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Magnetic flux jumps in textured Bsr,CaCyOg, s have been studied by means of magnetization measure-
ments in the temperature range between 1.95 KBRpdin 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 c@xie 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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. INTRODUCTION larly, the thermal diffusion timer, is inversely proportional
to thermal diffusivity, 7.~ 1/D;. If the thermal diffusion time
Magnetic flux jumps are one of the peculiar phenomends significantly longer than the characteristic time for the pro-
of interest in both conventional, hard type-ll superconductorgess, the conditions of this process are considered to be lo-
and in high-temperature superconduct®i3 S’s). Studies of  cally adiabatic. In the case of magnetic flux jumps, these
flux instabilities in superconducting materials are of interesiconditions are satisfied whet> 7, or D,<D,,,.
both from a basic point of view and also in light of their  The stability criteria of the critical state of hard type-Il
potential applications. In addition, the investigation of flux superconductors may be obtained by analysis of a loop of
jumps in HTS’s are relevant to understanding the complexityseveral interconnected processes, as was discussed for ex-
of the vortex matter in the mixed phase of these materials. lample by Wipf (see also Fig. 2 in Ref.)2A small thermal
is known that under appropriate conditions, the critical statefluctuationA T, causes an appropriate decrease in the critical
of a superconductor may become unstable, leading to an avaurrent density. This in turn decreases the screening current
lanchelike process, initiated by a small fluctuation of theof the superconductor, allowing some additional magnetic
temperature or external magnetic field. This process is assflux to enter the volume of the sample. The additional flux
ciated with the sudden puncture of magnetic flux into thecauses heat dissipation, which generates an additional in-
volume of the superconductor with a corresponding increaserease of the temperature of the superconductor by the
in the material’s temperature. During this process, the screeramount of AT,. If AT,>AT; an avalanchelike process in
ing current is appreciably reduced, perhaps even to zerdorm of a flux jump is induced. The range of temperature and
From the point of view of the applications, magnetic flux magnetic field for which flux jumps occur is determined by
jumps are problematic as they may drive the superconductavo parameters. The first one is the instability fi#ég. In
into a normal or resistive state. Flux jumps cause also abruphe adiabatic approximation, and for an infinite slab geom-
changes to the sample dimensions, which may be observesiry sample, the instability field for the first flux juntpfter
via magnetostriction measuremeht&lux jumps phenom- cooling the sample in zero magnetic figld given by the
enon have been studied primarily by magnetization measurdermula
ments, screening experiments, and torque magnetorfsstey

Ref. 2 for a review. 210Cd;
The basic theory appropriate to magnetic flux jumping Bfj1= TC/dT (1)

was developed in the late 1960s by Swartz, Bean, and

Wipf.3-® Theoretical analysis usually assumes the fulfilmentwherec is specific heat), is critical current density, ang

of the local adiabatic conditions for the sample, which in turnandT are the magnetic permeability of vacuum and tempera-
depends upon the relation between the therrbg) @nd the ture, respectively. This theory assumes thas independent
magnetic D,,) diffusivity of the material. IfD;<D,, the  on the magnetic field, ariflj; are measured after cooling the
local adiabatic conditions for the occurrence of the flux jumpsample in zero magnetic field.

process are assumed to be satisfied. Flux jumps are associ-At sufficiently low temperatures, both the specific heat of
ated with the diffusion of magnetic flux into the supercon-the superconductor and the instability field for the first flux
ductor. The diffusion timer,, of magnetic flux is inversely jump By, increase with temperature. At some higher tem-
proportional to magnetic diffusivity, i.ez,~1/Dy,. Simi-  perature, theBg;(T) curve reaches a maximum and then
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drops to zero at the critical temperature of the supercontension of the basic flux jumping theory to nonadiabatic con-
ductor (T.), because at this temperature the critical currenditions, has been thoroughly reviewed in Ref. 9.
of the superconductor vanishes. At 4.2 K typical values of Magnetic flux jumps have also been observed in high-
By, predicted by Eq(1) are of the order of 0.1 T. Thus flux temperature superconductdrBecause of the existence of a
jumping is expected to be an important problem from thecritical dimension, flux jumping in HTS’s was observed only
point of view of applications of type-Il superconductors, as itin relatively large single crystals or well-textured polycrys-
limits the performance of these materials in a low-talline samples with high values of the critical current. No
temperature regime. such effect has been observed in ceramics, because the criti-
The second parameter affecting the appearance of fluxal dimension in these materials is limited by the grain size,
jumps is the critical dimension of the superconductor, i.e.which is typically very small, of the order of several mi-
the minimum sample dimension for which flux jumps occur.crons. Most of the studies of flux jumps in HTS's that have
The critical dimension of the sample depends on the SamMpheen reported to date have been carried out on
ple’s shape, its orientation relative to the external magnetisyBa,Cu,0;. 5 (Ref. 2 or La,,Sr,Cu0, (Refs. 1, 10, and
field, and on the relation betwedsy; and the value of the 11) single crystals, or on highly textured polycrystalline ma-
field of full penetration B*) of the superconductor. For the terials. In contrast, there are only a few reports of magnetic
case of infinite slab geometry sample, or for an infinitelyflux jumping in the BjSr,CaCuOg. , System.
long cylindrical sample with an external magnetic field Early experiments by Guillot and co-workéfbserved
aligned parallel to its surfadslab sampleor axis(cylindri-  flux jumps in an assembly of preferentially oriented
cal Sampléé, the role of the critical dimension is played by Bi28r2caCLto8+x Sing|e Crysta|s_ Unfortunate|y, no system-
the sample diameter. The parame®t depends on the atic studies of this phenomenon were reported. Magnetic flux
sample shape, the sample’s orientation in the magnetic fieldimps were also found in a large polycrystalline
and the field dependence of the critical current density. T®Bi,Sr,CaCuy0g.  flux tube® More systematic observations
the good approximatiofB* is proportional to the critical of flux jumping in BISCCO system have been reported by
current density ¢) and sample dimensions. Gerber and co-worker$. This work reports flux jumps in a
For the case of an infinite slab or cylinder and under thej,Sr,CaCyOg sample consisting of a pile of-oriented
assumption thad(B) = const(the so-called Bean mod&l  single-crystalline slabs, but only at relatively high magnetic-
the field of full penetration can be calculated using the relafield sweep rates, above 1 FfSAmong HTS materials

