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Local time-dependent magnetization of superconducting films in the presence of a transport current
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The time dependence of the normal component of the local Aux density B,(t) was studied using a small
Hall sensor placed on a thin film of the high-temperature superconductor YBa2Cu307. Following the
preparation of the critical state, the time dependence of B,(t) was studied before, during, and after the
application of both positive and negative transport currents. Initial application of current results in an
increased relaxation rate. A simple approximation for the relaxation behavior was used to calculate the
spatial dependence of the current and Aux densities as a function of time using a modified Bean critical-
state model that incorporates demagnetization efT'ects in superconducting films. With this model it was

possible to account for most of the observed behavior.

I. INTRODUCTION

The characteristics of current-carrying superconduct-
ing films are of interest not only for fundamental reasons
but also because of their importance to potential device
applications. Such films have been studied using numer-
ous experimental methods. The recent development of
miniature Hall probes, ' for example, has made it possible
to investigate the dynamics of magnetic Aux penetration
into superconducting films with unprecedented detail,
and in this paper we take advantage of this technique.

Recently, we reported results that used microscopic
Hall sensors to study the effects of transport currents on
the Aux distribution in high-temperature superconducting
YBa2Cu307 (YBCO) thin films. These results described
some anomalous effects associated with the application
and removal of a transport current in a thin supercon-
ducting film initially in the critical state. These effects
could be accounted for by considering the role of demag-
netization on the distribution of currents in thin film sam-
ples. A theoretical method for treating demagnetization
effects was also described briefly.

More recently, we presented the basic ideas and funda-
mental equations needed for a detailed understanding of
the critical-state current-density and magnetic-field dis-
tributions in thin films subjected to slowly time-varying
transport currents and perpendicular applied magnetic
fields. There we considered distributions of the magnetic
fiux density B,(x) normal to a superconducting strip of
width 28 along the x direction, infinite length along the
y direction, and thickness d along the z direction
(d « W). We treated the case for which the critical
current density J, is a constant (independent of x and B),

such that the magnitude of the current density J~(x) is
equal to J, in a region of the sample in which 8,(x) had
just changed. We showed that there are field-invariant
regions, where 8, (x ) does not change so long as the mag-
nitude of the current density J~(x) remains less than the
critical current density J, .

In Ref. 3, as in similar work by Brandt and co-workers
(Refs. 4 and 5), we implicitly assumed that the electric
field E is zero when the current density J obeys

~
J~ &J„

and that it obeys ~E~ =pI( ~ J~ —J, ) for J )J, (which
only exists for very short times immediately after changes
in the applied field or transport current). A consequence
of this assumption is that, depending upon prior magnet-
ic history, the local magnetic field and current density
under constant applied field and transport current quick-
ly relax to unique, but history-dependent, distributions
characterized by J, .

An important feature of the experiments of Ref. 2, as
well as those we report in this paper, is a slow relaxation,
approximately logarithmic in time. Such behavior arises
from the specific dependence of the electric field E on
current density J, and is evident as a rounding of the
E(J) curve in the vicinity of J, . Such curves are often
approximated for J near J, by E( )J= Ee x[p(

—JJ, )I
J,h], where E, is the electric-field criterion used to define

J„and J,h is a rounding parameter of thermal origin. In
some models, J,h

=J,kT/U, where k is Boltzmann's con-
stant, T the absolute temperature, and U an activation
energy for Aux creep. %'hen combined with Faraday's
law and Ampere's law, the exponential form of E(J) gen-
erally gives rise to magnetic relaxation in which, for long
times t, E varies as j,/t, and J can be expressed as a con-
stant plus a term that decreases as ln(t). Under these
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particular conditions, for example, the exact solutions for
magnetic relaxation of a thin superconducting cylindrical
shell of radius R and thickness d are E =E, /(I+t/t, )

and

J =J, [ I —
(J,h /J, )I n( I +t /t, )],

so that the field inside the cylinder decays as

H, =Jd= J,d [I—(J h/J, )ln(1+t jt, ) j .

Here t, =p,oRdJ, h /2E, is an L/R time constant, since
the inductance of unit length of the cylinder is pomR and
the corresponding diff'erential resistance is 2m.Rp,

' /d,
where p', =(dE/dJ), =E, /J, &. The time t =0 corre-
sponds to the time that E =E, and J=J,.

