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We studied the critical state stability and the dynamics of the flux jumps, caused by thermomagnetic
avalanches, in a large (3 x 3 x 1 mms) single crystal of YBasCuzO7_;5 superconductor. Flux jumps were observed
only at the lowest temperatures attainable in our system (at about 2.2 K) and for the external magnetic field
parallel to the c-axis of the investigated crystal. It is shown that thermomagnetic avalanches are initiated in
dynamic conditions, for which the magnetic diffusivity is much smaller than the thermal diffusivity. For large
single crystals of YBasCuzO7_s immersed directly in liquid helium, the analysis of the critical state stability
can be performed in isothermal approximation. However, the conditions of the critical state stability can change
dramatically by improving the thermal isolation between the sample and the surrounding coolant. The dynamics
of the flux jumps was analyzed in the framework of the model of magnetic diffusion. It is shown that the magnetic
diffusivity changes dramatically during the process of the thermomagnetic avalanche. We also studied the influence
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of the external magnetic field and of the magnetic history on the duration of the flux jumps.

PACS: 74.72.-h, 74.25.Sv

1. Introduction

The phenomenon of thermomagnetic avalanches and
the related phenomenon of giant flux jumps are prob-
lematic from the viewpoint of applications of super-
conductors, because they drive the superconducting
sample into a normal or into a resistive state [1].
For the YBayCu3O7_s superconductor, thermomagnetic
avalanches are observed since large (of a diameter of sev-
eral millimeters) single crystals or melt-textured samples
are available [2—4]. Flux jumps in this material are usu-
ally observed at the temperature of about 4.2 K. Ex-
perimental results show a strong influence of both the
external magnetic sweep rate and the heat exchange con-
ditions on flux jumping [2]. No flux jumps were observed
in ceramic samples. An analysis of this phenomenon
was usually performed in locally adiabatic approxima-
tion, for which the thermal diffusivity Dy, of the in-
vestigated sample is assumed to be significantly lower
than the magnetic diffusivity D,, (Din < D). Such
conditions usually occur in conventional superconduc-
tors [1]. However, the high temperature superconduc-
tors are commonly characterized by a strong flux creep
phenomenon, which can be correlated with a strongly
nonlinear current—voltage characteristics of these mate-
rials. Tt was shown by R.G. Mints [5] that, as a result
of such characteristics, the conditions of the thermomag-
netic avalanche development cannot be assumed as lo-
cally adiabatic. Instead, the so-called dynamic approxi-
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mation, for which D,, < Dy, should be used. An anal-
ysis of the critical state stability of the YBasCusOr7_s
superconductor in the framework of the dynamic model
has not been performed so far.

The dynamics of the process of the flux jump remains
until today poorly understood. However, this dynamics
is important from the viewpoint of practical applications
of superconductors, because large energy released during
the thermomagnetic avalanche may at certain conditions
cause a damage of a device which uses superconducting
elements.

In the present work, we study the critical state stability
and dynamics of the flux jumps in a large (3 x 3 x 1 mm?)
single crystal of YBagsCusOr7_s superconductor. The
critical state stability is analyzed in the framework of
dynamic models. The dynamics of the flux jumps is an-
alyzed in frames of the model of the magnetic diffusion.
The influence of the magnetic history on the duration of
the flux jumps is also studied.

2. Experiment

In our experiments, we used a 3x 3x 1 mm? single crys-
tal of YBaCuO7_s with the c-axis parallel to the shortest
edge of the investigated slab. T, was about 91 K. We ob-
served flux jumps only for the external magnetic field
parallel to the c-axis. Hence, all data presented here are
for this sample orientation. All experiments were per-
formed in 12 tesla superconducting magnet with variable
temperature insert. At the temperature of 4.2 K and
2.2 K, the sample was immersed in liquid helium. At
higher temperatures, the sample was surrounded by he-
lium gas with normal pressure.