tion B* = uoJd, whered is a half of the diameter of the Bj,Sr,CaCyO;g,, is characterized by a strong anisotropy,
infinite slab or the cylinder. At sufficiently low temperatures much stronger than is the case in ,L&rCuQ, or

By, increases with increasing temperature, wheasde-  YBa,Cu;04, 5. Hence flux jumps  studies  of

creases. At some temperatufig), B*(T,) =By (T;) andat  Bj,Sr,CaCuyOg. , may be useful in understanding the devel-
higher temperaturesB* <Bg;. Assuming that J(B)  opment of the instability process in strongly anisotropic su-
= const, the critical diameter of the slab or cylinder sampleperconductors. A detailed understanding of the instability
for which ®;;=2d.;;, may be determined from the equa- process in BiSr,CaCuyOg,, is also important from the
tion B*(T1)= pod(T1)derie- For a slab(or cylindep with  viewpoint of potential applications of Bi-based compounds
diameter smaller than the critical one, no flux jumps occur ain Ag/BiPbSrCaCuO composites.

any temperature for any external magnetic field, independent Many aspects of magnetic flux instabilities in HTS’s as
of whether the measurements are made during the virgifvell as in conventional superconductors require further in-
magnetization curvétaken after cooling the sample in zero vestigation to both elucidate the intrinsic dynamics of mag-

external magnetic fieldor for other parts of magnetization netic flux in superconductors, and to enable future applica-
hysteresis loop. However, when the critical current densitytjons.

depends on magnetic field, the situation becomes more com-

plex. In this case, even if there are no jumps in the virgin

magnetization curve, some jumpsso-called “solitary

jumps”’) may appear after reversal of external magnetic- Il OBJECTIVES

field direction. When the critical current density is a non- Despite the large literature on f8r,CaCyOg, 5 single
monotonic function of the magnetic fielthe so-called “fish ~ crystals or textured polycrystals, flux jump instabilities have
tail” or “butterfly” effect ), then under appropriate conditions rarely been reported on. Thus no systematic studies of the
so-called “island jumps” may also be foufdAll these phe-  critical state stability in the BSr,CaCyOg, 4 single crystals
nomena result from the changes in magnetic-field profile in ar textured materials have been reported and there is little
superconducting sample caused by the field dependence vhderstanding as to how different parameters affect flux
the critical current density as well as by magnetic history. Injumping in this system. The limited literature does suggest
all cases, however, some critical dimension of the sampl¢hat BLS,L,CaCyOg, s is less susceptible to flux jumps than
exists and for samples with dimensions smaller than the critiother known type-II superconductors.

cal one, no jumps occur at any temperature or magnetic field. The present paper deals with systematic studies of mag-
Thus by reducing the diameter of the superconductor it isietic flux jumping phenomena irc-oriented, textured
possible to avoid flux jumping. This approach is commonlyBi,Sr,CaCuyOg, s Samples at magnetic-field sweep rates be-
used in producing multiflament superconducting wires. Fluxtween 0.06 and 0.2 T/min. Specifically, we investigate the
jumping in conventional superconductors, including the extemperature and magnetic-field sweep rate dependence of
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flux jumping, as well as the influence of magnetic flux creepable between the maximum and the minimum rates attain-
on the phenomenon. able in our system, i.e., between 0.06 and 1.2 T/min, respec-
We will first compare the flux jumps in our textured tively.

