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Structure and relaxation of the trapped magnetic fiux in Y-Ba-Cu-0 superconductors
in magnetic fields below the first critical field H, t
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Relaxation of the remanent (M~ ) and isothermoremanent (MiR ) magnetic moment, having the same
initial value, is investigated in small superconducting Y-Ba-Cu-0 particles in magnetic fields below the
first critical field H, &. It is found that the relaxation rate depends strongly on the cooling procedure. A
noticeable relaxation of MiR is observed after cooling the sample in zero magnetic field and then apply-
ing the magnetizing field. Instead, the value of MR obtained after cooling the sample in a field proved to
be very stable. This result indicates that the structure of the magnetic flux trapped in superconducting
particles is different in these two cases. We attribute MR to a single or a few vortices trapped in the
center of superconducting particles, while M&R consists of many short interacting vortices trapped near
the surface.

I. INTRODUCTION

High-T, superconductors display some unusual prop-
erties in a wide range of magnetic fields. Intense research
has been focused on the structure of the flux-line lattice
in fields above the first critical field H, &. the flux-line
melting, ' vortex-glass, and Bose-glass states. On the
other hand many exciting features of these materials re-
veal themselves in lower fields: incomplete Meissner
effect, paramagnetic Meissner effect, ' hysteresis of
the magnetic moment in a field under cooling and warm-
ing procedures, ' as well as magnetic-flux trapping and
relaxation. "'

An interesting topic of research is the low-field
behavior of high-T, superconductors with dimension d
su%ciently small so that the condition

0Ha-
d

where Ho is the magnetizing field and +o is the
magnetic-flux quantum is satisfied.

As was shown in Refs. 13—15 for small superconduct-
ing particles the flux-trapping probability is small in a
magnetic field less than @0/d . This situation has been
theoretically investigated for particles much smaller than
the London penetration length X.' It is necessary to em-
phasize that also for d »A, , when the fluxoid quantiza-
tion condition should be realized, the vortex is not
trapped in the particle if Ho &@o/d because the condi-
tion for existence of a vortex is Ho =NO/d .

In our recent work' on small Y-Ba-Cu-0 particles, no
relaxation of the trapped remanent magnetic moment
MR was observed after cooling in a magnetic field (FC)

comparable with 4 o/d . Instead, the isothermoremanent
moment M,R, having the same initial value and obtained
by magnetizing the sample after cooling in zero field
(ZFC), reveals a noticeable relaxation. In the present pa-
per a more detailed investigation of this effect is reported.
The study of time dependence of the magnetic flux
trapped after various cooling and magnetization pro-
cedures enables us to conclude that different structures of
the trapped magnetic flux are responsible for the different
relaxation of MR and M&R.

II. EXPERIMENTAL DETAILS

The samples were made by crushing and milling sin-
tered YBa2Cu3069 pellets into powders. The basis ma-
terial was prepared by annealing for 100 h at 940'C, 24 h
at 906'C, and 10 h at 400'C. After this treatment the
grain size of the material d was more than 50 pm.
Powders with classified sizes of the particles were
separated by sedimentation in acetone, distinguishing
different fractions by the rate of precipitation. Mainly
material with particle size of 6—10 pm and total mass 150
mg (sample l) was used in this work. Some experiments
were made also on a 50-mg sample with grain size of 1 —6
pm (sample 2) and on a 35-mg specimen with size of the
particles between 0.5 and 2.5 pm and prepared from the
ceramic material which was annealed for 30 h at 930 C,
20 h at 907 C, and 4 h at 400 C (sample 3).

Magnetic measurements were made with a supercon-
ducting quantum interference device (SQUID) magne-
tometer. Before starting the measurements the remanent
field in the sample space was compensated with a super-
conducting solenoid. A copper solenoid was used to ap-
ply a low external dc field Ho. To measure the magnetic
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moment the sample was passed through two coun-
terwound pickup coils connected to an RF-SQUID. For
time-dependent measurements the specimen was placed
inside one of the pickup coils and the SQUID output
voltage was recorded as a function of time after removing
the magnetizing field Ho. The temperature of the sample
was controlled with Bowing He gas and measured using a
carbon-glass thermometer.

For measurements of M,R the specimen was at first
warmed to a temperature about 130 K and then cooled in
zero external field down to the measuring temperature.
To obtain a uniform temperature over the volume of the
sample it was kept in the sample space from 5 to 30 min
depending on the temperature. Then the magnetizing
field Ho was applied for some seconds. After switching
ofF Ho the value of MiR was determined.