(836)
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Our experimental setup enabled us simultaneous reg-
istration of the magnetic moment and of the changes of
the magnetic flux in investigated sample. The sample was
put into a vibrating sample magnetometer (VSM), which
registered the magnetic moment. Additionally, a pick-up
coil was wound around the investigated sample. The volt-
age of the coil was proportional to the time derivative of
the magnetic flux in the sample. The changes of the coil
voltage during flux jumps were recorded by data acqui-
sition board (DAQ). During the following experiments,
the external magnetic field was swept with the rate of
about 1.5 x 1072 T/s. We also registered relaxation of
the magnetic moment in constant external magnetic field

3. Results

We observed the flux jumps at the lowest temperature
attainable in our system (of about 2.2 K). No flux jumps
were observed neither at 4.2 K nor at higher tempera-
tures. No experiments were performed in the tempera-
ture range between 2.2 and 4.2 K. Figure 1 presents the
magnetization hysteresis loop taken at 2.2 K. One can
see pronounced jumps of the magnetic moment caused by
thermomagnetic avalanches. Dynamics of the flux jumps
marked in Fig. 1 as A, B, C, D and E is shown in Fig. 2.
This figure shows a time dependence of the voltage of the
pick-up coil (wound around the investigated sample) dur-
ing the successive flux jumps. The maximal voltage per
one coil during the flux jumps ranges form about 40 mV
(Fig. 2, curve D) to about 1.5 V (Fig. 2, curve A). The
structure of the flux jumps is complex. They consist of
several peaks in voltage. The widths of the peaks as well
as the distance between the peaks is of an order of 10—
20 ps. The peaks are followed by a long “tail” of relatively
slowly decreasing voltage.
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Fig. 1. The magnetization hysteresis loop of a 3 x 3 X
1 mm?® YBasCusO7_s crystal taken at 2.2 K. Dynamics
of the flux jumps denoted as A, B, C, D and E is shown
in Fig. 2.

4., The stability of the critical state

We analyzed models of the critical state stability for
an infinitely large superconducting slab with the width
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Fig. 2. Time dependence of the voltage per one turn of
the pick-up coil wound around the YBaxCusO7_s crys-
tal during the successive flux jumps, denoted in Fig. 1
as A, B, C, D and E.

2d (in our case d = 1.5 mm). We calculated the criti-
cal dimension of the sample d..;; it means the minimal
dimension of the superconducting sample for which, at
given temperature, we may expect the flux jumps to oc-
cur. This critical dimension can by correlated with the
field at which the first flux jump, after cooling the sample
in zero magnetic field, occur — Hyjy = jederis. For several
limiting cases, critical dimension of the superconducting
sample (or Hy1) can be expresses by analytical formulas.
a) In locally adiabatic conditions [1]

2CV
o= | (1
HoJc 3/1:

where cy is the specific heat, 1o — magnetic permeability
of vacuum and j. — critical current density. This formula
can be applied if Dy < D,,. Dy = % and k is the
thermal conductivity. D,, = ﬁ and p is the resistivity.

b) Dynamic conditions

Such conditions occur, if Dy, > D,,. In this case,
the stability of the critical state depends on the relation
between the sample dimensions, thermal conductivity of
the sample and the boundary thermal conductivity h.
The critical state stability criterion can be expressed by
analytical formulas in two limiting cases:

If Bi = 2 « 1 (Bi is so-called Biot number), we can
use the approximation of a weakly cooled sample. In this
approximation, we can assume the thermal perturbations
to develop uniformly in the whole sample volume [5]. We
can assume the current—voltage characteristic of the su-
perconducting sample in a form
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where FEy is the voltage criterion at which the critical
current density j. is defined, and n is a dimensionless pa-
rameter. One usually assumes Ep = 107* V/m. In this
case n > 1. The critical dimension of the sample can be
expressed by the formula [5]:

2h
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crit —

OH\’
(%7)
where (%I) is the external magnetic field sweep rate.

If Bi = % > 1, we can analyze the stability of the
critical state in isothermal approximation. In this case

. 2K
dlcbrit = 3 By oHN (4)
on || (%)

where v ~ 2.48 [6].

