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Abstract. Magnetic relaxation data at various temperatures and magnetic fields
are taken from high-quality, epitaxial thin films of Bi;Sr,CaCu,0s,, and
BizSraCazCua010,, and are simulated using a method developed by Brandt and
coworkers. Assuming thermally activated resistivity g(f) = po e~ Y9/*T and
logarithmic activation energy U(j) = U: In{f;/f) we obtain good simulations of the
experimental data. The critical cutrent resulting from the simulation is evaluated as
a function of the temperature and is found to decrease linearly with it and the
current-voltage characteristics are extracted and are linear on a log E-log/ scale
at all temperatures. The activation energy is calculated as a function of the current
and it is shown to be a decreasing function of the magnetic field following a power
law B~®. The critical current is also shown to decrease with the magnetic field and
can be described well by the exponential form e~2/%, Comparison between the
two phases BiaSr;GaCu,Oy,x and BiaSroCasCusOyp,, indicates that pinning in the
BiaSraGap CusOyp., film is stronger due to the lower anisotropy of this phase and
probably because of the existence of more defects. Finally, the distribution of the
local magnetic moment and the magnetic induction on the surface of the film at
different times during the relaxation procedure is nicely depicted with surface and
contour plots.

1. Introduction current distributions or constant critical currents [1-4].

More recent work solves the problem analytically for
One of the basic features that the high-temperature the idealized geometry of circular disks and long strips
superconductors exhibit is the thermally activated motion [5.6). In 1995 the problem was solved numerically by
of the vortex system. Because of the small coherence Brandt and coworkers for the realistic situation of a thin

length and large anisotropy of these materials, the pinning
of vortices is weak causing, at the elevated temperatures
available in the experiment, any cumrent, screening or
transport, to decay in time. This decay can be observed
directly in magnetic relaxation experiments, where a
magnetic field is applied to the superconductor and its
magnetic moment is recorded as a function of time.
Such measurements are most commonly used for the
determination of several properties of superconductors such
as the pinning potential, critical current or current voltage
characteristics, which are extracted from the decay rate of
the current.

The response of a superconductor to the application of a
magnetic field is by no means a trivial problem and various
models have been constructed to describe it. However,
many of those adopt simplifications, such as homogeneous
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rectangular superconductor in an applied field varying with
time {7,8]. In the work of Brandt [7] and Schuster et al
[8] it is shown that the Maxwell equations lead to an
equation of motion for the cwrent of the superconductor.
This equation can be solved numerically on a personal
computer and consequently the electromagnetic properties
of the superconductor can be calculated. In this work,
we take advantage of this latest progress to simulate
the magnetic moment of superconducting thin films
using no simplifications, but taking into account the
exact film geomelry, the extemal field’s vartation with
time and all space dependences. More specifically,
we measure the magnetic moment of Bi;SrpCaCusOgyy
and BizSr;CazCus Oy, superconducting thin films as a
function of time and simulate it using the method mentioned
above and adopting a thermally activated law for the
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resistivity (p{j) = poe~VU/4T} and a logarithmic law for
the potential energy (U (j) = U, In(j;/i)).

This work is organized as follows. In section 2,
we give the basic characteristics on the film preparation
and propertics as well as details of the relaxation
measurements.  In section 3, we discuss the basic
assumptions made for the resistivity and the activation
energy and describe the computational procedure. In
section 4, we present the results of the simulation, i.e.
the calculated magnetization curves and the corresponding
vatues of the fitting parameters, and discuss them. For
the reader who is unfamiliar with the method of Brandt
and his coworkers, which is fully described in several
papers [7-10], we give an outline in the appendix. There,
we support the various assumptions of the method when
applied to a rectangular thin film and also derive the Fourier
transformation of the final equation of motion, which is the
one we integrate computatively in this work, instead of the
correspending equation in direct space that Schuster et al
use in their original publication [8].

2. Experimental details

Superconducting thin films of Bi;Sr;CaCuy0g,, (Bi-2212})
and BipS1CapCu30yg4,y (Bi-2223) are prepared by DC
sputtering. The Bi-2212 and Bi-2223 films are deposited
from BizﬂsSI‘zCﬁCUzOs.H and Biz,oserCaZCuMOmﬂ.
targets respectively, on SrTiO; (100) substrates, at §30°C
substrate temperature and 3 mbar pressure of pure oxygen.
Details of the experimental conditions can be found in [11].

