
&
r, i

/
~o

/ / [ Q ~ y /(a r)
]

/[~ r)
/

PHYSICAL REVIEW B VOLUME 48, NUMBER 17 1 NOVEMBER 1993-I

EfFect of transport currents on the critical state of YBazcu3O7 ~ thin films
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After preparation of the remanent critical state, the normal component of the local time-dependent
magnet field 8, near the surface of a YBa&Cu307 z thin film was measured before, during, and after the
application of a transport current. The results are shown to be consistent with new calculations of B, for
the thin film geometry. The calculated behavior in a thin film is shown to be substantially diff'erent from
that of the Bean critical state in a long slab in a parallel field. In slab geometry, starting from the
remanent critical state,

~
J(x)~ is always equal to J„whereas in thin films a continuous distribution of

current densities J(x) is found. This feature results in a unique distribution of the magnetic field B, and
unusual magnetic relaxation behavior in the presence of a transport current.

The critical-state model' is commonly used to de-
scribe the quasistatic penetration of magnetic flux via
quantized vortices into type-II superconductors. Its ap-
plication is often illustrated by considering a slab in a
parallel applied magnetic field. For example, in an in-
creasing applied field above the lower critical field H, &,

this model states that the internal magnetic induction B
near the surface obeys dB, /dx~=4~J, /c, where J, is
the critical-current density. At a suKciently high applied
field, this critical gradient penetrates to the center of the
sample, and the magnitude of the induced current density
J is equal to J, throughout the sample. When the applied
magnetic field is reduced, the current density induced
near the surface reverses direction, but the magnitude of
J remains everywhere equal to J, . This model has been
used to analyze numerous magnetization experiments by
applying fields parallel to slabs or cylinders, where the
behavior is similar.

Much less is known, however, about the details of
penetration of magnetic flux into a thin-film sample when
a magnetic field is applied perpendicular to the film sur-
face. This case is complicated by demagnetization effects
and by the fact that in the expression ~J~ =J„where
4m J/c =7 X B, both the gradient and the curvature of B
are important. In fact, for a thin film the dominant con-
tribution to the current density arises from the curvature
of B. Moreover, in contrast to the above behavior in a
slab where the induced current initially flows only near
the surface, the surface of the film is exposed to magnetic
field components that bend around the film, thereby in-
ducing currents everywhere in the film, not just at the
edge. The distribution of induced currents in a supercon-
ducting strip in response to small applied magnetic fields
or transport currents can be calculated using conformal

mapping methods, as described in Refs. 7—9.
In this paper we use a small Hall sensor, placed just

above the surface of a YBazCu307 & (YBCO) thin film to
study the evolution of the local magnetic field as a trans-
port current is applied to a sample initially in the
remanent (trapped-fiux) critical state. To understand the
results, we develop a theoretical method for analytically
calculating the hysteretic field and current distributions
in a superconducting film whose thickness d is on the or-
der of the penetration depth X. We apply this method to
calculate the field and current distribution as a function
of the applied transport current. We find that, in striking
contrast to the case of slab geometry, there is a region of
the sample for which 0 &

~
J~ (J, and vortices are immo-

bile, while, in common with the slab geometry, ~ J~ =J,
along the edges of film, where vortices move into or out
of the sample. An effect of the corresponding magnetic
field distribution is the unusual magnetic relaxation
behavior we observe in the presence of a transport
current.

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. The film

0
thickness was 3000+500 A. The superconducting transi-
tion temperature ( T, ) was 91 K, and the transition width
AT, was about 2 K as measured by ac susceptibility at
2.5 MHz.

The normal component of the local magnetic induction
(B, ) was measured using a small single-crystal InSb Hall
sensor with an active volume approximately 35 pm wide
by 110 pm long by 35 pm thick. The specifications and
operation of this type of Hall sensor have been described
previously. ' A transport bridge about 230 pm wide and
5000 pm long was laser patterned into the YBCO film.
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The Hall sensor was positioned over the film. The edge
of the Hall sensor was approximately 35 pm from the
side edge of the transport bridge with its long dimension
along the bridge. Magnetic fields of up to 600 Oe were
applied by a copper-wound magnet and applied parallel
to the YBCO c axis and perpendicular to the plane of the
bridge.

The local magnetic induction B, was measured as a
function of time on the transport bridge after a sequence
of events that started with warming the bridge well above
T, . The bridge was then cooled in zero applied field and
the temperature stabilized. The field was then 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. B, was then
measured as a function of time in this remanent state
(M, =0) and was typically monitored for 4000 seconds at
a fixed temperature between 78 K and T, . A transport
current I, was applied during the time interval 200
s&t &2000 s. This full sequence was repeated for each
value of I, . Since the Hall sensor was placed off-center,
we can infer from symmetry considerations that applica-
tion of a negative current is equivalent to having the Hall
sensor moved to a position equidistant from the opposite
side of the bridge during application of a positive current.

