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We report the results of numerical simulations of flux jumps on the basis of dynamic process of thermo-
magnetic interaction to the nonisothermal and nonadiabatic high-Tc superconductors in the regime of thermally
activated flux creep when an applied magnetic field is parallel to a slab of the high-Tc superconductors. The
simulations for the samples of BiSrCaCuO show that the flux jumps may occur only in the region of low
ambient temperature, which is dependent upon the heat contact, and the sweep rate is greater than a lower
critical value of about 20 G/s and lesser than a large one up to the order of 1–10 T/s. It is found that the
predictions of the first flux-jump field Bf j1 are quantitatively in good agreement with the existing experimental
data, and the temperature jumps are observed in the superconductors, corresponding to each flux jump in the
magnetization loop. When the field sweep rate exceeds the large critical value for the case of the supercon-
ductor at 4.2 K, the phenomenon of experimental observations without flux jump is successfully predicted by
the theoretical simulation, where the thermomagnetic interaction is smoothly circulated at a new dynamic
equilibrium state in the temperature region of about 10.6–16.4 K higher than the ambient one, which is mainly
dependent on the tradeoff of speeds of the dissipation energy in the slab and the heat removed into the coolant.
After that, the sensitivity of the thermomagnetic instability to the parameters, such as critical current density,
heat conductivity, heat transfer coefficient, critical geometrical scale, etc. is also discussed.
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I. INTRODUCTION

Since the 1960’s, the peculiar phenomenon of thermo-
magnetic instability �or flux jumps� has been experimentally
observed both in conventional hard type II super-
conductors1–3 and in high-temperature superconductors
�HTS�.4–16 Such studies are motivated by the interest from a
basic point of view to understand the underlying mechanism
of the instability and also in light of their potential applica-
tions �see the review papers11,17�. It is known that the critical
state of a superconductor may become unstable when the
system under appropriate conditions undergoes a small fluc-
tuation of either the external magnetic field and/or the tem-
perature, which is associated with a sudden puncture of mag-
netic flux into the volume of the superconductor, an increase
of temperature in the superconductor, and the decrease or
quenching of the screening current. Thus, the thermomag-
netic instability is problematic in applications as it drives the
superconductors into a normal or resistive state.

To reveal the mechanism of magnetothermal instability,
both experimental and theoretical researches focus on the
critical condition or the first flux-jump field Bf j1 of magne-
tothermal instability. The experimental measurements indi-
cated that the first flux-jump field is mainly dependent on
both the ambient temperature of the coolant and the field-
sweep rate,10,11,17,18 and the phenomenon of flux jumps of the
high-Tc superconductors are detected only in the region
where the ambient temperature decreases below about
10 K5,11,17 when the sweep rate is greater than a threshold of
about 20 G/s, where the flux-jump field increases with the
ambient temperature and decreases with the sweep rate.
When the sweep rate exceeds a certain limit that is of the
order of 1–10 T/s for the samples of LaSrCuO and

BiSrCaCuO at 4.2 K, however, the measurements demon-
strated that no flux jump was observed and its magnetization
was stabilized on a lower level after the first flux jump.10 For
the samples of Bi2Sr2CaCu2O8+�, it is found that the first
flux-jump field approaches a saturation value of about
0.6–1 T.10,13

On the basis of an assumption of Jc=Jc�T�, or dependence
of critical current density on temperature with negative gra-
dient, the thermomagnetic instability was recently described
as a positive feedback process or chain.11 In such a case, two
subprocesses of thermal and magnetic diffusions mutually
interact by the subprocess of the heat dissipation from the
change of electromagnetic fields and the subprocess of the
change of critical current density generated by the resulting
temperature rising. Therefore, Swartz et al.11,19,20 proposed a
basic theory appropriate to flux jumps of the conventional
type II superconductors on the basis of Bean’s critical state
model of superconductivity21 and some assumptions of local
adiabatic condition. After the prerequisite criterion of tem-
perature disturbance �T1=�T2 was employed; here, �T1 and
�T2, respectively, represent the original and further fluctua-
tions of temperature, an analytical formula for predicting the
flux-jump field was obtained by the form11,13