The films are single phase and have their c-axis
normal to the film surface, as was revealed by x-ray #-20
scans [11]. In addition, the films are fully epitaxial,
which was checked by extensive single-crystal diffraction
measurements [11] and confirmed by polarized micro
Raman spectroscopy [12]. The Bi-2212 thin film has
an onset for superconductivity at T2 = 88 K and a
transition width of AT, (= T2%% — T)%%) = 5 K and the
Bi-2223 thin film bas onset at 72™* = 84 K and a transition
width of AT, (= TX% — T19%) = 3 K, measured by the
AC susceptibility technique [11]. The films are square with
sides 0.50 cm (Bi-2212 film) and 0.46 cm (Bi-2223 film)
and thickness approximately 1000 A, estimated from the
deposition rate during preparation.

The relaxation experiments are performed with a
commercial SQUID magnetometer (Quantum Design
MPMS2) with the applied magnetic field normal to the
film surface and a scan length of 2 cm, so as to ensure
field homogeneity. The relaxation data are collected in
a field-on mode in the following way. First, the film is
zero-field cooled at the desired temperature. The external
field is then applied and, as soon as it reaches the desired
value, the data start being collected. Special care has
been taken concerning the field application, which must be
made monotonically towards the final value, an essential
point for samples with hysteretic behaviour. One set of
measuremenis covers a temperature range from 5 K to
60 K and is performed for each temperature with the
least magnetic field sufficient to cause full flux penetration
into the sample. The latter is evaluated from magnetic
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hysteresis loop data taken from the same films [13] as 1.5
times the field at which the magnetic moment acquires a
maximum, To detect magnetic field dependences of the
various quantities, a set of relaxation data is taken at fields
500 G = H, < 40 kG and temperatures T = 5 K for the
two films. All the experimental values of temperature and
magnetic field are listed in table 1.

In figure 1{a) a representative set of experimental data
at temperatures T = 5, 10, 20, 30, 40, 50 and 60 K and
magnetic fields H, = 500, 500, 300, 200, 80, 80 and
20 G respectively (the smallest values ensuring full flux
penetration) are shown (square symbols) for the Bi-2223
thin film on a semilogarithmic plot. It can be seen that
the plots are linear in log¢ at large times. At higher
temperatures the observed magnetic moment decreases and
this is due primarily to the critical current being smaller
and secondly to the relaxation being faster as a result of the
increase in thermal energy. The data for the Bi-2212 thin
{ilm are similar and at small temperatures are characterized
by larger absolute values of the magnetic moment as the
size of the Bi-2212 film is slightly larger, but as the
temperature grows the Bi-2212 data curve gradually crosses
above the Bi-2223 curve because the relaxation rate for the
Bi-2223 film is lower. This can be seen in figure 1(4),
where data for the two films at the common temperature
and field values of T' = 30 K and H = 200 G are plotted.
The slope of the Bi-2223 curve is obviously smaller and this
holds for all temperatures and fields. The slower relaxation
of the Bi-2223 thin film is an indication of stronger pinning
in this phase and this will be verified below, from the larger
values of the simulation parameter U,, which determines
the slope of the curve,

3. Computational procedure

All the relaxation measurements are simulated using a
method as described by Brandt and his coworkers, which
we outline in the appendix. As it is described there,
the magnetic moment of the thin rectangular film can be
calculated if we solve the following equation of motion
{equation (A15)):

. o LN .
Srlt) = ffmrﬂm 0 l(T’T)(EB) sin(K,x) sin{K,y)
of film

X {CV’ . [gv'g(r’, :)] - Hu(r)} d* dr.

gr(f) is the Fourier transform of the local magnetic
moment g(r,t} which, when integrated over the film
surface, gives the magnetic moment of the film versus the
time. Notice that for the derivation of equation (Al5) no
assumplions have been made, other than the current flow
being parallel to the film surface. This is justified by the
film’s c-axis orientation and the epitaxial properties ensure
that the currents, running on the Cu—O pianes (as a resuit of
the external magnetic field applied normal to the surface),
are parallel to the surface.

The properties of the films are taken into account hy
assuming for the resistivity the thermalily activated form
(14]

p=poe VO 4y



Magnetic relaxation simulation of Bi-2212 and Bi-2223

Table 1. Values of the simulation parameters po, U;, jo, By for the Bix8r,CaCuz0s and BixSraCazCuz O, films corresponding
to the experimental data at temperatures T and magnetic fields H, and corresponding values of the simulation exponent n
and the values m(0) of the fitting parameters of the magnetization data at large times.

