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ABSTRACT

The distribution of the magnetic fields and the current density in a
system of two phases ofhigh temperature superconductors (HTS) are determined.
Recently, this system has been confirmed experimentally [1,2]. The energy
of the interaction between curved flux lines (FLs) and the interface is cal-
culated. It is shown that for positive AG (the change in the flux line
(FL) energy at the interface) the FLs will be pinned by the interface and
the pinning force is formulated. Moreover, this force will be different
according to the movement of the FL to the right or to the left.
with the previous results (in special cases) are obtained.
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This study may
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1. INTRODUCTION

It is well known that the critical currents jc in the super-

This is because of its origin

(flux jump, thermal instabilities, pair-breaking, etc.) and for its dependence
on various parameters (temperature, magnetic field, voltage, stc.).

conductors are of basic interest.

Moreover
the enhancement of the critical currents are due to the pinning forces.

Tt 1s now established that annealing 81‘,.(2a3$‘:.:'3(2\1,5.016 in flowing oxygen
at ~885°C results in a material with two superconducting transitions
T, ™~ 85K and T,p =~ 115 X {i.e. the sample is composed of two phases, with
different Tc 's) [1]. The analysis of magnetization data by Alexander [1]
suggested that such materials consist of two kinds of regions in contact,
each having a Tc of 85 K or 115 K. Moreover, the presence of two phases
with T 1 ™ 75 K and T 2 ~ 104 K has been confirmed, in the ceramic compound
BiICaISro 71\10 SCu&Dy by Aleksandrov [2]. Thus it is interesting to study
the pinning of FLs on the boundary between two phasesx of HI'S, which will be
considered in this work.

2. TWO PHASES MODEL

Consider a system of two phasesof HTS with two superconducting transitions
T, and T, (Tc1 < Tcz) in an external applied magnetic field i‘ . - The two
phases having penetration depths Al' J\z and ccherence lengths v Ez R
respectively (with :Al > El' 12 > Ez). A planar interface of the two phases
will be located at x = 0 with x > 0 1is the first phase and x < 0 is
the second phase. At T < Tcl' the two phases coexist. In the London
limits, B ; < B, <38, (Bcl - the first critical field and B, - the second
critical field), the magnetic field penetrates into the sample in the form
of a distorted - or straight - FL- (here, we will consider the case of
distorted FLs). 1In the case of A; > A, the total magnetic fields can be
written in the form

_'B. = :g + § -}-ﬁ. > X >s
oo 2.1
‘B‘. = BL’-.’. BSI. y X <0
where Ev is the FL fields which obey the following equation:
‘ — — —t
A B + B = @ L[$dDS(EE)-§d7, $(7F)] (2.2)

th

Here = (x,¥,2), ?Y = (x (z), yv(z). z) is the locus of the v FL

singularity and its image in the opposite direction is given by

T.1 = (x L2h ¥ (z) 2). il.l and ﬁLZ are the London penetrating fields.
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1 and ESZ are the stray fields. Both of these fields (EL,ﬁs) satisfy

the homogeneous of Eq.(2). The appropriate boundary conditions at the inter-

face x = 0 are
B

By = By .
1 — —
1‘ { curl 31 )t ::2‘- {curt Bz )'t

the suffix t indicates the tangential component.

One can find
'BH=E -ur(-z/fll) 3
By= b oexplrx/ Ay

Bv can be found (4}

—

" ‘ l‘ ?—.
B, ={dks ¢ 8,d) )
IF-ElA -I7= 51/
2 I (g Ay
= iR re—— - o »
Pl $ig ] $o A
where B (K) is given by [4] -
- oy ¥ D 3
B, (1) YT g[;d; e - ;Jr e ]
= . Y Cos (£.X,)
-tk *y A x ¥
1

- Sim [itxy}

+ dx d -+ &+
ky = (Okpk ), X' =50, ¥t = & k= (k| and &, = |k

It is easy to show that va = sz =0 at the interface.

The stray flelds can be found in the form

B, g LN — ok X
B_gl = _.JJ‘ & Ay [ Bv:f‘J Z ( ‘z X~ i.t :) e x.
;Es; 2% Ry (4 +4) ( £ya 5, "‘1"‘) .

