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Supercurrent distribution in high- TC superconducting YBa 2Cu3O7Ày
thin films by scanning superconducting quantum interference
device microscopy

Akira Sugimoto, Tetsuji Yamaguchi, and Ienari Iguchia)

Department of Physics and CREST-JST, Tokyo Institute of Technology, 2-12-1 Oh-okayama, Meguro-ku,
Tokyo 152-8551, Japan

~Received 31 July 2000; accepted for publication 6 September 2000!

The two-dimensional vector mapping of current distributions in high-TC superconducting
YBa2Cu3O72y thin films obtained by converting magnetic-field data measured by scanning
superconducting quantum interference device~SQUID! microscopy is reported. The current
distribution contains the contributions from both transport supercurrent and vortex current. The
transport supercurrent is found to flow mainly along the edge of a stripline, and the numerical
calculation based on the simple London model by taking the specific sample-detector geometry into
account is given. The agreement between the experimental data and the calculated results is good,
demonstrating that the scanning SQUID microscope provides a useful tool for studying the current
distribution in a superconductor. ©2000 American Institute of Physics.@S0003-6951~00!03145-4#
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The applications of superconducting quantum interf
ence devices~SQUIDs! have been recently developing r
markably. Particularly, the scanning SQUID microsco
~SSM! has been found to be very profitable for various a
plications such as nondestructive evaluation of steels,1 the
detection of magnetostatic bacteria,2 and the other magneti
materials at room temperature3 because of high magneti
sensitivity and spatial resolution. It is also useful for obse
ing the trapped vortices in the circuit of Nb electron
devices4 and the high-TC YBa2Cu3O72y~YBCO! single
crystal5 at low temperature. The SSM technique also ga
proof of d-wave symmetry of high-TC superconductor by
observing the half-flux quantum F0/2, (F0.2.07
310215Wb) at a YBCO tricrystal junction boundary.6 It has
been pointed out that the SSM can also probe a current
tribution by use of the inverted Biot–Savart law. Wellsto
and co-workers7 obtained the current distribution of a sem
conductor chip at room temperature by measuring the sp
distribution of magnetic field using a SSM. While th
magneto-optical imaging,8,9 Hall-probe,9 and the
THz-mapping10 techniques are also useful methods to o
serve the current distribution in a superconductor, their s
sitivity is much lower than SSM and a single vortex curre
cannot be resolved using these techniques.

In this letter, we report the supercurrent distribution o
YBCO thin film in the presence of both the quantized vor
ces and the transport current using the SSM. The obse
magnetic signal is converted into the current distribution
the inverted Biot–Savart law. The results are in good qu
tative agreement with the calculated ones using the sim
London model.

We used a scanning SQUID microscope system alm
similar to that of Ref. 4. It contains a dc-SQUID magne
meter made of Nb/Al–AlOx /Nb tunnel Josephson junction
fabricated on a 333 mm2 Si chip. The magnetometer had
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one-turn pickup coil of 10mm diameter, and was located 4
mm apart from the edge of the chip. The sample-coil dista
was about 10mm and the magnetic flux sensitivity was bett
than 5mF0 /AHz. The cryostat system used here w
equipped with two Cu-cold head stages cooled by heli
gas, one as a SQUID holder, the other as a sample stage
sample temperature was controllable between 4 and 10
by a dc current heater and control of helium gas flow. A
wire coil was wound around the sample holder to genera
small magnetic field. Thexyzstage with stepping motors an
the SQUID were controlled by a personal computer, and
magnetic-field signal was recorded.

YBCO thin films were deposited by a pulsed laser dep
sition method. The film thickness was about 100 nm.
samples were patterned by conventional photolithogra
and the Ar ion milling technique. The width of a YBCO
stripline was 20–100mm. The critical temperature (TC) was
around 88 K, and the current density (JC) was about
107 A/cm2 at 10 K.

