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Role of interface quality in vortex pinning by large nonsuperconducting particles
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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.

It is known that the magnetic interaction can be a sourcenterfaces as they appear in a high-resolution electron micro-
of pinning and the resulting pinning force can contributescope, where it can be seen that seldom the interface between
significantly to the overall volume pinning force. Y-123 ma- @ superconductor and normal particle is stfat@nd very
terials containing 211 particless well as Bi-2212 materials Often the interface extends to several unit cells before the
containing MgO whiskersare two of the examples where crystal structure of each phase is reestablished.
the effect of the magnetic pinning mechanism has been dem- It must also be pointed out that our model is one-
onstrated in numerous experiments. In order, however, fofimensional. The flux line is modeled as a magnetic field
such a pinning mechanism to be effective the interface pewhich varies only along the direction. This, however, is not
tween the superconducting matrix and the nonsuperconduci?e common practice. A full description of a flux line is that
ing particles has to be sharp. The interaction of the magnetief the fluxoid with a delta function with ag as well anx
field of a vortex in the vicinity of the normal phase particle component. The model presented here can not be considered
with the normal phase causes a reduction of the magneti@s & full treatment of problem; on the other hand it provides
energy of the vortex and creates a pinning site acting aIi'nvaluable qualitative information of the bulk pinning force
attractive force to the vortex. This effect can lead to highone should expect in a material with a given microstructure.
values of the pinning force in cases where the second nord addition, the applicability of the model can be tested in the
superconducting particles have been added at the initial stagetreme limits where the results for a flux line pinned by a
of the preparation of the material, or have been tailorecharp interface are known.
through the heat treatment process. It can also take place in The geometry of the model used in the present analysis is
cases where the second particles are created unintentionaflg shown in Fig. 1: a planar defect of penetration deptfs
and are considered to prohibit the smooth flow of the superintroduced in a superconducting matrix of penetration depth
current, as in the case of 2201 particles in Bi-based\1, With A;>\;. The interface has a spatial extension
materials® at temperatures where the 2201 phase is norma®nd a vortex is pointing in thedirection and is positioned at
the pinning effect is strong, an effect which compensate$o- The modified second London equation is given as
partially the loss of a part of the superconducting cross sec-
tional area. B+VX(N2VXB)=dy8(r—rp)@,. (1)

The magnetic pinning interaction with large planar de-
fects will be studied for the case of a gradual variation of theFor a simple one-dimensional model where the magnetic
properties of the material from the superconducting matrix tqoenetration depth\(x) varies along the axi&, the above
the normal phase of the defect. This situation reflects thequation reduces to
microstructure in real materials; it has been shown for ex-

ample that the interface between the host superconductor and B I\ B
the MgO whiskers in Bi-2212 composite reaction textured —)\Z(x)—Z—Z)\(x)— — +B(X)=Dy8(X—Xo). (2)
materials is sharp of the order of a few atomic spacinigs. IX Ix X

the above case it was demonstrated that the introduction of

MgO whiskers increases the pinning force and the criticalA linear variation of the penetration depth across the inter-

current density up to a volume fraction of about 35%. face has been used, as depicted in Fig. 1. The penetration
The analysis is based on the modified second Londotength in region Il is described as\(x)=A,+[(\;

equation and it shows that in order for the magnetic pinning=A2)/D]x or A(X)=A,+Ax for A=(\;—\,)/D. In re-

mechanism to contribute significantly to the overall pinninggions | and 1l the penetration depth is constant and equal to

force the interface of the matrix and the defect must be sharpv1 and\,, respectively. If the flux line is positioned in re-
Pinning of a flux line by an interface between two super-gion | at positionx,, Eq.(2) becomes

conductors has been studied in the fdsere, however, we

attempt to study the case not of a sharp interface, but of a PB 1 D,
gradual suppression of the superconducting properties. Our region I: ——5— 3 B=— 5 d(X—Xo), (33
approach is triggered by the observation of real materials and XT ] 1
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FIG. 1. Variation of the penetration depth across the interface 0.0 0.2 04 0.6 0.8
between the superconducting matrix and a nonsuperconducting par- x, (10-4m)

ticle. The normal phase is occupying the spaee0, while the

space 6<x<D denotes the gradual suppression of the supercon- FIG. 3. Plot of the magnetic energy per unit length of a vortex
ducting properties. A linear reduction of the penetration length aS @ function of the distance from the defect boundany-ab, for
shown in the figure has been used for the present model. This moddh =10 *m, X\;=20n;, D=\, (case & D=1.5\; (case b, D

is the one-dimensional analogue of the three-dimensional problerit 2A1 (case ¢, andD =3\, (case d.

