic field parallel to thec axis of the sample.~b!
The same data in a normalizedT/g(T) scale, whereg(T)51
2(T/Tc)

2 and Tc592 K. Dotted lines show fit according to th
exponential formulaJc(T* )5Jc0 exp(2T* /T0); see the text for de-
tails.
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is possible that adiabatic conditions may simply not be f
filled in our experiment. Were this to be the case, we wo
expect the thermal anchoring of the sample to the cold fin
of the cryostat to strongly influence flux jumping. The se
ond possibility is flux creep. As was shown by McHen
et al.,10 flux creep stabilizes the critical state of the superco
ductor against the flux jumps. Both possibilities may imply
dependence of the flux jumping on the sweep rate, as in
is observed experimentally. This means that decreasing
sweep rate may stabilize the superconducting sample ag
flux jumping; thus the observed values ofBfj1 would be
higher than those predicted by adiabatic theory.

Figure 6 shows the dependence of the field of the first fl
jump Bfj1 on the magnetic-field sweep rate. As the sweep r
decreases the value ofBfj1 increases rapidly and at a swee
rate of 0.12 T/min it approaches a value of about 4.5 T~Fig.
6!. From Fig. 6, one sees thatBfj1 tends to saturate at highe
sweep rates. The exact value of theBfj1 field at the saturation
cannot be determined, as the maximum sweep rate attain
in our system is 1.2 T/min. However, we estimate it to
around 1 T, several times higher than the value predicted
adiabatic theory. Similar strong sweep rate dependence
Bfj1 was observed in other HTS systems.10,11,14,23

To check whether the adiabatic conditions are satisfied
our experiment we need to determine the relation betw
thermal (D t) and magnetic (Dm) diffusivity. These param-
eters are estimated by applying standard procedure prese
in Ref. 10 from the formulasD t'k/c andDm'r/m0, where
k is the thermal conductivity,c is the specific heat, andr is
the resistivity. The estimation of these parameters
Bi2Sr2CaCu2O81d is difficult for several reasons. First, th
transport properties of this system are extremely anisotro
The value of the in-plane thermal conductivity fo
Bi2Sr2CaCu2O81d is estimated to be
k(4.2 K)'1 W/K m,24 which gives D t(4.2 K)'9
31024 m2/s. However, the value of the thermal conducti
ity along thec axis of Bi2Sr2CaCu2O81d is difficult to de-

t

d
ith

FIG. 6. The dependence ofBfj1 on the sweep rate at a temper
ture of 4.2 K is shown. This was determined on the basis of d
presented in Fig. 2. Experimental data are connected by sp
~solid curve!. The dotted line shows fit according to formula~32!
from Ref. 15.
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termine experimentally, although one expects this value
well as that for the thermal diffusivity, to be significant
lower than inab plane, due to the planar nature of the m
terial.

The estimate of the magnetic diffusivity in supercondu
ors is also difficult. In nonsuperconducting materials the
efficient of the magnetic diffusivity is proportional to the
resistivity. The normal-state resistivity in Bi2Sr2CaCu2O81d

is extremely anisotropic.25 The in-plane resistivityrab varies
linearly with temperature withdrab/dT50.46mV cm/K,
whereas resistivity along thec directionrc is about five or-
ders of magnitude higher.25 In the configuration appropriat
to our experiment, the flux front moves in the direction p
allel to theab plane. Hence, for the magnetic diffusivity, th
estimation ofrab is the appropriate one. Assuming a line
temperture dependence torab below Tc , one obtains
rab(4.2 K)'1.931028 Vm and thereforeDm

ab-normal(4.2 K)
'1.531022 m2/s for the normal-state diffusivity. This valu
of magnetic diffusivity is more than one order of magnitu
higher than the in-plane thermal diffusivity. However, sin
our sample is not in a normal state but in a superconduc
mixed state, the flux flow resistivity (r f5rn(B/Bc2), where
rn is the normal-state resistivity, andBc2 is the upper critical
field of the superconductor! must be used to estimate th
magnetic diffusivity. On the basis of our magnetization d
and above expressions, we estimater f'