T H, P U Joo B n m(@)
{K) (S) wom) (K (10°Acm™) (G) (=U/kT) (emu)
Bi-2212
5 500 1x10"% 350 807 o 70 —0,233
10 500 1x10"% 850 730 o5} 55 -0.214
20 300 1x10°% 540 582 oo 27 -0.162
30 200 1x10-% 660 38.0 O 22 —0.105
40 80 1x10°% 720 24.0 fe'e] 18 —0.0863
50 80 1x10-% 500 173 o0 10 —0.035
60 20 1x10"® 550 8.1 oc 9.2 —0.015
Bi-2223
5 500 1x10°% 400 96.8 fels) 80 —0.215
10 500 1x10"% 650 86.7 oc  B5 —0.180
20 300 1x10-% 860D 70.5 o 30 —-0.150
30 200 1x10-% 780 48.6 o 195 ~0.105
40 80 1x10% 740 331 oo 148 —0.068
50 80 1x10-% 600 20.1 o 12 —0.037
66 20 1x10°% 6860 8.3 oo 11 —-0.011
Bi-2212
5 500 1x10"% 350 807 00 70 -0.232
5 1000 1x10°% 300 803 00 60 —-0.232
5 5000 1x10°% 180 612 oo 36 —0.180
5 0000 1x10°% 150 402 o 30 —-0.114
5 20000 tw%10-7 140 27.0 oo 23 —0.085
5 30000 1x10°7 130 216 %) 26 —0.070
5 40000 1x10°7 120 184 [+%s] 24 —0.058
Bi-2223
5 500 1x10°% 400 968 oo 80 -0.215
5 1000 1x10"% 350 947 o] 70 —0.205
5 5000 1x10°7 220 76.4 0o 44 —0.160
5 10000 1x10°7 1565 50.0 o 31 —-0.104
5 20000 1x10-7 130 334 0 26 —0.077
5 30000 1x10°7 110 150 o0 22 —0.035
5 40000 1x10-7 120 129 o0 24 —-0.027
where ) linearly with j: U = U.(1 — j/jo).- In the collective-
UG) = U,In (J_) () creep model [16], U = Ul(w/)¥* — 1] for j < je
J while in a single-vortex pinning regime at low currents
and U(j)=U-In(j./j) [17]). The latter logarithmic form gives,
Jo = joe B 3) as we find, very good simulation results and we adopt it

Equations (1) and (2) are equivalent to a power law p = pg
(j/Jjc)" for the resistivity, with = U_/kT. This power
law, which is suggested by many authors [9, 10] offers the
flexibility, by choosing the exponent r, to describe different
regimes of film behaviour. For n = 0, the equation p = pg
(j/jc)" gives p = py, independent of j, which is the ohmic
case realized for example in the flux-flow (FF) regime
of unpinned vortices at high temperatures or high fields.
n = oo implies that j = 0 or j = j. (since p must be
finite), which means that the current, if it exists, is always
equal to the critical current and it is the Bean behaviour of
rigid pinning [1]. For 0 < n < oo, i.e. between the above-
mentioned limits, there is the regime of flux creep to which
our relaxation data correspond. This is confirmed by the
results of the simulation that are 9 < n < 80, depending on
the temperature.

For the activation energy U{J) there exist several
models. In the Anderson-Kim model [i5] U vanishes

in all measurements. It has been proposed by Zeldov ef al
[18], on the basis of current—voltage characteristics, and has
since been used by many authors for the interpretation of
magnetic relaxation results [19], magnetization hysteresis
curves [20] or Hall-probe relaxation measurements [21].
The logarithmic barrier is close to a power law (j./j)* with
= 177 {22], which describes single-vortex pinning within
the collective creep model. This is justified in our case,
at least in small magnetic fields, since the critical current
of the BSCCO thin films is at least j, =~ 10° A cm™2,
as can be deduced from hysteresis loop data if we use
the approximate relation j, = 3cm/mR3d with m the
maximum magnetic moment of the loop. Consequently,
the transverse correlation length of the flux lattice R, =
(€ [B A% o) V2 (B /)17 [23,24] is approximately equal
to 0.1ayg, for & = 30 Aand B = 500 G, i.e. it is much lower
than the intervortex spacing og. Thus, the vorlex system
is in the single-vortex pinning regime at low fields. In
fact, it can be argued that it is in a single-pancake pinning
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Figure 1. {(a) Magnetic relaxation data at temperatures