the geometry of which is schematically drawn in the upper part of

the figure. The above equations are a direct result of the condition that
at the boundary between two superconductors the normal
2B 2A B 1 component of the magnetic field and the tangential compo-
region Il: — + 5B=0, (3b nent of\2J are continuougRef. 6.
XS NptAX X (Np+AX) The solution of Eq(5) is presented in Appendix B. The
5 magnetic field around a vortex can then be deduced from the
. ) B 1 present model and is plotted in Fig. 2 fap,=20\,, D
region il: w2 PBZO' (30 =\1, Xp=2.5\1, and forx,=6\, from it is shown that the

2 presence of the interface strongly distorts the magnetic field.

The solution to above equations is presented in the Appendix The magnetic energy per unit length is calculatedgs

A, and is summarized as follows. =(1/2u0)DB(x,) (Ref. 5 and is plotted in Fig. 3 as a
_ _ N ~ x—xglin function of the distance from the interfagg, and for dif-
Region I: Bi(x)=A.e " 1+Aze o, (48 ferent values of the parametBr The pinning force per unit
) length is calculated als= — dE,, / 9%, and is plotted in Fig. 4
region II: By (x)=[1/(Az+AX)] for several values of the ratio,/\; and as a function of the
X[Cy(N gt AX)%1+ Co( A p+ AX)%2], sharpness of the interface as this is characterized by the ratio

D/\,. Itis clear from Fig. 4 that a sharp interface having a

(4b) low value of D/\; produces a strong pinning force, and this

. ™ pinning force is getting higher for large values of the ratio
region II: By, (x)=Dje™"2. (49 X\,/\,. It can be seen that the maximum pinning force per

The unknown constants,, C;, C,, andD; can be evalu UNit length is produced when,>X; and D<A, and it
ated through the condition that at the boundaries between tHakes the value ofsee Appendix &
three regions of the model the magnetic field and its deriva-

a2 3
tive must be continuous: Fmac Po/2muoly (6)

while the pinning force per unit length as a function of the

B(D)=Bu(D), B{(D)=By(D) distance from the interface is expressed as

By(0)=B;(0), B}(0)=By,(0). ©) f(Xo) = — (DY 2N e 20 x0/A1, (7)
Lo | BOV(® /2mh 1) Equation(7) may be compared with the exact result of the
pinning force per unit lengfhin the vicinity of a free surface
08 a i f(xo) = — (P52 oN3)K1(2Xo/\ 1), whereK is the modi-
06l " L ! fied Bessel function, from which it can be concluded the very

good qualitative and quantitative agreement of the present
model with the pinning of a flux line by a free surface in the
02l limit A ;>N andD <<\ ;.

An important conclusion that can be drawn from the
present model is the dependence of the maximum pinning
force on the degree of change of the penetration length
across the interface, or in other words on the valub b¥; .

FIG. 2. Plot of the magnetic field around a vortex positioned Figure 4 shows this dependence for five values of the ratio
close(a) and away from the defe¢b). The presence of the interface A2/\; as a function of the distance from the interface. The
distorts the magnetic field\;=10"*m, A,=20r;, D=X;, Xg higher this ratio, the stronger is the maximum pinning force
=2.5\; (@), Xg=6\; (b). and the weaker is its dependence on the distance from the
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FIG. 4. Absolute value of the maximum pinning force as a func- This contribution therefore accounts for the attra(_:tion of
tion of interface sharpness,=0.5x10 % m, \,=30\, (case & " |solat§d vortex far away from the defet_:t, as _thls for_ce
N,=15\, (case b, A, =8\, (case & \,=4\, (case J. howevgr is V\_/eak the pinning qf the vortex is _subject to its

interaction with the flux line lattice and the driving force. In
interface. This confirms that sharp interfaces exert strongther words, the pinning potential due to magnetic interac-
pinning forces, and these pinning forces have a long range afon can be deep while the pinning force may be small.
action. The distinction, however, between the core and the mag-

