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Effect of linear defects on the field distribution in thin superconductors
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A two-dimensional Josephson-junction array with linear defects is simulated to probe the influence of twin
boundaries on the magnetic-field distribution in a thin superconductor in a transverse magnetic field. The
simulation was carried out for varying pinning potentialsa of the defect, and for different orientationsud of
the defect relative to the external boundary. Fora,1 ~weak pinning!, the defect behaves as an easy channel
for longitudinal motion of the vortices, whereas transverse motion across the defect is hindered due to vortices
within the defect channel. For intermediate angleud , a gliding motion outside the fore-edge~edge facing the
interior of the array! of the defect is observed. Fora.1, the defect acts as a barrier for transverse as well as
longitudinal motion of the vortices, resulting in an increased vortex density in the wake of the defect for
intermediate values ofud . @S0163-1829~98!00606-7#
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The effect of correlated disorder on the bulk pinning
the vortex lattice has received much attention with the d
covery of high-Tc superconductors. Of particular importan
is the role of twin boundaries~TB’s! which are formed natu-
rally during the growth process and are characterized by
tial correlation extending over a macroscopic length sc
The magnetization1 and transport properties2 of twinned and
detwinned crystals have unambiguously shown that TB’s
termine the behavior of the vortex lattice over a wide reg
of the H-T phase diagram. Bitter decoration of vortices3 has
shown vortex strings commensurate with the TB’s givi
direct evidence for vortex pinning by extended disorde
Using the magneto-optical method which allows spatiote
poral imaging of the vortex dynamics, Duranet al.4 showed
that for longitudinal motion of vortices, the TB’s act as cha
nels for easy flow, whereas the transverse motion across
TB is hindered~barrier nature!. On the other hand, exper
ments by Vlasko-Vlasovet al.5 observed that TB’s act solel
as a planar barrier which causes vortices to pile up clos
the defect edge facing the incoming flux front. This w
interpreted as evidence for the guided motion of vortices
the TB’s. Subsequent experiments6 resolved the contradic
tion by noting that the two experiments probed different
gimes~easy-flow channel and barrier nature! of the pinning
behavior of the TB’s. One pertinent question raised by th
experiments was whether flux motion occurs inside the t
region or just outside of it~guided motion! which could not
be resolved due to limited resolution of the magneto-opt
methods. Pinning by TB’s is also observed to be sensitiv
the pinning of the vortex lattice in the untwinned region.7

Vortex dynamics in the presence of TB’s have been sim
lated numerically for the infinite slab geometry~demagneti-
zation factorN50!. Crabtreeet al.8 found guided motion of
the vortices external to the TB for small transport curre
Groth et al.9 observed that the barrier behavior crosses o
to channel behavior with varying angleud between the TB
and the driving force, and the ratio between the thresh
force in the twinned and the untwinned region. In the s
geometry, the relation between the field and the screen
current is local, whereas the experiments are carried out
erally on thin superconductors in the transverse magn
570163-1829/98/57~6!/3609~6!/$15.00
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field (N→1) for which the vortex field and current are re
latednonlocally. This leads to nonuniform field distribution
in finite-size rectangular superconductors with little penet
tion of the field around corners. Also, the interaction of t
TB’s with the vortices becomes nontrivial, depending cri
cally on the orientation of the TB relative to the penetrati
flux front.

Field distribution in a thin superconductor in a transve
magnetic field is explained within the critical state model10

For an arbitrary shaped boundary, a formalism has b
developed11 wherein the field distribution is obtained as s
lution to the nonlinear diffusion equation for the field with
phenomenological relation between the electric fieldE and
the current densityJ. In recent years, the two-dimension
~2D! Josephson-junction array~JJA! with screening effect
have been studied extensively in the context of vor
dynamics.12 The screening effect is included via the ge
metrical inductance matrix of the array.13 The induced cur-
rent drives the vortices towards the interior of the array.
the other hand, discreteness of the array provides a pin
potential to the vortices at the plaquette center.14,13 These
two competing forces lead to an equilibrium field distrib
tion similar to that predicted by the critical state model for
thin superconductor in a transverse magnetic field.15 It is
essential to emphasize here that the simulation uses only
Josephson relation and doesnot involve anya priori assump-
tion regarding the field and current relation. Here, we inv
tigate the effect of the extended defect on the equilibri
field distribution, and thus simulate the behavior of TB
thin superconductors in a transverse magnetic field. The
culation is carried out for different orientationsud of the line
defect with respect to the external boundary. On the ot
hand, the ratio of the critical current in the defect region
that in the undefected regiona5I c,def/I c is varied to simu-
late the effect of the varying pinning potential of the defe
channel. Also, the effect on the field distribution due to
teraction between defects is considered.

