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Role of interface quality in vortex pinning by large nonsuperconducting particles
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~Received 24 May 1999!

It is widely believed that large nonsuperconducting particles inhibit the flow of the electric current and result
in lower critical current density due to the reduction of the cross sectional area. However, it will be shown that
the spatial variation of the magnetic penetration depth can lead to pinning of the vortices and increased critical
current density provided that the interface between the superconducting phase and the nonsuperconducting
particles is sharp.
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It is known that the magnetic interaction can be a sou
of pinning and the resulting pinning force can contribu
significantly to the overall volume pinning force. Y-123 m
terials containing 211 particles1 as well as Bi-2212 material
containing MgO whiskers2 are two of the examples wher
the effect of the magnetic pinning mechanism has been d
onstrated in numerous experiments. In order, however,
such a pinning mechanism to be effective the interface
tween the superconducting matrix and the nonsupercond
ing particles has to be sharp. The interaction of the magn
field of a vortex in the vicinity of the normal phase partic
with the normal phase causes a reduction of the magn
energy of the vortex and creates a pinning site acting
attractive force to the vortex. This effect can lead to hi
values of the pinning force in cases where the second n
superconducting particles have been added at the initial s
of the preparation of the material, or have been tailo
through the heat treatment process. It can also take plac
cases where the second particles are created unintentio
and are considered to prohibit the smooth flow of the sup
current, as in the case of 2201 particles in Bi-bas
materials:3 at temperatures where the 2201 phase is nor
the pinning effect is strong, an effect which compensa
partially the loss of a part of the superconducting cross s
tional area.

The magnetic pinning interaction with large planar d
fects will be studied for the case of a gradual variation of
properties of the material from the superconducting matrix
the normal phase of the defect. This situation reflects
microstructure in real materials; it has been shown for
ample that the interface between the host superconductor
the MgO whiskers in Bi-2212 composite reaction textur
materials is sharp of the order of a few atomic spacings.2 In
the above case it was demonstrated that the introductio
MgO whiskers increases the pinning force and the criti
current density up to a volume fraction of about 35%.

The analysis is based on the modified second Lon
equation and it shows that in order for the magnetic pinn
mechanism to contribute significantly to the overall pinni
force the interface of the matrix and the defect must be sh

Pinning of a flux line by an interface between two sup
conductors has been studied in the past,4 here, however, we
attempt to study the case not of a sharp interface, but
gradual suppression of the superconducting properties.
approach is triggered by the observation of real materials
PRB 610163-1829/2000/61~17!/11305~4!/$15.00
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interfaces as they appear in a high-resolution electron mi
scope, where it can be seen that seldom the interface betw
a superconductor and normal particle is sharp,2,3 and very
often the interface extends to several unit cells before
crystal structure of each phase is reestablished.

It must also be pointed out that our model is on
dimensional. The flux line is modeled as a magnetic fi
which varies only along thex direction. This, however, is no
the common practice. A full description of a flux line is th
of the fluxoid with a delta function with any as well anx
component. The model presented here can not be consid
as a full treatment of problem; on the other hand it provid
invaluable qualitative information of the bulk pinning forc
one should expect in a material with a given microstructu
In addition, the applicability of the model can be tested in t
extreme limits where the results for a flux line pinned by
sharp interface are known.

The geometry of the model used in the present analys
as shown in Fig. 1: a planar defect of penetration depthl2 is
introduced in a superconducting matrix of penetration de
l1 , with l2.l1 . The interface has a spatial extensionD,
and a vortex is pointing in thez direction and is positioned a
r0 . The modified second London equation is given as5

B1¹3~l2¹3B!5F0d~r2r0!êz . ~1!

For a simple one-dimensional model where the magn
penetration depthl(x) varies along the axisx̂, the above
equation reduces to

2l2~x!
]2B

]x2 22l~x!
]l

]x

]B

]x
1B~x!5F0d~x2x0!. ~2!