12.3)

(2.4)

(2.5)

(2.6)

(2.7)

e (272 4 212 = (-2 4 2yli2
where o (Al +k2) and B (’\2 +k2)

depths of the stray field into the two phases, respectively.

are the reciprocal penetration

The total current density inside the two phases 3 and 32
d-= —;.- curl B) can be found

— _’:/z ~ J!‘ (-.“F -—
J1=3%'|[c2‘ L(yaa_za’) -f[(—;—];)-;e ‘ABV{‘,)-}-
'f’.i’-"-—dx
di £ v B (2 %, -2%y)
1.[(“”, ( DLy 07,
(2.8)
7 /3.t Ay Febe -
el Gh-2h) J &, ™ B, 5.
Py {A -1) M A‘ "‘.
T ..!l__.d ‘(73‘2)')]°
2 (T +1)
L
(2.9)
By using the boundary conditions (3), we get
‘i‘.? . - -
T Iuﬂ) ! [6"421 Bu(’“ -
L3 £ 12 ~817
- ‘tﬂ‘ 'Bvi“["*a‘*d) ("i“’ + &F—B)fi‘_] ) 2100
2.7
— J‘ ! s . — —
b= (wﬂ I (27" ¢ e [ ‘7 21 B,y (%) -
..; i
ﬂ‘ Vz“)ji-iu)('% o2 ){‘sl
(2.11)
vith 3= Gapa), By 2 (), B, () = (B, (), B,0),

and & = 21/31 .

It is easy to show that [E f\?(k)] = 0, this means that a and b are
independent of T = (x,7,z).
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Actually, Eq.(2.3) indicates that the superconducting current is
refracted by the interface, which leads to the interaction of the FLs with
the boundary between the two HTS phases. Also, the transpert current can
flow along the boundary in a layer of thickness -~ (1\1 + Az).

3. FREE ENERGY

The Gibbs free emergy of the system can be written in the form

Idr[B +2(c.uf B )1+
- — 1
+i!;‘jj’r[s,, # o (B T .

Due to the lirearity of both of the Maxwell equations (T = :—“ curl B) and
the London equation (2) the magnetic field is the linear superposition of
contributions of all FL. elements. For A 2 I:vl > Ay, we can express the
Gibbs free energy as follows:

6= 4 L fdg £[$ds OT-EI-§dy v OF-L,1)]+

+L SJ‘E' LJQ’Z’ fz’) V (rl%J,r(zJ) -
-ZS(RJIGI +ﬂzﬂ,°] ) A2,

(3.2}
Here, we use the identity
T e — —
f Jf(CMr{BJ - —IJ’:‘ B cur’cur! B +
x%o x %0
2 ~ — —
+fdr 2 (BA cur! F)
x=0
where S 1s the surface area
F g AN
VIF-FD) = 274 ¢=r(" et #1745 .9
3 F -
07[2{ l; L]

is a rotationally symmetric interaction potential between FL elements and

—

¢‘/ﬂ Ifﬂé‘" e_d(“’*%“) é ‘.(ﬁ-ﬁ)

l (-8 t_ 4
1y Lo w‘ &1
(3.4)

which is not spherically symmetric but depends on x and I?zlz separately.
This means that V_ is the interaction potential between the x components
of the FL elements.

The first two terms in Eq.(3.2) .originate - only from the FLs
field Ev . These terms can be separated into two terms: (i) a bulk'temJ
i.e. - half the energy of the interaction of an infinite FL with all FiLs
and their images expressed as

Lrdp S [vUT-ED + 4 (15-ENT-

(ii) A surface term, i.e. twice the interaction between all FLs and their

images expressed as
- Z fde L {de (g3 + 1) (15 K1) -

Here, only the y and £ components of the FL elements interact with the
images.

The third term in the free energy (3.2) originates only from the
stray fields By and B,- In this term only the x components of the FL
elements interact with the images. Moreover, it decreases exponentially
with (xv + xu) and thus the stray field energy originates only from the
FLs within a surface layer of thickness -~ (Al + Az).

The last terms in the free energy (3.2) originate only from the
London penetrating fields ELI and iLZ which do not depend on the FL
positions. For X; < |r | < Ays the Gibbs free energy is given by

G, =4 L bdp ZLds, y (13- - $ dg, U UT-ED]+
+Z Jde . [d¥ <] ‘(2) X @) U (D@L, T @) -
-4 S(AIE BN, A <ale,

with



U(IE_F’”:__M cxf( , :’/21)
3

A 4-172: TA -7l
(3.6)
and
— e JEI) ‘-*' F:'-*
wiv,7) = 9”’“’ ‘H e g7 ¢Ha (5L
5t vim zx‘ “nt

i (‘: A) E
[ 51 “‘u*")g “ ] (3.7)

If wa assume that both of the two phases (homogeneous HTS) are in the mixed
state. in this case the Gibbs free energy takes the form

