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Near the critical field H,, there exist regions of magnetic fields in which a single defect leads to formation of
metastable states, and by the same token to single-particle pinning. As H approaches H.,, an alternation of
regions of single-particle and collective pinning takes place and leads to an oscillatory dependence of the

critical current on the magnetic field.

PACS numbers: 74.60.Ge, 74.60.)g

INTRODUCTION

It is well known that flow of volume current through
an ideal type-II superconductor gives rise to motion
of the vortex lattice, accompanied by energy dissipa-
tion. 1In this sense, an ideal type II superconductor
does not differ from a normal metal. The crystal-
lattice defects, however, lead to a dependence of the
free energy on the position of the vortex lattice rela-
tive to the defects. As a result, a superfluid current
of finite density, not accompanied by energy dissipa-
tion, can flow through the superconductor.

Depending on the parameters that characterize the
defects and the superconducting properties of the ma-
terial, two different types of metastable states can set
in and lead to the onset of collective or single-particle
pinning. In collective pinning, the vortex lattice is
weakly deformed and can be described with the aid of
the elastic model.?™* On going over to single-particle
pinning, however, this model goes outside the region of
its validity, a strong relative displacement of the vor-
tices takes place and leads to formation of metastable
states. From the elastic model it is possible to de-
termine the parameter range in which realization of
single-particle pinning is possible. The final answer
can be obtained, however, only by considering the re-
gion of short distances (on the order of the lattice
period), in which the elastic model is not valid.?

We consider below the region of fields close to H,,
and show that in the case of strongly elongated defects
metastable states are produced on a single defect,
and the case of single-particle pinning is realized by
the same token. If the individual pinning force is large
enough, then the pinning center is capable of capturing
a single vortex, and the result is plastic flow of the
vortex lattice. As a result of this process, the effec-
tive force of pinning of the vortex lattice on one defect
saturates, and the dependence of the critical current
density on the proximity of the magnetic field to the
critical field H_, becomes quadratic.

1. VORTEX LATTICE IN THE PRESENCE OF A
SMALL-RADIUS CYLINDRICAL PORE

We confine ourselves below to a defect in the form of a

small-radius cylindrical pore with axis directed along
the magnetic field. The generalization to the case of a
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spherical defect will be made later on. We confine our-
selves also to temperatures close to critical. The last
limitation is not principal, and the generalization to the
case of arbitrary temperatures is trivial.
The expression for the free energy near the transition
temperature can be represented in the form
72(3)

nD 1
=v [&r f—vialP+ =LAl + =219 A} + — [ dr (BP—2H,
F vjdr{ TAl+ 2 lAl oAl } snjldr(H 2HH),
(1

where v=mp,/27* is the state density on the Fermi
surface, D=vl,,/3 is the diffusion coefficient, { is the
Riemann zeta function, 3.=3/9r -~ 2ieA, A is the vector
potential, and H, is the external magnetic field. We
use a system of units in which Zi=c=1.

We consider a pore with a small radius R:
a*=eH  R*2<1. (2)

When condition (2) is satisfied, the eigenvalues of only
two eigenfunctions of the operator 3.2 are shifted by a
value proportional to @>. For a solution in the form

p exp(ig—p*/2), (3)

where p=7(eH)'/? is the dimensionless length in a plane
perpendicular to the magnetic field, ¢ is the azimuthal
angleinthisplane, and the magnetic field Hf}z) atwhich

a nucleus of the form type appears increases and be-
comes equal to

Hi"=H.(1+40?), eH,=4T1/nD. (4)
For a nucleus of the type

(5)
the corresponding critical field H,,° is decreased:

HY =H..(1-20%). (6)

The corrections to the remaining eigenvalues of the
operator 9.2 are small.