A linear variation of the penetration depth across the int
face has been used, as depicted in Fig. 1. The penetra
length in region II is described asl(x)5l21@(l1
2l2)/D#x or l(x)5l21Ax for A5(l12l2)/D. In re-
gions I and III the penetration depth is constant and equa
l1 andl2 , respectively. If the flux line is positioned in re
gion I at positionx0 , Eq. ~2! becomes

region I:
]2B

]x22
1

l1
2 B52

F0

l1
2 d~x2x0!, ~3a!
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region II:
]2B

]x2 1
2A

l21Ax

]B

]x
2

1

~l21Ax!2 B50, ~3b!

region III:
]2B

]x22
1

l2
2 B50. ~3c!

The solution to above equations is presented in the Appe
A, and is summarized as follows.

Region I: BI~x!5A1e2x/l11A2e2ux2x0u/l1, ~4a!

region II: BII~x!5@1/~l21Ax!#

3@C1~l21Ax!s11C2~l21Ax!s2#,

~4b!

region II: BIII ~x!5D1ex/l2. ~4c!

The unknown constantsA1 , C1 , C2 , andD1 can be evalu
ated through the condition that at the boundaries between
three regions of the model the magnetic field and its der
tive must be continuous:

BI~D !5BII~D !, BI8~D !5BII8~D !

BII~0!5BIII ~0!, BII8~0!5BIII8 ~0!. ~5!

FIG. 1. Variation of the penetration depth across the interf
between the superconducting matrix and a nonsuperconducting
ticle. The normal phase is occupying the spacex,0, while the
space 0,x,D denotes the gradual suppression of the superc
ducting properties. A linear reduction of the penetration length
shown in the figure has been used for the present model. This m
is the one-dimensional analogue of the three-dimensional prob
the geometry of which is schematically drawn in the upper par
the figure.

FIG. 2. Plot of the magnetic field around a vortex position
close~a! and away from the defect~b!. The presence of the interfac
distorts the magnetic field.l151024 m, l2520l1 , D5l1 , x0

52.5l1 ~a!, x056l1 ~b!.
ix
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The above equations are a direct result of the condition
at the boundary between two superconductors the nor
component of the magnetic field and the tangential com
nent ofl2J are continuous~Ref. 6!.

The solution of Eq.~5! is presented in Appendix B. The
magnetic field around a vortex can then be deduced from
present model and is plotted in Fig. 2 forl2520l1 , D
5l1 , x052.5l1 , and forx056l1 , from it is shown that the
presence of the interface strongly distorts the magnetic fi

The magnetic energy per unit length is calculated asEM
5(1/2m0)F0B(x0) ~Ref. 5! and is plotted in Fig. 3 as a
function of the distance from the interfacex0 , and for dif-
ferent values of the parameterD. The pinning force per unit
length is calculated asf 52]EM /]x0 and is plotted in Fig. 4
for several values of the ratiol2 /l1 and as a function of the
sharpness of the interface as this is characterized by the
D/l1 . It is clear from Fig. 4 that a sharp interface having
low value ofD/l1 produces a strong pinning force, and th
pinning force is getting higher for large values of the ra
l2 /l1 . It can be seen that the maximum pinning force p
unit length is produced whenl2@l1 and D!l1 , and it
takes the value of~see Appendix B!:

Fmax5F0
2/2pm0l1

3 ~6!

while the pinning force per unit length as a function of t
distance from the interface is expressed as

f ~x0!52~F0
2/2pm0l1

3!e22~D2x0!/l1. ~7!

Equation~7! may be compared with the exact result of t
pinning force per unit length6 in the vicinity of a free surface
f (x0)52(F0

2/2pm0l1
3)K1(2x0 /l1), whereK1 is the modi-

fied Bessel function, from which it can be concluded the ve
good qualitative and quantitative agreement of the pres
model with the pinning of a flux line by a free surface in th
limit l2@l1 andD!l1 .

