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FLUX JUMPING IN TYPE-II SUPERCONDUCTORS
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Abstract. We have studied the space-time evolution of the thermal and electromagnetic
perturbation in a superconductor with the nonlinear current-voltage characteristic in the flux
creep regime, theoretically. On the basis of a linear analvsis of a set of differential equations
describing small perturbations of temperature and electromagnetic field we found that, under
some conditions a branching instability may occur in the sample.

Key words: nonlinear equations, thermal and electromagnetic perturbations, critical state,
flux creep.

INTRODUCTION

Many recent studies using magneto-optical imaging have revealed that thin
film superconductors often show abrupt flux penetration in the form dendritic
structures when the superconductor is subjected to an increasing magnetic field
perpendicular to the film [1]. The flux dendrites are formed in distinct events, so
that once a structure is created it remains as is, and the next event occurs at a
different place in the sample. It is believed that this behavior is due to a thermal
runaway [2], where two effects play the main role: (i) motion of magnetic flux
(i.e., superconducting vortices) releases energy and hence increases the local
temperature, and (i) the temperature rise reduces the flux pinning and hence
facilitates further flux motion. Most previous works have been focused on MgB2
thin films, where the richness and the intriguing features of this phenomenon have
been investigated both experimentally and theoretically [3]. This type of vortex
avalanche 1s claimed to originate from a thermo-magnetic instability as a result of
the competition between thermal and magnetic diffusivity. When thermal diffusion
is the slower of the two, the superconducting film is unstable, and dendritic
avalanches appear [4].

OBJECTIVES

In the present work, we study the spatial and temporal evolution of small
thermal and electromagnetic perturbation in type-II superconductor sample in the
flux creep regime with nonlinear voltage-current characteristics. It is assumed that
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an applied field parallel to the surface of the sample. On the basis of a linear
analysis of a set of differential equations describing small perturbations of
temperature and electromagnetic field we found that under some conditions a
branching instability may occur in the sample.

BASIC EQUATIONS

Bean [5] has proposed the critical state model which 1s successfully used to
describe magnetic properties of type 1l superconductors. According to this model,

the distribution of the magnetic flux density B and the transport current density j

inside a superconductor is given by a solution of the equation
rot B= 21 ] (1)
C
When the penetrated magnetic flux changes with time, an electric field E(r, t) is
generated inside the sample according to Faraday's law
- 1 dB
rot E__EE (2)
The temperature distribution in superconductor is governed by the heat conduction
diffusion equation
v%%<:&[ﬂ1jﬁT]+jE (3)
Here v=w(T) and w=«(T) are the specific heat and thermal conductivity,
respectively. The above equations should be supplemented by a current-voltage
characteristics of superconductors, which has the form
Fl(T, B, E) 4)
In order to obtain analytical results of a set Eqgs. (1)-(4), we suggest that |, is
independent on magnetic field induction B and use the Bean critical state model
=ic(B,. T), 1.e., j.=i,-a(T-T,) [5]; whereB, is the external applied magnetic field
induction, a=j,/(T.-T,), T, and T, are the equilibrium and critical temperatures of
the sample, respectively, j, is the equilibrium current density. In the flux flow
regime the electric field Er, t) induced by the moving vortices 1s related with the

local current density j(r, t) by the nonlinear Ohm’s law

E=p(J-ic | (5)

Let us suppose that in the flux flow regime the differential resistivity is
approximately constant and independent on magnetic field, i.e. p=p,=const . For the
sake of simplifying of the calculations, we perform our calculations on the
assumption of negligibly small heating and assume that the temperature pm&_ s
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a constant within the across sample and thermal conductivity « and heat capacity
v are independent on the temperature profile [5]. We shall study the problem in the
framework of a macroscopic approach, in which all lengths scales are larger than
the flux-line spacing; thus, the superconductor is considered as an uniform
medium.,

Let us formulate differential equations
governing the dynamics of small temperature and
electromagnetic  field  perturbation in a
superconductor sample. We study the evolution of
the thermal and electromagnetic penetration
process in a simple geometry - superconducting
Fig. 1. Geometry of the semi-infinitive samplex <0.