1
30 rn just before ap-

pearance of the first flux jump, which givesDm
ab(4.2 K)'5

31024 m2/s. This value of magnetic diffusivity is the sam
order of magnitude as the in-plane thermal diffusivity. The
fore adiabatic conditions may be not fulfilled in our expe
ment at 4.2 K and this may be one reason for enhan
stability of our sample against flux jumping at this tempe
ture. We may also expect an influence of the heat excha
conditions on flux jumping in our system as well. We shou
bear in mind, however, that our sample’s geometry is tha
a relatively thin pellet with its flat surface parallel to theab
planes. Such a geometry minimizes heat exchange by tr
port within theab plane, and heat transport along thec axis
is expected to be significantly lower than that in theab
plane. On the other hand, the estimation of the magn
diffusivity on the basis of flux flow resistivity alone may b
questionable. Recently, it was suggested by Mints15 that the
presence of flux creep may causeDm!D t and as a result the
local heat exchange conditions to be strongly nonadiaba

Flux creep is a phenomenon which may stabilize o
sample against flux jumping, as well as imply a sweep r
dependence on flux jumps. Bi2Sr2CaCu2O81d crystals are
characterized by relatively strong magnetic relaxation cau
by flux creep.26,27 At low temperatures and for a relativel
small time window, this magnetic relaxation is logarithmic
time. Similar magnetic relaxation was found in our sam
~see Fig. 3!. On the basis of our results we have estimated
effective pinning potential (Ueff) to be Ueff /k'210 K at T
54.2 K and H52 T, wherek is the Boltzmann constant
This value ofUeff is typical for the given temperature an
magnetic-field range in the Bi2Sr2CaCu2O81d system.

Another system characterized by relatively strong fl
creep and magnetic relaxation is La1-xSrxCuO4.20 Similarly, a
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strong influence of the external magnetic-field sweep rate
flux jumping was found in La1.86Sr0.14CuO4 crystals.10 The
presence of flux creep changes the magnetic flux profile
superconducting sample during a sweep of an external m
netic field. It was shown by McHenryet al.10 that in the
presence of flux creep, heat generated in the supercondu
sample by a fluctuation of an external magnetic field is re
tively small compared to the case when flux creep is abs
This fact influences the stability conditions of the critic
state. As a result we expect an increase of the value ofBfj1
relative to that predicted by the theory, in which flux cre
phenomenon is not taken into account. Flux creep phen
enon can fully stabilize the superconducting sample aga
flux jumping as the rate of magnetic-field changes decrea
Related behavior was indeed observed in our experim
~see Fig. 2!.

The influence of flux creep on flux jumping was also an
lyzed theoretically by Mints.15 In this model a logarithmic
dependence of the screening current density on the ele
field ~induced by external magnetic-field changes! was as-
sumed, whereas the thermal conditions were assumed t
extremely nonadiabatic.~i.e.,t t!tm or D t@Dm). As a result
the predicted values of theBfj1 depend strongly on the hea
transfer coefficient. Assuming the Bean model6 @i.e., Jc(B)
5const] this theory predictsBfj1;(dHe/dt)21/2, where
dHe/dt is the external magnetic sweep rate. A fit of th
formula to our experimental data is shown in Fig. 6 by t
dotted line. Comparison of the experimental and the fit
curve show that while the experimental curve tends to sa
rate at higher sweep rates around the value ofBfj1'1 T the
formula predicts that it approaches zero. It was shown in R
15 that taking into account a decrease of the critical curr
density with magnetic field slows down the decrease ofBfj1
with increasingdHe/dt. Nevertheless, the theoretical curv
still approaches zero at sufficiently high sweep rates.
more accurate comparison of the theoretical formula~from
Ref. 15! with experiment, investigations at higher swe
rates would be necessary. A quantitative comparison of
formula with our experimental results was impossible, b
cause neither the electric-field dependence of the scree
current nor the heat-transfer coefficient in our experimen
setup were known.

Finally, let us discuss the influence of demagnetizing
fects on flux jumping. As our sample is in a form of a th
pellet and the external magnetic field is aligned perpend
lar to its surface, one may expect a relatively strong influe
of such effects on the flux instabilities. The easiest way
analyze the influence of demagnetizing effects on a magn
material is to introduce a demagnetizing factorD. In the case
of superconductors this factor is often estimated from
initial slope of the magnetization curve. Such procedu
gives D'0.82 in our case. However, the application of t
demagnetizing factor is not fully appropriate in the case
superconductors, due to the fact that the magnetization
superconductor is caused by macroscopic screening curr
The self-component of the magnetic field significantly alte
the distribution of these currents in a superconduct
sample. This fact was confirmed by a number of experime
performed on both conventional28 and high-temperature
8-7
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superconductors.29,30 The experiments were performed b
magneto-optic technique29 or by using scanning Hal
probes28,30 on thin conventional superconducting discs28