For rneasurernents of MR the specimen was introduced
into the sample space quickly when the magnetizing field
Ho was on. After stabilization of the temperature Ho
was removed and MR or its time dependence were mea-
sured.

Special attention was paid to the quality of the speci-
mens, selecting for the measurement only samples which
showed no inter granular connections and clustering.
This was made by investigating the dependence of M,R
on the magnetizing field Ho to confirm that no shoulder
pertaining to intergranular vortices exists in the MgR(HO)
curve. '

III. EXPERIMENTAL RESULTS

Figure 1 shows the dependence of the trapped magnet-
ic moment M„on the magnetizing field Ho for sample 1.
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FIG. 1. Dependence of the trapped magnetic moment M„on
the magnetizing field Hp at 40 K for sample 1. The dots show
M«and the triangles the moment trapped after FC procedure
and then adding the field Hp. The meaning of the points 2, B,
and C is determined in the text.
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FIG. 2. Time dependence of the trapped magnetic moment
M„after different cooling and magnetizing procedures for sam-
ple 1 at 40 K, as discussed in the text.

This experiment has been carried out at 40 K. Data for
the isothermoremanent magnetic moment (M„=M&R)
are given by dots. The triangles show the moment
trapped after first completing the FC procedure and then
adding the field Ho. The first data point (A) gives the
remanent moment after FC in Ho =1 Oe. Point B corre-
sponds to M,R after applying a field HO=85. 6 Oe. The
trapped magnetic moment obtained after FC in the field 1

Oe and additional inhuence of Ho =85.6 Oe corresponds
to point C.

Figure 2 presents the time dependencies of the trapped
moment after FC in Ho = 1 Oe (M„=MR = 1.0 X 10
emu) shown by point A in Fig. 1 (curve A) and of the
isothermoremanent magnetic moment (M„=M&R) (point
B in Fig. 1) having the same value 1.0X 10 emu (curve
B). Curve C presents the relaxation of the trapped mag-
netic moment obtained by adding the magnetization field
Ho =85.6 Oe after FC in the field of 1 Oe. Qualitatively
the same results were obtained for sample 3 at 40 K and
sample 1 at 60 K. In all cases after FC in fields compara-
ble with IIIO/d the trapped moment was quite stable in
time. Unlike MR the isothermoremanent magnetic mo-
rnent having the same value reveals a noticeable relaxa-
tion.

At 40 K no relaxation of MR was observed using sarn-
ple 1 up to the field 2.5 Oe. At higher fields the relaxa-
tion of the remanent magnetic moment becomes observ-
able. Figure 3 presents the time dependencies of MR
after FC in 5.3 Oe at 30 K (curve 1), 40 K (2), and 60 K
(3). In Fig. 4 is shown the relaxation of MR at the same
temperatures 30 K (1), 40 K (2), and 60 K (3) after FC in
10.6 Oe. As can be seen from these figures the relaxation
rate of MR increases with increasing field and tempera-
ture.
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FIG. 3. Time dependencies of MR after FC in 5.3 Oe at 30 K
(1), 40 K (2), and 60 K (3) for sample 1. MRo is the initial value

of the trapped moment.

When studying the dependence of MR on Hp it was
found that MR does not change with temperature. Fig-
ure 5 presents these experimental data at 4 K (triangles)
and 40 K (dots) for sample 2. From this picture the value
of the threshold field H,h =1.8 Oe can be obtained in a
good agreement with the estimated value of
@0/d =0.7—4. 5 Oe for these particles. For fields

higher than K,"h a linear relationship between MR and

Kp is observed.

FIG. 5. Dependence of the remanent magnetic moment MR
on the magnetizing field Ko for sample 2 at 4 K (triangles) and
40 K (circles). The dotted line is to guide the eye.

Unlike MR, the dependence of the isothermoremanent
magnetization on Hp is sensitive to temperature. The
data of M,R obtained for sample 1 at 4 K (open circles),
20 K (filled circles), 40 K (open triangles), and 60 K (filled
triangles) are shown in Fig. 6.

