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Josephson pancakes in layered superconductors
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We consider a pancake vortex in a layered superconductor with linear defects in the
superconducting planes. We treat these defects as Josephson junctions. We show that the
tunneling Josephson current through these junctions results in a pancake with a superconduct-
ing core. We find the mobility of a Josephson pancake.

1. Introduction

The most prominent high-temperature superconductors and, in particular,
the Bi and Tl based compounds, consist of a periodic stack of the two-
dimensional CuO layers (ab planes) were the superconductivity presumably
resides. These materials are extremely anisotropic and, in particular, the
density of the superconducting current in the direction perpendicular to the
layers (c direction) is much less than in the ab planes. The discovery of the
layered anisotropic high-7_ superconductors stimulated many theoretical
studies of layered superconductors with weak interlayer Josephson coupling. In
particular, the specific pointlike (or pancake) vortices were introduced and
investigated [1-3].

A pointlike vortex is an elementary vortex existing in a layered superconduc-
tor. The normal core of each of these pointlike vortices is residing only in one
of the superconducting layers. The self-energy of an isolated pointlike vortex is
proportional to In(L/¢), where L is the characteristic size of the sample in the
ab plane, and £ =¢,, is the coherence length in the ab plane. Thus, the
self-energy of an isolated pointlike vortex diverges when L/£—> « and it cannot
exist in the bulk of a macroscopic sample.

Interaction with the sample surface affects the value of the self-energy of a
pointlike vortex in the surface layer. This interaction consists of repulsion and
attraction. The repulsion results from the interaction with the Meissner
screening current. The attraction results from the increase of the superconduct-
ing current density of the pointlike vortex caused by the sample surface. The
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correlation between these two interactions is determined by the external
magnetic field H. At a certain value of H the competition of attraction and
repulsion leads to a stable state localized near the sample surface. The
existence of this state results in a specific thermally activated mechanism of
magnetization relaxation [4,5].

The rate of magnetization relaxation due to this mechanism is proportional
to the mobility u, of a pointlike vortex. The value of u, is determined by the
normal electrons in the core of the pointlike vortex. In the viscous flux-flow
model the mobility w, is given by the formula [6]
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where vy is a numerical factor of the order of one, p, is the resistivity in the
normal state, @, is the flux quantum, and d is the distance between the
superconducting layers. It follows from eq. (1) that the value of u, tends to a
finite limit at kg7 <A, where kg is the Boltzmann constant, 7 is the
temperature, and 4 is the energy gap. In particular, this limit determines the
amplitude of the rate of the thermally activated mechanism of magnetization
relaxation [4,5].

Magnetization relaxation rate is also strongly affected by the interaction of
vortices and defects of the crystalline structure. A linear defect in a supercon-
ducting layer is a characteristic defect in a layered superconductor. In
particular, grains boundaries and twins result in linear defects in the supercon-
ducting layers. Linear defect in a superconducting layer can be treated as a
Josephson junction. Interaction with these Josephson junctions may result in
localization of a pointlike vortex and thus, in particular, in a noticeable change
of the rate of the thermally activated mechanism of magnetization relaxation.

In this paper we study a pointlike vortex localized by a linear defect in a
superconducting layer. We consider the case of a very weak interlayer
Josephson coupling. We treat the linear defects in the superconducting layers as
Josephson junctions with a relatively high critical current. We show that the
localized pointlike vortex has a superconducting core. We consider the mobility
of a Josephson pancake. We find that at k,7 < 4 the mobility of a Josephson
pancake is much higher than the mobility of a pointlike vortex.

2. Josephson vortex in a thin film

Let us consider a Josephson vortex in superconducting film with the
thickness @ and a Josephson junction along the y axis. We treat here a thin film
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limit, which means that a < 8, where & is the penetration depth. In this case the

superconducting current density and magnetic field decrease with the charac-
teristic space scale of the order of [7]

Bei =" > 8 . (2)

As a result the contribution of the self-field to the current density j is
negligible for r <§,; and

AL (3)

We denote here the phase of the order parameter as § and we consider a
Josephson vortex located at the point 7 = 0, where r = \/x* + y*. It follows from
eq. (3) and div j =0 that the equation for 8(x, y) has the form

9’0 9°0

2t =5=0. (4)
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The solution of eq. (4) describing the phase distribution for a Josephson

vortex 6,(x, y) is an odd function of x, i.e., 6,(x, ¥) = —6,(—x, y). This solution
has to satisfy to the boundary condition at x =0 which is given by the
Josephson relation

. c¢0 a0v .

