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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 potentialof the defect, and for different orientatiomy of
the defect relative to the external boundary. eer 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 an@le a gliding motion outside the fore-edgedge facing the
interior of the array of the defect is observed. Far>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 ofy. [S0163-18208)00606-7

The effect of correlated disorder on the bulk pinning offield (N—1) for which the vortex field and current are re-
the vortex lattice has received much attention with the dislated nonlocally This leads to nonuniform field distribution
covery of highT . superconductors. Of particular importance in finite-size rectangular superconductors with little penetra-
is the role of twin boundarie€B’s) which are formed natu- tion of the field around corners. Also, the interaction of the
rally during the growth process and are characterized by spa-B’s with the vortices becomes nontrivial, depending criti-
tial correlation extending over a macroscopic length scalecally on the orientation of the TB relative to the penetrating
The magnetizationand transport propertiésf twinned and ~ flux front.
detwinned crystals have unambiguously shown that TB's de- Field distribution in a thin superconductor in a transverse
termine the behavior of the vortex lattice over a wide regionmagnetic field is explained within the critical state motfel.
of the H-T phase diagram. Bitter decoration of vortitéss For an arbitrary shaped boundary, a formalism has been
shown vortex strings commensurate with the TB's givingdeveloped wherein the field distribution is obtained as so-
direct evidence for vortex pinning by extended disorderslution to the nonlinear diffusion equation for the field with a
Using the magneto-optical method which allows spatiotem{phenomenological relation between the electric figlénd
poral imaging of the vortex dynamics, Durahal* showed the current densityl. In recent years, the two-dimensional
that for longitudinal motion of vortices, the TB’s act as chan-(2D) Josephson-junction arra§dJA) with screening effect
nels for easy flow, whereas the transverse motion across th@ve been studied extensively in the context of vortex
TB is hindered(barrier naturg On the other hand, experi- dynamicst?> The screening effect is included via the geo-
ments by Vlasko-Vlasoet al® observed that TB’s act solely metrical inductance matrix of the array The induced cur-
as a planar barrier which causes vortices to pile up close ttent drives the vortices towards the interior of the array. On
the defect edge facing the incoming flux front. This wasthe other hand, discreteness of the array provides a pinning
interpreted as evidence for the guided motion of vortices byotential to the vortices at the plaquette cehfer. These
the TB’s. Subsequent experimehtesolved the contradic- two competing forces lead to an equilibrium field distribu-
tion by noting that the two experiments probed different re-tion similar to that predicted by the critical state model for a
gimes (easy-flow channel and barrier natug# the pinning  thin superconductor in a transverse magnetic figltt. is
behavior of the TB’s. One pertinent question raised by thesessential to emphasize here that the simulation uses only the
experiments was whether flux motion occurs inside the twinJosephson relation and dasst involve anya priori assump-
region or just outside of i(guided motion which could not  tion regarding the field and current relation. Here, we inves-
be resolved due to limited resolution of the magneto-opticatigate the effect of the extended defect on the equilibrium
methods. Pinning by TB's is also observed to be sensitive tdield distribution, and thus simulate the behavior of TB in
the pinning of the vortex lattice in the untwinned regfon.  thin superconductors in a transverse magnetic field. The cal-

Vortex dynamics in the presence of TB’s have been simuculation is carried out for different orientatioldg of the line
lated numerically for the infinite slab geometiyemagneti- defect with respect to the external boundary. On the other
zation factorN=0). Crabtreeet al® found guided motion of hand, the ratio of the critical current in the defect region to
the vortices external to the TB for small transport currentthat in the undefected regiam=1 4/l is varied to simu-
Groth et al® observed that the barrier behavior crosses ovetate the effect of the varying pinning potential of the defect
to channel behavior with varying angle, between the TB  channel. Also, the effect on the field distribution due to in-
and the driving force, and the ratio between the thresholderaction between defects is considered.
force in the twinned and the untwinned region. In the slab We consider an array df, XN, square plaquettes form-
geometry, the relation between the field and the screeninipg a homogeneous network of Josephson junctions in the
current is local, whereas the experiments are carried out gex-y plane. The junction dynamics is governed by the time
erally on thin superconductors in the transverse magnetievolution of the gauge-invariant phase difference across it.
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FIG. 1. The density plot of the field distribution in a square array with line defects alorid @heirection for(a) f=15, (b) remanence
of (a), (c) f=40. The field distribution for defects along tffEl] axis is shown foKd) f =20, (e) remanence ofd), (f) f=40. The details are
explained in the text.