Bf j1 = �3�0cJc/�− dJc/dT� , �1�

in which �0 is the magnetic permeability of vacuum, c stands
for the specific heat of the superconductor material, and Jc
represents the critical current density. The investigations
pointed out that the fulfillment of the adiabatic condition
depends upon the relative value between the thermal �Dt�
and the magnetic �Dm� diffusivity, or the thermal diffusion
time �t��1/Dt� and the magnetic diffusion time
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�m��1/Dm� of the material.13 Whether Dt�Dm or �t��m,
the adiabatic condition for the occurrence of the flux jump is
thought to be satisfied. Recently, Eq. �1� was directly applied
to predict the flux-jump field for the case of high-Tc
superconductors.11 According to Eq. �1�, we know that the
flux-jump field is independent of the sweep rate, and the
flux-jump phenomenon always occurs in the whole range of
0�T0�Tc of ambient temperature.11 Here, T0 and Tc are the
ambient temperature and the critical temperature of a super-
conductor, respectively. Usually, the value of Tc for high-Tc
superconductors is greater than the boiling point of liquid
nitrogen ��77.3 K�. The quantitative results of Eq. �1� tell us
that Bf j1 increases first up to a peak, then decreases to zero as
T0 increases from zero to Tc. Corresponding to the peak, the
ambient temperatures all are over 50 K.11 Meanwhile, the
predictions of Eq. �1� are roughly lower than the experimen-
tal data by about one order of magnitude.13 When a criterion
of disturbance of the magnetic field was employed on the
same assumptions of the above theory, Muller and
Andrikidis6 deduced an analytical formula that is similar to
Eq. �1� except for a different factor. Once we consider the
heat propagation in the sample and the heat part flowing into
the coolant, we know that the practical value of �T2 should
be smaller than that calculated by the theory with the adia-
batic conditions, which should yield lower predictions of Eq.
�1� than those in practice. In addition, the assumption of Jc
=Jc�T� may also result in some deviation. From the knowl-
edge of superconductivity, we know that the critical current
density is dependent on both local temperature and the mag-
netic field,22 i.e., Jc=Jc�T ,B�. In this case, we have

J̇c =
�Jc

�T
Ṫ +

�Jc

�B
Ḃ . �2�

It is obvious that Ḃ� Ḃe where Be represents the external

magnetic field, and Ḃe stands for the sweep rate, or time
change rate of Be. It is obvious that the last term in Eq. �2� is
neglected in the theoretical framework of Eq. �1�. Thus Eq.
�1� is feasible only when the sweep rate is very small.

To reflect the effect of sweep rate on the flux-jump field in
the theoretical analysis, on the other hand, Mints18 proposed
a theoretical model to study the thermomagnetic instability
based on either the Bean’s critical state model or the Kim-
Anderson model in the flux-creep regime of type II super-
conductors and the approximation of spatial distribution of
flux remaining fixed during the stage of rapid heating, or a
condition of �1��m. In this theory, the temperature rise in
the material is neglected, and the prerequisite criterion is
employed when the additional heat release in the slab is fully
removed into the coolant. After that, another formula for
predicting the flux-jump field, for example, on the basis the
Kim-Anderson model �i.e., Jc�B�=��T� /B�, was obtained
by18

Bf j1 = �2�0
2��T0�h�Tc − T0�

nḂe

	1/3

. �3�

Here, h is the heat transfer coefficient to the coolant with
ambient temperature T0, n�=Jc /J1�1� stands for the expo-

nential factor in the relation J=Jc�E /E0�1/n, and ��T0�
=Jc�T0�B0k, where B0k is a phenomenological parameter and
it is selected as about B0k=0.3 T in Ref. 23. From Eq. �3�,
one sees that the predicted flux-jump field decreases with the
sweep rate and approaches zero when Ḃe→	. This result
tells us that the thermomagnetic instability should always
occur when the sweep rate is very high, which is inconsistent
with the experimental observation of no flux jump when the
sweep rate is about 6 T/s.10 Since the rise of temperature
generated by the heat dissipation in the superconductor is not
taken into account, it is natural that the predictions based on
Eq. �3� should be higher than their measured data. Mean-
while, Eq. �3� gives also a prediction of flux-jump field in the
whole region of 0�T0�Tc, no matter what sweep rate is
specified.

Here, we propose an approach to analyze the thermomag-
netic dynamic interaction on the basis of the coupling of
magnetic and heat diffusion equations associated with the
intrinsic nonlinear behaviors of Jc�T ,B� , c�T� , h�T�, etc.,
from which the experimental phenomena mentioned above
are fully described.