IV. DISCUSSION

Magnetic relaxation of type-II superconductors is usu-
ally explained by the Aux-creep model' assuming that
the vortices execute thermoactivated jumps with the rate
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FIG. 4. Relaxation of MR after FC in 10.6 Oe at 30 K (1), 40

K (2) and 60 K (3) for sample 1. MRO is the initial value of the
trapped moment.

FIG. 6. Dependence of the isotherrnoremanent magnetic rno-
ment M&R on the magnetizing field Ho for sample at 4 K (open
circles), 20 K (dots), 40 K (open triangles), and 60 K (black tri-
angles).
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U(J)
V=copu exp kT

kT ~, +tJ(t)=J, 1 — ln
Up

and r, =r exp[ U( J; )/kT] is the delay time of the relaxa-
tion.

The results described above are related to a dense vor-
tex lattice when the interaction between the vortices is
not negligible. In the case of a single vortex the magneti-
zation relaxation can be found from a statistical con-
sideration. This problem has been treated in Ref. 30 for
ceramics assuming that the vortex escapes from the sam-
ple trough the weak-link network. In a homogeneous
sample the time dependence of the magnetization follows
the diffusion law

m (t) =m (0)[1—P(t)],
where P(t) is the probability of the vortex to reach the
sample boundary at the time moment t. At the initial re-
laxation stage P(t) is small and can be estimated from
diffusion equation

P(t)-exp
4Dt (6)

where D is the diffusion coefficient [-exp( —Uo/kT)].
From Eq. (6) it is seen that there is no magnetic moment
relaxation for t « tp=d /4D. Thus the effect of the vor-
tex interaction (nonzero current from adjacent vortices in
the vortex core) reveals itself in the value of the delay

where cop is a microscopic attempt frequency, u is the dis-
tance over which a Aux bundle is hopping, k is the
Boltzmann constant, T is the temperature, and U( J) is an
effective current-dependent activation energy,
U( J)= Uo(1 —J/J, ), where J, is the critical current den-
sity. The magnetic-Aux relaxation can be described by
the continuity law of magnetic induction B

BB
at

+rot[ V XB]=0 .

Using Eqs. (2) and (3) one can find the time dependence
of the magnetization for different experimental condi-
tions. The case arising most often is the relaxation of the
critical-state profile. ' It has been shown' that in this
case the magnetization follows the logarithmic time
dependence 5M(t) —ln(t/r), where r(-10 —10 sec)
(Refs. 20 and 21) is the characteristic time of the initial
relaxation regime. These results have been generalized
for a partially critical state, for presence of a hump
in the critical-state profile, for dependence of the criti-
cal current on field, and for nonlinear functions of
U (J) 21 —23, 28, 29

From the results in Refs. 20 and 21 one can conclude
that the logarithmic time dependence would be observed
at t ~ ~ only if the critical-state profile was formed at the
initial moment of time. If the initial current J; is less
than the critical current J, the magnetization will follow
the law m (t)-J(t) where

time. When decreasing J; the delay time increases from ~
in the critical-state limit (J; =J, ) to to =r exp( UolkT) in
the single-vortex limit (J,. =O), resulting in the depen-
dence of the magnetic relaxation rate on the magnetic-
Aux structure.

Let us consider now our experimental results. One can
see that the remanent and the isothermoremanent mag-
netic moments having the same value (points A and B in
Fig. 1) behave in different ways in relaxation experiments
(Fig. 2). M,~ (curve B in Fig. 2) changes according to the
logarithmic law but MR obtained after FC does not
change during our experimental time window.

In the case that M„=Ma (point A in Fig. 1) the sam-
ple is cooled in the field Hp =1 Oe. Taking into account
that the size of the particles d is some microns, one can
conclude that only a single or a few vortices are trapped
in every superconducting particle since the magnetic fIux
penetrating the particle, N =Hpd, is approximately
equal to the magnetic-Aux quantum. These vortices
should occupy the places corresponding to the minimum
of the Gibbs potential. According to Ref. 13 they are
trapped in the particle center. The absence of the relaxa-
tion in this case (curve A in Fig. 2) can be explained by
Eqs. (5) and (6) which describe the relaxation of single
noninteracting vortices.

To estimate the delay time tp in this experiment we
should know the pinning energy Up ~ This energy is
characteristic of the pinning center and does not depend
on the procedure used for its determination. Therefore
one can utilize the data obtained in ZFC procedure (Fig.
2, curve B). Using the formula d lnM/d lnt = kT/—
Up,

' we find Up —100 kT and tp=~e', i.e., there
should be no relaxation during the time window of the
measurement.