In general, to determine the evolution with time t of
the magnetic fiux density B,(x, t) as well as that of the
electric field E~(x, t) and the current density J (x, t),
three coupled equations involving these three functions
must be solved simultaneously: Faraday's law, Ampere's
law, and the equation that relates E and J, subject to the
boundary conditions at the surface. Numerical solutions
would be required in such a procedure. ' In this paper,
however, we do not solve these equations exactly, but in-
stead make use of a simpler approach that takes advan-
tage of known analytic solutions for a strip with a spatial-
ly dependent critical current density J,(x). We account
for the time dependence phenomenologically, noting
from earlier work that, after the critical state is estab-
lished (at time t =0) with a current density J„it relaxes
approximately logarithmically with time, according to an
equation similar to Eq. (1).

The organization of this paper is as follows. In Sec. II,
we present new experimental results showing details of
how the rate of local magnetic relaxation depends upon
prior magnetic-field and transport-current history. In
Sec. III, we present a theoretical framework for the
description of these results, and in Sec. IV, we apply the
theory to the experiments. Finally, in Sec. V, we present
a brief summary of the key results of our paper.

strip. Magnetic fields of up to 600 Oe were supplied by a
copper-wound magnet and were applied parallel to the
YBCO c axis (z direction). Transport currents were ap-
plied in the y direction. The critical current density J,
was determined from magnetic J, measurements made
over the temperature range 78—90 K and transport J,
(current-voltage) measurements from 87.5 to 90 K. At
T =78 K a value J,=2.2X10 A/cm was determined,
which corresponds to a critical current I, = 1.6 A.

The local magnetic Aux density B, was measured as a
function of time after a preparation sequence that began
by warming the strip well above T, . The strip was then
cooled in zero applied field and the temperature stabi-
lized. Next, the field was cycled through half a hysteresis
loop with the maximum applied field being large enough
to place the superconductor in the remanent (trapped-
fiux) critical state. The time t =0 was defined as the time
at which the applied magnetic field returned to zero.
After this preparation, B, was measured as a function of
time in this remanent state (H, =0) and was typically
monitored for 4000 sec at a fixed temperature between 78
K and T, . The time at which the transport current was
applied was defined as t,„, and the time the current was
removed was t,ff.

The first type of study involved applying a series of
difFerent transport currents (IT ) during the time interval
200 s & t &2000 s. For this case, the full preparation se-
quence was repeated for each value of IT. In the second
type, a current IT of the same magnitude was applied at a
series of different initial times t,„with the current re-
moved at the same time (t,s =2000 s). For this second
case, the full preparation sequence was repeated for each
value of t,„.

The time dependence of the local flux density B,(t)
measured at T =78 K for different values of the applied
transport current IT is shown in Fig. 1. The results for

4.6

II. EXPERIMENTAL

An epitaxial YBCO thin film, with the c-axis perpen-
dicular to the film plane, was prepared by pulsed-laser
deposition on a heated (001) LaA103 substrate as previ-
ously described. The film was about 3000 A thick. The
superconducting transition temperature (T, ) was 91 K,
and the transition width hT, was about 2 K as measured
by ac susceptibility at 2.5 MHz. A strip about 230 pm
wide and 5000 pm long was laser patterned into the
YBCO film.

The normal component of the local magnetic Aux den-
sity (B, ) was measured using a small single-crystal InSb
Hall sensor with an active area approximately 35 pm
wide and 35 pm high. The specification and operation of
this type of Hall sensor have been described previously. '
The Hall sensor was positioned over the superconducting
strip, with the right edge of the Hall sensor approximate-
ly 35 pm to the left of the right edge of the strip and its
bottom surface about 30 pm from the top surface of the
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FIG. 1. Time dependence of the local magnetic Aux density
8, measured by the Hall sensor for different values of applied
transport current in a YBCO film at T=78 K. In separate
runs, either positive or negative currents were applied during
the time segment between t,„and t,ff. Current values of 0, +40,
and +80 mA are presented. The critical current I, =1.6 A at
T=78 K.
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III. THEORETICAL MODEL

We now model the effects of relaxation on the distribu-
tions of magnetic Aux density and electric currents. The

0.5

0.25

CO

0

C4

-0.25

-0.5
-100 -50 0

I (mA)

I

50 100

FIG. 2. The change in local magnetic Aux density hB, for a
YBCO film at T =78 K at the time when the current is applied
[t}B,(t,„}]and when the current is removed [b,B,(t,s }].