II. ESSENTIAL EQUATIONS

Here, we focus our attention on a high-Tc superconduct-
ing slab with thickness 2d subjected to an external magnetic
field Be parallel to the sample surface �yz plane�, at which
the distributions of the z component of magnetic induction
B�x , t�, the y component of electric intensity E�x , t�, the cur-
rent density J�x , t�, and the temperature T�x , t�, are governed
by the Maxwell equations coupled to the heat diffusion24

c�T�
�T

�t
=

�

�x
�


�T

�x
	 + JE, − d � x � d �4�

�B

�t
= −

�E

�x
, �5a�

�B

�x
= − �0J, − d � x � d . �5b�

After a E�J relation of the superconductor is taken into
account, i.e.,

E = ��B,J,T�J , �6�

the Maxwell equations in Eqs. �5a� and �5b� can be reduced
into the form

�0
�B

�t
=

�

�x
���B,T,J�

�B

�x
	, − d � x � d . �7�

Here, c�T� is the heat capacity, 
�T� indicates the thermal
conductivity, and �=��B ,T ,J� stands for the effective elec-
tric resistance. After the superconductivity state is considered
by the zero field cooling, the boundary and initial conditions
of the magnetic field and heat diffusion can be written as

x = ± d: B�x,t� = Be�t� , �8�
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x = ± d: − 

�T

�x
= ± h�T��T − T0� , �9�

t = 0: B�x,t� = 0, T�x,t� = T0. �10�

The experimental and theoretical investigations of super-
conductivity exhibit a nonlinear relation of E�J dependent
on the local magnetic and temperature fields, which yields
some peculiar effects, e.g., magnetic relaxation,25 and that
the time scales of short- and long-magnetic relaxation are
relevant to some of the directly measured parameters, such as

Ḃe and Ec, which is a voltage criterion at which Jc is
defined.25 Due to that the E�J relation is dependent on a
phenomenological theory of superconductivity recently, it
has been found to still be an open problem. For the high-Tc
superconductors considered here, the pinning effect plays an
important role for the flux creep which can be characterized
by a phenomenological theory of the thermally activated flux
movement of vortex current. In the regime of flux creep, the
drift velocity of flux lines can be formulated in the form22,26

 = 20e−U0/KT sinh�JU0/JckT� , �11�

where 0 is a velocity prefactor related to the attempt fre-
quency of flux line hopping, U0 denotes the activation en-
ergy, k is the Boltzmann constant, and JU0 /Jc represents the
energy change of a flux line associated with the Lorentz
force acting on a vortex. The movement of the flux-line re-
sults in an induced electric field of E=v�B. For the super-
conducting slab that we consider here, we get the E�J re-
lation of the form

E = 2B0e−U0/kT sinh�JU0/JckT� . �12�

The present research on the activation energy tells us that the
energy is dependent on the local temperature and magnetic
fields, or U0=U0�T ,B�, and it is explicitly expressed by26

U0 = U00�1 − �T/Tc�4��1 − B/Bc2�T�� , �13�

in which U00 is the barrier height when T=B=J=0, and
Bc2�T�=Bc2�0��1− �T /Tc�2� stands for the upper critical mag-
netic field. Here, Bc2�0�=Bc2�T�
T=0.

The temperature and magnetic-field dependence of critical
current density is here employed as the Kim-Anderson
model,27–29 i.e.,

Jc = Jc�T,B� = Jc�T,0�
B*


B
 + B* , �14�

where B* is a phenomenological parameter. For the samples
of Bi2Sr2CaCu2O8+�, the dependence of the critical current
density on temperature Jc�T ,0� is given by fitting the experi-
mental data with relation13

Jc�T,0� = Jc0e−T/�Te�1−�T/Tc�2�� �15�

in which Jc0=3�1010 A/m2 and Te=8.4 K.
Substituting Eqs. �13�–�15� into Eq. �12�, we obtain

E = 2B0e−U00�1−�T/Tc�4��1−B/�Bc2�0��1−�T/Tc�2���/kT

�sinh†JU00�1 − �T/Tc�4�„1 − B/�Bc2�0��1 − �T/Tc�2��…

��
B
 + B*�/�Jc0
B*kTe−T/�Te�1−�T/Tc�2���‡ . �16�

It is obvious that the E�J relation in Eq. �16� is dependent
on the local temperature and magnetic fields. Consequently,
the system with thermomagnetic interaction is nonlinearly
coupled by the initial-boundary problem of Eqs. �4�, �5a�,
�7�, and �8�–�10� associated with Eq. �16�. To quantitatively
solve the nonlinear coupling problem, we propose a numeri-
cal code by means of the finite difference method and itera-
tion, where to search for a critical value of magnetic field at
each flux jump, the technique of variable time steps is uti-
lized.