This is modeled using the resistively-shunted junctionthe applied flux is denoted byf=® /P, Also, \

equatiori® appropriate for the overdamped junctions =®y/2mLol, where L, is the self-inductance of the
plaquette.\\ defines the dimensionless penetration depth
%o d_d’ o similar to London’s penetration depth for a bulk supercon-

tlesing=1y, (N . : . .
27R dt ductor. For the JJA with full inductance matrix, the effective

penetration depth is given as =N/(uop/Lg) >\, wherep

where the variables and|, are the gauge-invariant phase is the lattice constant of the array, analogous to the enhanced

difference and the current across the junction, respectively; for a thin superconductor in a transverse magnetic field

written as column vectors. The resistance and the critica_l_h | ¢ th lind . d q
current of the junction is represented Byandl., respec- e elements of the mutual inductance matrix are dependent

tively, and ®o(=hc/2e) represents a quantum of flux. The on the geometry of the su_per_conductin_g island and are cal-
flux ® in the plaquette is given by the directed sum of Culated for the+ shape WhI.Ch is approximated by rectangu-
gauge-invariant phase differences around the plaquettd’ bars of lengthp and width 0.4%. Note that only the

(taken in the anticlockwise sensevhich is conveniently functional dependende(r,r’)=L(|r—r’|) finally enters the
written as simulation which for the 2D geometry is observed to be of

the form L(r,r")~1/r—r’|® for distances beyond four or
D five lattice constants.
M¢:27T¢T: —2mf- XLIm- ) The junction current in Eq.1) can be written in terms of
0 plaquette currentM'l ,=1,, whereM' denotes the trans-
whereM is the loop-sum-operator mattfkandL is the geo-  pose ofM. Introducing the dimensionless time=(27RI./
metrical inductance matrix of the array. The current in the®g)t], the equation of motion for the array can be rewritten
plaquette is represented by the column vedtpr whereas as
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d¢  — .
E_M | m— asing,
o P
Mg=—2mf——TTp, &)
where,L=L/Ly and T ,=1,,/I. are the reduced inductance 0

matrix and plaquette currents, respectively. The defect is in-
troduced through the parameter=|; gei/ | ., Wherel gef is o 10
the critical current of junctions in the defect region. As has ¢
been shown beforE*the pinning potential experienced by ~ °©
a vortex at the center of the plaquette is proportional to the o
junction current. Thus, by varying, the pinning potential of
the defect can be changed relative to the undefected regior
Along the defect, the critical current is assumed to be con-
stant. Free-end boundary conditions are used to simulate th
experimental situation. The above equations are solved usin
the variable-step Runge-Kutta method and fast-Fourier-
transform accelerated-matrix multiplicatibhthe details of .
which are given in Ref. 17. Generally, the equations are it- |, 4 . o . .~ , 4 . 4 ,

erated for nearly 14000f which the first 60@ iterations are 10 20 30 40 50 60
neglected to avoid transients. The remaining iterations are n

performed to obtain the time-averaged fllXn, ,n,) in the FIG. 2. The one-dimensional plot of the field distribution along
array. the linel; andl,, and along D1 and D2 in Fig.(d for defects