We calculated temperature dependence of the critical
current density j.(T) as proportional to the widths of the
magnetization hysteresis loops. In the external magnetic
field poH = 3 T, and in the range of temperatures from
2 K to 20 K, this dependence was fitted according to
the experimental formula j. (T') = jeoexp (1T + c2T?)
with jeo &~ 1.03 x 10'° A/m?, ¢; ~ —0.106 K~! and
c2 ~ 1.19 x 1073 K2, Temperature and magnetic field

dependence of the specific heat ¢y was taken from [7] (see
data for sample T1 in Ref. [7]).

There is a large difference between the experimental
data of the thermal conductivity s reported by different
authors. Studies in the low temperature regime [8] reveal
the in plane thermal conductivity at T = 1 K of about
107! W/Km. At the temperature of 10 K, the reported
in-plane thermal conductivity ranges form 1.6 W/Km [9]
to about 6 W/Km [10]. In order to fit these experimental
data in the temperature range form 1 K to 20 K, we used
a power function x(T) = 107'7T%, where x ~ 1.2 for
the data taken from [9] and = ~ 1.7 for the data taken
from [10]. In our further analysis, we will use the average
value z = 1.5.

The boundary thermal conductivity A is very difficult
to determine experimentally, and it depends on many
factors (e.g. on sample roughness). If the boundary
conductivity is governed by phonon processes, h(T') ~
T3 [11]. For a sample immersed directly in helium bath,
h ~ 10* W/m? K [1]. However, after improving the ther-
mal isolation, this parameter may decrease by several
orders of magnitude.

It is impossible to measure directly the current—voltage
characteristic of our sample. In order to reach the criti-
cal current density of an order of 10! A/m?, we should
supply our sample with the current of an order of 10* A.
Hence in order to determine the current—voltage charac-
teristic of the investigated sample, we applied an indirect
method. We measured relaxation of the magnetic mo-
ment in the external magnetic field poH = 3 T. The mag-
netic moment, whose absolute value decreases in time, is

proportional to the density of the current screening the
sample volume. On the other hand, time derivative of
the sample magnetization is proportional to the electric
field induced at the sample surface. Treating the time
as a parameter, we can obtain the current—voltage char-
acteristic. This characteristic was next fitted according
to Eq. (2), in order to determine the n-parameter, which
stands in Egs. (3) and (4). In the external magnetic field
woH = 3 T, the n-parameter decreased with increasing
temperature from about 70 at 2.2 K to about 30 at 20 K.
We fitted the n(7T") dependence according to experimental
formula n(T) = 97.1 x T952,

The relation between thermal and magnetic diffusivity
is usually described using the parameter 7 = Dy /Doy,
7 < 1 for locally adiabatic conditions, and 7 > 1 for dy-
namic conditions. For the current—voltage characteristic
described by Eq. (2), p = % The electric field at the
surface of the slab E = pod (%I) Hence, 7 = Wﬂ’;#?)
Taking the experimental data, we can find that the 7-
parameter decreases from about 10* at 2 K to about
3 x 10? at 20 K. The magnetic diffusivity at the initial
stage of the thermomagnetic avalanche D,,, ~ 1077 m?/s.
In this range of temperatures 7 > 1 and we expect the
thermomagnetic avalanche to develop in dynamic condi-
tions.

If we assume for the sample immersed in liquid helium
h(4.2 K) ~ 10* W/m? K, we obtain Bi(4.2 K)~ 17 > 1.
Hence around 4.2 K, the stability of the critical state
should be better described by the isothermal approxi-
mation. However, if h decreases by at least two orders
of magnitude, Bi < 1 in the whole range 2-20 K, and
we expect the stability of the critical state to be bet-
ter described be the approximation of the weakly cooled
sample.