We consider an array ofNx3Ny square plaquettes form
ing a homogeneous network of Josephson junctions in
x-y plane. The junction dynamics is governed by the tim
evolution of the gauge-invariant phase difference across
3609 © 1998 The American Physical Society
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FIG. 1. The density plot of the field distribution in a square array with line defects along the@10# direction for~a! f 515, ~b! remanence
of ~a!, ~c! f 540. The field distribution for defects along the@11# axis is shown for~d! f 520, ~e! remanence of~d!, ~f! f 540. The details are
explained in the text.
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This is modeled using the resistively-shunted junct
equation16 appropriate for the overdamped junctions

F0

2pR

df

dt
1I csinf5I b , ~1!

where the variablesf and I b are the gauge-invariant phas
difference and the current across the junction, respectiv
written as column vectors. The resistance and the crit
current of the junction is represented byR and I c , respec-
tively, andF0(5hc/2e) represents a quantum of flux. Th
flux F in the plaquette is given by the directed sum
gauge-invariant phase differences around the plaqu
~taken in the anticlockwise sense! which is conveniently
written as

Mf52p
F

F0
522p f 2

1

l
LI m , ~2!

whereM is the loop-sum-operator matrix13 andL is the geo-
metrical inductance matrix of the array. The current in t
plaquette is represented by the column vectorI m , whereas
ly,
al

f
tte

e

the applied flux is denoted byf 5Fext/F0. Also, l
5F0/2pL0I c where L0 is the self-inductance of the
plaquette.Al defines the dimensionless penetration de
similar to London’s penetration depth for a bulk superco
ductor. For the JJA with full inductance matrix, the effecti
penetration depth is given asl'5l/(m0p/L0).l, wherep
is the lattice constant of the array, analogous to the enhan
l for a thin superconductor in a transverse magnetic fie
The elements of the mutual inductance matrix are depen
on the geometry of the superconducting island and are
culated for the1 shape which is approximated by rectang
lar bars of lengthp and width 0.45p. Note that only the
functional dependenceL(r ,r 8)5L(ur2r 8u) finally enters the
simulation which for the 2D geometry is observed to be
the form L(r ,r 8);1/ur2r 8u3 for distances beyond four o
five lattice constants.

The junction current in Eq.~1! can be written in terms of
plaquette current,MTI m5I b , whereMT denotes the trans
pose ofM. Introducing the dimensionless timet@5~2pRIc /
F0)t], the equation of motion for the array can be rewritt
as
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57 3611EFFECT OF LINEAR DEFECTS ON THE FIELD . . .
df

dt
5MT Ĩ m2asinf,

Mf522p f 2
a

l
L̃ Ĩ m , ~3!

where,L̃5L/L0 and Ĩ m5I m /I c are the reduced inductanc
matrix and plaquette currents, respectively. The defect is
troduced through the parametera5I c,def/I c , whereI c,def is
the critical current of junctions in the defect region. As h
been shown before,13,14 the pinning potential experienced b
a vortex at the center of the plaquette is proportional to
junction current. Thus, by varyinga, the pinning potential of
the defect can be changed relative to the undefected reg
Along the defect, the critical current is assumed to be c
stant. Free-end boundary conditions are used to simulate
experimental situation. The above equations are solved u
the variable-step Runge-Kutta method and fast-Four
transform accelerated-matrix multiplication,13 the details of
which are given in Ref. 17. Generally, the equations are
erated for nearly 1400t of which the first 600t iterations are
neglected to avoid transients. The remaining iterations
performed to obtain the time-averaged fluxF(nx ,ny) in the
array.