The simulations were performed for squarBl,EN,  along the[10] axis. The defect position is shown by a thick dash.
=64) and rectangulaN,= 64N, =32) arrays forx =0.01.
As has been observed befdfefor any applied field, the the field distribution is uniform whereas it shows nonmono-

magnetization of the array saturates 0%0.01, implying a tonic variation along D2, as shown in the one-dimensional
strong screening regime. For this regime, the field distribu-_" "~ "~ g De, L o
tion is observed to be similar to the field distribution ob- plot in Fig. 2&). The nonmonotonic field distribution along

tained within the critical state theory for a thin continuum the defect occurs fof<f,, and vanishes for largé>f, as

superconductor. For a continuum superconductor, the abo@ Pe seen from Fig(@. This can be understood as arising
choice of sets the length scaje= )\E/)\d where\, is the due to the convexity of the flux front for partial penetration

London penetration depth auds the thickness. For highi of thg array. The.transverse behavior. of defects differs sub-
superconductors, whebg is typically of the order 18-10%  Stantially along linel, and I, [see Fig. 1a)]. Along I,
A, for a sample of thickness of-110 um, p~10-10a0\,. P(ny) shows a sharp peak at the fore-edge of the defect
This sets a lower limit to the length scale of the field distri- (€dge facing the interior of the arraywhereas close to the
bution presented here. The field distribution for the homogehind-edge(edge facing the external boundarg low-field
neous array shows that fdr,~25, the array is fully pen- region is observed implying a barrier nature of the defect for
etrated by the magnetic flugghe actual magnetic field in transverse motion of the magnetic flux. Note that barrier na-
experiments can be obtained &#$,, asf, is dependent on ture need not imply accumulation of vortices along the defect
the exact geometry of the sampl&rom the magnetization, edge® On the contrary, one expects lowering of the vortex
an effective demagnetization facthir=0.95 is obtained, in- density due to repulsion by the vortices within the channel
dicating the 2D magnetic response of the array. The defect igue to easy flow along the longitudinal direction. This ex-
chosen to be 2 or 3 plaguettes wide. plains the decrease i in Fig. 2 outside D1 and D4
Figures 1a)-1(c) shows the two-dimensional density plot (marked by the arrowsIn Fig. 1(a), one notices that near the
of the field distribution in the array with defects oriented external boundariesy the magnetic flux accumulates just out-
along the[10] direction [marked D1-D4 in Fig. ®)] for  gide D2 and DImarked B with ® decreasing in the defect
a=0.05. The plots are forf=15(<fp), and for f=40  (egion(marked A, as evident from the one-dimensional plot
(>Tp). The remanent field distribution is shown for=15. 5150 |, This is contrary to the intuition as one expects
Maximum field penetration can be seen to occur through th?arger field penetration along the defect region than com-

fr:m:]?lﬁ ?r]: th?‘ de>]<ctertnaél rbo?nr?a”es)’( forr:mcri\% amC‘(:JthEanJ/UX ared to that in the undefected region. This also arises due to
ro e undetecte e%] on as expected 1ro € convery convexity of the flux front fof <f,. Thus, one observes
tional critical state modéf: Around the corners where the . : " : .

a complicated behavior of the defects for small applied field

S&?&ﬁ?nmg current bends sharply, the flux penetration is mlrll1;<fp, depending strongly on its coordinates relative to the
The complete field penetration of defects for f, indi- corner. i o )

cates that defects are easy-flow channels for the magnetic '€ remanent field distribution fdr=15 [Figs. 1b) and

flux [note that in Fig. (), the central undefected region is in 2(P)] shows that a substantial field is trapped along D2 and

the shielded state, i.eB=0, though field has penetrated into D3 in the central region of the array, whereas D1 and D4 act