problem We assume that the external magnetic field
induction B, is parallel to the z-axis and the magnetic

field sweep rate B, is constant. When the magnetic field with the flux density B, is
applied in the direction of the z-axis, the transport current j(x,t) and the electric
field E(x.t) are induced inside the slab along the y-axis. For this geometry the
spatial and temporal evolution of thermal T(x,t) and electromagnetic field E(x,1t),
B(x, t) perturbations are described by the thermal diffusion equation coupled to
Maxwell's equations

do_ 49 ,db 6)
dn d& dS
db d°b db .
T S (7)
n dgt dg

where we have introduced the dimensionless parameters o=T/(T.-T,).b=B/B,, &=x/x,,
n=t/t, and variables x,=pj.B./v 1s the magnetic field penetration depth in a Bean
model; t=ppj.B./v* is the relaxation diffusion time;. a=j,/(T.-T,), T, and T. are the
equilibrium and critical temperatures of the sample, respectively; j, is the
equilibrium current density. Let us derive, for this geometry a differential
equations, describing the spatial and temporal evolution of thermal 6(x.t) and
electromagnetic field b(x,t) perturbations in the sample. We present the small
thermal and electromagnetic perturbations in the form

G(x,1)=0 exp [:—t Fik(+ iqg} (8)

0

Journal of Physics and Technology Education | https//phys-tech.jspi.uz/

34


live
Штамп


“Fizika va texnologik ta’lim” jurnali | Jurnal “®uinko-TexHo10rn4ecKoOro
obpazopanne” | “Journal of Physics and Technology Education™ 2021, Ne 3 (Online)

b(x.t)=b exp{"lﬂ*ikﬂ-l-iqg} (9)

1]

Where y is the eigenvalue of the problem to be determined and k, g=2n/L are the
wave-numbers of the perturbation, {=x/L, c=y/L. Solving the system equations (6),
(7) with (8), (9) we obtain the following equation for the eigenvalues

v+ (n)(Keq? )1 |y ok +q?) 1] (kP47 )2 (k+q) =0 (10)
where 1 is the ratio between the characteristic time of magnetic flux diffusion and
the characteristic time of heat flux diffusion [6]. The instability of the flux front is
defined by the positive value of the rate increase Rey=0. Let us first consider a

simplest case, when t=0. Then, from the last relation we obtain
v+ (10407 )1 Jr+ (70) -2 (krq) =0

First, we notice that at k=0 the system is unstable for g=<1.

‘5-'2 +[q3-1]v+(.k3+q3]-3q2=0
Note that the instability appears first at g=0. In the case, when we have a maximal
growth rate y=1. In this case the small perturbations grow with the maximal
possible rate, and the characteristic time of the instability build-up 1s t,. For
example, for perturbations uniform in the y-direction g=0 the instability develops
only if k<1 [4].

v +[q2—1]1f+(k:‘+qz]—3:13—{)
However, if we setg=», then the system becomes unstable for any k<I and we
again arrive at the maximal growth rate, y=1. When the applied magnetic field
gradually increases from zero, the instability first starts for some particular k=k.,
when Re y=0 only for one single value of g=q.. The instability occurs at k< k., and
this instability criterion can be written

K<k, == (11)

JT
Let us next consider cases of nonzero k, and analyze the behavior of Re y(q)=0. The
growth rate dependencies on the wave number for different values of k are
demonstrated in Fig. 1. a-c at +=0.1. For high enough values of wave-number k the
system is stable. As the k decreases, y grows, and for k=0.5 the branching

instability will be started (Fig 1b). For relatively small values of k=0.1 the
branching instability develops in the system (Fig lc).
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Fig.2. The growth rate dependence on the wave number for different values of
parameter T.

Conclusion

In conclusion, on the basis of a linear analysis of a set of differential
equations describing small perturbations of temperature and electromagnetic field
we found that under some conditions a branching instability may occur in the
sample.
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