Bi,Sr,CaCyOg, s sample with that in other type-ll super-

conductors. We go on to estimate the basic parameters rel- V. RESULTS

evant to the critical state stability in this material. We then '

study the influence of the flux creep on the flux jumps. As Figure 1 shows magnetization hysteresis loops for our

flux creep is relatively strong in our sample, one may expecsample, with the external magnetic field parallel tocitsxis.

it to have a significant influence on the critical state stability. These data were obtained for temperatures between 1.95 and

Several theoretical models describing the influence of thé.5 K. All the measurements presented here were performed

flux creep on the critical state stability have beenafter cooling the sample in zero magnetic field. The external

developed®!® However, the quantitative comparison of magnetic field was then swept from 0 to 9 T, back to

these models with experimental data is lacking. —9 T, and again back to 0 T. The magnetic flux jumps are

Finally, the present work also deals with analysis of theobserved in the temperature range from 1.95ap K and

influence of demagnetizing effects on the critical state stabilthey are not evident at 6.5 K, as Fig. 1 shows. Such magne-

ity. To the best of our knowledge, no investigation of thistization hysteresis loops were also measured above 6.5 K, to

phenomenon has been performed to date. As the demagnemperatures up td., but these measurements showed no

tizing factor of our sample is large, it is important to take thismagnetic flux jumping in the investigated sample. Similar

effect into account in the analysis of the flux jumps eventsmeasurements, carried out with magnetic field parallel to the

The influence of demagnetizing effects on flux jumping issample surface, i.e., perpendicular to thexis and at the

discussed in the framework of the Brand, Indenbom, andame sweep rate of 0.3 T/min, showed no magnetic flux

Forkl model of the critical state of an infinitely long and thin jumps in the whole temperature range studied, i.e., between

superconducting strip in an external magnetic field perpeni.95 K andT..

dicular to its surfacé® As can be seen in Fig. 1, the number of observed jumps
decreases with increasing temperature. Increasing the tem-
perature increases both the value of the field at the first flux

lIl. EXPERIMENTAL DETAILS jump, By, (see also Fig. 4 as well as an increase in the field

A Bi,Sr,CaCy0g. 5 polycrystalline boule sample with a SPacing between subsequent jumps. At temperatures above 3
circular cross section of about 6 mm in diameter was grown

by the floating zone technique in a four mirror optical fur- 315 5"
nace. The critical temperature of the as-grown material wagk 107 195K 5 10] 3K
about 92 K, very close to optimal for this HTS. From the g 51 § 5
as-grown boule, a sample of approximate dimensions 4.Zg o; g o0
X 2.2x0.2 mn? was detached by cleaving, such that the £ ] £ 5l
shortest edge of the detached sample was parallel t@ the E’-w- g’_w_
axis.
X-ray-diffraction studies of the cleaved sample show it to BE I zHom' 750 s e buuvﬁ"(r)é 46 810
consist of a mosaic of several well-aligned single crystals._ 15 _15
The rocking curve showed that the total misalignment of the g ,,] 42K g, 5K
c axes of this mosaic of single crystals was about 5°. ThIS"' 5] g 5]
sample was used for all further studies of magnetic quxE o £ o]
jumps reported here. Magnetization measurements were cas | 3
ried out using a Quantum Design PPMS-9 system with theg ™ g
maximum external attainable field of 9 T. The measurementsg -1°] Z-10
were performed using the extraction magnetometer option -57———rrrrrr— | ASE e e e
In this option the sample is moved between two pickup coils .5 1H (T) 5 wH ()
with constant velocity, whereas the signal from the pickups | gk H 6.5K
coils is integrated to calculate the magnetic moment of theg 3101
sample under study. During experiment the sample was sur5 5 é 5
rounded by a low-pressure helium gasound 0.5 Tr thus s" 0 % 0
similar heat sinking conditions were maintained by crossing§ -5 g -5
from 1.95 K to above 4.2 K. In all the magnetization mea- 5-10- 5_10_
surements reported here, the temperature was varied betwee .1~ sl
1.95 K andT, and the external magnetic field was changed -10-¢-6-4-20 2 46810  -10-6-6-4-20 2 46 810