We used Eqgs. (1), (3) and (4) in order to calculate tem-
perature dependence of the critical dimension deit(7') in
the range 0-20 K (see Fig. 3). Dashed line in Fig. 3 cor-
responds to the half-width of the investigated sample d.
Flux jumps may occur only if d > d¢;;. Hence, in the case
of our sample immersed directly in liquid helium (isother-
mal conditions), we can expect flux jumps only for the
temperatures lower than 4 K. This is in good agreement
with the experimental results, where we observed flux
jumps at 2.2 K and no jumps at 4.2 K. For the approxima-
tion of the weakly cooled sample (Eq. (3)), we assumed
h(T) = c3T3. We present here three curves calculated
for the approximation of the weakly cooled sample (see
dotted lines in Fig. 3). The curves were calculated as-
suming c3 = 1, 0.1 or 0.01 W/m?K*, respectively. At
the temperature of 4.2 K, these three coeflicients corre-
spond to the boundary thermal conductivity equal to 74,
7.4 or 0.74 W /m?2K, respectively, which is approximately
two, three or four orders of magnitude lower than for the
sample immersed in liquid helium. One can see that by
improving the thermal isolation, it means after lowering
the h-parameter, temperature range of the flux jump oc-
currence increases significantly. The predictions of the
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locally adiabatic approximation are also shown in Fig. 3.
However as we discussed above, they are not realistic for
the conditions of our experiment.
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Fig. 3. Critical, from the viewpoint of the occurrence

of thermomagnetic avalanches, dimension dc.it of the
YBaxCuszOr_s slab as a function of temperature cal-
culated in the framework of different approximations:
isothermal, locally adiabatic and of the weakly cooled
sample. In the approximation of the weakly cooled sam-
ple (dotted lines) the boundary thermal conductivity,
h(T) = c¢3T* and c3 = 1, 0.1 or 0.01 W/m?K*, respec-
tively. The half-width of the sample studied in experi-
ment, d = 1.5 mm, is marked by a dashed line. Ther-
momagnetic avalanches occur if d > derit-

Our analysis of the critical state stability was per-
formed in the framework of models developed for infinite
slab sample. Hence, for our sample such analysis can
be treated as a rough approximation. We studied the
critical state stability only in one crystalline sample of
YBasCusO7_s5. Other experiments of the flux jumps in
single crystals or melt-textured samples of YBagCusOr_s
superconductor [2—4] reveal flux jumps also at the tem-
perature of 4.2 K as well as at higher temperatures (up
to about 7.5 K in Ref. [4]). Unfortunately, in the case of
these experiments, it is impossible to perform an analysis
of the critical state stability, because of the lack of some
important data, e.g. the current—voltage characteristics
of the investigated samples. The fact that flux jumps in
Ref. [4] were also observed at the temperature of about
7.5 K is probably connected with different cooling condi-
tions — the experiment was performed in SQUID mag-
netometer. We observed a strong influence of the cooling
condition on the range of the flux jumps occurrence in a
single crystal of Laj g5Srg.15Cu04 superconductor [6].

5. Dynamics of the flux jumps

Let us consider a slab with diameter 2d and the ini-
tial distribution of the induction of the local magnetic
field B(z). We assume z = 0 in the center of the slab
and z = £d at the sample walls. If the dynamics of the
magnetic flux in the sample is governed by the process
of magnetic diffusion, we can express the voltage per one
coil wound around the investigated sample by the follow-
ing formula:

4D, L
Ucoil (t): d
> Dy, (1+ 2k)? 7%t
xkE_%Akexp (— iF , (5)
where L is the length of the slab and Ay =

d
L [ B(z)cos (%) dz. In further analysis, we as-
“d

sume the dynamics of the flux jumps to be governed
by the first harmonic (with & = 0) and Ucon(t) ~

DZ‘J;%) According to the model of the magnetic

exp (—
diffusion, the voltage of the coil decreases in time. We ap-
plied this model to determine the magnetic diffusivity at
the final stage of the flux jump (for decreasing Ucoi(t)).
We assumed t = 0 for the maximum of the peak in volt-
age. The results of our analysis are shown in Fig. 4. One
can see that at the final stage of the flux jump, magnetic
diffusivity decreases from about 10~* m?/s (time of an
order of 1075 s) to about 1072 m? /s (time of an order of
1072 s). It is worth to notice that the in-plane normal
state resistivity p2*(T = T,) ~ 3 x 1076 Qm [12]. Hence,
D, (T = T,) ~ 2.4 m?/s is approximately one order of
magnitude higher than the maximal magnetic diffusivity
observed in our experiments.