When account is taken of Eqs. (4) and (6), the expres-
sion (1) for the free energy near the critical field H,,
can be represented in the form

F=y [ 'Z‘E%E'A"(“_zi—z) -—E%I,J-(H,.—Ho)lAl’
—4azr(m,|=.—§m.,|=)}. n

The order parameter A is the sum over all the eigen-
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functions of the operator 3.%; A, and A, are proportional
to the eigenfunctions (3) and (5), while ®?=63¢(3)/
2m3e?pPvT, 2.
We choose a special gauge for the vector potential
A,
Ay=H,(0, z, 0). (8)

In this gauge, the order parameter A can be represented
in the form

had 2
A=A, + Z Crnp™ exp [izy+imq3 - %—] ,

m=0

) - ; 8\ % 1
s B enof g rrimprin(§5)" (e )

) G ®

where

1—-Ho/H.,
1-1/2%*

8n°T*t

Cl*= )
l 75(3)-3" Ba

(10)

Ba= Z exp{—2n (N*+M>—NM)/3"} =1.159.
In (9), 4, is the unperturbed solution corresponding
to an ideal triangular vortex lattice. The parameters
a and B specify the position of the vortex lattice rela-
tive to the pore. The equations for the coefficients
C,, are obtained from the condition that the free energy
(7) be an extremum.

We proceed now to consider the case of fields close
enough to H, to satisfy the condition

a@*>1—H/H.,.

(11

When this condition is satisfied, the coefficient C, is
large: |C,|>|C|. The pore captures one vortex, and
two regimes are possible: smooth flow of the remaining
vortices around the pore with the captured vortex, and
a regime in which a metastable state takes place in the
flow. It will be shown below that both cases can be
realized when the quantity 1 - H,/H,, is varied.

The correction to the free energy and the equations
for the coefficients C,, contain the quantities

M(m)= [dzdy By(a—iy)™ expl~izy — (z"+y*) /2]. (12)

In the principal approximation in terms of the parame-
ter |C/C,?, the correction to the free energy per unit
length does not depend on the position of the vortex lat-
tice relative to the pore, and is equal to

oF  8F® _  16m(a’)* 16n°T?
vieH wvieH 7¢(3) 1—1/2»&(

In the same approximation, the phase of the coefficient
C, is arbitrary, and the modulus is given by the ex-
pression

1-Hy/H.. )

2a* (13)

|C‘|z=

8a’t 16a*T* ( (14)

1—H./H., )
7¢(3) 1—1/2x* ’

4a*

To calculate the next order, it is necessary to find
the coefficients C,, at m#1. In the principal approxi-
mation in |C/C, ’, this system of equations takes the
form
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167272t (1—Ho/H )

m+1
2 __ _'D"'
{ o Il 78(3) (1—1/2%3) }M(m) a )
1 I’(m,+m,+1)
+ = Z 8 (m,+ms, m+m,) e

M(m) M (m:) M (m,)

C(mt DT (mot ) T (mat1) (1=Dn) (1=-Drs?) (1=Drm) =0,

(15)

where I'(m) is the gamma function. The sum in (15) is
over all the indices that are not equal to unity. We have
replaced the coefficients Cm by new variables D, the
relation between them being

Cu=—M(m)D,/aT (m+1), m+1. (16)

The correction to the free energy in the first approx-
imation in |C/C, } is of the form
oF _ SF©  2a*t (m+1) 1M (m)1?
vieH ~v/eH n 2" (m+1)
X[2(1=Dn) (1—Dn’)+(1—D,) +(1—-D,") ).

a7

We proceed now to the solution of the system (15).

2. CALCULATION OF THE COEFFICIENTS D,

We define m, as the value of m at which the expres-
sion in the curly brackets of (15) vanishes. Using ex-
pression (14) for the coefficient |C, [, we obtain

am 8a*

met 1-HJHS (18)

In our approximation, m,> 1.

We determine first the behavior of the coefficient
M(m) at m>>1. It is convenient for this purpose to
represent the order parameter A in the form

, zs.,=a,.,e‘="’Zlexp{—%[("‘(%‘)%(IH‘_>£+"°))z

N.M

(o= () S ow ) Tro(3) [u(ve F o)

ify

z(M—p) ] + inNM+in (NB+M (a+5/2)) } (19)

T2
where the constant C,, is connected with C by the rela-
tion

CW 2 C 2,3'/;/ qu
[Caul*=|C]*-3"/p (20)
Bt = gexp {(—inNM—s (N*+M*+NM) /3%} =1.339.