JH0, ) =2 S5 G (40, ) = —fsin (). (5)
Here j. is the Josephson current critical density, and ¢(y) is the phase
difference defined as

Qo(y)zev(_'—o’ y)_ev(_()? y) : (6)

To obtain the space distributions of 6, (x, y) and ¢(y) we apply the Fourier
cosine transformation to eq. (4). It leads to the following equation:

d’e 16w°8%,
-dy—zk-—kzﬂk=—cw—smqo , (7)

where

0.(y)=2 f dx cos(kx) 8,(x, y) . (8)
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The solution of eq. (7) is given by the formula

— 811.262]‘0 I [ ’ ’
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The inverse Fourier transformation leads then to the relation

a0 8md % ]i sin p(y')
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Taking into account that ¢(y)=260(+0, y) we find for the phase difference
¢(y) the nonlinear integro-differential equation

do  16mdY, I sin o(y")

—=—— | dy'———. 11
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It follows from eq. (11) that the value of the characteristic space scale for

¢(y) is given by

A= c?,
T 16me Y,

(12)

Thus, the above consideration is valid if A; <<8§,;. It means that the critical
current density of the Josephson junction j, has to be high enough, i.e.,

ac®,
16mé* "

j® (13)
The space distribution of the phase difference ¢(y) for a Josephson vortex is
given by the following exact solution of eq. (11):

e(y)=2 arctan(:—y) +m. (14)

Note that this solution was obtained in [8] while considering the nonlocal
Josephson electrodynamics.

Using eq. (9) and the inverse Fourier transformation it is easy to show that
for r > A, the current lines are circles and
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where n is the unit vector along the z axis.

Thus, we show that a Josephson vortex in a thin film is similar to a Pearl
vortex [7], but with a superconducting core. The size of this superconducting
core is of the order of A;.

3. Josephson pancake in a layered superconductor

Let us consider now a Josephson pointlike vortex in a layered superconduc-
tor, i.e., the Josephson pancake. We use here for calculations the Lawrence—
Doniach model [9] in the limit of very weak interlayer Josephson coupling, i.e.,
we neglect the superconducting current in the c¢-direction. Thus we treat the
layered superconductor as a periodic stack of electromagnetically coupled
superconducting layers with the distance d between them. The free energy
functional F in this case has the form [9]

2 2
F=5‘%(4%) En)fdzr(ven—z—:A) +§1,;fd3r(H—B)2, (16)
where n is the number of the layer, 6, is the phase of the order parameter in
the nth layer, A=(A,, A)) is the vector potential, H is the external magnetic
field, B =V X A is the magnetic field, and V=(V,, V) is the gradient in the
layer plane.

Let us suppose that in each of the superconducting layers there is a linear
defect. We treat these defects coinciding with the lines x =0, z=nd (n =0,
+1, £2,...) as Josephson junctions.

As we take into account only the electromagnetic coupling between the
superconducting layers the space scale for the magnetic field decrease is the
penetration depth A. We consider now a Josephson pancake located in the layer
n =0 and suppose that A, <A. In this case the core of the Josephson pancake
can be described as was done in the previous section. The only difference is in
substituting A instead of 6. Thus it means that, in particular, we have

cd,
Aj=———F5<€)\, 17
T16mAY, (17
and the current distribution in the core of the Josephson pancake is given by

cdy nxr
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j= r>A; . (18)

Variation of the eq. (16) with respect to the vector potential A results in the
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generalized London equation. Inside the superconductor it has the following
form [1,9]:

D nXxr Ve
A—A2V2A=2—T(; 58, T (19)

The solution of eq. (19) leads to the magnetic field B distribution which is
the same as for the pointlike vortex [1-3]. The only difference is that the core
of a Josephson pancake is superconducting and its size is of the order of A,
instead of ¢£.

We calculate now the mobility of a Josephson pancake. The motion of a
Josephson pancake results in a voltage U(y) applied to the Josephson junction.
The value of U(y) is given by the formula [10]

h
Uy =1L, (20)

This voltage leads to energy dissipation due to the resistive component of the
current flowing through the Josephson junction. The rate of this dissipation Q
is equal to

]

. d [, di J’(B(p)z v?
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where R is the resistance per unit area of the Josephson junction, v is the
velocity, and p, is the mobility of the Josephson pancake. In the limit v — 0 the
phase difference ¢(y, t) is given by eq. (14), where y is substituted by y —vz. It
follows then from eq. (21) that

2w’ AR

My = d 3 d (22)

The resistance R of the SIS-type Josephson junction results from the normal

electrons. The number of them is exponentially small when kT < A. It follows

then from egs. (1) and (22) that at low temperatures the mobility of a

Josephson pancake becomes much higher than the mobility of a pointlike
vortex.

4. Summary

To summarize, we have shown that in a layered superconductor with linear
defects in the superconducting layers exists a new type of vortices localized in
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one of the superconducting layers. These vortices, i.e., the Josephson pan-
cakes, have a superconducting core. The size of this core is of the order of the
Josephson characteristic length A;. At low temperatures the mobility of a
Josephson pancake is much higher than the mobility of a pointlike vortex.
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