the array along D2 and O3Along the defect channel D1, as an exit channel for the magnetic flux. Close to the external
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boundary, one observes entry of antivortices into the arrags a barrier trapping the field in region [Anarked by the
along D2 and D3 marked by arrows in Fig. ®)] due to  arrow in Fig. 1e)]. In large applied field§f =40, Fig. 1f)],
wrapping of the field lines around the array. This isanlo-  the field penetration is complete along all defects.
cal effect and clearly shows that the array indeed simulates The pinning behavior of the TB has been observed to vary
the electromagnetic behavior of a thin superconductor in thevith changing bulk pinning of the vortex lattice in the un-
transverse magnetic field. The one-dimensional plot algng twinned region. At low temperatures, the vortex pinning in
shows that the defect acts as a barrier for transverse motiothe untwinned region is stror¢gargeJ.), and the small driv-
thus inhibiting the exit of the magnetic flux. ing force sets the vortices into motion along the ™Bannel
For f=40>f,, the effect due to the convex flux-front behavioj. With increasing temperature, increased thermal
vanishegsee Fig. Zc)]. Large penetration by the magnetic fluctuation in 3D leads to exponential decrease of the critical
flux outside the defect gives a characteristic “flame”-shapeccurrent density in the untwinned region. On the other hand,
field distribution [Fig. 1(c)] similar to that observed translational invariance along the TB reduces the dimension
experimentally:® The origin of the flame-shaped distribution of the thermal fluctuatio?’ giving a slow algebraic decrease
[marked in Fig. 1c)] at high field can be understood as aris- of the critical current density in the twinned region. Thus, at
ing due to increased flux density in the defect channel Wh'Cl?wigh temperatures, the TB's become effective centers for
gives rise to a transverse component to the flux motion closg 1 pinning. To simulate this crossover, we note that

to the external boundary of the array. This implies that the, .3 metrizes the pinning potential of the linear defect in the
flame-shaped field distribution should be observable beyon rray, which can Se varigeg relative to the undefected region.

a certain vortex density in the defect channel. The onei:igures 3a)-3(d) show the field distribution in the array

dimensional plot forf =40 [Fig. 2(c)] shows that the longi- = . ) o B .
tudinal and transverse field distribution is similar for all the W'th defects oriented along ttj@1] direction forf =15 with

defectgnote that the peak position in Fig(c2 coincides for increasinga. For a=0.005[Fig. 3a)], the magnetic flux
I, andl,]. penetrates into the array along the defect channel and by