The simulations were performed for square (Nx5Ny
564) and rectangular (Nx564,Ny532) arrays forl50.01.
As has been observed before,15 for any applied field, the
magnetization of the array saturates forl<0.01, implying a
strong screening regime. For this regime, the field distri
tion is observed to be similar to the field distribution o
tained within the critical state theory for a thin continuu
superconductor. For a continuum superconductor, the ab
choice ofl sets the length scalep5lL

2/ld, wherelL is the
London penetration depth andd is the thickness. For high-Tc
superconductors, wherelL is typically of the order 1032104

Å, for a sample of thickness of 1210 mm, p'102100lL .
This sets a lower limit to the length scale of the field dist
bution presented here. The field distribution for the homo
neous array shows that forf p'25, the array is fully pen-
etrated by the magnetic flux~the actual magnetic field in
experiments can be obtained asf / f p , as f p is dependent on
the exact geometry of the sample!. From the magnetization
an effective demagnetization factorN'0.95 is obtained, in-
dicating the 2D magnetic response of the array. The defe
chosen to be 2 or 3 plaquettes wide.

Figures 1~a!–1~c! shows the two-dimensional density pl
of the field distribution in the array with defects oriente
along the@10# direction @marked D1–D4 in Fig. 1~a!# for
a50.05. The plots are forf 515(, f p), and for f 540
(. f p). The remanent field distribution is shown forf 515.
Maximum field penetration can be seen to occur through
middle of the external boundaries, forming a convex fl
front in the undefected region as expected from the conv
tional critical state model.11 Around the corners where th
screening current bends sharply, the flux penetration is m
mum.

The complete field penetration of defects forf , f p indi-
cates that defects are easy-flow channels for the magn
flux @note that in Fig. 1~a!, the central undefected region is
the shielded state, i.e.,B50, though field has penetrated in
the array along D2 and D3#. Along the defect channel D1
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the field distribution is uniform whereas it shows nonmon
tonic variation along D2, as shown in the one-dimensio
plot in Fig. 2~a!. The nonmonotonic field distribution alon
the defect occurs forf , f p and vanishes for largef . f p as
can be seen from Fig. 2~c!. This can be understood as arisin
due to the convexity of the flux front for partial penetratio
of the array. The transverse behavior of defects differs s
stantially along linel 1 and l 2 @see Fig. 1~a!#. Along l 2,
F(ny) shows a sharp peak at the fore-edge of the de
~edge facing the interior of the array!, whereas close to the
hind-edge~edge facing the external boundary! a low-field
region is observed implying a barrier nature of the defect
transverse motion of the magnetic flux. Note that barrier
ture need not imply accumulation of vortices along the def
edge.9 On the contrary, one expects lowering of the vort
density due to repulsion by the vortices within the chan
due to easy flow along the longitudinal direction. This e
plains the decrease inF in Fig. 2 outside D1 and D4
~marked by the arrows!. In Fig. 1~a!, one notices that near th
external boundaries, the magnetic flux accumulates just
side D2 and D3~marked B! with F decreasing in the defec
region~marked A!, as evident from the one-dimensional pl
along l 1. This is contrary to the intuition as one expec
larger field penetration along the defect region than co
pared to that in the undefected region. This also arises du
the convexity of the flux front forf , f p. Thus, one observe
a complicated behavior of the defects for small applied fi
f , f p , depending strongly on its coordinates relative to t
corner.

The remanent field distribution forf 515 @Figs. 1~b! and
2~b!# shows that a substantial field is trapped along D2 a
D3 in the central region of the array, whereas D1 and D4
as an exit channel for the magnetic flux. Close to the exte

FIG. 2. The one-dimensional plot of the field distribution alo
the line l 1 and l 2, and along D1 and D2 in Fig. 1~a! for defects
along the@10# axis. The defect position is shown by a thick dash
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boundary, one observes entry of antivortices into the ar
along D2 and D3@marked by arrows in Fig. 2~b!# due to
wrapping of the field lines around the array. This is anonlo-
cal effect and clearly shows that the array indeed simula
the electromagnetic behavior of a thin superconductor in
transverse magnetic field. The one-dimensional plot alonl 2

shows that the defect acts as a barrier for transverse mo
thus inhibiting the exit of the magnetic flux.