) , wH (M wH (M)
in sweep mode. The temperature dependence of magnetiza-

tion hysteresis loops was measured with a constant sweep FIG. 1. Magnetization hysteresis loops taken of thex22

rate of 0.3 T/min. In addition, the magnetic-field sweep ratex 0.2 mn? Bi,Sr,CaCuyOg., 5 textured sample in the temperature
dependence of the flux jumping was studied systematically atinge 1.9-6.5 K are shown. Thkeaxis was parallel to the external
a single temperature of 4.2 K. The sweep rates were adjustragnetic field and the magnetic-field sweep rate was 0.3 T/min.
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12 e m =12 . ?3 T/.mm FIG. 3. The relaxation of the magnetic moment at 4.2 K in an
0 ‘Ln,_, o 10 0 2 Awe 80 external magnetic field 2 T is shown. The sample was first cooled in
5 01 . = 1% = % 5 0 . - zero magnetic field, followed by an increase of the magnetic field to
E ok B OR 1 ROR G E 2fi b R OAL 2 T at a rate of 0.3 T/min. Subsequent to this, the relaxation of the
s VR RARRAR = B ORRRL
T -4y |4 Y | B -l LRt sample was followed for 1 h.
é 5 § 5 " ! '-._"-.
g -8 g -8 ‘ jumps we have measured the magnetic relaxation of our
B-10] 5 -10; . sample. The following procedure was adopted during the
= 12 0.6 T/min | = 4, 1.2 T/min measurement. The sample was cooled in zero magnetic field
0o 2 4 & & 10 0 2 AH Té § 10 to the temperature of 4.2 K, at which time the external mag-
mH M #H (D netic field was increased from zero to 2 T at a rate of 0.3

FIG. 2. The dependence of flux jumping versus the externall/Min- This value of the field, 2 T, was chosen to prevent

magnetic-field sweep rate at the temperature 4.2 K is shown. Th@PPearance of flux jumps, which first occur at this tempera-
measurements were taken after cooling the sample in zero magnefiere at slightly higher magnetic fields i.e. at 2.38see Figs.
field with sweep rates 0.12, 0.21, 0.3, 0.6, 1.2 T/min, respectivelyl, 2, 4, 6. Measurements of magnetic moment were then
Thec axis of the sample was parallel to the external magnetic fieldperformed over a periodfd h and these results are shown in
Fig. 3. The relaxation of the magnetic moment is approxi-

K, all of the observed jumps are complete, meaning that théately logarithmic in time. After 1 h, about a 10% decrease

magnetization of the sample during a jump drops to zerofrom the initial value of magnetic moment is observed in the

Figure 1 shows also the influence of the magnetic history o§a@mple.

flux jumping. This influence is most clearly seen in the hys-

teresis loop measured at relatively high temperatures such as V. ANALYSIS

6 K. Here one can see that only a single jump occurs within '

the first quadrant of th&1(H) plot, i.e., while the external The behavior of the magnetization jumps displayed by our

magnetic field increases from 0 to 9 T. There are no jump®8i,S,LCaCyOg, s Sample and shown in Fig. 1 is typical for

observed in the second quadrant of ti¢H) curve, when thermally activated flux jumps in type

the magnetic field is decreased from 9 to 0 T. Subsequentlii-superconductors:>’'*These data allow one to construct

there are two jumps present when the external magnetic field relation between the field of the first flux jumBy, and

is changed from 0 te-9 T (within the third quadrant temperature, as shown in Fig. 4. The fact tBgt increases
The magnetic-field sweep rate dependence on flux jumpwith increasing temperature is consisitent with the adiabatic

ing has been studied at the temperature of 4.2 K and thegheory of flux jumping®~> discussed earlier.

results are shown in Fig. 2. These measurements were car- The present results show that all flux jumps we observe at

ried out in the first quadrant of th®l(H) hysteresis loop. temperatures higher tha3 K are complete. This indicates

With increasing sweep rate, and external magnetic field irthat the energy released during the jump is sufficient to drive

the range from 0 to 9 T, the number of observed flux jumpshe superconductor into the resistive state, which means that

increases, whereas the valueBy; decreasessee also Fig. this energy is sufficient to increase the temperature of the

6). We emphasize that, at the lowest attainable sweep rate sample to the value at which the critical current density of

0.06 T/min and the same temperature of 4.2 K, no flux jumpghe superconductor vanishes. It is important to note that to

occurred in our sample. Figure 2 shows all experimentateduce critical current density to zero in the case of HTSs, it

points recorded. One can see that the observed jumps occisrnot necessary to heat the superconductor afiguit just

in a time interval shorter than that between the subsequemove the vortex melting temperature, where the vortices be-

experimental points. The minimum time interval between ex-come virtually unpinned. At lower temperatures more energy

perimental points is limited in our system to about 5 s. is required to drive the superconductor into the resistive state
In order to analyze the influence of flux creep on fluxas compared to higher temperatures. The temperature in-
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6 current density even by several orders of magnitude. How-
ever, the texture of the polycrystalline samples is of great
54 - importance for limiting the critical current. If the polycrys-
talline sample consists of a set of well aligned grains, a large
41 current may be shunt by the substantial common areas be-
e tween adjacent grains, bypassing the weak links. This phe-
~ 31 nomenon is described in terms of the so-called “brick wall”
o model’” and it is commonly observed in superconducting
21 /. thin films as well as in Ag/BiPbSrCaCuO tapes, which de-
—" spite their polycrystalline structure are characterized by high
11 critical current densities. Similar is applicable in the case of
our sample, when an external magnetic field is parallel to the
or———————T— ¢ axes of the grains. In this case, screening currents flow