After the magnetic flux in the superconductor is numeri-
cally obtained at each instant, the magnetization is calculated
by the following formula:

�0M�t� =
1

d


0

d

B�x,t�dx − Bex�t� . �17�

III. SIMULATION RESULTS TO THE EXPERIMENTAL
MEASUREMENTS

In this section, we display the simulation results to the
experimental measurements of the thermomagnetic interac-
tion system based on the theory proposed in the previous
section. After that, the sensitivity of the flux jump to the
system parameters will be discussed in the following section.
In the simulations, all external magnetic fields are swept
from 0 to 9 T, back to −9 T, and again back to zero with a
specified sweep rate of Ḃe=vex. We have noted that some
parameters, e.g., U00,0, and h etc., that appeared in the the-
oretical model cannot be directly measured by the present
experiments with a determinant value. In this case, we select
the parameters in their possible regions given in the litera-
ture. For the system with the materials of BiSrCaCuO and/or
Bi2Sr2CaCu2O8+�, for example, the parameters are taken as
Jc0=3.0�1010 A/m2, 2d=42�10−3 m, Tc=92 K, Bc2�0�
=110 T, 0=10 m/s, U00/kT0=20, 
=1.0 J / �msK�. For the
temperature dependence of heat capacity c�T�, the experi-
mental measurement shows that it is formulated by c�T�
=��0�T+B3T3 to fit the experimental data of the Bi and Tl
samples,30 where ��0� and B3 are the fitting coefficients. For
the Bi samples, it is found that ��0�=0 �see Ref. 30� and
c�4.2 K�=11�102 J /Km3 �see Ref. 13�. Then, we get B3

�14.8 J /K4m3. In this section, we pay attention to the case
of ideal heat contact between the slab surface and the cool-
ant, in which the heat transfer coefficient can be expressed
by the empirical formula31

h�T� = 0.05�T4 − T0
4�/�T − T0� = 0.05�T + T0��T2 + T0

2� . �18�

Here, h is in units of J / �m2s K�.
Figure 1 illustrates the hysteresis magnetization loops and

flux jumps of the simulation when the ambient temperature
changes from 2.0 to 7.5 K and the sweep rate is specified by
50 G/s. From this figure, one sees that when the coolant
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temperature is higher than 7.5 K, no flux jump occurs in the
simulation system, and the number of jumps increases with
the decrease of temperature. These features are in good
agreement with those observed in the experiment.13 When
the ambient temperature is 7.25 K, the simulation shows that
the first flux jump occurs at the third quadrant of the magne-
tization loop �see Fig. 1�e��, which was also observed in the
experiments5,6 and attributed to the history of the magnetiza-
tion of the sample.

According to the results shown in Fig. 1, we get the de-
pendence of first flux-jump field on the ambient temperature,
which is plotted in Fig. 2, where a comparison of the predic-
tions with the experimental data given in Ref. 13 and the
theoretical predictions of Eqs. �1� and �3� are also displayed.
In the calculations of Eqs. �1� and �3�, we use the approxi-
mate relations of c=14.8T0

3, ��T0��Jc0B0ke
−T0/Te, Jc�T0�

�Jc0e−T0/Te, and h�T0��0.2T0
3 under consideration of T0

�7 K�92 K=Tc , T�T0, and B0k=0.3 T, and other param-
eters that are employed in this simulation. From Fig. 2, one
finds that the predictions of this simulation are quantitatively
in good agreement with the experimental data, and those of

FIG. 1. The simulated magnetization loops of
the thermomagnetic interaction system versus the
coolant temperature when the sweep rate is
50 G/s.