._.%_L;Jrz_[}dr{v(lr L)+

GRS
~bdn v op-E) g 0p - ]+
+ Lide L fde' g @) o Yifo,065) +

+ U(r‘(a),;(%))f—_- (?.Ia}-f-ﬂ 1L,

203081 (1.0
The discontinuity of the FL energy at the interface (i.e. the change in the

FL energy at the boundary) is
AG = G} - G’

with Gl and 02 given by Eqs.(3.2) and (3,.5). We have two cases:

i) If AG is positive, the FLs will be pinned and there is a
potential well at the interface;

ii) If 4G is negative, there is no pinning of the FLs and there
is no potential well at the interface.

4, PINNING FORCE

The FLs are pinmed by the boundary between the two phases and outside
of this boundary there is no pinning (both of the two phases are considered
to be homogeneocus HTS). The total pinning force per unit length exerted
on the FL element d;v is given by

dF 5?_(;;)/\ d7; (4.1)
=% d:}:’ (4.2)
where df = 45 J (¥ ) A dF, and db, = 4 1,(F) A dF, .
Using Egs.(2.8)-(2.11) one cap find
d ?: = P (ifrﬁ ¢ "' o roeld e ~é 5/2”)

SRS RN LA mi(——t)t“ﬂ

o (4,0 I, o o 2 _4;4-"&
*u(nv‘ "F:H,tin)[“* N )

o ldy s hm k- kit ) e m‘mx(& AT
A4 pur s

;‘I —b — g —
+ € sa’(i ABVL‘))AL-’]J%

(4.3)
The last term in Eq.(4.2) can be written in the form (using Eq.(2.6)}
il <
WAV R PR
( (27) 1+l ,1‘ .
...ﬂ(y-ft)smix +¢ [‘. y-f" )CJS‘
. ib":(“é +l=)-i,is£ulxxy "‘-iy’i:‘ c-sﬂxxy J2

[ Ay kot Al sim - o P

In the case of the change in the FL. energy at the boundary AG is positive,
the pinning forces, where the FL moves to the right or to the left will
be different. This is clear from Eqs.(4.2), (2.8) and (2.9).



5. LIMITING CASES

(i) In the case of straight FLs, the problem will tend to that
considered for conventional superconductors by Mkrtchyan et al. [3].

(ii) In the case of A, + = (i.e. the phase x < 0 will be normal
conductors), ¢ +» 0 and B8 + kz. In this case we have the same results
obtained by Brandt [4]. In this case ;2 = ﬁaZ - the applied field

— “‘-;'-F fd e
== - )
3‘“' L J ,1,71)3 iL(‘.‘j'd) Bvx(‘ i"
with
I =c]% ¢>My2(8, )-8, <
y'ﬁ"i'; j=(Bay¥ "a.x.ﬂ?"’
1, A7 —dx
Oy S 7 ( A Py
+pi)LE e B ﬁ.J(-—- {
? J' m [ £, )
- L4 “- K, = = = —
gz (‘5 z’_z‘,f.,.f "'(tA'Bv(D)Ag"Jz.
(5.1)
6. CONCLUSIONS
1. The system of two phases of HTS was considered in order to study the

pinning of curved FLs by the interface. This study can help to clarify
the extent to which the nature of the pinning forces in HTS can actually
be deduced from the experimental data (for two phases of HTS) which have
received very limited attention. Furthermore, it may serve to test the
pinning experimentally.

2. The FL. field is not equal to zero at the interface. For this
reason, the stray fields were considered, which must be equal to zero
for straight Fls.

3. The transport current can flow along the boundary in a layer of
thickness ~(A1+ 4\2). This current is refracted by the interface,
which leads to the interaction of the FLs with the boundary.

4. For positive AG, there is a potential well at the -interface and
the FLs will be pinned by the interface, where there is no pinning outside
this interface (we assume that the two phases are homogensous HTS).

5. When the FL moves to the right or to the left, the pinning forces
will be different.

6. In the case of straight FLs, the stray fields must be equal to zero
and the problem tends to that which has been considered for two phases

conventional superconductors [3].

7. As ’\2 + =, we obtained the same results for the normal conventional

superconductor interface [4].

NOTE ADDED:

After finishing the manuscript, the following paper came to our
knowledge: K. Kambara et al. [Physica C 156, 727 (1988B)]), where clear
evidence was presented for the coexistence of two phases of HFS in a ceramic
ring of YBaZCu307. by measuring electromagnetically transport critical

currents.
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