B, measured at di8'erent values of applied transport
current I, are shown in Fig. 1. The results for I, values
of 0, +60, and +100 mA are presented. Several time seg-
ments have been defined in Fig. 1. The time t=0 is
defined as the point at which the magnetic field returns to
zero. The segment t,b is the time between t=0 and the
application of a transport current, segment t,& is the time
during which the current is applied, and segment t,I is
the time between turning off the current and the end of
data acquisition. The results of Fig. 1 show the nearly
logarithmic time decay typical of YBCO." Prior to the
application of a transport current, all the data have ap-
proximately the same logarithmic dependence, with a
slight spread of initial B, values resulting from small
variations in the preparation of the critical state. As seen

4.8

in Fig. 1, when a positive I, is applied, there is a decrease
in B„while for negative currents there is an increase in
B,. There is a clear asymmetry in the shape of the curves
during t,& which is associated primarily with relaxation
processes. During tz, the curves have small values of the
slope dM/d ln(t).

The critical current density J, was determined by cali-
brating magnetic J, measurements made over the tem-
perature range from 78 to 90 K with transport J,
(current-voltage) measurements made from 87.5 to 90 K.
At T=78 K a value J, =2.2X10 A/cm was deter-
mined.

In order to explain our results, we start by developing a
general theoretical method for calculating hysteretic field
and current distributions in a thin superconducting film
whose thickness d is on the order of the penetration
depth A. . We assume that the local vortex density n (x) is
related to the local transverse component of the magnetic
fiux density B,(x) via B,= n PD, where P~ =h /2e is the su-
perconducting Aux quantum. We ignore the spatial vari-
ation of the current density over the thickness of the film,
and in this paper J(x) refers to the current density aver-
aged over the film thickness.

It has been shown that the normalized relaxation rate
S =(1/M~)[dM ln(t)] is nearly a constant for all YBCO
materials. ' Such relaxation can be seen in Fig. 1. How-
ever, here we model the case without relaxation. The
volume of the film is divided into well-defined regions of
two types. (a) Regions in which

~
J(x)

~

=J„where the
current density is constant and the local field B, may take
on whatever value is determined by the current distribu-
tion and the applied field. (b) Regions in which

~
J (x )

~

& J„where the vortices are immobile and B, is
frozen at its previous value. The current distribution
J(x) therefore must adjust to keep B, independent of
time in this field-invariant region. Variations of the ap-
plied field or transport current displace the boundary lo-
cation between these two regions.

The distribution of the transport- current in a thin film
of width 28' initially containing no vortices in the ab-
sence of an applied field was calculated analytically by
Norris' as
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FIG. 1. Time dependence of the local magnetic induction B,
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 points c
and d(t,z). Current values of 0, +60, and +100 mA are
presented. The critical current I,= 1.6 A at T= 78 K.

(2J, /m)tan '[[(W —a )/(a —x )]'~ ], —a &x &a,
(1)J(x)=J„a&x & W,

where 2a is the width of the vortex-free central region
where B,=0. Here we make use of the properties of Eq.
(1) to show how it is possible to calculate the field and
current distributions in a thin superconducting film in the
presence of both an applied field and a transport current.
To demonstrate our approach for a specific case, we first
consider the inhuence of a transport current I, upon the
current and field distribution for a superconducting film
initially in the remanent state; the starting field distribu-
tion is the trapped-Aux critical state produced by apply-
ing a substantial applied field in the z direction and then
reducing it to zero. The solid curve in Fig. 2(a) shows the
initial current-density distribution, which has J (x)=J,
for 0&x & Wand J (t)= —J, for —W &x &0; the solid



'~ ~ I' IIII ~ I I( &II( il ~ ~ I( 'll ~ .

13 194 M. DARWIN et al.

1.0— 1.0—

0.5—

0.0—

-0.5—

c

———02
04
0.6
0.8
1.0

0.0—

-0.5—

-1.0—

100 100

0.0

50
U

50
Q

0

-50

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

x/W

-50

-1.5 -1.0 -0.5 0.0 0.5 1.0
xiW

FIG. 2. (a) Calculated reduced current density J~/J, Aowing
in a thin film superconductor as a function of position x for
diFerent values of the transport current I, applied in the y direc-
tion. (b) Calculated z component of the magnetic induction B,
at the film surface as a function of position x, for the same
values of I, . The center of the film is x=0, while the film edges
are at x/W =+1. B, is calculated for a film with J,=2.2X 10

2A/cm at T=78 K. I, is applied after establishing the remanent
critical state in the film.

FICx. 3. Calculated distributions of (a) J /J, and (b) B, after
applied transport current I, is turned oF. I, was applied after
establishing the remanent critical state in the film.

tion Aows over the entire film volume according to Eq.
(1), but with a double amplitude and a field-invariant re-
gion given by a = &[1 (I, /2I, ) —]'~

The various curves in Fig. 3 show the final current and
field distributions produced after a transport current has
been applied in the y direction to the value I, and then re-
duced to zero. An interesting case is that shown by the
dotted curves in Fig. 3, for which I, =I„which erases all
memory of the remanent state. After the transport
current has been reduced to zero, J (x)= —J, at the
edges of the film and

I
J (x)l &J, in the field-invariant re-

gion of width 2a = &+3, while the integral of J (x) over
the film width is zero.