FIG. 2. The prediction curves of the flux-jump field versus the
ambient temperature compared with the experimental measure-
ments �vex=50 G/s�. The prediction values of Bf j1 shown here are
gained from Fig. 1, while the predictions of Eqs. �1� and �3� are
conducted on the basis of h�T0�=0.2T0

3, c�T0�=14.8T0
3, Jc�T0�

�Jc0e−T0/Te, and ��T0��Jc0B0ke
−T0/Te, with Jc0=3.0�1010 A/m2,

B0k=0.3 T, and Te=8.4 K �n=20�.
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Eq. �1� are lower than the experimental data by about one
order of magnitude, while those of Eq. �3� are higher than the
experimental data by about a factor of 2 when T0�5 K.
When the coolant temperature is 4.2 K, for example, the ex-
perimental value of the flux-jump field is about 2.1 T, but the
predictions of Eqs. �1� and �3� are about 0.15 T �which is the
same as one given in Ref. 13� and 5.1 T, respectively. In our
simulations, the prediction is 2.44 T.

Once we specify the coolant temperature of 4.2 K and
change the sweep rate of external magnetic field, we can
obtain the magnetization loops versus the sweep rate, which
are drawn in Fig. 3. When the sweep rate is very small, e.g.,
5 G/s, Fig. 3�a� shows that the magnetization loop is smooth
without a flux jump on the path. As the sweep rate increases
up to a certain value of about 20 G/s and lower than a cer-

tain value of about 1 T/s, the flux jumps take place, where
the number of jumps increases with the sweep rate �see Figs.
3�b�–3�f��. According to the simulation results shown in Fig.
3, the sweep rate dependence of the flux-jump field is shown
in Fig. 4 to compare with their experimental results in Ref.
13. From Fig. 4, we find that the numerical predictions are
also in good agreement with the measurement data, while the
predictions of the Mints’ theory all are higher than the ex-
perimental data by a factor of about 2. As the sweep rate
increases, the simulation results illustrate that the flux-jump
field decreases and approaches a saturation value �about
0.85 T, see Fig. 3�h��, which is fairly close to the estimated
value of about 1 T in Ref. 13. When the sweep rate exceeds
1 T/s, the magnetization loop oscillates during the applica-
tion of the external magnetic field. After the sweep rate in-

FIG. 3. The magnetization loops of simulating
the thermomagnetic interaction system versus the
sweep rate when the coolant temperature is
4.2 K.
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creases up to 6 T/s, the magnetization shown in Fig. 3�h�
becomes stabilized on a lower level after the first flux jump,
which is the same as what was observed in the experiment.10

In order to reveal the reason why it is, let us see the
change of temperature in the superconductor. Corresponding
to the flux jumps in the magnetization loops shown in Fig. 3,
the time response curves of temperature at the center of slab
�x=0� are plotted in Fig. 5 for different sweep rates. Here, Tc

indicates the period of applied magnetic field. From the re-
sults of this figure, we know that a temperature jump occurs
at each flux jump, which was measured in the experiment.8

When the sweep rate is so small, the heat dissipation may be
removed sooner into the coolant so that the temperature in
the superconductor changes very little. In this case, no flux
jump occurs, and the temperature continuously changes from
the ambient temperature �4.2 K� to the highest peak of
4.45 K �see Fig. 5�a��. Here, the inset figure displays that the
increase of temperature oscillates. When the sweep rate is
higher than a lower critical value of about 20 G/s and is less
than an upper critical one of about 1 T/s, the flux jump and
the temperature jump are concomitant. Before a jump, the
heat released in the slab is greater than that removed into the
coolant and the remaining heat in the slab results in a tem-
perature rise, which leads to a decrease of current density,
and further, more heat dissipation again and again till the
jump happens rapidly. The numerical results indicate that the
current density decreases about 5–6 orders of magnitude at
each jump, which yields a fast decrease of heat dissipation
after a jump such that the released heat in the slab is soon
removed out and the temperature in the slab returns to the
ambient one in a short time. Then, the current density gets
back the state of superconductivity and the system enters a
new circulation of thermomagnetic interaction. From Fig.
5�b� when the sweep rate is 20 G/s, one sees that the tem-
perature may sometimes jump from the ambient temperature
of 4.2 K up to about 65 K. As the sweep rate increase up
400 G/s, the peaks decrease to about 12–18 K �see Fig.
5�c��. According to Fig. 5�c�, it is also found that the tem-