IT values of 0, +40 and +80 mA are presented and show
that initially the time decay is nearly logarithmic, typical
of YBCO. The value IT=80 mA corresponds to approxi-
mately 5% of the critical current density at T=78 K.
Prior to the application of a transport current, all the
data have approximately the same logarithmic depen-
dence, with a slight spread of initial B, values resulting
from small variations in the preparation of the critical
state. As seen in Fig. 1, when a positive Iz is applied,
there is a step decrease in B„while for negative currents
there is a step increase in B,. There is a clear asymmetry
in the shape of the curves during current application,
with positive current application initially leading to large
changes in the relaxation rate dB, /d ln(t) and negative
current application having only a small effect on the re-
laxation rate. It can also be seen in Fig. 1 that when a
negative current is removed, B, returns to nearly the
same value that would be expected if the current had not
been applied. This is in contrast to removal of a positive
current, in which case there is a large negative offset in
B, after current removal. The steps seen at t,„and t,z
are a result of several contributions, including those due
to the separation of the Hall sensor from the sample sur-
face and the finite thickness of the sensor. A plot of the
size of the steps at t,„and t,ff as a function of the IT
value is shown in Fig. 2.

Shown in Fig. 3 is B,(t) measured at T =78 K when a
current of either IT=40 mA or —40 mA is applied at a
series of different values of t,„. The behavior is essential-
ly the same as that in Fig. 1. However, it is now more ap-
parent that application of a negative current results in a
reduction of the slope dB, /d ln(t) and that the slope dur-
ing this negative-current application is essentially in-
dependent of the time t,„. In addition, it is more ap-
parent from Fig. 3 that when a positive current is re-
moved at t,z, a relaxation rate less than the baseline rate
is observed, whereas the removal of a negative current re-
sults in an increased relaxation rate.
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FIG. 3. Time dependence of the local magnetic Aux density
B, for a YBCO film at T=78 K when a transport current
IT = +40 rnA is applied at different values of t,„. The current
was removed at the same time t,ff =2000 s.

static current and field distributions in a thin-film strip
carrying a transport current in the presence of an applied
field have been calculated recently in Refs. 2—5. We now
extend this approach to include the effects of relaxation.
In particular, we treat the case relevant to the described
experiment, namely application of transport current to a
sample in a fully penetrated remanent state. '

As discussed in the introduction, the magnetic-field,
current-density, and electric-field distributions, in princi-
ple, should be solved by combining Faraday's law,
Ampere's law, and the E versus J relation, as in Refs. 6
and 7. Here, however, we are not interested in the rapid,
transient response of the superconductor immediately fol-
lowing changes in the applied field or transport current.
During the period ~ just after the change, the electric
field E is much larger than E„the electric-field criterion
for definition of the critical current density, and the
current density J is much larger than the critical current
density J, . Instead, we are interested in the behavior at
times t much larger than ~ and t„ for which E decreases
below E„and J relaxes to values below J, . We consider
behavior following a change of applied field or transport
current at which certain regions of the sample have just
undergone changes in the local Aux density, where J at
time t =0 is equal to J, . By ignoring transient effects
(t »r, t » t, ), we can then use the simple approximation
that in these regions the magnitude of the local current
density subsequently relaxes with time as

J,'(t)=J, 1 — ln(t/t, )
Jth

C

(2)

We shall refer to J,'(t) as the time-dependent critical
current density, which is reestablished in any region
where B, changes after each change in either the applied
field or transport current. Using this phenomenological
time-dependent critical current density, we are able to
calculate the relaxation of J (x, t) and B,(x, t) in the en-

tire sample without the need to analyze the local electric
field E.
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For an infinite slab in a parallel field, the critical state
is determined by ~ J~ ~

=J, in the outer regions closer to
the surface and by J~ =0 in the central field-free region of
the sample. In a thin film, however, the situation is com-
plicated by demagnetization effects, which result in a
continuous current distribution throughout the sample.
In this case vortex distributions may also relax in the re-
gions where

~ J~ ~

& J, . However, since the local hopping
of vortices depends exponentially on the local current
density, the considerably lower vortex relaxation rates in
the low-current-density regions are neglected in this mod-
el. We also neglect the possible dependence of the relaxa-
tion rate on the local vortex density.

Immediately after the remanent state is established
(t =0) in a thin film, a uniform current fiows in the film
with J (x)= —J, for —W&x &0 and J (x)=J, at
0&x & O'. We assume that for times t »~ this current
decays with time away from the critical state according
to Eq. (2). At t =t,„,just prior to the application of the
transport current, the time-dependent critical current
density J,'(t) has decayed to J'", as shown by curve a in
Fig. 4.