T =5,10, 20, 30, 40, 50 and 60 K and magnetic fields

H =500, 500, 300, 200, 80, 80 and 20 G respectively and
the corresponding simulation curves for the
Biz8r2CazCusOa,y thin fiim. (b) Magnetic relaxation data
for the fiims BipSraCaCuyQsg,, and BipSrpCaaCusOy,, at the
same temperature and magnetic field {T =30 K and

Heyt = 80 G).

regime, since the longitudinal correlation length is [25]
L. = ef{c®o/12+/3702326j)Y2 ~ 2 A and thus smaller
than the interlayer distance, which is &215 A.

For the critical current we adopt the exponential law
(3), which has often been used to take into account its
decrease with the magnetic field [26,27]. In that equation
Jeo 13 the critical current in zero field (B = 0) and reflects
the current-carrying capacity of the superconductor and By
is a phenomenclogical parameter related to the pinning
ability: the smaller it is, the more drastic is the decrease
of the critical current with field. Another possible decay
law would be the Kim-like expression j, = jof(1+ B/ Bo)
[28,29], which has also been used by other groups [30,31].
However, it turns out for a relaxation procedure that it
makes no difference whether we use equation (3) or not
and the reason is that the decrease of the magnetic field in
the film during the time is too small to have an effect on the
critical current. Thus we use equation (3) with By = oo,
in other words j, = jo (=constant during the relaxation)

1244

and we keep in mind that the resulting simulation values
of jo do not represent the critical current in zero field
but the critical current at the field of the measurement. It
must be noted, however, that this assumption would not
be appropriate for simulations of experiments in which
the magnetic field changes significantly, for example in
magnetic hysteresis loops.

For the applied magnetic field rate H,(r) we assume
a linear increase, i.e. Hy(1) = H,/At, where H, is the
applied field and At is the actual experimental time that
it took for the SQUID magnetometer to apply it. We
mentioned before that the application of the magnetic field
is done monotonically as is required for samples with
hysteretic behaviour. However, the value of the rate Hy(¢)
may vary during the ramping. Still, if we consider that the
actual values of Ar are of the order of seconds it can be
understood that the specific form of I-L(r) is not important
and the above linear increase will be perfectly satisfactory,
as long as the correct value of Ar is used.

4. Simulation results and analysis

Very good simulation is achieved for all the measurements
using U, pp and jp as parameters. In figure 1(a) the
simulation curves of the data presented here are drawn with
continuous lines and one of these sets, the setat T = 50 K
and H,., = B0 G, is shown in more detail in figure 2. In
the latter it is seen that the magnetic moment initially rises
in absolute value (line passing from point A of the curve)
as the field is rising. This starting part of the magnetic
moment, while the field is ramping, cannot be measured
with our commercial SQUID, where data collection starts
as soon as the field has reached its final value. However,
we will show below that by theoretical estimates we can
evaluate the expected experimental values by using the
measurements obtained for large times. The maximum,
absolute, value of the magnetic moment is reached (point B
of the curve in figure 2} when the current becomes as large
as the critical current j, everywhere in the filtn and cannot
rise further (critical state). When subsequently the increase
H, stops, the current is lowered immediately (point C of the
curve) because, as equation (A15) states, gx will become
positive in the absence of —H,(1). The relaxation that
follows depends basically on the values of the pinning
potential I/, and the critical current j,. Below we will
also present plots of the local magnetic moment and the
z component of the magnetic induction on the film surface
at the points A, B and C of this measurement as computed
by the simulation.

The values of the simulation parameters for all
measurements are given in table I. We find that a strong
mutual dependence exists between the parameters pg and
Jeo- Generally, all the parameters are related to ecach
other, but each one is basically responsible for a separate
characteristic of the relaxation curve. More specifically, po
determines the maximum value of the magnetic moment
during the measurement, U, determines the slope of the
curve at large times (which is almost constant, i.e. m varies
almost linearly with logt) and j.o is responsible for the
exact level of the line at large times.
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Figure 2. Magnetic relaxation data for the BixSr.CaCus0;
thin fiim taken at temperature T = 30 K and applied
magnetic field H, = 80 G and the corresponding relaxation
curve enlarged.