perature peaks decrease with time in the first and the third
quarters of the period, or subprocesses of 0→Be0�=9 T� and
0→−Be0, while the peaks increase with time in the second
and fourth quarters, or subprocesses of Be0→0 and −Be0
→0. For different sweep rate in the region of 0.04 T/s
�vex�1 T/s, the maximum and minimum peaks of tem-
perature change little, but the number of jumps increases
with the sweep rate. When the sweep rate exceeds 1 T/s as
indicated in Figs. 5�d� and 5�e�, the temperature oscillates
around a new equilibrium temperature of 8–10 K. and the
lower valley of temperature is higher than the ambient tem-
perature; sometimes the temperature peak may be up to
19 K. The same as the oscillation of magnetization shown in
Fig. 3, the temperature jumps oscillate too. When the sweep
rate is very high, e.g., 6 T/s or higher, the numerical results
shown in Fig. 5�f� tell us that the temperature continuously
changes from the ambient one �4.2 K� to 16.4 K, then con-
tinuously varies in the region of 10.6–16.4 K. That is, the
thermomagnetic interaction dynamically persists around a
new equilibrium temperature of about 14 K at which the
acceleration of remaining heat is equal to zero. Correspond-
ing to this case, the magnetization is continuously changed
too �see Fig. 3�h��. This continuous change of temperature
and magnetization without jumps is mainly relevant to the
tradeoff of the dissipation heat and the heat removed into the
coolant during the application process of the external mag-
netic field. This dynamic mechanism is similar to the move-
ment of a simple pendulum, where the remainder of the heat
in the superconductor is similar to the displacement of the
pendulum. Due to the dependence of the current density, the
dissipated heat, and the transfer coefficient on the local tem-
perature, the difference of the speed of the dissipated heat in
the slab and the heat removed into the coolant determines the
speed of the remainder heat, which yields either an increase
or decrease of temperature in the slab. When the difference is
positive, the temperature in the slab increases, which yields a
decrease of the current density and an increase of the heat
transfer coefficient. This subprocess persists till the tempera-
ture approaches a peak of temperature where the speed of the
remainder heat is equal to zero. After the peak, the difference
becomes negative so that the temperature in the slab de-
creases till the temperature approaches a valley point. During
the latter subprocess, the current density increases and the
speed of the transfer heat decreases. If the speed of the dis-
sipated heat in this subperiod is much smaller than the speed
of the heat transfer into the coolant, the temperature in the
slab will be returned back to an ambient one, which is the
case of flux jumps. Otherwise, some remaining heat can be
collected in the slab even when the speed of the remaining
heat is equal to zero when the temperature in the slab ap-
proaches a valley point higher than the coolant temperature.

IV. SENSITIVITY OF A FLUX-JUMP FIELD TO
PARAMETERS

In this section, we briefly display the results of sensitivity
of the flux jumps to some parameters appearing in the theo-
retical model of thermomagnetic interaction proposed in this
paper. For the case of ideal contact Figs. 6 and 7 illustrate the
simulation results for the dependences of the thermomag-

FIG. 4. The dependence of Bf j1 on the sweep rate at ambient
temperature of 4.2 K. Here, the results of the numerical prediction
are determined on the basis of the data shown in Fig. 3, and the
triangle dashed line, the square dashed line, and the solid line with-
out a symbol represent the numerical predictions, the experimental
data,13 and the predictions of the Mints’ theory or Eq. �3�,
respectively.
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netic instability on the parameters of thickness, thermal con-
ductivity, and critical current density, respectively.

Figure 6 illustrates the critical curves of thickness versus
sweep rate, in which a curve divides the stability and insta-
bility regions of the parameters in the figure. From this fig-
ure, one finds that the critical thickness for the flux jumps
decreases as the ambient temperature decreases and the
sweep rate increases. That is to say, the flux-jump phenom-
enon of thermomagnetic interaction is sensitive to the thick-
ness of slabs. Comparing the minimum thickness obtained
here with one given by the adiabatic theory,11,13 we know
that the latter one is lower than the former by about one
order of magnitude. Thus, the result of critical thickness
given by the adiabatic theory is conservative. When we
change the thermal conductivity and the critical current den-
sity, respectively, the numerical results indicate that the flux-
jump field is insensitive to the heat conductivity �see Fig.
7�a��, but is sensitive to the critical current density �see Fig.
7�b��. That is, the flux-jump field increases with the critical
current density.

FIG. 5. Time responses of
temperature at the center of the
slab �x=0� varying with an appli-
cation of external magnetic fields
of different sweep rate. Here,
Tc�=4Be0 /vex� means the period
of one loop of the external mag-
netic field �Be0=9.0 T�.