For f 540. f p , the effect due to the convex flux-fron
vanishes@see Fig. 2~c!#. Large penetration by the magnet
flux outside the defect gives a characteristic ‘‘flame’’-shap
field distribution @Fig. 1~c!# similar to that observed
experimentally.18 The origin of the flame-shaped distributio
@marked in Fig. 1~c!# at high field can be understood as ar
ing due to increased flux density in the defect channel wh
gives rise to a transverse component to the flux motion c
to the external boundary of the array. This implies that
flame-shaped field distribution should be observable bey
a certain vortex density in the defect channel. The o
dimensional plot forf 540 @Fig. 2~c!# shows that the longi-
tudinal and transverse field distribution is similar for all t
defects@note that the peak position in Fig. 2~c! coincides for
l 1 and l 2#.

For defects oriented along the@11# direction, the vortex
dynamics is altered remarkably. Figures 1~d!–1~f! shows the
field distribution for the same value ofa as that for defects
along the@10# direction. The plots are for the externally a
plied field f 520 @Fig. 1~d!# and f 540 @Fig. 1~f!#, and for the
remanent state off 520 @Fig. 1~e!#. The magnetic field pen
etrates to the center of the array through the defect along
diagonal@D3 in Fig. 1~d!#. Interestingly, in the undefecte
square array, the vortex motion along the diagonal does
occur due to bending of the current streamlines along it~this
is also observed in the continuum superconductor19!. The
striking feature is the observation of field distribution due
an apparent gliding of vortices outside the fore edge@region
marked A in Fig. 1~d!#. The gliding of vortices along the fore
edge occurs in response to a field gradient set across the
due to increased fluxwithin the defect channel. Note that th
mechanism is different from the observation of Ref. 5 wh
gliding motion occurs along the wake of the defect~hind
edge! due to the barrier nature of the TB. The results are
agreement with the simulation of TB in the presence o
small external current by Crabtreeet al.8 A low-field region
is observed close to the hind edge@marked region B in Fig.
1~d!# near the external boundary. This can be explained
due to enhanced flux density inside the defect leading to
enhanced vortex-vortex interaction. A remarkable featur
the nucleation of antivortices along the hind edge for sm
applied fields and the weak pinning potential of the def
channel~this is more evident in Fig. 3, see below!. This is
solely due to the large demagnetization effect in a 2D geo
etry which leads to a turning around of the field lines of t
magnetic flux accumulated close to the fore edge~region A!.
But note that nucleation of antivortices is possible only d
to creation of the low-field region close to the hind edge~see
below!. The bending of streamlines close to the defect gi
rise to characteristic lines in region A, marked as C in F
1~d!. In the remanent state, the fore edge projects an a
angle to the direction of motion of the magnetic flux~di-
rected towards the external boundary!. Thus, the defect act
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as a barrier trapping the field in region A@marked by the
arrow in Fig. 1~e!#. In large applied fields@ f 540, Fig. 1~f!#,
the field penetration is complete along all defects.