An important conclusion that can be drawn from t
present model is the dependence of the maximum pinn
force on the degree of change of the penetration len
across the interface, or in other words on the value ofD/l1 .
Figure 4 shows this dependence for five values of the r
l2 /l1 as a function of the distance from the interface. T
higher this ratio, the stronger is the maximum pinning for
and the weaker is its dependence on the distance from
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ar-

n-
s
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m
f

FIG. 3. Plot of the magnetic energy per unit length of a vort
as a function of the distance from the defect boundary atx5D, for
l151024 m, l2520l1 , D5l1 ~case a!, D51.5l1 ~case b!, D
52l1 ~case c!, andD53l1 ~case d!.
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interface. This confirms that sharp interfaces exert str
pinning forces, and these pinning forces have a long rang
action.

Considering now the case of the Bi-2223 material
which it has been shown that the 2223 phase coexists
the 2212, we can estimate from the present model the
ning well which forms in the boundary between the tw
phases. Taking the penetration length at 0 Kl0 to be 250
nm, we can estimate the penetration depth for each pha
77 K through the relationl(T)5l0 /A12(T/Tc)

4. The
maximum pinning force for an interface whereD50 can be
derived from the present model and it can be shown tha
takes the value of Eq.~6! reduced by a factor of (l2
2l1)/(l21l1), which factor for this case becomes 0.0
This pinning force compensates partially the loss of the m
effective current-carrying 2223 phase.

Flux lines can be pinned by various mechanisms in a
perconductor, and for most cases these have been clas
into two broad categories, the core interaction, and the m
netic interaction.7,8 We believe, however, that this distinctio
is not useful when studying pinning by large pinning cent
of the order of the penetration depth as both types of pinn
mechanism occur simultaneously. The pinning potential
be thought as having two characteristic geometric length
is shown schematically in Fig. 5: the first is the coheren
lengthj over which the wave function changes dramatica
and the penetration depthl over which the magnetic field
and the surrounding supercurrents decay. If the interfac
not sharp of the order of the coherence length the pinn
force is getting reduced. As the coherence length in the h
Tc superconductors in the direction parallel toa,b planes is
3–4 nm it is concluded that the interface between the h
superconductor and a normal particle or void must not
tend to more than a few unit cells. The contribution howe
to pinning potential from the magnetic field is sensitive
any distortion of the magnetic field around a vortex.

The above argument can be supported by experim
done Pb-36% Tl by varying the diffusion distance,9 where it
was shown that as the thallium was diffused into the sam
the screening currents were reduced in a fashion which i
very good agreement with our results shown in Fig. 4. If o
takes also into account the interaction between the flux lin
it can be concluded that the transition from normal to sup
conducting material must occur over a distance less than
vortex spacinga0 , and the size of the inclusions must be
the order ofa0 .

FIG. 4. Absolute value of the maximum pinning force as a fun
tion of interface sharpness.l150.531024 m, l2530l1 ~case a!,
l2515l1 ~case b!, l258l1 ~case c!, l254l1 ~case d!.
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This contribution therefore accounts for the attraction
an isolated vortex far away from the defect, as this fo
however is weak the pinning of the vortex is subject to
interaction with the flux line lattice and the driving force. I
other words, the pinning potential due to magnetic inter
tion can be deep while the pinning force may be small.

The distinction, however, between the core and the m
netic pinning effect is useful when one wishes to determ
the predominant pinning mechanism in the material. This
be done as the two different contributions have different fi
and temperature dependence. Previous experiments
demonstrated that in certain types of material the magn
pinning is the dominant pinning mechanism. This is the c
of Pb-Bi «-phase matrix with tungsten particles.9

Significant contribution to the overall pinning strength
Y-123 materials has also been proved to be provided fr
the dispersed 211 particles,1,10 while subsequent studies hav
revealed that the large 211 precipitates increase the irrev
ibility line11 due to the interface with the superconducti
phase. The degree of sharpness of the interface has, how
yet to be optimized to obtain the maximum available pinni
force.