o 1 2 3 4 5 6

Temperature (K) within the ab planes of the grains and they have very large

areas with which to bypass the weak links. Hence in our
FIG. 4. The temperature dependenceBgf, determined on the further analysis the whole sample will be treated as a single
basis of the data presented in Fig. 1 is shown. grain and the effect of the weak links will not be taken into
account. It is also worth noting that after finishing our mea-
crease during a jump depends on the quantity of energy resurements the sample was cleaved again into several smaller
leased during the jump, and on the specific heat of thegieces, each of which possessed almost the same surface area
sample. At 1.95 K the magnetic-field interval between theas the original sample. This suggests that the original sample
successive jumps is less than at higher temperatures. Thigd a sandwichlike structure of the weak links, which would
the magnetic energy stored in the superconductor betweemot limit the screening currents b planes, when the ex-
two successive jumps at 1.95 K is smaller than it is at higheternal magnetic field is parallel to tleeaxes of the grains.
temperatures. It may be that this magnetic energy is insuffi- The temperature dependence of the critical current density
cient to drive the superconductor into the resistive statein the direction parallel to thab plane is estimated based on
Therefore for a number of jumps observed at 1.95 K, theghe magnetization data and these results are shown in Fig. 5.
magnetization of the sample does not drop to zero, as on€he widths of the magnetization hysteresis loops were mea-
can see in Fig. 1. sured at different temperatures at the zero external magnetic
The magnetic history dependence on flux jumping, showrlield, and subsequently, a value of the critical current density
in Fig. 1, can also be accounted for by the theory presentedas estimated using a formula appropriate to a sample whose
in Refs. 7 and 8. In these references, the temperatures awtoss section in the plane perpendicular to an external mag-
magnetic-field range for which flux jumps occur was studiednetic field is in the shape of a rectangle, as discussed in Ref.
in the framework of the adiabatic theory, assuming differentl8. As the flux jumps occur primarily at low temperatures,
dependences of the critical current density as a function othis procedure cannot be effectively used in this range, below
the magnetic field. It was found that, if the critical current 6 K. Thus the temperature dependence of the critical current
density decreases with increasing magnetic field, flux jumpslensity was estimated only for temperatures above 6 K. Fig-
first appear in the third quadrant of tiM(H) plot. Therefore  ure 5 shows this result between 6 and 38 K.
this quadrant of th/ (H) plot is least stable from the point ~ As one can see in Fig. 5 at zero external magnetic field
of view of appearance of flux jumping. Comparison of theand at 6 K critical current densities of the order of
magnetization hysteresis loops at different temperature$0® A/cm? were found. These values of the critical current
shows that as the temperature is lowered flux jumps appeaensity are close to the upper limit of the critical current
in the first quadrant and also at the end in the second quadlensities usually observed in the,Br,CaCuyOg.. 5 System.
rant of the M(H) plot. Thus the second quadrant of the This fact is probably connected with the presence of a large
M(H) plot is the most stable from the point of view of number of structural defects acting as pinning centers. The
appearance of flux jumping. This behavior of the flux jumpstemperature dependence of the critical current density at zero
has been also observed in our sample, as shown in Fig. magnetic field is roughly exponential. However, it is difficult
(e.g., temperature 6 K to fit a uniqgue exponential formula to the whole range of
In order to quantitatively compare the present experimenexperimental datésee Fig. %a)]. An exponential tempera-
tal results with the predictions of the adiabatic theory, weture (as well as magnetic-fielddependence of the critical
have estimated the value &, at 4.2 K. This requires an current density in superconductors with weak pinning is ex-
estimate of the specific heat as well as temperature depepected from flux creep A precise analysis of these depen-
dence of the critical current density. Determination of thedencies must also reflect the scaling of fundamental pinning
critical current densities on the basis of magnetization hysrelated parameters on temperature, as well as on magnetic
teresis loop measurements as well as the stability of the critifield 2° To take into account the dependence of these param-
cal state depends strongly on the distribution of the screeningters on temperature we have rescaled the temperature axis
currents in a superconducting sample. This problem is imby a functiong(T)=1—(T/T.)? [see Fig. #)]. This func-
portant in the case of polycrystalline HTSs, where the grairfion is consistent with Ginzburg-Landau theory and is dis-
boundaries may act as the weak links, reducing the criticatussed in Refs. 19 and 20. In the case of HTS’s d(i€)
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10" (b) FIG. 6. The dependence 8f; on the sweep rate at a tempera-
ture of 4.2 K is shown. This was determined on the basis of data
- presented in Fig. 2. Experimental data are connected by spline
g (solid curve. The dotted line shows fit according to formu[z2)
3_ 10° from Ref. 15.
-

is possible that adiabatic conditions may simply not be ful-
filled in our experiment. Were this to be the case, we would
. expect the thermal anchoring of the sample to the cold finger
0 5 10 15 20 25 30 35 40 45 50 of the cryostat to strongly influence flux jumping. The sec-
Tig(T) (K) ond possibility is flux creep. As was shown by McHenry