The pinning behavior of the TB has been observed to v
with changing bulk pinning of the vortex lattice in the un
twinned region. At low temperatures, the vortex pinning
the untwinned region is strong~largeJc), and the small driv-
ing force sets the vortices into motion along the TB~channel
behavior!. With increasing temperature, increased therm
fluctuation in 3D leads to exponential decrease of the crit
current density in the untwinned region. On the other ha
translational invariance along the TB reduces the dimens
of the thermal fluctuation,20 giving a slow algebraic decreas
of the critical current density in the twinned region. Thus,
high temperatures, the TB’s become effective centers
vortex pinning. To simulate this crossover, we note thata
parametrizes the pinning potential of the linear defect in
array, which can be varied relative to the undefected reg
Figures 3~a!–3~d! show the field distribution in the arra
with defects oriented along the@11# direction for f 515 with
increasinga. For a50.005 @Fig. 3~a!#, the magnetic flux
penetrates into the array along the defect channel and
gliding outside the fore edge of the defect. The presence
antivortices close to the hind edge is shown by the arro
For a50.2 @Fig. 3~b!#, the defect channel is penetrated pa
tially and one observes a central shielded region~the antivor-
tices can still be observed!. For a50.6 @Fig. 3~c!#, the
shielded fraction of the array increases, indicating increa
bulk pinning of the magnetic flux. Field penetration due
the gliding motion of vortices is reduced, consequently
creasing the flux density along the wake of the defect, wh
can be seen from the one-dimensional plot@Fig. 3~e!, upper
frame# along the dotted line in Fig. 3~a!. This causes the
antivortices to disappear and corroborates the view tha
origin lies in the formation of the low-field region around th
wake of the defects coupled with the large demagnetiza
factor ~see the previous para!. For a51.2, the defect behav
ior changes drastically. The defect becomes a strong ba
for the transverse motion of the magnetic flux resulting
accumulation of magnetic flux in the wake of the defe
@marked by the arrows in Fig. 3~d!#. An apparent gliding of
the flux can also be seen along the hind edge, in contras
the case ofa,1 for which it occurs along the fore edge
This is consistent with the experimental observation of R
5 which was done at high temperatures. Thus, the simula
unambiguously shows that the behavior of TB’s is depend
strongly on the pinning of the vortex lattice in the untwinn
region, and can be tuned by varying the temperature.

The field distribution is strongly influenced by the orie
tation of the defectud with respect to the external boundar
Figure 4~a! shows the field distribution forf 515 with in-
creasing angleud of a single defect in a rectangular array f
a50.05. For decreasingud , the field penetration due to glid
ing of vortices along the defect edge increases~note the re-
gion marked by the arrows!. The magnetic-field penetratio
along the defect,l def5 l def(a,u, f ), is maximum for the inter-
mediate angle forf , f p . For a thin superconductor, the non
local relation between the currents and the field can lead
strong interaction between the TB’s. Figures 4~b!–4~c! show
the field distribution in the rectangular array with varyin
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FIG. 3. The field distribution in the array (f 515) with defects along the@11# axis for increasinga ~a! 0.005,~b! 0.2, ~c! 0.6, and~d! 1.2.
The one-dimensional plot along the dotted line in~a! is shown in the upper frame of~e!, with the lower frame showing the remanence fie
distribution. Note the shift in peak fora51.2 as shown by the arrow in~e!, indicating a pile up of vortices in the wake of the defe
Nucleation of antivortices is shown by the arrows in~a! and ~b!.
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separation between two linear defects@marked 1 and 2 in
Fig. 4~b!# for f 520 anda50.05. One observes larger vorte
penetration along defect 1 as compared to the field pene
tion along defect 2. This can be understood as arising du
increased flux density in defect 1 which interacts repulsiv
with the vortices within defect 2. For large separation,
defects acts as an independent channel for the magnetic
a-
to
y
e
ux.

The interaction between the defects can be quantified by
fining a length scalel h5 l h(a,u, f ) over which the effect of a
single defect is ‘‘healed’’ inside the undefected region. F
defect separation less thanl h , the interaction is expected t
be strong.

In summary, the field distribution in the Josephso
junction array with linear defects is presented and compa
parated

FIG. 4. ~a! The field distribution with varying angleud of a single defect in a rectangular array forf 510 anda50.05. For intermediate

angleud , the gliding motion of the vortices outside the defect is a prominent feature. The field distribution for two linear defects se
by a distance~b! 2p, ~c! 6p, and~d! 10p for f 520 anda50.05.
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with the behavior of twin boundaries in thin supercondu
ors. The defect behavior changes from that of the easy-fl
channel to that of a barrier with increasing pinning poten
of the defect. This is in excellent agreement with the exp
mental observations of Refs. 4 and 5. The vortex penetra
along the defect channel is maximum for the defect inclin
at an intermediate angle with respect to the external bou
-
w
l
i-
n

d
d-

ary. Also, the nonlocal effects in a 2D geometry can lead
interaction between TB’s.
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