Considering now the case of the Bi-2223 material fornetic pinning effect is useful when one wishes to determine
which it has been shown that the 2223 phase coexists witthe predominant pinning mechanism in the material. This can
the 2212, we can estimate from the present model the pirbe done as the two different contributions have different field
ning well which forms in the boundary between the twoand temperature dependence. Previous experiments have
phases. Taking the penetration length at O\Kto be 250  demonstrated that in certain types of material the magnetic
nm, we can estimate the penetration depth for each phase gihning is the dominant pinning mechanism. This is the case
77 K through the relation\(T)=\o/\1—(T/T)* The of Pb-Bie-phase matrix with tungsten particles.
maximum pinning force for an interface whdbe=0 can be Significant contribution to the overall pinning strength in
derived from the present model and it can be shown that itY-123 materials has also been proved to be provided from
takes the value of Eq(6) reduced by a factor of \,  the dispersed 211 particlé<?while subsequent studies have
—N1)/(N2+N1), which factor for this case becomes 0.08.revealed that the large 211 precipitates increase the irrevers-
This pinning force compensates partially the loss of the mosibility line!! due to the interface with the superconducting
effective current-carrying 2223 phase. phase. The degree of sharpness of the interface has, however,

Flux lines can be pinned by various mechanisms in a suyet to be optimized to obtain the maximum available pinning
perconductor, and for most cases these have been classifitace.
into two broad categories, the core interaction, and the mag- Another example of magnetic pinning due to an interface
netic interactior:® We believe, however, that this distinction is the presence of twin boundaries in Y-123 materials. It is
is not useful when studying pinning by large pinning centerswell established that the twin boundaries not only pin the
of the order of the penetration depth as both types of pinnindlux lines, but by orienting the external magnetic field with
mechanism occur simultaneously. The pinning potential camhe planar interface of a twin boundary we can also alter the
be thought as having two characteristic geometric lengths ashole magnetic behavior of the matertaft® Large planar
is shown schematically in Fig. 5: the first is the coherencanterfaces exist in every case there exists a large precipitate
length & over which the wave function changes dramatically,or a nonsuperconducting inclusion in a superconducting host
and the penetration depth over which the magnetic field material®'* The magnetic interaction provides a strong pin-
and the surrounding supercurrents decay. If the interface ising but in order for such a contribution to become most
not sharp of the order of the coherence length the pinningffective the transition between the two phases must happen
force is getting reduced. As the coherence length in the higlver a distance which is short comparative to the penetration
T. superconductors in the direction parallelad planes is  length. As has been stated in the previous paragraph, MgO
3—4 nm it is concluded that the interface between the hosivhiskers in Bi-2212 material provide large and sharp planar
superconductor and a normal particle or void must not exinterfaces and this has been demonstrated by HREM
tend to more than a few unit cells. The contribution howeveimages>
to pinning potential from the magnetic field is sensitive to  In conclusion, we have calculated the pinning force re-
any distortion of the magnetic field around a vortex. sulting from the variation of the penetration depth inside a

The above argument can be supported by experimentsuperconductor. The analysis of the linear model used to
done Pb-36% TI by varying the diffusion distantehere it  describe the mode of variation of the superconducting prop-
was shown that as the thallium was diffused into the samplerties reproduces the well known result of flux line pinning
the screening currents were reduced in a fashion which is iby the free surface of the material. It is shown that as the
very good agreement with our results shown in Fig. 4. If oneinterface sharpness decreases, the pinning force is reduced in
takes also into account the interaction between the flux lineagreement with previous experiments. It can be concluded
it can be concluded that the transition from normal to superthat around large nonsuperconducting particles both types of
conducting material must occur over a distance less than or@nning mechanism, the core and the magnetic interaction,
vortex spacingg, and the size of the inclusions must be of are present and affect the shape of the pinning potential. It
the order ofag. can be argued that the microstructural characteristics will
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finally determine which superconducting characteristicEquation(Al) has the formBj+PB,+QB,=0, whereP
length plays the most effective role in deriving the pinning=2/» and Q= —1/(A%w?), and its solution will beB,
force from the pinning potential. The present model provides= g~ (1/2)/Pdepy \yhereb satisfies the equation