10 " " }
FIG. 5. (a) The temperature dependence of the critical currentet al,™ flux creep stabilizes the critical state of the supercon

density in the direction parallel to theb plane for zero external ductor against the ﬂuxJL.JmpS.' Both possibilities may Imply a
magnetic field in logarithmic scale is shown. The data was obtaineaiependence of thg flux Jumping on the sweep rate, as n fact
on the basis of magnetization hysteresis loops measurements with observed expenmg_ntally. This means that decreasing Fhe
an external magnetic field parallel to theaxis of the sample(h) ~ SWEEP rate may stabilize the superconducting sample against
The same data in a normalizé¥g(T) scale, whereg(T)=1  flUx jumping; thus the observed values Bfj; would be
—(T/T)? and T.=92 K. Dotted lines show fit according to the higher than those predicted by adiabatic theory.
exponential formulal (T*)=J.,exp(— T*/T,); see the text for de- Figure 6 shows the dependence of the field of the first flux
tails. jump By; on the magnetic-field sweep rate. As the sweep rate
decreases the value Bf;; increases rapidly and at a sweep
function is usually assumed in the forng(T)=1 rate of 0.12 T/min it approaches a value of about 4 &ig.
—(T/Tip)? whereT,, is the irreversibility temperature. At 6). From Fig. 6, one sees thB; tends to saturate at higher
zero external magnetic field we have assurigd=T.. As  sweep rates. The exact value of 8@ field at the saturation
one can see in Fig. 5, after application of this procedure, vergannot be determined, as the maximum sweep rate attainable
good fitting of the available experimental data is obtained byn our system is 1.2 T/min. However, we estimate it to be
using exponential formuld(T*)=J.exp(—T*/Ty) where around 1 T, several times higher than the value predicted by

o(T)=1-(T/T_)°

10!

T*=T/g(T), Jeo=3X%10° Alcm?, andT,=8.4 K. adiabatic theory. Similar strong sweep rate dependence on
The specific heat of BBr,CaCyOg, ; at 4.2 K was esti- By was observed in other HTS systeffigh!423
mated usingc(T)=BT3 with B=2 mJ/K*mol,?>?? from To check whether the adiabatic conditions are satisfied in

which we getc(4.2 K)=11x 10? J/Kn. Using this value of our experiment we need to determine the relation between
specific heat, the above temperature dependence of the crithermal ©,) and magnetic D) diffusivity. These param-
cal current density, and formula(l), we estimate eters are estimated by applying standard procedure presented
Bj1(4.2 K)~0.15 T, a value roughly one order of magni- in Ref. 10 from the formula®~ x/c andD y~ p/ 110, where
tude lower than that observed in our experiment. Similarx is the thermal conductivityc is the specific heat, anal is
discrepancies between experimentally observed values dlfie resistivity. The estimation of these parameters in
B and those calculated within the framework of the adia-Bi,Sr,CaCuyOg. 5 is difficult for several reasons. First, the
batic theory have been reported for other HTStransport properties of this system are extremely anisotropic.
systems:2710-1214 these studies, the experimentally ob- The value of the in-plane thermal conductivity for
served values dBy; at 4.2 K are of an order of 1 T or higher. Bi»Sr,CaCyOs, 5 is estimated to be

In order to account for why our sample appears morex(4.2 K)~1 W/Km,** which gives Dy(4.2 K)~9
stable against flux jumping than would be expected fromx 104 m?/s. However, the value of the thermal conductiv-
adiabatic theory, two phenomena need be considered. First,ity along thec axis of BLSr,CaCuyOg. s is difficult to de-
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termine experimentally, although one expects this value, astrong influence of the external magnetic-field sweep rate on
well as that for the thermal diffusivity, to be significantly flux jumping was found in LaggSr, 1/CuO, crystals’® The
lower than inab plane, due to the planar nature of the ma-presence of flux creep changes the magnetic flux profile in a
terial. superconducting sample during a sweep of an external mag-
The estimate of the magnetic diffusivity in superconduct-netic field. It was shown by McHenrgt all® that in the
ors is also difficult. In nonsuperconducting materials the copresence of flux creep, heat generated in the superconducting
efficient of the magnetic diffusivity is proportional to their sample by a fluctuation of an external magnetic field is rela-
resistivity. The normal-state resistivity in f8r,CaCy0Og, ; tively small compared to the case when flux creep is absent.
is extreme|y anisotropi%{f The in-p|ane resistivity)ab varies This fact influences the Stabl“ty conditions of the critical
linearly with temperature withdp,,/dT=0.46 xQ cm/K,  State. As a result we expect an increase of the valugyof
whereas resistivity along thedirection p,. is about five or- relative to tha; predicted by the theory, in which flux creep
ders of magnitude high&.In the configuration appropriate Pheénomenon is not taken into account. Flux creep phenom-
to our experiment, the flux front moves in the direction par_enon can fully stabilize the superc':on.ductlng sample against
allel to theab plane. Hence, for the magnetic diffusivity, the flux jumping as_the rate .Of magnetic-field c_hanges decreases.
S : . . ; Related behavior was indeed observed in our experiment
estimation ofp,, is the appropriate one. Assuming a linear (see Fig. 2
temperture dependence tp,, below T., one obtains X