At large values of the parameter m, the quantity
M(m, a, B) has sharp maxima that lie on straight lines
in the (a, B) plane. The position of each such line is
given by the angle ¢,. These maxima arise when the
vortex lines are tangent to a circle of radius m! /2,

Substituting the expression (19) for the parameter A,
in formula (12), we obtain

m my
M(m) —exp»(——z— Inm— —2-) B(a, B, m),
21
P=Y Plabme), @y
%o
where
2ni 2ni AS°
P(a, B, m, o) =nCoo Z exp { —img, — WR"AZ 5 Rnx
P .y 2mi , . . B
2 (AR (A Re) M i (N5+M (a o ) ) } .
(22)
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In formula (21), the sum over ¢, is taken over all the
external angles in formula (21), the sum over ¢, is the
sum over all the extremal angles

3'/lm 'y M 3'/1 X
R.=( - ) , A.=(N+7+a)cosq>a+7(M——p)smcpa,
g Tw (23)
Az=—2—(M—b)cos%—(1\ +?+a)sm¢,,.

In the solution chosen to us, the principal extrema are
located at the angles

@o={nn/3; n/6+nn/3}, n=0,...,5. (24)
It will be shown below that the contribution of the “la-

teral” extrema to the critical current is small, and
they will be disregarded.

From (21) and (23) we obtain for ¢,=0

P(c,p,m,0) =qC,-2"-37"g,m" ¢!
b (25)

Xzzexp [Zni (K+—g—)p+-m77i] () [_ (%)‘hmv. (Ru—a—K— ; )] ,-

where K are integers, y takes on the two values 0 and
1, and $ is the Airy function®:

17 3
o(z)sﬁjdtcos(—?+tz) . (26)
0
B, is given by
b= Y exe (#—’2‘—?’7—) 18:1=1.3275. (27)

The quantities 8, and B, are related by
[Ba] =3B (28)
We obtain similarly for ¢ ,=m/2
p (a, B, m, %) = 2Cyo-2"-3"m"/*B, exp ( - me- - tnap+ZtnKa)

<Por (- o[- ()" (mr F0-m)]. o)
where

p,=29,p(_ "‘;‘z - "'S;'MZ), 1851 =1.0087. (30)

—

Substituting the expression (21) for the coefficient
M(m) in (15), we reduce the system of equations for
D, to the form

myt+1 L[ m+1 1
—IC,? mo-m—1) P —Dp)+———
2m il (mo+1 2 1) (m) (4 ) nt-2%m

had 24n.2
. XZ exp (— .n.4_mn._) P(m+n,) P(m+n;) P*' (m+n,+n,)

X(1—Dmyn,) (1=Dpyn) (1_Dw:+m+m) =0. (32)
This leads to two relations:

1 =E§;‘.;_ [8:(0) 425, (0) S, (1) —SF (1) ],

i (32)

2”'5,‘ ﬁn’

1= [8:*(0) +25.(0)S.(1) —S:*(1) ],

where

Si(y)= 20!1)(—%(”"‘%)2) ,IS;(y)=29xpi(—2:!-3": (N+ —g—)’) .

- —c0
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From the form of the system (31) we can draw two
conclusions: at m <m, the quantity 1 -D,, tends ex-
ponentially to zero; at m >m, the quantity 1-D_, breaks
up into two terms, one a smooth function that varies
over distances of the order of m,'/?, and the other
decreasing exponentially with increasing m. These
arguments allow us to separate two stages in the solu-
tion of the system (31). We obtain first, at m >m,,
the smooth part of 1 - D,,, following which we obtain the
exponentially decreasing term.

The smooth term satisfies the equation

1 X nli+n,?
P(m)(1-Dp)= _nitn
(m) (4=Dn) = eI . )Y e"”( m )

1 Mg==—o0

XP(m+n,) P(m+n,) P (m+n,+n;) (1—Dmyn) (1=Dmysny)

X(1 =D nisns) 8 (MA1,—m0) 0 (Mm+n,—m,) 0 (m+ntn,—ms). (33)

It follows from (25) and (29) that at fixed values of the
parameters a and $ that characterize the position of
the vortex lattice relative to the pore, the quantity P
as a function of m has steep maxima of width m*/3,
separated by distances on the order of m*/2, When the
parameters a and  are varied, these maxima are shif-
ted and at definite values of the parameters pass
through m =m,. It is near these points that the meta-
stable states that lead to the single-particle pinning that
are formed.

The absence of the fast factor exp(-img,) leads to
breakup of the system (33) into independent equations,
in each of which P must be replaced by P(¢).