The maximum, absolute, value of the magnetic moment
in the starting part of the curve (point B of figure 2) and also
the rate of change of the magnetic moment while the field is
ramping depend strongly, as we find from the simulations,
on the resistivity py and, of course, on the increase rate
H,(¢) of the field, the latter being fixed by the experiment.
Why this is so can be seen from the equation of motion
(Al5), where the magnitude of gg(¢) depends on the
value of the difference ¢V - [(p/d)Vg] — Hy(t): the
smaller the value of p, the larger the absolute value of
this difference (which is negative), the larger the, absolute,
rate of change g () and the greater the, absolute, value of
the magnetization at the end of the fixed time interval of
the field ramping. From the simulations we find that very
small values of pg (e.g. 107! 12 cm) result in very large
‘diving’ of the magnetic moment in this initial stage and
in platean values even 2 orders of magnitude lower than
the relaxation part that follows. Still, the rest of the curve
can be fitted very well with the experimental data using
appropriate values for the parameters U, jeo. Since we
have no experimental data on this part we have to estimate
this maximum value theoretically. A way to do this is
provided by the work of Gurevich and Brandt [32], where
it is proved that the decay of the magnetic moment is given
at large times by

m() =m() +rmInt —mlnt (4
where 12
iy
t =0.29 s 5
) &)

In equations (4) and (5) the initial time ¢ = 0 corresponds
to the instant when the relaxation starts, i.e. the moment
that field ramping is completed, m(0) is the starting value
of the relaxation, i.e. the plateau value of figure 2, H, (G)
is the applied field, m(¢) (emu) is the magnetic moment of
the film at time ¢, @ (cm) its average radius, m; (emu)
is a parameter connected with the characteristics of the
superconductor and z {8) a characteristic time constant.
All magnetic moment parameters m(t), m{0), m; are
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Figure 3. Critical current density j.; of BixSr,CaCu,0g and
BizSraCayCuszOy films at the various temperatures as
resulting from the simulation. The lines are guides for the
eye.

negative. ‘The above equations hold provided that the
differential conductivity is approximately 9j/0E == j /E,
with ji = constant. This can be shown to be true in
our case, where E = pj = poj e YIAT — oo i(i/j),
n = U, kT, from which one obtains 3j/8F =~ j/E,
where ji/j./(n + l)pé"'”rl = constant, if one uses n >» 1
which can be verified from table 1. The parameter m, of
equations (4) and (5) is connected with j; with the relation
my = mwa° jid/3c. Using equations (4) and (5) we fit the
large times, linear in In¢, part of each relaxation curve and
estimate the value of m (0} in each experiment. In table 1
these values m(0) are depicted. Then, in the simulation
procedure we vary the parameter go, s0 as to give a plateau
value of magnetic moment (point B of figure 2) as close as
possible to the above-mentioned value m(0). By comparing
m(0) from table 1 with the corresponding plateau values of
the relaxation curves from figure 1{a), it can be seen that
we succeeded very well in obtaining agreement.

In figure 3 the variation of the critical current jo with
temperature is depicted. For both phases, the critical current
falls with temperature almost linearly (the lines are guides
to the eye). This is also observed by Niderost et al {19]
in Bi-2212 single crystals up to 20 K, where single-vortex
pinning is assumed to extend. We can also see from this
figure that the Bi-2223 thin film has a larger critical current
than the Bi-2212 film, which we believe has its origin
in stronger pinning in the Bi-2223 {ilm. This is due to
the lower anisotropy, but also to a probable existence of
stacking faults, which are difficult to do without in the
Bi-2223 phase, and also to point defects such as oxygen
vacancies or interstitials which must exist in our film,
judging from its small critical temperature (84 K) compared
with the bulk value (110 K).