g <b-norm The influence of flux creep on flux jumping was also ana-
parf4.2 K)~1.9x10° 0m and thereforeD™"*"™44.2 K) lyzed theoretically by Mint$? In this model a logarithmic

~1.5x10 % m’/s for the normal-state diffusivity. This value dependence of the screening current density on the electric
of magnetic dIﬂ:US|V|ty is more than one order of magnitudefie|d (induced by external magnetic-fiekj Chanpms as-
higher than the in-plane thermal diffusivity. However, sincesumed, whereas the thermal conditions were assumed to be
our sample is not in a normal state but in a superconductingxtremely nonadiabatici.e., 7,< r,, or D=>D,,). As a result
mixed state, the flux flow resistivitypf=pn(B/Bcg), where  the predicted values of theg; depend strongly on the heat
pn is the normal-state resistivity, are}, is the upper critical  transfer coefficient. Assuming the Bean mdédgle., J«(B)
field of the superconductbmust be used to estimate the =const] this theory predictsBy; ~ (d Ho/dt) "2 where
magnetic diffusivity. On the basis of our magnetization datajH,/dt is the external magnetic sweep rate. A fit of this
and above expressions, we estimage 3;p,, just before ap-  formula to our experimental data is shown in Fig. 6 by the
pearance of the first flux jump, which givé¥y(4.2 K)~5  dotted line. Comparison of the experimental and the fitted
X 10~ 4 m?/s. This value of magnetic diffusivity is the same curve show that while the experimental curve tends to satu-
order of magnitude as the in-plane thermal diffusivity. There-rate at higher sweep rates around the valuBgt1 T the
fore adiabatic conditions may be not fulfilled in our experi- formula predicts that it approaches zero. It was shown in Ref.
ment at 4.2 K and this may be one reason for enhanceds that taking into account a decrease of the critical current
stability of our sample against flux jumping at this tempera-density with magnetic field slows down the decreas8gf
ture. We may also expect an influence of the heat exchanggith increasingdH,/dt. Nevertheless, the theoretical curve
conditions on flux jumping in our system as well. We shouldstill approaches zero at sufficiently high sweep rates. For
bear in mind, however, that our sample’s geometry is that ofnore accurate comparison of the theoretical formfilam
a relatively thin pellet with its flat surface parallel to thb  Ref. 15 with experiment, investigations at higher sweep
planes. Such a geometry minimizes heat exchange by trangates would be necessary. A quantitative comparison of this
port within theab plane, and heat transport along thaxis  formula with our experimental results was impossible, be-
is expected to be significantly lower than that in thb  cause neither the electric-field dependence of the screening
plane. On the other hand, the estimation of the magnetieurrent nor the heat-transfer coefficient in our experimental
diffusivity on the basis of flux flow resistivity alone may be setup were known.
questionable. Recently, it was suggested by Mmiisat the Finally, let us discuss the influence of demagnetizing ef-
presence of flux creep may caudg <D, and as a result the fects on flux jumping. As our sample is in a form of a thin
local heat exchange conditions to be strongly nonadiabaticpellet and the external magnetic field is aligned perpendicu-
Flux creep is a phenomenon which may stabilize ourar to its surface, one may expect a relatively strong influence
sample against flux jumping, as well as imply a sweep ratef such effects on the flux instabilities. The easiest way to
dependence on flux jumps. Bi,CaCyOg, ; Crystals are analyze the influence of demagnetizing effects on a magnetic
characterized by relatively strong magnetic relaxation causephaterial is to introduce a demagnetizing fadiorin the case
by flux creep?®<’ At low temperatures and for a relatively of superconductors this factor is often estimated from the
small time window, this magnetic relaxation is logarithmic in initial slope of the magnetization curve. Such procedure
time. Similar magnetic relaxation was found in our samplegives D~0.82 in our case. However, the application of the
(see Fig. 3. On the basis of our results we have estimated thelemagnetizing factor is not fully appropriate in the case of
effective pinning potential Yo¢) to be Ugs/k~210 K atT  superconductors, due to the fact that the magnetization of
=42 K andH=2 T, wherek is the Boltzmann constant. superconductor is caused by macroscopic screening currents.
This value ofU is typical for the given temperature and The self-component of the magnetic field significantly alters
magnetic-field range in the B$r,CaCyOg, s System. the distribution of these currents in a superconducting
Another system characterized by relatively strong fluxsample. This fact was confirmed by a number of experiments
creep and magnetic relaxation is;,L,&r,Cu0,.2° Similarly, a  performed on both conventiorfdl and high-temperature
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superconductors®° The experiments were performed by axis have been systematically studied. The values of the ex-
magneto-optic technigé® or by using scanning Hall perimentally observed instability fields depend strongly on
probed®*® on thin conventional superconducting diés, the external magnetic-field sweep rates. Both flux creep and
HTS films? or thin single crystal$) in the external mag- the heat exchange conditions between the sample and its
netic field perpendicular to their surfaces. Until now, manyenvironment must be taken into account in a quantitative
attempts have been undertaken to solve the problem of thgnalysis of this phenomenon. For thin samples in an external
magnetic field and screening current distribution in supermagnetic field perpendicular to their surfaces, the role of the