In order to describe the current-density distribution in
I

J'(x, t,„)=J, J(—x, t,„)
J, +J'"=J~—( t,„), —W & x & 0,
J, —J'"—:J~ ( t,„), 0 & x & W . (3)

Applying the transport current at t ~ t,„results in a new
current density distribution which is a superposition of
the relaxed remanent-magnetization current density just
prior to t,„, J (x, t,„), and the changes in the current-
density distribution J'(x, t). The added current at the
edges takes full advantage of the available current densi-
ty. Therefore, the added transport current density is
given by

the film in the relaxed remanent state in the presence of
the transport current, we use the "spatial variation of the
critical current" approach developed in Ref. 3. Since
J (x) has relaxed from t =0, application of a positive
current can now increase the current density for all
values of x. At t =t,„ the maximum current density in-
crease possible, or the "available" current density J', for
a positive transport current in the y direction is

JL(t), —W&x &p —a,

J'(x, t) =

1 . (x —p)( W —p) —a . (x —p)( W+p)+a
J~ (t)arcsin —JL (t)arcsin

p —a&x&p+a .

J~(t), p+a &x & W,

+ —[JL (t)+J~(t)],1

2
(4)

where p is the center of the 2a-wide region of the film in
which the field does not change (field-invariant region) as
a result of the new current distribution. Curve b (long
dash) in Fig. 4 shows the total current distribution im-
mediately after the transport current of Iz-=0.25I, has
been applied (I, =2Wd J, ). Close to both edges the
current density now equals J„and in these regions the
vortex density and the field distribution inside the film
are affected by the transport current. At the right edge
B,(x) has decreased and at the left edge the field has in-
creased, as shown by curve b (long dash) in Fig. 5(a). In
the central region (p —a & x &p +a ), however, 8,
remains invariant. There are two conditions that deter-
mine the time-dependent width 2a and the time-
dependent position of the center p of the field-invariant
region, which appear in Eq. (4). The first comes from the
fact that J'(x, t) has to carry the externally applied trans-
port current Iz. Integrating Eq. (4) over the width of the
film and equating it to Iz., we obtain

Jr =d [Jg (t)+( W —p) —a

+JL (t)+( W+p) —a ],

I

tion to 8, in this region. Using the Biot-Savart formula
and integrating over the width of the film (see Ref. 3), we
obtain

+( W —p/a )
—1+ 8' —p

a
Jg (t))IJg ( t)

+(W+p/a ) —1+ S'+p
a

As the current density near the edges of the film decays
from J„the width of the field-invariant region decreases
and the center of the field-invariant region (p) shifts to
the left. While Eqs. (3)—(6) are valid for any time depen-
dence of J,*(t), we use the logarithmic approximation of
Eq. (2) for simplicity. Hence, after the transport current
is applied, the total current density close to the edges de-
cays according to Eq. (2) with t being replaced by t —t,„
and as a result the added current densities at the edges re-
lax as

+JOB

The second condition is the field invariance in the central
region. In other words J'(x, t) must have zero contribu-

JOII
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FIG. 4. The calculated reduced current density J~ /J, Rowing
in a thin film superconductor as a function of position x for a
transport current IT applied in the y direction. The center of
the film is at x =0, while the film edges are at x/8'=+1.
Curve a corresponds to uniform relaxation to

~
~J~ I =4 J t~=0.5J after

establishing the remanent critical state in the film. Curve b
shows the effect of a transport current IT =0.25I, applied to the
relaxed state. Curve c shows the effects of relaxation a short
time after current application, while curve d shows relaxation to
the time t =t* {where p +a =0). Curve e shows relaxation for
t ) t* just prior to current removal. Curve f shows the effect of
removing the current, while curve g shows the effects of relaxa-
tion a some time after transport current removal. Solid line at
bottom of figure shows position and width of Hall sensor for
positive transport currents, while the dashed line shows the
equivalent position of the sensor for analyzing the effect of nega-
tive transport currents.

Using these relations and Eqs. (5) and (6), we may readily
evaluate numerically the parameters a and p at any given
time t. Curve c in Fig. 4 shows the effects of relaxation
for t) t,„.