The value of the critical field H„' is 100—150 Oe at 40
K. However, as can be seen from Fig. 1, M,R is ob-
served starting from Hp of the order 30 Oe. Indeed, in
the case of the isothermoremanent magnetization, the
magnetic Aux can penetrate into the surface irregularities
of the particles in a field less than the first critical field
H, &

and become trapped there as a bundle of surface vor-
tices. In this case the surface critical state is formed.
The corresponding theory has been elaborated in Ref. 35.
If the height of humps on the surface of the sample is
smaller or comparable with their spacing one can assume
that the Auxons are approximately straight and point in
the same direction as the applied field. Between the
humps "lines of force" join the elements of Auxons in the
peaks so one can consider the Auxons to be continuous ly-
ing partly inside and partly outside the superconductor.
If a part A = A (x) of a plane at depth x in the region of
surface roughness is occupied by superconductor the
mean Gibbs energy per unit volume is

BH, B2
G( A) = — + AF(B)+(1—A)4~ Sm

where F(B) is the free energy of the vortex lattice and
H, is the external field. Minimizing G(A) with respect
to B one can obtain the equilibrium B-H relation for an
element of surface at the depth x as
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H, = AH„„(B)+(1—A)B =H—„(B,A) . (8)

Here H„„(B) is the connection between the thermo-
dynamical field and the magnetic induction in the bulk.
Using the equation of critical state which connects the
Lorentz force FI and the pinning force F (B, A) for a
unit length of the Auxon line-of-force system,

I'L = —
Po H(B, A)=+F„(B,A)=+ J,(B)QOA,

dX C

(d A /—dx )(H„„—B ) + (4m. /c ) AJ,
dX 1 —A(1 dH„„—/dB )

(10)

Signs "—"and "+"in this equation correspond to the
increase and decrease of the external magnetic field, re-
spectively.

Equation (10) is analogous to the critical-state equation
for the bulk. To obtain an analytical solution of Eq. (10)
we use the approximation

H„„(B)=fH„+B
with f=0.7 and a simple form of A (x)= (x/s)'~, where
s is the characteristic irregularity size (see Appendix).
The theoretical expression of M,R(HO) [see Eq. (A15)] is
fitted with experimental data for fields less than H, i. A
good result (solid line in Fig. 7) is obtained by using real-
istic values of the fitting parameters, H„=120 Oe and
r =0.1. As will be shown in the Appendix the trapping
of the magnetic Aux in the surface irregularities starts
after ZFC only if Ho exceeds a threshold field H,h" . The

H. (Oe)

100

FICx. 7. Experimental data of the isothermoremanent magne-
tization MrR vs magnetizing field Hp for sample 1 at 40 K
(dots). The solid line gives a plot of MrR(Hp) calculated from
Eq. (A15).

Melville obtained the equation for Aux penetration in
surface irregularities as

FIG. 8. Structure of the magnetic Aux trapped in a small su-
perconducting particle by application of a low magnetic field:
M« =MR (a), M« =MrR (b), and M«obtained after combina-
tion of FC and an additional magnetization in Hp (c).

value of H,h is found from Fig. 7 to be 25 Oe.
In Figs. 8(a) and 8(b) the structure of the trapped mag-

netic Aux is schematically shown for the remanent and
the isothermoremanent magnetic moments, respectively.
It can be seen that the surface vortices are considerably
shorter than the one situating in the particle center. As a
result the same magnetic moment in the cases a and b
correspond to different quantity of vortices. In an FC ex-
periment a single "long" vortex is generated. In the ZFC
experiment many "short" surface vortices are trapped in
the same particle realizing a "surface" critical state with
a surface current approximately equal to the critical
current. Then the relaxation is described in Eq. (4) where
the delay time r, is small because of U( J,„,r) =0 (curve B
in Fig. 2).

To investigate this idea we consider the relaxation of
the trapped magnetic moment obtained by combination
of FC in 1 Oe and an additional magnetization in
Ho =85.6 Oe (point C in Fig. 1). In this case the trapped
moment consists of the "long" vortex in the particle
center and of many "short" surface vortices [see Fig.
8(c)]. Because d is larger than the London penetration
depth A. Q,,b=0. 14—0. 18 pm in the used temperature
range 0—60 K (Ref. 39) and A., /A, ,b =4.6 (Ref. 40)), the
surface vortices do not interact with the bulk vector.
Therefore, although the magnetic moment is approxi-
mately two times larger at point C than at point B the re-
laxation rates dM/dt (see curves B and C in Fig. 2) are
the same in these two cases. This confirms the assump-
tion about the relaxation of the "surface" critical state
and freezing of the single vortex in the particle center.