conductors with nonzero demagnetizing factrén most  critical dimension from the point of view of appearance of
cases this problem cannot be solved analytically and numery, jumps is played by their thickness.

cal calculations are necessary. However, the problem of the We conclude that the necessary requirements for the
distribution of the screening currents and magnetic field was . .. ; P .

solved analytically for superconducting samples with Iarge%‘vOldlng flux jumping in B3S,CaCy0, , single crystals

(close to 3 demagnetizing factors, i.e., for samples in shapeare following: (i) The sample thickness has to be lower than

of infinitely long and thin strip¥ or infinitely thin disks®? its critical dimension, of the order of 0.1 mm, whagat the
Since the demagnetizing factor of our sample is large, Ie{elevant £Ie|C.l. strengths and_ temperatures is of the order of
us discuss some features of the model presented in Ref. 1¢f Alem?. (i) The magnetic sweep rates have to be low
pertinent to the present studies of flux jumping. In the above&nough to allow for the stabilizing influence of flux creep to
mentioned model, the magnetization of an infinitely long andoPerate effectively and to allow for the effective heat ex-
thin strip in an external magnetic field perpendicular to itschange between the sample and the experimental environ-

surface as a function of this fieldfter cooling the sample in ment.
zero field is given by Most experiments performed so far on,8i,CaCyOg. 5

single crystals reported in the literature have been carried out
1 moHe on superconducting quantum interference device systems
M=-35Ja tanr( T e | (20 with very low magnetic sweep rates and on very tifithe
order of 0.1 mm samples. It is thus not surprising that flux
whereJ. is the critical current density is half of the width  jumps have not been reported in these experiments.

of the *strip, He is the external magnetic fieldB** Several questions concerning flux jumps in the high-
= #oJed™, andd™ is the thickness of the strip. This model temperature superconducting,Bi,CaCyO, ; system re-
assumes thal* <a and J¢(B) = const. main open. In the present studies we saw no evidence for

On the basis of Eq2) one can conclude that the magne- i,y jumps when the orientation of the sample within the

tization of the infinitely long and thin strip never saturates.yarnal magnetic field was such that thie plane was par-

The model implies that the center of the strip is fully allel to the external magnetic field. Thus one concludes that

screened even for extremely large externgl magnetic f'eld§his system exhibits a very strong anisotropy with regard to
Hence one cannot use the concept of the field of full penetraf-

tion the same way one would for the well-known case of a,[qu Jumps. The absence of flux ju_mp_s in the orientation of
sample with zero demagnetizing factdéor example an infi- heab plane parz_zlllel to the mg_gnetlc field may _be c_aused by
nitely long slab or cylinder However, to some extent the a. redyced density of the crltlca! .current flowing |.n the
role of the field of full penetration in the case of a strip is diréction, as compared to the critical current densitam
assumed by thB** parameter. It is important to note that in p!anes. To study t.hIS effect in gr(.eater'detalll, be_tter quality
this cased* is the thickness of the sample, i.e., the dimen-Single crystals, which are much thicker in thelirection, are
sion of the sample measured in the direction parallel to théecessary and currently unavailable. Such experiments are
external magnetic field. In the case of our sampie, beyond the scope of the present work.

~0.2 mm and it is significantly smaller than other sample The present work also did not answer definitively the
dimensions. Using the critical current density we estimatediuestion about how the local adiabatic conditions in our
earlier, we may estimat®** (2 K)~5 T and B** (6 K) sample are fulfilled, as strong flux creep characterizes our
~3.5 T. These values are indeed quite close to the maxisample. We believe that the comprehensive understanding of
mum value ofBg; found in our experiment, i.e., 4.86 T at 6 the phenomenon of the flux creep on flux jumps will be
K (Fig. 1). Thus one may conclude that in the case of veryaccomplished by studies of flux jump dynamics, which are
thin samples, such as single crystals or textured samples ofirrently in progress.

the BLSrL,CaCyOg, s System, with an external magnetic

field perpendicular to their surfaces, the role of the critical
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