Equations (4)—(6) hold as long as the right-hand edge
of the field-invariant region is at x )0, namely p+a )0.
At a particular time t*, the right-hand edge of the field-

-0.2-

-1.0 -0.5 0.0 0.5 1.0

FIG. 5. (a) The calculated z component of the magnetic Aux

density B,(x) at the film surface as a function of position x and

(b) B,(x) at a position 46 pm above the surface. The curves a
through g correspond to the curves labeled similarly in Fig. 4.
The field is normalized by using Bf=4dJ, /c.

invariant region reaches the center of the strip and
+a =0. Curves d in Figs. 4 and 5(a) show the current

and field distributions at t = t . Outside the field-
gC JIB( 4 }invariant region, the current density at t, , t —t,„,

will be larger than J'" for any positive applied transport
current. Hence, from Eq. (1) it follows that t* t,„&t,„, —
so that the described current distribution is obtained
shortly after the transport current is applied. Since the
relaxation is investigated experimentally on long time
scales, most of the observed decay occurs at t) t', so
that p +a (0. In this case the added current distribution
J'(x, t) is given by

JL(t), —W&x &p —a,
1 (x —p)( W —p) —a

Jz (t)arcsin
(x —p)( W+p)+a—JL (t)arcsin

Jy'(x, t) = (x —p)p +a+[Jr (t) Jz(t)] racsi—n +JL(t), p —a &x &p+a,

JL(t), p+a &x &0,
J„(t), 0&x & W .

~ ~

The total current density is given by the superposition of
J (x t ) and the added current density J'(x, t). As iny ~ on

ndth case of Eq. (4) the time-dependent parameters a an
1p are determined by the requirements that the tota

e fieldcurrent is equal to the transport current IT and t..e
B, is invariant in the central region. These requirements
yield
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Ir =d [J~ (r)+( 8' —p) —a +J~(t)V( W+p)2 —a 2

+ [J~(t) —J~(t)]v p —a2],

+(w —p) —a +w —p
+p a p

JL (t)/Jg (&)+( w+p) —a + w+p
(10)

The time decay of JL and Jz is given by Eq. (7). Note
that at r )2t,„, J~(t) becomes negative, which means
that the total current density at x )0 has dropped below
J'", as shown by curve e in Fig. 4.

Curves e (short dash) in Figs. 4 and 5(a) show the
current and field distributions at longer times just prior
to the removal of the transport current at t =t,z. Re-
moving the positive transport current Iz- is equivalent to
adding a negative current —Iz to the current distribution
that exists at t,&. The resulting current density profile is
therefore a superposition of the total current distribution
at t,s and the added current distribution J"(x, t,s. ) due to
the negative transport current change. At t =t,~ the to-
tal current density on both edges of the film has dropped
to a value J' =J,*(t,tr t,„)g—iven by Eq. (2). The avail-
able current density for the negative —Iz is therefore
J, +J' . The added current density at the edges will de-
cay with time as J,*(t —t,s.)+J' with the resulting J"
given by

—[J,*(t —t,s ) +J' ]arctan+ W —a la —x,
~
x

~
(a,J"(x,t) =-

J,*(t r.~) J'~,—a ~ ~—x & 8'.

The new field-invariant region inside the film is sym-
metric with respect to x =0, and its time-dependent
width 2a is now given by

i 2 1/2
Iz- /28'd

a =8' ~ 1—
J,*(t r.~)+J'~— (12)

IV. CORRESPONDENCE QF DATA AND MODEL

Curve f in Fig. 5 shows the total current density distribu-
tion immediately after the transport current is removed.
Curves g in Figs. 4 and 5(a) show the effects of relaxation
on the current and field distributions for t ) t,~. Figure
5(b) shows corresponding curves of B,(x) that are calcu-
lated at the center of the Hall sensor at a distance z above
the surface. The general features of the B,(x) profiles are
similar, but there are some differences in detail. At finite
heights there are no divergences of the field profile, and
the sharp features are significantly rounded. In addition,
the field 8, at a height directly above the field-invariant
regions of the film does vary with time because the relax-
ing current distribution provides the required field invari-
ance only in the plane of the film.

are a 180 rotation of those shown in Fig. 4 and the mir-
ror image of those shown in Fig. 5. Therefore, in consid-
ering the negative current data, one should imagine hav-
ing the Hall sensor moved from its actual position (Fig. 4,
solid line) to a position equidistant form the opposite
edge of the strip (Fig. 4, dashed line). It can be seen that
the general features of the experimental results presented
in Figs. 1 and 3 are reproduced by the calculation (Fig.
6). Application of a positive current results in a negative
step at t,„accompanied by an increased relaxation rate
that gradually approaches the baseline relaxation rate ex-
pected for the case when a transport current is never ap-
plied (Fig. 6, dashed line). Removal of the positive