As already mentioned above, metastable states are
produced if one of the maxima of the function B lies
near the point m,. The equation systems obtained in
this case for different values of ¢, turn out to be simi-
lar. We consider therefore in detail, for the sake of
argument, the case ¢,=0. For ¢,=m/2 we present only
the final results. We put

8n

( 3;’: )% —o=E+8, 2= (W)V’ md 8, 181, (34)

where K, is an integer. Using the slow variation of
1-D, in the region where the function P(m, 0) changes,
we can integrate with respect to m the system of equa-
tions (33), in which P is replaced by P(m,0). The sys-
tem (33) then changes over into a system for the quan-
tities 1 - D, at the extremal points of the function

P(m, 0).

At y=0, the extrema are located at the points
m(N)=mo+(8a/3")"m,"N, N=0,1,2.... (35)
We designate the quantity 1-D,, at these points by
R(N)=1—Diex,. (36)
The extrema at ¥y =1 are located at the points
m(N)=mo+ (8n/3%) "me* (N+'/), N=0,1,2....
At these points we put for 1-D,,
Y(N)=1—Dn). (37)

The system of equations for the quantities R(N) and
Y(N) is unwieldy, and we present only the one equation
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that is of greatest importance for what follows:
3'[:

°=_“‘)R(°)+W{R(°’ IR(0) 1*(1s(2) =11 (2))

e Y RODRMIR (Verdexp (~ o ve+n) )

3

—u@ Y v Y(Nz)R‘(N,+N,+'1)exp[—-i—,n/,-(( w, +_;_)'

N Nym0

+(N,+-;—)’)]+211(z) 2 R(N) Y (N,) Y (N,+Ny)

Ny Ny=0

x| — 25 (ot (w41 ) )]}

(38)
where
Yl(z)"_‘%}d‘@(-z-t),
° (39)
1a(2)= :T f dz, dz, dz, ® (—z~2,) @ (—2~2,) O (—2— (2, +2,~2,))
X0(21)0(2,) 0 (z,+22—15).

We note that to calculate the free energy we shall need
R(0) as a function of the parameter z.

The system of equations for R(N) and Y(N) was cal-
culated with a computer. The table lists the values of
R(0, 2) as functions of the parameter z. At the point

z=7,—1.384 (40)
the function y,(2,) =0. In the vicinity of this point
R(0, z) =R (z) =—0.575(z2—z0)". (47)

We linearize the system of equations for the functions
R(N) and Y(N) near the point z,. It turns out that the
matrix of the linear increments B of this system has one

eigenvalue A, that vanishes at the point z,:
A=0.153(z—2,) " . (42)

Therefore small perturbations of the system (31), (33)

at this point lead to substantial changes. Only the co-

efficient R(0) changes greatly in this case. We put
R(0)=z. (43)

Substituting in the right-hand side of (38) the values of
R(N#0) and Y(N) taken at the point z=2,, we obtain a
third-degree form of G(x):

(44)

In the zeroth approximation, the value of R(0, 2)=x is
determined from the equation

G (x) =0.1542*+0.029 (z—3,).

G(z)=0. (45)

In the next approximation in m,, Eq. (45) acquires a new
term which we now proceed to calculate.

Let K be the integer closest to m,:

| E—mo| </ (46)
From (33) we obtain
1—Dm=z/(1—2m°—m)1 m?ﬁK, lm—m"l <m°.h' (47)

If m, tends to an integer, then 1 - Dj increases, and
the nonlinear term must therefore be retained in its
calculation. From (33) we obtain
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0,0813 + 0.1137

mo'/. mO%

(1-Dy) {(zm«-x —+ li—D;l’} +2=0. (48)
Substituting expression (47) for 1-D,, in (33), and cal-
culating the sum over m, we obtain, taking (43) and (44)

into account,

04
G(2)+ m?,?"‘ { (1—Dy)+z ( mo—K— %) +.tS(mo)} =0, (49)
where
3(m0)= E [1/(1=2m") - (m—m) ]. (50)

meK

The function S(m,) is an odd periodic function with
period 1. Its numerical values are given in the table.

If the quantity R,— a is close to a half-integer

3" Yz
(—ﬂ) —a=K.+%+ B 1801,

o (51)

then, accurate to the permutation R Y, the system
(33) goes over into the system (38).