The activation energy is also computed during the
simulation procedure and it is a function of position since
it depends on the local current (and also, if By 3 x is
used, on the eritical current which is a function of the local
magnetic field). To give an idea of its variation with the
current, we compute the mean values of both the quantities
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(7Y and {j) on the surface of the films and the result is
plotted in figure 4(er) (Bi-2212) and figure 4(b) (Bi-2223)
for all temperatures. The curves occupy different parts
of the {j}-axis, because, as the temperature grows, the
critical current falls and the current decreases everywhere
in the film. To display the logarithmic dependence of the
activation energy on the current over the whole curent
range, we have to exclude the factors that depend explicitly
on the temperature. Since U(f, T) = U (T n[j(T)/j].
we plot in the insets of figure 4 the quantity (U}/U.—In j.
as a function of {j), revealing the In j dependence. This
In j refation obviously holds for the local U (r)—j (r) values,
but it is does not hold in principle for the mean valves (U}
and (j} over the surface of the film. The values of the
parameter U, for both films at all temperatures are listed
in table 1. It can be seen that they are practically constant
with temperature, which is expected if we suppose that the
temperature is lower than the depinning temperature [21].
Also, all U, values for the Bi-2223 film are larger than
the corresponding values of the Bi-2212 film, which is a
second indication of the existence of stronger pinning in
the Bi-2223 phase.

Relaxation measurements of the magnetic moment
are a powerful tool for the extraction of the current—
voltage dependence of superconductors at very low values
of the electric field, such that are not accessible with
electric measurements. In figure 5 we present the current—
voltage characteristics of the two films as derived from
the simulation. From the functions of the simulated
current and the electric field, the mean values (£} and
{j}y over the surface are computed and they are plotied
on a double-logarithmic scale. The plots are linear
since a power law was used for the resistivity based on
equations (1) and (2) of section 3. It is seen that the
curves become less steep, ie. the slope becomes smaller,
as we move towards higher temperatures. Indeed, the
exponent n == UJ./kT of the current—voltage characteristic
becomes smaller when the temperature rises, as can be seen
in table 1. Linear log E-log j curves are found by many
authors who extract them directly from raw data taken with
different experimental techniques using no assumption for
the form of U(j). From sweep-dependent magnetization
measurements Karapetrov ef al [20] derive linear log E—
log j curves for a Bi-2212 thin film, although in a limited
range of electric fields. From magnetic relaxation data on a
Bi-2212 single crystal Niderost et al [19] also extract linear
log E-log j curves in a single-pancake pinning regime
which are in very good agreement with our results.

The dependence of the critical current and the activation
energy on the magnetic field is investigated with a second
set of relaxation measurements performed at the same
temperature and different fields. The results of the
simulation of data at 7' = 5 K and 500 G < H < 40 kG
for both films are shown in table 1. In figure 6 we
plot the parameter jyo as a function of the field. This
appears to be field dependent because, as we have already
said, our assumption that By = oo in equation (3) is
equivalent (o j actually representing the critical current
at the experimental magnetic field and not at # = 0. The
data are fitted with the exponential law j, = Ae~?/b with
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Figure 4. Mean activation energy (U/) (mean valus over
the surface) of {a) BizSr,CaCu,0g and (b) Bi;SryCa,CusOy
films as a function of the mean current {j) (mean value over
the surface), both calculated from the simulation. Insets:
logarithmic dependence of the temperature-independent
quantity {U)/U; — Inj; on the mean current {/}.

A=08x10" A cm™2, By = 18200 G for the Bi-2212 film
and A=1x 10" A cm™?, By = 16900 G for the Bi-2223.
This dependence, which is set inactive in the present study,
proves to be very appropriate for the investigation of
magnetization loops which is actually in progress. From the
value of A it is concluded that the critical current density at
zero field and temperature T = 5 K is 0.8 x 107 A cm™? for
the Bi-2212 thin film and 1 x 107 A em™ for the Bi-2223.
Plotting the simulation parameter U, of the same relaxation
data as a function of field (figure 7) we find that it follows
a power law U, o« H™ with & = 0.27 for the Bi-2212
film and & = 0.30 for the Bi-2223. Thus the activation
energy (2) depends on the magnetic field through both the
critical current j. and the prefactor I/, and it is decreasing
with increasing field. This is a rather surprising result since
according to the collective-pinning theory U increases with
H, while for single-vortex pinning it is almost independent
of H. However, Abulafia et al [33] have recently found a
B~%7 dependence of U close to 7%, and have aitributed it to
plastic creep of vortices, while H~! predictions have also
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Figure 5. Current—voltage characteristics of

(a) BizSr:CaCu;Og and (b) Bile’aCEgGUsOa films at
various temperatures as calculated from the relaxation.

been reported [34-36]. In our case, although the inverse
dependence of U7 on H is unquestionable, we feel that
further investigation would be necessary in order fo give
a definite interpretation of this result.