Our relaxation experiments suggest that the structure
of the magnetic moment trapped in low fields is very
different in FC and ZFC experiments. However, one can
expect that the critical-state profile is formed in FC under
increasing the magnetizing field. Then the vortex relaxa-
tion should be observed. Let us consider this conjecture
in detail.

In the case of the FC process the magnetic Aux is uni-
form over the particle within the framework of the
critical-state model and the profile of the trapped flux is
similar to that in Fig. 9. Here we consider the situation
that the magnetizing field is much less than the Bean
penetration field H' =(4'/c )J,(d /2). ' Then the screen-
ing current J, (J, =J, ) fiows near the particle surface and
the trapped magnetization is
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0 hx

FIG. 9. Density of vortices obtained by the FC process in a
superconducting particle with diameter d. The current Rows
within the layer of thickness hx on the surface.

Ho

(4n /c )J,z
Ho

=Ho 1—
2H*

=H 1—Ax
d

(12)

Because of the small factor hx (t)/d « 1, Eq. (13) pre-
dicts a very slow magnetic relaxation. It results from the
fact that only the vortices in the surface layer (where the
current is not zero) relax. Therefore with increasing the
magnetizing field the thickness of the surface layer
enhances resulting in an increase of the relaxation rate.
In Figs. 3 and 4 are shown the time dependencies of MR
at different temperatures and magnetic fields. From these
pictures one can see that, in agreement with Eq. (13), by
increasing the magnetizing field two times, also the relax-
ation rate is doubled.

The temperature dependence of the relaxation rate
which can be obtained from Figs. 3 and 4 is slightly
stronger than could be obtained by a linear relationship.

where Ax is the thickness of the surface layer in which
the current Rows. From Eq. (12) one can see that if
Ho «H* then 4mmR=HO, i.e., the magnetization and
magnetic moment do not depend on the current and tern-
perature. This feature is demonstrated in Fig. 5, where
the dependencies of MR on magnetizing field Ho are
shown for T=4 K and T=40 K. It is also true that the
dependence of MR on Ho is linear in fields higher than
required for the single-vortex creation (Ho=@/d ) in
agreement with Eq. (12). The magnetic moment trapped
by FC does not depend on J, and T (Eq. 12). Unlike this
case M~R is determined by pinning. Therefore it depends
strongly on temperature as shown in Fig. 6.

Equation (12) connects the trapped magnetic moment
with the surface current. Then using the expression for
the time dependence of the surface current [Eq. (4)] one
can obtain the relaxation rate

d4mMR kT bx(t) kT Ho

4nMR d Int Uo d Uo (4m. /c)J, d

(13)

This slope can be explained by the decrease of Uo and J,
when the temperature is increased. One should note that
Eq. (13) explains also the observed increase of the relaxa-
tion when the size of the particle decreases. '

The observed time delays of the relaxation can be
caused by two reasons. First, it is due to the difference
between J, and J, which results in nonzero delay r; [see
Eq. (4)]. Second, the surface region b,x(t) is increased
during relaxation resulting in the dependence of the re-
laxation rate on time and deviation of the relaxation
curve from a logarithmic dependence. A similar effect
arises in relaxation of a partially critical state as dis-
cussed in Refs. 20, 22, and 23.

From comparison of Eqs. (12) and (13) with experimen-
tal results one can see that the crossover from a "single-
vortex regime" to a "critical-state profile" is realized un-
der increasing of the magnetizing field Ho in FC. In the
former regime the trapped flux is very stable while in the
latter regime it shows a slow relaxation, with a rate pro-
portional to Ho.