For defects oriented along tHa1] direction, the vortex gl|d_|ng put3|de the fore ed_ge of the _defect. The presence of
dynamics is altered remarkably. Figureg)t-1(f) shows the antivortices c_Iose to the hind edge is shown by the arrows.
field distribution for the same value of as that for defects For @=0.2[Fig. 3b)], the defect channel is penetrated par-
along the[10] direction. The plots are for the externally ap- tially and one observes a central shielded regtbe antivor-
plied field f = 20[Fig. 1(d)] andf=40[Fig. 1(f)], and for the tices can still be observgédFor a=0.6 [Fig. 3(c)], the
remanent state of=20 [Fig. 1(e)]. The magnetic field pen- shielded fraction of the array increases, indicating increased
etrates to the center of the array through the defect along theulk pinning of the magnetic flux. Field penetration due to
diagonal[D3 in Fig. 1(d)]. Interestingly, in the undefected the gliding motion of vortices is reduced, consequently in-
square array, the vortex motion along the diagonal does ndireasing the flux density along the wake of the defect, which
occur due to bending of the current streamlines alorithis ~ can be seen from the one-dimensional pkig. 3(e), upper
is also observed in the continuum supercondd@oihe frame] along the dotted line in Fig.(8). This causes the
striking feature is the observation of field distribution due toantivortices to disappear and corroborates the view that its
an apparent gliding of vortices outside the fore eflggion  origin lies in the formation of the low-field region around the
marked A in Fig. 1d)]. The gliding of vortices along the fore wake of the defects coupled with the large demagnetization
edge occurs in response to a field gradient set across the ed@étor (see the previous paraFor a=1.2, the defect behav-
due to increased fluwithin the defect channel. Note that this ior changes drastically. The defect becomes a strong barrier
mechanism is different from the observation of Ref. 5 whergfor the transverse motion of the magnetic flux resulting in
gliding motion occurs along the wake of the def¢bind  accumulation of magnetic flux in the wake of the defects
edge due to the barrier nature of the TB. The results are ifmarked by the arrows in Fig.(@)]. An apparent gliding of
agreement with the simulation of TB in the presence of ahe flux can also be seen along the hind edge, in contrast to
small external current by Crabtree al® A low-field region  the case ofa<<1 for which it occurs along the fore edge.
is observed close to the hind edgearked region B in Fig. This is consistent with the experimental observation of Ref.
1(d)] near the external boundary. This can be explained a which was done at high temperatures. Thus, the simulation
due to enhanced flux density inside the defect leading to anambiguously shows that the behavior of TB’s is dependent
enhanced vortex-vortex interaction. A remarkable feature istrongly on the pinning of the vortex lattice in the untwinned
the nucleation of antivortices along the hind edge for smalregion, and can be tuned by varying the temperature.
applied fields and the weak pinning potential of the defect The field distribution is strongly influenced by the orien-
channel(this is more evident in Fig. 3, see belpvirhis is  tation of the defecty with respect to the external boundary.
solely due to the large demagnetization effect in a 2D geomFigure 4a) shows the field distribution fof =15 with in-
etry which leads to a turning around of the field lines of thecreasing anglé, of a single defect in a rectangular array for
magnetic flux accumulated close to the fore eflggion A). a=0.05. For decreasingy, the field penetration due to glid-
But note that nucleation of antivortices is possible only dugng of vortices along the defect edge increageste the re-
to creation of the low-field region close to the hind edgee  gion marked by the arrowsThe magnetic-field penetration
below). The bending of streamlines close to the defect giveslong the defect,ye=1 4o @, 8, ), is maximum for the inter-
rise to characteristic lines in region A, marked as C in Fig.mediate angle fof <f,. For a thin superconductor, the non-
1(d). In the remanent state, the fore edge projects an acutecal relation between the currents and the field can lead to a
angle to the direction of motion of the magnetic fl(ii-  strong interaction between the TB'’s. Figuréb)4-4(c) show
rected towards the external boundaryhus, the defect acts the field distribution in the rectangular array with varying
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FIG. 3. The field distribution in the array € 15) with defects along thigl 1] axis for increasingy (a) 0.005,(b) 0.2, (c) 0.6, and(d) 1.2.
The one-dimensional plot along the dotted lingahis shown in the upper frame ¢¢), with the lower frame showing the remanence field
distribution. Note the shift in peak fax=1.2 as shown by the arrow ife), indicating a pile up of vortices in the wake of the defect.
Nucleation of antivortices is shown by the arrows(a and (b).

separation between two linear defe¢tsarked 1 and 2 in The interaction between the defects can be quantified by de-
Fig. 4(b)] for f=20 anda=0.05. One observes larger vortex fining a length scal&,=1,(«, 8,f) over which the effect of a
penetration along defect 1 as compared to the field penetraingle defect is “healed” inside the undefected region. For
tion along defect 2. This can be understood as arising due tdefect separation less thp, the interaction is expected to
increased flux density in defect 1 which interacts repulsivelybe strong.

with the vortices within defect 2. For large separation, the In summary, the field distribution in the Josephson-
defects acts as an independent channel for the magnetic fluxinction array with linear defects is presented and compared

0,=21

FIG. 4. (a) The field distribution with varying anglé, of a single defect in a rectangular array for 10 anda=0.05. For intermediate
angledy, the gliding motion of the vortices outside the defect is a prominent feature. The field distribution for two linear defects separated
by a distanceb) 2p, (c) 6p, and(d) 10p for f =20 anda=0.05.
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with the behavior of twin boundaries in thin superconduct-ary. Also, the nonlocal effects in a 2D geometry can lead to
ors. The defect behavior changes from that of the easy-flownteraction between TB'’s.

channel to that of a barrier with increasing pinning potential

of the defect. This is in excellent agreement with the experi- The author is grateful to Dr. P. Chaddah for critical read-
mental observations of Refs. 4 and 5. The vortex penetratiomg of the manuscript. Also, the author acknowledges the
along the defect channel is maximum for the defect inclinedComputer Center, CAT, for the prolonged use of the compu-
at an intermediate angle with respect to the external boundtational facility, and CSIRIndia) for the financial assistance.
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