A remarkable advantage of simulation procedures is
that they offer the ability to compute the local variation
of the various physical quantities involved. In figure 8
surface plots of the calculated local magnetic moment
g (equation (Al4)) and in figure 9 contour plots of the
z component of the magnetic induction B; (equation (A7)}
are shown at different instants during the experiment. The
plots correspond to the points A, B and C of the simulation
curve of the Bi-2223 film at temperature 50 K, which was
presented in figure 2. At the initial stage of magnetization
(point A of figure 2) the local magnetic moment g is still
small {(figure 8(a)) and varies smoothly over the surface.
As one moves towards the centre of the film, more current
loops contribute to the magnetization, which is why g
increases. At point B of the relaxation curve the currents
cannot rise further and the magnetic moment reaches its
maximum value. Notice in figure 8(b) that g is not only
greater but also steeper, i.e. V x zg is larger corresponding
to larger current, as equation (A5) states. After relaxation
has begun (point C of the relaxation curve) the currents
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Figure 7. Plot of the parameter U, as a function of the
magnetic field resulting from the simulation of the refaxation
measurements at the temperature T =5 K and fields
500 G < H < 40 kG.

decrease and so does the associated magnetic moment
(figure B(c)). The magnetic field plots of figure 9 show
that during the increase of H, (figure 9(a)) shielding is
successful in most of the film, but at the edges the magnetic
field is not zero owing to demagnetizing effects. Later in
the relaxation (figure 9(4)) the magnetic field enters the
film almost uniformly and rises slowly (figure 9(c})) as the
shielding cwrents diminish within an unchanged external
field.

5. Conclusions

Magnetic relaxation measurements are performed on high-
quality BizSrpCaCuyOgyy and BipSr;CayCusOyy, thin
films at various temperatures from 3 K to 60 K
and simulations of them are successfully done. The
simulations are based on the numerical integration of the
equation of motion for the current of the superconductor,
which is derived using the method of Brandt and his
coworkers [7-10]. With a thermally activated law assumed
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for the resistivity and a logarithmic activation energy
the experimental data are fitted successfully for both
phases. ‘The critical current is depicted as a function
of temperature, decreasing with it linearly, and current—
voltage characteristics which are linear on a double-
logarithmic scale are derived in an extended current zone.
At constant temperature the activation energy is found to
decrease with magnetic fleld according to a power law
B~", while the critical current dependence is found to be
of the exponential form e~#/%. Comparison of the two
phases through the simulation parameters and the relaxation
rates reveals that pinning in Bi-2223 is stronger, which we
attribute to the smaller anisotropy and also to a possible
existence of an increased number of defects in this phase.

Appendix

In the following we summarize the theory of a thin
rectangular film subject to a magnetic field perpendicular
to its surface. The theory has been developed by Brandt
and published in several papers [7-9]. We find it useful
to summarize this theory here, commenting on a slight
modification which we have done to the final eguation. We
adopt CGS units, which are switched easily to the, closer
o experiment, ‘practical units’, where the constant of light
is ¢ = 10, the cumrent 7 is expressed in A, the length x in
cm, the magnetic inductance B and magnetic field in G and
the magnetic moment m in emu.

Consider an orthogonal parallelepiped superconductor
of thickness d and area 2a x 2b subject to an external,
homogeneous magnetic field H,(¢) varying with time.
Then, an electric field E(r, ¢) is induced, such that

V x E(r,t)= _13Btnn (Al
c ot
causing a current j(r, £) to flow with value depending on
the resistivity p(r) according to

E(r,t) = p(r)j(r.1). (A2)

We adopt the general case of a spatially varied resistivity,
since it must depend on the local magnetic field, which is,
according to Biot-Savart’s law,

: ’
B(r, 1) = lf IXO =) oy B, (A3)
€ J wlme | — 7|3
of film

It is easy to see that if one differentiates equation (A3)
with respect to time and substitutes in it B(r,t) from
equation (AlL), with E(r, ) substituted by its equivalent
from equation (A2), then one has an equation of motion
for the cumrent j{v,¢) which, if solved, will allow the
calculation of all the other electromagnetic quantities.