We can now analyze the experimental data in Fig. 1 by
comparing the results with the calculated field profiles in
Figs. 2(b) and 3(b). The Hall sensor is centered at about
x, =0.5W and would average the field over the sensor's
width of about 0.38' if it were in the plane of the film.
However, since the sensor is positioned about 30 pm
above the film surface, it essentially senses an average
field over a width on the order of O'. Applying a negative
I, is equivalent to placing the sensor at x, = —0.58' in
Figs. 2 and 3.

Increasing I, decreases the average field at x, )0 in
Fig. 2(b) and increases to a lesser extent the average field
at x, &0. This is consistent with the positive and nega-
tive applied current results, respectively, shown in Fig, 1.
After the current is turned off, the average field at x, & 0
is close to its original value, whereas at x, )0 the average
final B, is reduced approximately linearly with I, [Fig.
3(b)]. This type of behavior is indeed observed experi-
mentally, as shown in Fig. 4 by the B, value at t = t, .

The theoretical results also provide us with some in-
sight into the relaxation behavior in the presence of a
transport current. The local relaxation rate depends on
the driving force due to the interaction of the vortices
with the local current density. Hence, at x, )0 in Fig. 2,

curve in Fig. 2(b) shows B,(x), the corresponding field
distribution in the plane of the film.

The other curves in Figs. 2(a) and 2(b) show the distri-
butions of J~(x) and B,(x) when a transport current I, is
applied in the y direction up to the maximum value
I, =2WdJ, . Each curve of J~(x) is constructed by linear
superposition of the remanent-state current-density dis-
tribution [solid lines in Fig. 2(a)] and a transport-current
current-density distribution [obtained from Eq. (1)],
which leaves B,(x) unchanged in the field-invariant re-
gion where

I
J (x) &J, . Two important modifications of

Eq. (1), however, are needed to calculate J (x) when the
remanent state is perturbed by the application of I, . The
first is that the added transport current Aows only in the
region —8' & x & 0 symmetrically about the line
x = —8'/2, and the second is that the amplitude is twice
as large as in Eq. (1), since the current density J (x) just3'

outside the frozen-Aux region changes by 2J from —JC C

to +J, . As I, increases, the field-invariant region of
width 2a shrinks, and the regions where J=J expand, expan
until J, is reached everywhere. Integration of Eq. (1)
with the above modifications yields a nonlinear depen-
dence of a upon I, :

a = ( W/2 ) [ 1 (I, /I, ) ]
'—

Next we consider the case for which the transport
current is raised to some given value I, and then reduced
back to zero. The decrease of the current to zero is
equivalent to the application of a negative current ( I)—l'

relative to an initial state depicted by one of the curves in
Fig. 2(a). The negative-current current-density distribu-
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even though B, has dropped substantially, we expect the
relaxation rate to remain at about its original value, since
J=J,. At x, &0, on the contrary, B, has not changed
but

~
J~ has dropped significantly, and therefore one ex-

pects a strong reduction in the relaxation rate. This ten-
dency is clearly visible in Fig. 1 at times close to td after
the initial response to the abrupt current change has set-
tled down.

After the transport current has been reduced back to
zero, Fig. 3(a) shows that ~J~ &J, in almost all of the
film's volume even for small I, . This behavior is funda-
mentally different from that in slab geometry, where a
small I, leaves the current unchanged in most of the
volume of the slab. We therefore expect the relaxation
rate to drop rapidly with increasing I, in the film

geometry. Indeed, Fig. 4 shows a rapid drop in the relax-
ation with increasing I, after current removal. The low
relaxation rate is also directly visible in Fig. 1 for t ) t, .

In conclusion, we have measured the effect of an ap-
plied transport current on the local magnetic field of a
YBCO thin film and presented theoretical calculations
describing the corresponding development of the critical
state in a thin film resulting from the transport current.
The calculated behavior in a thin film is substantially
different from that of the Bean critical state in a long slab
in a parallel field. Starting from the remanent critical
state, in the slab geometry

~
J(x)

~
is equal to J„whereas

in thin films a continuous distribution of current densities
J(x) is found. This feature results in a unique distribu-
tion of the magnetic field B, and unusual magnetic relax-
ation behavior in the presence of a transport current.
The approach outlined in this paper should make it possi-
ble to calculate ac Aux-pinning losses arising from hys-
teretic magnetic Aux penetration into type-II supercon-
ductors in many cases of practical interest. Two exam-
ples are (a) the high-power-level losses in thin-film strips
used in high-temperature superconducting passive mi-
crowave devices and (b) the ac losses in fiattened super-
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FIG. 4. Plotted are values of B, at t = t, and the relaxation
rate dB, (ef)/d ln(t) both measured after turning off the trans-
port current I, . Both B, and dB, (ef)jd ln(t) are presented as
functions of the transport current value I, .

conducting filaments in multifilamentary super-
conducting/normal (e.g. , Bi-Sr-Ca-Cu-0/Ag) tapes.
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