0.28

0.26—

CQ

0.24—

Shown in Fig. 6 are the results of a calculation of the
time dependence of B, for the case of relaxation from the
remanent magnetic state. The actual width of the Hall
sensor employed in the experiment and its actual position
were used in this calculation. Figure 6 shows the average
B;"(r) at the position of the Hall sensor, as relaxation ini-
tially takes place from the remanent critical state and is
followed by application of either a positive or negative
current of magnitude ~Ir ~

=0.05I, at t,„=100 s, after
which the current is removed at t,&=2000 s. In Figs. 4
and 5 we have shown only the results for the application
of a positive transport current. By symmetry, application
of a negative transport current gives rise to profiles that

0.22—

I I

10 2

a ~ t I

s 10 2 5 10 z
2 3

t (sec)
10

FIG. 6. Calculated time dependence of 8;"{t),the magnetic
flux density averaged over the sensor cross section, when a
transport current I&=+0.05I, is applied to the remanent criti-
cal state at t,„=100s and removed at t,&=2000 s. The dashed
line represents the relaxation if a transport current is not ap-
plied (baseline relaxation). The parameters t, =10 ' s and
J,], /J, =0.01 were used in the calculation.
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FIG. 7. Time dependence of the local magnetic Aux density
B,( t) as a function of log &o( t —t,„) in the case of positive
current application at di6'erent values of t,„. The vertical ar-
rows identify the approximate values of t * for t,„=500 and
1000 s.

These trends can be seen clearly in Figs. 1 and 3.
Figure 7 shows the relaxation of B, after the applica-

tion of a positive transport current for various values of
t,„. Since application of the transport current essentially
resets the clock for the relaxation of the time-dependent
critical current density, these curves are shown as a func-
tion of t —t,„. In Fig. 7 it can be seen that there is a
change in the relaxation rate that we associate with the
time t*. For short values of t,„,J,„ is relatively high,
and the time t* required for the right-hand edge of the
Geld-invariant region to reach x =0 is relatively short.
At times t =t,„ larger than t*, the relaxation rate ap-
proaches the baseline relaxation rate.

Upon remova1 of the current, the magnitude of the
current density inside the film decreases on the average,
causing much of the sample to have current densities well

below J„ thereby slowing down the rate of relaxation.
This explains the reduced rate of relaxation for t ) t,ff

shown in Figs. 1 and 3.

V. SUMMARY

current produces a positive step in B„and, most notably,
B, retains a large negative offset from the baseline value.
Application of a negative current results in a positive step
at t,„, accompanied by an increased relaxation rate that
gradually approaches a relaxation rate much lower than
the basehne relaxation rate. Removal of the negative
current produces a negative step in B,. However, now B,
has a value very close to the baseline B, value. The cal-
culation exhibits a significant reduction in the relaxation
rate upon removal of either a positive or negative
current.

The steps in B, at t,„and t,z result primarily from
finite separation of sensor and sample and from the finite
size of the sensor. Rather than measuring the B, im-
mediately adjacent to the surface, as in Fig. 5(a), the sen-
sor actually measures B, at a height above the sample
surface, as in Fig. 5(b).

The initial increase in the relaxation rate observed
upon application of a positive current (Fig. I) can be ex-
plained using Fig. 4. Curves a and b of Fig. 4 show the
effects of applying a positive current. Prior to application
of the transport current, the right-hand side of the sam-
ple (0&x & W) carries positive J (x), while the left-hand
side ( &&x &0) carries a negative J (x). Adding a posi-
tive transport current increases the total current density
J» on the right-hand side and decreases the average

~ J~ ~

on the left-hand side. Therefore, the relaxation rate will
be enhanced for x )0 and generally suppressed for x (0.

The effect of transport currents on the spatial depen-
dence of the current density and the normal component
of the magnetic Aux density has been studied experimen-
tally and modeled theoretically. The model of Refs. 2
and 3, which accounts for demagnetization effects, has
been extended here to explicitly include a time depen-
dence. A simplified account of the relaxation has been
carried out by using a phenomenological time-dependent
critical current density with a logarithmic relaxation rate.
The main features of the experimental results have been
reproduced by a calculation using this model with actual
experimental parameters: Hall sensor size and position,
applied transport current densities, and independently
determined J, values.
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