HTS films,29 or thin single crystals,30 in the external mag-
netic field perpendicular to their surfaces. Until now, ma
attempts have been undertaken to solve the problem of
magnetic field and screening current distribution in sup
conductors with nonzero demagnetizing factors.31 In most
cases this problem cannot be solved analytically and num
cal calculations are necessary. However, the problem of
distribution of the screening currents and magnetic field w
solved analytically for superconducting samples with la
~close to 1! demagnetizing factors, i.e., for samples in sha
of infinitely long and thin strips16 or infinitely thin disks.32

Since the demagnetizing factor of our sample is large,
us discuss some features of the model presented in Re
pertinent to the present studies of flux jumping. In the abo
mentioned model, the magnetization of an infinitely long a
thin strip in an external magnetic field perpendicular to
surface as a function of this field~after cooling the sample in
zero field! is given by

M52
1

2
Jca tanhS p

m0He

B**
D , ~2!

whereJc is the critical current density,a is half of the width
of the strip, He is the external magnetic field,B**
5m0Jcd* , andd* is the thickness of the strip. This mod
assumes thatd* !a andJc(B)5const.

On the basis of Eq.~2! one can conclude that the magn
tization of the infinitely long and thin strip never saturate
The model implies that the center of the strip is fu
screened even for extremely large external magnetic fie
Hence one cannot use the concept of the field of full pene
tion the same way one would for the well-known case o
sample with zero demagnetizing factor~for example an infi-
nitely long slab or cylinder!. However, to some extent th
role of the field of full penetration in the case of a strip
assumed by theB** parameter. It is important to note that
this cased* is the thickness of the sample, i.e., the dime
sion of the sample measured in the direction parallel to
external magnetic field. In the case of our sample,d
'0.2 mm and it is significantly smaller than other samp
dimensions. Using the critical current density we estima
earlier, we may estimateB** (2 K)'5 T and B** (6 K)
'3.5 T. These values are indeed quite close to the m
mum value ofBfj1 found in our experiment, i.e., 4.86 T at
K ~Fig. 1!. Thus one may conclude that in the case of ve
thin samples, such as single crystals or textured sample
the Bi2Sr2CaCu2O81d system, with an external magnet
field perpendicular to their surfaces, the role of the criti
dimension from the point of view of appearance of fl
jumps is played by the thickness of the sample.

VI. SUMMARY

Flux jumps phenomena in a thin Bi2Sr2CaCu2O81d tex-
tured sample with an external magnetic field parallel to thc
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axis have been systematically studied. The values of the
perimentally observed instability fields depend strongly
the external magnetic-field sweep rates. Both flux creep
the heat exchange conditions between the sample an
environment must be taken into account in a quantitat
analysis of this phenomenon. For thin samples in an exte
magnetic field perpendicular to their surfaces, the role of
critical dimension from the point of view of appearance
flux jumps is played by their thickness.

We conclude that the necessary requirements for
avoiding flux jumping in Bi2Sr2CaCu2O81d single crystals
are following:~i! The sample thickness has to be lower th
its critical dimension, of the order of 0.1 mm, whenJc at the
relevant field strengths and temperatures is of the orde
106 A/cm2. ~ii ! The magnetic sweep rates have to be lo
enough to allow for the stabilizing influence of flux creep
operate effectively and to allow for the effective heat e
change between the sample and the experimental env
ment.

Most experiments performed so far on Bi2Sr2CaCu2O81d

single crystals reported in the literature have been carried
on superconducting quantum interference device syst
with very low magnetic sweep rates and on very thin~of the
order of 0.1 mm! samples. It is thus not surprising that flu
jumps have not been reported in these experiments.

Several questions concerning flux jumps in the hig
temperature superconducting Bi2Sr2CaCu2O81d system re-
main open. In the present studies we saw no evidence
flux jumps when the orientation of the sample within t
external magnetic field was such that theab plane was par-
allel to the external magnetic field. Thus one concludes t
this system exhibits a very strong anisotropy with regard
flux jumps. The absence of flux jumps in the orientation
theab plane parallel to the magnetic field may be caused
a reduced density of the critical current flowing in thec
direction, as compared to the critical current density inab
planes. To study this effect in greater detail, better qua
single crystals, which are much thicker in thec direction, are
necessary and currently unavailable. Such experiments
beyond the scope of the present work.

The present work also did not answer definitively t
question about how the local adiabatic conditions in o
sample are fulfilled, as strong flux creep characterizes
sample. We believe that the comprehensive understandin
the phenomenon of the flux creep on flux jumps will
accomplished by studies of flux jump dynamics, which a
currently in progress.
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