FIG. 6. Stability and instability regions divided by one curve of
the critical thickness versus the sweep rate of the thermomagnetic
interaction for the different ambient temperature. Here, Jc0=3.0
�1010 A/m2, 
=1.0 J / �m s K�.
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It is obvious that the speed of heat transfer passing though
the surface of slab is another important parameter to influ-
ence the flux-jump field, which is characterized by the heat
transfer coefficient. For the heat contact between the super-
conductor slab and the coolant, either nonideal or ideal, we
know that the heat transfer coefficient can be uniformly for-
mulated by31

h�T� = 0.05�T�A − T0
�A�/�T − T0� . �19�

Here, the exponential factor �A is usually taken in the
region of �3,4�, and its experimental date is about 3.3. It is
obvious that when �A=4.0, Eq. �19� becomes Eq. �18� for
the ideal heat contact. If �A=0, we have h�T�=0, which cor-
responds to the case of adiabatic condition. Figure 8 illus-
trates the curves of the flux-jump field versus the sweep rate
for a different exponential factor or the heat transfer coeffi-
cient, which tells us that the flux-jump field Bf j1, is sensitive
to the exponential factor or the heat transfer coefficient, i.e.,
the flux-jump field increases with the exponential factor,
wherein the ambient temperature region for the flux jumps
has some extending as the factor decreases �see Fig. 8�.
These results are in accord with the practical system. If the
system is adiabatic, for example, the collected heat in the
slab cannot be removed and it should lead to a magnetic flux
jump for any temperature of ambient environment as long as
the magnetic application persists for enough time. In prac-

tice, the heat contact is usually nonideal and nonadiabatic. To
quantitatively get a prediction of the flux-jump field in agree-
ment with its experimental measurement for such a case, the
critical current density should be higher than Jc0=3.0
�1010 A/m2 that is employed in the simulation of Sec. III
for the ideal heat contact.

V. CONCLUSIONS

Based on the coupling of magnetic and heat diffusions
associated with a nonlinear E−J relation and the intrinsic
nonlinear relations of c=c�T� and h=h�T�, a theoretical in-
vestigation is presented in this paper for insight into the com-
prehensive mechanism of the thermomagnetic instability or
flux jumps of practical nonisothermal and nonadiabatic high-
Tc superconductors. The phenomena of both the flux jump
and no-flux jump, observed in experiments, are described by
the numerical simulations, in which the predictions of the
first flux-jump field are quantitatively in good agreement
with their measurements dependent on both the low tempera-
ture of the ambient environment and the sweep rate in the
region of �20 G/s , 1 T/s�. Corresponding to each magnetic
flux jump, the temperature in the slab experiences also a
jump from the coolant one to a peak, then back down to the
coolant one. When the sweep rate increases over 1 T/s and
up to 6 T/s, the numerical results reveal the experimental
observation that the system of thermomagnetic interaction
converts to a smooth change of the magnetization loop after
the first flux jump, while the temperature in the slab continu-
ously changes without jumps in the region of about
10.6–16.4 K, which gives us an understanding of the mecha-
nism of thermomagnetic interaction to this distinct phenom-
enon, i.e., the thermomagnetic interaction is smoothly circu-
lated at a new dynamic equilibrium state in the temperature
region of about 10.6–16.4 K higher than the ambient one,
which is dependent on the tradeoff of dissipation heat and
removed heat into the coolant. After that, the influence of
some system parameters on the flux-jump field are discussed
by the simulation model, which indicates that the flux-jump

FIG. 7. Curves of the flux-jump field varies with the ambient
temperature �a� for different thermal conductivity �Jc0=3.0
�1010 A/m2�, and �b� for different critical current density �

=1.0 J / �m s K��. Here, vex=50 G/s, and 2d=4.2 mm.

FIG. 8. Curves of the flux-jump field changes with the ambient
temperature when vex=50 G/s for the different exponential fac-
tor �A in the relation of heat transfer coefficient varying with
the ambient temperature, or Eq. �19�. Here, 2d=4.2 mm,

=1.0 J / �m s K�, Jc0=3.0�1010 A/m2.
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field is sensitive to the thickness of the slab, critical current
density, and the heat transfer coefficient, but it is insensitive
to the thermal conductivity.
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