It follows from (34) and (51) that the period of the
vortex lattice spans 12 lines connected with the angles
¢o=mn/3, n=0,1,...,5, near which metastable states
can be formed. A metastable state is formed if

(52)

In the opposite case, no metastable states are formed.
Inasmuch as the sign of the expression in (52) is period-
ically reversed when the magnetic field is varied, an
interesting pattern of alternation of the single-particle
and collective pinnings is produced. Since the critical
current increases sharply on going to the single-particle
pinning, an oscillatory dependence of the critical cur-
rent on the magnetic field should be observed in experi-
ment.

8§ (my) + (me—K—"/s)+(1—Dx)/z<0.

If m, is not too close to an integer, then 1 -Dy~x
and its value is

1—Dx=z/(1—2™""). (53)
Substituting this value of 1 -D, in (49), we get
G(z)+Az=0, (54)
where
0,1803 1 1
a=== {S(m,,)+ma—K—-§-+-1Tw-}. (55)

As already noted, for strong magnetic fields, where
A<0, there exists a range of parameters z — z, in which
(49) has three physical solutions. The function

TABLE I.

z R(0,2) z R(0,2) 8(x) x
~o 1.316 14 0,747 0 0
-2 1.33 1.2 0,567 0,491 0.05
-16 1,346 1.25 0,482 0,384 0.1
-1.2 1,373 1,3 0.386 0,581 0.15
-03 1.413 1,35 0.258 0.787 0.2
-0.4 1.46 1.38 0.41 1.003 0.25

0 1.482 14 -0.103 1,233 03

0.4 1,401 15 -0.149 1483 0.35

0.6 1,285 1,7 -0.153 1,757 0.4

0.8 1,096 2 —0.157 2,064 045

1 0.854 +oo 0 2414 05
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r=z(2—12,) (56)

has in this case a characteristic S -shape. The branch
between the turning points is absolutely unstable. The
two other solutions are stable to small perturbations.
From (54) and (55) we obtain the jump of 6x on going
over to the point of absolute instability from one branch
to the other

Sz=4.41(—A)", (57)

We note also that at A <0 at the point z =2z, the one

singular solution (41) splits into three:
Z=2.545(—A)", (58)

z=0,

A similar picture appears for the directions ¢,=7/6
+ /3 with n=0,1,. .., 5. We present the analogs of
(44) and (49) for ¢,=n/2.

G (x) =0.2672°+0.002 (z—2,), k (59)

G(z)+ 0;:2,?9 [(1—Dx)+xS(mo) +z (m‘,—K——-;—)] =0;
" 8syr f3%mg | * 3%
N (S R H
where K is an integer.
For ¢,=7/2 formula (48) takes the form
0,197 X
(1—Dy) {(2w-x—1)+ s |1—D,(12+%(¥} +2=0. (61)

Just as before, if m, is not too close to an integer, the
quantity 1 - D, is determined by formula (53) and in
this case the jump at the point of absolute instability
is

bx=1.342(—4)", (62)
where A is determined-as before by (55).

The period of the vortex lattice spans six lines con-
nected with the angles ¢,=7/6 + m/3, near which
metastable states are produced.

We turn now to the calculation of the free energy.
From (17), (21), (25), and (29) we obtain

SF=§F 1 +6F ), (63)
where
8FY  (alv)*(1—Hy/H.,)*

v/eH—— me' s (1—1/2x%) 0-781; 9'(‘1)0){ 0% (—2)

x[R(O,z) (S(mo)+(m,,—K+_;__)) N 12:2: +“2:?mf)z

+R*(0,z) ZZTMT%W] —R(0,32) mo"'j dt @*(—z+t) }w

mekX o (64)
In formula (64), z2=2(¢,) and is determined by formulas
(34) and (60) for the angles ¢,=0 and 7/2. For other
angles from the same families, the values of z(p,) are
obtained by simple rotation of the coordinates (a, 8).
F(p,) is given by -

F (n/6+nn/3) =3|pa/fa|*=1.732, (65)
n=0,1,...,5.

In the vicinity of the point z=2z, we have

F (nn/3) =1,

R(0,2)=z (66)

and was determined by us above
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O(—2)=0878, [ dt®*(—z+t)=1232. (67)

From (57), (62), and (64) we obtain the jump 6FV of
the free energy on going from one branch to another:

oro= Y550 (qu), (68)
SFO(g) _ o (aTD) (1B
vieH my"s(1—1/2%%)
» 1
X{ —m,"+0.63 ( S (m,)+ (mo—K— —;—) + 1= 9me~K )} F (o) bz (o).
(69)

Formula (62) is valid if m, is not too close to an integer.
Otherwise, the jump is determined from formulas (48)
(61), and (64).