V. CONCLUSION

We have performed magnetic-flux trapping experi-
ments on superconducting Y-Ba-Cu-0 specimens with
controlled sizes of particles. Special emphasis is given to
the range of fields below the first critical field H, i. It is
observed that the flux trapped in low fields to small parti-
cles has different structures depending on the cooling and
magnetizing procedures. The remanent magnetization
observed after FC can be attributed to a single or a few
vortices trapped at the center of the superconducting par-
ticles and shows practically no relaxation. When the
magnetic field is applied after ZFC the penetrating mag-
netic flux is trapped near the surface. The isother-
moremanent magnetization consists in this case of many
short interacting vortices and is accompanied by a very
noticeable relaxation.
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APPENDIX

In this Appendix we derive a formula for M,a(HO) at
Ho & H„. Substituting Eq. (11) into (10) the reduced sur-
face critical-state equation

dB dA fH +477 J
dx dx c

(A 1)

is obtained. This equation differs from the usual critical-
state equation' by the additional term -dA/dx. Due to
the negative sign this term acts always in a decreasing
external field opposite to the conventional pinning force
—J, and results in unusual behavior of the flux distribu-
tion.

The variation of the flux distribution when the field is
decreased from Ho to zero is shown schematically in Fig.
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8 (x) and 8+(x) refer to the solution of Eq. (Al) with
the corresponding signs of the last term. Using
A (x)=(x/s)'/ we get from Eq. (Al)

8 p (H„x ) =H, —fH„+ J,x3c

1/2
X

(A3)

The penetration depth x is determined by the condition

8 (Ho, x~ ) =—0, (A4)

and the width of the vortex-free region xf and the field

Hf by the conditions

X X X
P

8+ (H/, x~ ) =0,
dB+

(H/)x )~„=0 .
x

(A5)

(A6)

FIG. 10. Variation of the Aux distribution in the surface
hump B+(H„x} when the external field is decreased from the
magnetizing field Ho to zero. B (Ho, x} is the initial Aux

profile, H& is the field value at which the vortex-free region
starts to form, x& is the width of the vortex-free region, x, is the
coordinate of the top of the profile, and x~ is the profile penetra-
tion depth.

8+ (H/ x( ) =8 (Ho x( ) (A7)

From the conditions (A4) —(A7) and Eq. (3) one can find
that

The top point of the profile is determined from the equal-
ity

f r
Xf $2 (AS)

10. This profile differs from the profile determined by the
Bean model. ' Indeed, the existence of the term
-dA/dx in the right-hand side of Eq. (Al) results in
bending of the Aux profile near surface humps. If the sur-
face roughness is smooth enough [A (x)-x with a & 1],
an infinite force occurs at rounded humps on the surface.
So the bending increases strongly and a minimum ap-
pears in the Aux profile. At H,„=Hf when the field in
the minimum point of the profile is zero (at x =x&) the
flux profile splits into two parts. Under further decreas-
ing of the field the vortices near the surface hump contin-
ue to exit, while the vortices from the internal profile are
frozen. This results in a vortex-free region up to x =xf
near the surface hump in the zero external Geld.

Because of the vortex-free region the value of the Aux
trapped in a low magnetizing field is decreased strongly.
If the fiux penetration depth x (Ho) ~xI the magnetic
Aux is not trapped. Therefore there exists a threshold
field H,h" which can be found from the equation

(A2)

It should be noted that the threshold field H,h" is much
less than H, &. So one should be careful when determining
the value of H, &

from the experimental dependence
MiR(HO).

To obtain the function MiR(HO) we should find 8 (x)
and 8+ (x) in an increasing and decreasing external field

H, and the characteristic points of the profile: the
penetration depth x, the vortex-free region xf, and the
coordinate of the profile top x, (Fig. 10). Note that

Hf
He — —

(
e )1/2 (A9)

[3(Hs He)„)2/3
4 0 f (A 10)

xpx*—= =(U++ U )
$

Up=I 'rHO+[( 'r) +(——'rHO —) ]' I'

where

fH, i Hor= Ho(4n. /c )J,s ' fH„

(A 1 1)

(A12)

(A13)

As a result we get

4nM, R
—f 8(x)dx= f 8+(x)dx+ f 8 (x)dx .

Zy Zy Z~

(A14)

2
X e3/2f (A15)

Equation (A15) gives MiR(HO) for magnetizing fields Ho
above the threshold field H, h . In the case HO=H, h"

one has x~ =x, =xf resulting in M&R =0. For Ho & H,h"

the trapped magnetic moment is zero.

Substituting Eq. (A3) into Eq. (A14) we have

47TMiR 3 4 3 /2 3H*x ' — x ' —/z ——(H ' H' )x*—
fH s 5 ~ 15 ~ 5
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