10 T T T T
10° 0° 10t 10°
Time (s
Fig. 4. Time dependence of the magnetic diffusivity

D,, at the final stage of the flux jump. The A, B, C,
D and E curves were calculated according to time de-
pendence of the A, B, C, D and E voltages presented in
Fig. 2.

We can understand the experimentally observed dy-
namics of the flux jumps as follows. At the beginning of
the flux jump process, the sample is in the flux creep
regime characterized by a very small (of an order of
10~7 m?/s) magnetic diffusivity, and the flux jump is
initiated in dynamic conditions. When the tempera-
ture of the sample, as a result of the thermomagnetic
avalanche development, increases, the magnetic diffusiv-
ity increases by six orders of magnitude to the value of
an order of 107! m?/s. This value of the magnetic dif-
fusivity is lower than that typical for the normal state.
It means that maximal temperature of the sample dur-
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ing the thermomagnetic avalanche is lower than 7.. The
voltage induced by the flux jump increases from about
10~7 V (the voltage induced by the external magnetic
field sweep) to about 1 V in a time of an order of 1075 s.
Such a rapid increase in voltage may be dangerous in
some technical application of the superconductors. At
the final stage of the flux jump, the magnetic diffusiv-
ity decreases to about 107%-1073 m?/s. This decrease
can be connected with a decrease of the sample temper-
ature to the temperature of the surrounding bath. The
diffusivity of an order of 107%-1072 m?/s is typical for
thermal processes in the temperature range 220 K.
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Fig. 5. Duration of the successive flux jumps deter-
mined at the voltage level 107® V as a function of the
external magnetic field. Figure presents three series of
measurements for the upper branch of the magnetiza-
tion hysteresis loop. Letters A, B, C, D and E of the
series 3 correspond to the flux jumps presented in Figs. 1
and 2.

We also study the influence of the magnetic history and
of the external magnetic field on the duration of the suc-
cessive flux jumps. Duration of the flux jumps depends
on the voltage level at which we determine the begin and
the end of the flux jump. This duration was of an or-
der of 1075-107* s at the voltage level of 1072 V and of
an order of 1074-1073 s at the voltage level of 1073 V.
We repeated the experiments several times, and we ob-
served a large scatter of the experimental results. This
scatter is probably connected with the complex structure
of the observed flux jumps. However, most of the series
of experiments suggested an increase of the duration of
the flux jumps in zero magnetic field. Such increase can
be understood, if we correlate the magnetic diffusivity

with the flux flow resistivity pg = pn (%), where p, is

the normal state resistivity and H.o is the upper critical
field, because with a decrease of the magnetic diffusiv-
ity (in lower magnetic field), we expect an increase of
the duration of the flux jumps. Figure 5 shows duration
of the flux jumps measured at the voltage level 1072 V
as a function of the external magnetic field. All series
presented in Fig. 5 are for the upper branch of the mag-

netization hysteresis loop. Letters A, B, C, D and E in
series 3 correspond to the flux jumps presented in Fig. 1
and Fig. 2.

At the end, we want to emphasize that, because of a
complex structure of the thermomagnetic avalanche, a
simple model of the magnetic diffusion is insufficient to
describe all features of the dynamics of this process.

6. Conclusions

For the crystal of YBasCusO7_;5 studied in our ex-
periments, thermomagnetic avalanches were initiated in
dynamic conditions, for which the magnetic diffusivity
in the flux creep regime (of an order of 1077 m?/s) was
much smaller than the thermal diffusivity (of an order
of 1072 m?/s). In the case of our relatively large (with
a diameter of about 3 mm) crystal immersed in helium
bath, in order to calculate the critical state stability cri-
terion, we can use the isothermal approximation. In such
conditions flux jumps occur only below 4.2 K. However,
temperature range of the flux jumps occurrence can in-
crease significantly after improving the thermal isolation
of the sample. The voltage induced by the flux jump in-
creases from about 1077 V to about 1 V in a time of an
order of 1077 s.
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