a useful tool to estimate to degree of the suppression of the
pinning force to be expected having in mind the microstruc-
tural state of the sample as observed in a high-resolutio

b"+(Q—P'/2—P"/4)b=0.

(A2)

electron microscope.

APPENDIX A

In region | Eq.(3a is the well-known modified second

l%quation(AZ) takes the simple forrb” — (1/A%?w?)b=0. By
making the substitutionb=w® we find that s satisfies
the equatiors?—s—(1/A%)=0, which has the solutios ,

=(1+ 1+ 4IA%)/2.

It is finally concluded that the magnetic field in region I

London equation for a homogeneous medium and the sollhas the form

tion will be
Bi(X)=Aje M4 Aje Xl

where the first term is the solution of the homogeneous equ
tion and the second term is the specific solution wAth
=do/2m\5.

In region Il, the solution of Eq(3b) can be simplified
with the substitution \,+Ax=w, and Eq. (3b) then
become¥

By (x)=

Ci(A>+AX)S1+ CH(N,+ AX)52].
)\2+AX[ 1(2 ) 2(2 )]

% region ll, Eq.(3c) is the second London equation for a
medium of penetration deptk, and its solution is

By (x)=D,e**2.

APPENDIX B

2
9By i ﬂ_ i iB —0 (A1) The constanté\,,C;,C,,D; of Eq. (5) are the solutions
00?0 do AZw? of the following system of equations in a matrix form
—DIN; _y$1—1 _y Sl -1
AL e Ay Ay 0 — e (Dxo
c.| | O S S -1 0 a1
Col | —e M —A(s—IAT" —As-1IA\Z " 0 —Aye (B0 (B2)
D1 s—1 sp—1 0
0 A(s;— 1)\, A(s,— 1)\, -1
|
The solution to the above matrix equation is straightforward.
The results, however, are very lengthy, and we shall give Cl=2Aze(D’X0)“1)\ o (B3)
below only the results for the limit of,>\; wheres;—1 27 M
ands,—0: AiAs
C,=—2A,e@ 0 ., (B4
AN+ +AN A,
ANo— N1 —AN;— N,
Ar=— AP0 igb/hs , (B2 MA
AN+ N +HAN A, D;=2A,ePx0/M1 ) (B5)
ANo+ N +AN + N,

IM. Murakamiet al, Cryogenics32, 930(1992.

2N. Adamopoulost al, Physica C242, 68 (1995.

3Y. Yan et al, Appl. Phys. Lett67, 2554(1995.

4G. S. Mkrtchyaret al,, Zh. Eksp. Teor. Fiz63, 667 (1972 [Sov.
Phys. JETP36, 352(1973].

SM. Tinkham, Introduction to SuperconductivityMcGraw-Hill,
New York, 1975.

7. P. Orlando and K. DelinFoundations of Applied Supercon-
ductivity (Addison-Wesley, New York, 1991

(Springer-Verlag, Berlin, 1975

8E. H. Brandt, Rep. Prog. Phys8, 1465(1995.

A, M. Campbell and J. E. Evetts, Adv. Phy&l, 199(1972.

10K, Kimura et al,, Critical Currents In Superconductor@/Norld
Scientific, Singapore, 1994p. 415.

1IM. Watahiki et al, Physica C296, 43 (1998.

124, pastorizeet al, Phys. Rev. B33, 1026(1999.

13C. Reichhardt, C. J. Olson, and F. Néuinpublishel

14T, Matsushita, Jpn. J. Appl. Phy&0, 1153(1981).

"H. Ulimaier, Irreversible Properties of Type Il Superconductors °X. G. Qiu et al, Physica C216, 49 (1993.