Another example of magnetic pinning due to an interfa
is the presence of twin boundaries in Y-123 materials. I
well established that the twin boundaries not only pin t
flux lines, but by orienting the external magnetic field wi
the planar interface of a twin boundary we can also alter
whole magnetic behavior of the material.12,13 Large planar
interfaces exist in every case there exists a large precip
or a nonsuperconducting inclusion in a superconducting h
material.9,14 The magnetic interaction provides a strong p
ning but in order for such a contribution to become mo
effective the transition between the two phases must hap
over a distance which is short comparative to the penetra
length. As has been stated in the previous paragraph, M
whiskers in Bi-2212 material provide large and sharp pla
interfaces and this has been demonstrated by HR
images.2

In conclusion, we have calculated the pinning force
sulting from the variation of the penetration depth inside
superconductor. The analysis of the linear model used
describe the mode of variation of the superconducting pr
erties reproduces the well known result of flux line pinni
by the free surface of the material. It is shown that as
interface sharpness decreases, the pinning force is reduc
agreement with previous experiments. It can be conclu
that around large nonsuperconducting particles both type
pinning mechanism, the core and the magnetic interact
are present and affect the shape of the pinning potentia
can be argued that the microstructural characteristics

-

FIG. 5. Spatial variation of the pinning potential around a lar
pinning center.
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finally determine which superconducting characteris
length plays the most effective role in deriving the pinni
force from the pinning potential. The present model provid
a useful tool to estimate to degree of the suppression of
pinning force to be expected having in mind the microstr
tural state of the sample as observed in a high-resolu
electron microscope.

APPENDIX A

In region I Eq. ~3a! is the well-known modified secon
London equation for a homogeneous medium and the s
tion will be

BI~x!5A1e2x/l11A2e2ux2x0u/l1,

where the first term is the solution of the homogeneous eq
tion and the second term is the specific solution withA2

5F0/2pl1
2.

In region II, the solution of Eq.~3b! can be simplified
with the substitution l21Ax5v, and Eq. ~3b! then
becomes15

]2BII

]v2 12
1

v

]BII

]v
2

1

A2

1

v2 BII50. ~A1!
rd
iv

-

rs
c

s
e

-
n

u-

a-

Equation~A1! has the formBII91PBII81QBII50, whereP
52/v and Q521/(A2v2), and its solution will beBII

5e2(1/2)E Pdvb, whereb satisfies the equation

b91~Q2P8/22P9/4!b50. ~A2!

Equation~A2! takes the simple formb92(1/A2v2)b50. By
making the substitutionb5vs we find that s satisfies
the equations22s2(1/A2)50, which has the solutions1,2

5(16A114/A2)/2.
It is finally concluded that the magnetic field in region

has the form

BII~x!5
1

l21Ax
@C1~l21Ax!s11C2~l21Ax!s2#.

In region III, Eq. ~3c! is the second London equation for
medium of penetration depthl2 and its solution is

BIII ~x!5D1ex/l2.

APPENDIX B

The constantsA1 ,C1 ,C2 ,D1 of Eq. ~5! are the solutions
of the following system of equations in a matrix form
F A1

C1

C2

D1

G5F e2D/l1 2l1
s121

2l1
s221 0

0 l2
s121

l2
s221

21

2e2D/l1 2A~s121!l1
s121

2A~s221!l1
s221 0

0 A~s121!l2
s121 A~s221!l2

s221
21

G 21

F 2A2e2~D2x0!/l1

0
2A2e2~D2x0!/l1

0
G . ~B1!
The solution to the above matrix equation is straightforwa
The results, however, are very lengthy, and we shall g
below only the results for the limit ofl2@l1 wheres1→1
ands2→0:

A152A2e~D2x0!/l1eD/l1
Al22l12Al12l2

Al21l11Al11l2

, ~B2!
.
e C152A2e~D2x0!/l1

l1

l21l1

, ~B3!

C2522A2e~D2x0!/l1
l1l2

Al21l11Al11l2

, ~B4!

D152A2e~D2x0!/l1
l1A

Al21l11Al11l2

. ~B5!
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