That is indeed the aim, only first one has to get rid of
the coordinate which is normal to the film surface, since
its thickness is 4 &« a. Supposing that the cumrent is
independent of z (the x—y plane is taken to coincide with
the surface of the film), the ‘sheet current” J(x, y, 1) is
introduced, such that

d
Ty, 1) = f J vz 0dz=§y, 0d. (Ad)
q

Magnetic relaxation simulation of Bi-2212 and Bi-2223

Furthermore, since the sheet current has to satisfy V-J =0
and also to be paraliel to the surface and independent of z, it
turns out that it has to depend on a scalar function g{x, y, t)
according to the relation

JO, y, 1) =V x zglx, y,8). (AS)

This z independence that we have assumed actually implies
that surface Meissner currents are neglected. This is
correct: becavse of the large demagnetizing factor of the
films, the first critical field £, is very small (some tenths of
a gauss), and the Meissner surface currents contribute very
little to the magnetic shielding, which is almost entirely
successful through the diamagnetic current that results from
the gradient of vortices in the film.

Now the current everywhere has to be replaced by its
equivalent from equation {(A5) and thus equation (A3) gives
for the z component of the magnetic field

B, (x,y,2.1)
”[f 1 227~ (x = &)~ (y - ¥')?
- surface o [72 — - 2 _ — 21572
srfae el — (- = (v — y)]
xglx', ¥y, ndx' dy' + H.(t). (AG)

(A perpendicular external magnetic field has been assumed
and the integration for dz’ has been performed.) One last
difficulty occurs on taking the limit lim,_,q B,(x, y, z, £} to
obtain the magnetic field on the film surface:

Baryn=[[  0@me,y naxay + mw
gurface
of fitm
(A7)
where

W w1222 —(x—xP—(y—yV
SR Py Py s g
Q(r,r") is the so-called integral kemel. However, one
cannot directly take the above limit because the remaining
integral in equation (A7) diverges. Still, one finds, after
long calculations in which a second transformation is
inserted, that the Fourier transform of

1222 — (xr —x)? — (y — y')
cl? = —x%) — (y = yPPP

converges at the limit z — 0 and it is equal to

0 8 1 [oo d foc d K K. {14 cos2aq,)
KK = —— 4
mabely o “P - KD - KD

Ky K (1 + cos 2bg,)
E-KDGE KD

(A9}

where g = (g7 + ¢2)'/? and Qg g satisfies

13\/2
O, ry=2)"Y Oxx (w) sin(K .x) sin(K, y)

K K ab
2
x(—g) sin(K/x") sin(K, y"). {A10)
2 :

From now on, 7 = (x, y), 7' = (x', y).
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The integral in equation (A9) can be computed ana-
Iytically and then (Q(r,7') is computed from equa-
tion (Al10). When Q(r, ') is known, one can proceed
te the derivation of the equation of motion for the curent.

Inverting equation (A7) to solve for g(r, t) one has

O~ (r, P)[B,(r', £) — Ho(£)]1d%'.

ero=/.

of fitm

where 0~ (r, r') is the inverse kernel, Differentiation with
respect to time gives

g, 1) = f 0B, 0 — B

af film
(A11}
Now, inserting equations (A2), (A4) and (A5) into equation
(Al) one obtains

Br, 1) =cV . [SVg(T, z)] (A12)

and, with that, equation (A11) becomes

sn=[ 0
of it
X lcv’ . [gv'g(r', z)] —H, (:)} azs’ (A13)

which is an equation of motion for g{r, ¢). If this is solved,
the current on the film can be computed from equation {AS5),
the magnetic field from equation (A7) and the magnetic
moment from the equation

(e, 1) = 1 r x J(r, 1) d*r

2(_‘ surface
of Jfilm

1,

= Ez [wfm_ g(r, d?r, (Ald)
of film

One can see that g(r, £) is the local magnetic moment, since

its integral on the film surface equals the magnetic moment

of the film.

At this point we differentiate our work from that of
Schuster er af [8}. We choose not to solve equation (Al13)
directly for g(r, 1} but, instead, we insert in it the Fourier
transform gr-(¢) of g(v, £) and sclve the resulting equation
for grc(t). That is,

1\2
grct) = ] f e r’)(gg) sin(Kx) sin(K, )

of film
X lcV’ . [%V'g(fr’, z)] —H, (r)} A2 &P (Al5)

where
13\\72
glr,t)y= ;gK(t) (;b—) sin(K,x)sin(K,y). (Al6)

By doing so, the spatial derivatives in V' . (pV’'g) are
easily computed, as they are simply sums of terms of gg (£).
Equation (A15) is the desired equation of motion.
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