The density of the critical current can be determined
from energy considerations®: the density of the average
force is equal to the dissipated energy density divided
by the displacement. In our case the average force is
weakly anisotropic, inasmuch as the number of meta-
stable states produced when the lattice is displaced
depends on the direction of motion relative to the unit-
cell vectors.

Taking into account the number of metastable states
corresponding to the angles ¢,, we obtain for the criti-
cal current density j, the expression

jB=4n<D (eH)"(3"/2n)"{6F (0) [|cos ¢|+|cos (p+r/3) |
+]cos (p—n/3) | 1+0,56F (x1/2) [ | cos (n/6—¢) |+

+|cos (n/6+9) | +|cos (n/2—p) 11} (70)
where » is the volume density of the defects, (1) is the
average length of the defect, and 5F" is the free-energy
jump determined by formulas (64), (65), and (69). In
the solution (19) chosen by us, the unit-cell vector lies
along the x axis. Therefore the angle ¢ in (70) is the
angle between the direction of motion of the vortex lat-
tice and the x axis. For a real sample it is necessary
to average (70) with a weight function that determines
the distribution of the pore radii.

We note that in the plastic-flow region formula (70)
for the critical current is universal in form. All that
depends on the pore radius a is a numerical coefficient
in (70). For a sufficiently wide distribution of the pore
radii (for a distribution width larger than the average
radius), the critical current is given by

jeBxt (1—H/Hz)? (11)
and does not depend on the average pore radius.

An expression similar to (7) is obtained for the
free energy not only in the case of cylindrical pores of
small radius, but also for any filamentary small-radius
defect that leads to a shift of H,, (for example, a dis-
location). Then the coefficient 44® in (7) is replaced by
the magnetic-field shift 6H,,/H_, due to this effect. By
making the corresponding substitution we arrive again
at formula (70) for the critical current.

The number of experimental investigations of the de-
pendence of the critical pinning current on the magnetic
field and on the temperature is by now quite large.
Near H_,, this dependence is well described by the
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scaling law’
j Bt (1—H/H.2)™.

In neutron-bombarded V,Si samples we have m =2,
and the value of the parameter » lies between 2.3 and
2.8.8 In NiTi alloys, m =2 and the parameter n
ranges from 2 to 2.33, depending on the Ti density.*

The force of interaction of the vortex lattice with an
individual defect is usually proportional to |A[ (Refs.
1, 6, 10) and is by the same token linearly dependent
on the proximity of the magnetic field to the critical
value H,,. Therefore, at least near H_,, such strong
pinning centers will capture the vortex filaments, and
this leads, according to the result of this work, to
plastic flow and to effective weakening of the securing
of the vortex lattice.

The considered model presents the physical picture
of the saturation of the forces of interaction between a
vortex lattice and pinning centers, and of the ensuing
scaling law for the quantity j_B. In real samples, the
pinning centers®:® are not lines but have small dimen-
sions in all directions. For a detailed comparison
with the experimental data it is therefore necessary
to generalize the considered model to include the case
of point defects.

CONCLUSION

In a magnetic field close to H ,, a single vortex is
captured by a defect. Then, in the case considered by
us, a large region from which the vortices are expelled
is produced around the defect. The size of this region
is R=m,'/?/(eH)*/?. In the principal approximation,
the free energy is independent of the lattice position
relative to the defect. The terms of next order, how-
ever, have a nonmonotonic dependence on the proximity

of H to H,,,and at certain lattice positions relative tothe
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defect these terms lead to formation of metastable
states. Even near H_, the metastable states are pro-
duced at not all values of the field. In the principal
approximation, metastable states are produced if
0<m,-K <3 but not if -3 <m,-K<0. Since m, is the
number of vortices expelled by the captured vortex,
this condition means that the formation of a metastable
state depends on whether free space exists in the ex-
pulsion region or, on the contrary, if there is not
enough space. Therefore the dependence of the criti-
cal current on the magnetic field is nonmonotonic and is
determined essentially by the distribution of the defects
in size.

We note also that the formation of metastable states
is connected with the behavior of the vortex lattice near
the boundary of the region occupied by the single cap-
ture vortex.

In conclusion, the author thanks A.I. Larkin for val-
uable remarks and for a discussion of the work.
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