The SSM signals were recorded as the two-dimensio
~2D! distribution map of thez component of the magneti
field. From these data, the local current distribution, inclu
ing its magnitude and direction, was derived by solving t
Biot–Savart law according to the work by Wikswo an
co-workers.11 The Biot–Savart law in Fourier space is give
by

bz~kx ,ky!5
im0d

2

e2kz0

k
@kyj x~kx ,ky!2kxj y~kx ,ky!#,

~1!

where, bz is the 2D Fourier transform of magnetic fiel
Bz(x,y), j x and j y are also Fourier transforms of curre
densityJx(x,y) andJy(x,y), respectively,kx andky are the
spatial frequencies inx and y directions,k5Akx

21ky
2,m0 is

the permeability of free space,d is the film thickness of the
sample, andz0 is the SQUID-sample separation distanc
Equation~1! holds for the conditionz0@d, which is satisfied
9 © 2000 American Institute of Physics
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with our experimental geometry. By combining Eq.~1! with
the Fourier transformed equation of continuity

2 ikxj x~kx ,ky!2 iky j y~kx ,ky!50, ~2!

we obtain

j x52
2i

m0d

ekz0

k
kybz~kx ,ky!, ~3!

j y5
2i

m0d

ekz0

k
kxbz~kx ,ky!. ~4!

Jx andJy are obtained by inverse Fourier transformation
Eqs.~3! and ~4!. In practice, at first, the magnetic-field da
are converted into fast Fourier transform~FFT!, then j x and
j y are calculated using Eqs.~3! and ~4! in k space, and fi-
nally, Jx and Jy are obtained by inverse FFT ofj x and j y .
The proper cutoff frequency~low-pass frequency,kw) in k
space is necessary ifBz data contain some periodical noise7

Figure 1 shows the observed SSM image data o
wedge-shaped YBCO thin film in the presence of transp
current. The widest width was about 100mm, and the nar-
rowest width was about 20mm. Figure 1~a! is the magnetic-
field distribution of this sample, and Figure 1~b! is the cal-
culated current distribution. The length of each arro
indicates the amplitude of current density. One sees that
percurrent in the wide section tends to flow along the e
part of a stripline, while in the narrow section~20 mm!, it
was not visible because of limited spatial resolution~;10
mm!.

FIG. 1. ~a! Magnetic-field image of a wedge-shaped YBCO thin film in t
presence of transport current~5.0 mA!. ~b! Calculated current distribution
and current vector. The length of each arrow indicates the amplitud
current density.
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Figures 2~a! and 2~A! show the observed vortex struc
ture and the calculated supercurrent distribution in the
sence of transport current in a YBCO thin film. The vortic
appeared randomly distributed and the supercurrents as
ated with these vortices were circular, as expected. The m
netic flux for each vortex was estimated to be (2.0060.1)
310215Wb, in good agreement with one flux quantum val
F052.07310215Wb. Figure 2~b! and 2~c! show the ob-
served magnetic-field images of the YBCO thin film wi
100 mm width, and the corresponding current distributio
for different transport currents~1.0 and 10 mA! are given in
Figs. 2~B! and 2~C!, respectively. In Fig. 2~b!, the magnetic-
field data contain a single trapped vortex, hence the cur
distribution consists of the sum of transport current and v
tex shielding current. The transport current flows main
along the edge of the stripline, and small circular current t
generates the vortex is also seen in the center part of
image. By considering the spread of a magnetic field at
detecting position~about 10mm height above the sampl
surface! and the pickup coil of 10mm f, the real vortex and
transport currents would be localized in a small area. In F
2~B!, the calculated current image in left- and right-ha
sides showed ‘‘edge effect’’ of Gibb’s phenomena. This

of

FIG. 2. ~a! Observed vortex structure in the absence of transport curren
a YBCO film. ~A! Calculated current distribution and current vector fro
Fig. 2~a!. ~b! Observed magnetic-field image of the YBCO thin film wit
100 mm width in the presence of transport current~1.0 mA! and a trapped
vortex. ~B! The calculated current distribution from Fig. 2~b!. ~c! Observed
magnetic-field image of the same sample as in Fig. 2~b! under different
transport current~10 mA!. ~C! The calculated current distribution from Fig
2~c!.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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fect inevitably comes in as long as Fourier transformation
used. In Figs. 2~c! and 2~C!, the results seemed to show on
transport current. Since the current value~10 mA! was ten
times larger than that of Figs. 2~b! and 2~B!, we judge that
vortex current was buried in this large current backgrou
and not observable.

Figures 3~a! and 3~b! show the magnetic-field data an
the calculated current distribution across the film of Fi
2~c! and 2~C!, together with numerical results based on t
simple London model. Since the transport current was o
1% of film critical current~;1 A!, we assume the most idea
and classical model12–14 J(y)5I (a22y2)21/2/p in all but
the extreme edge regions, wherea is the half-width of strip-
line. The magnetic field is given by

B~y!5H 0 ~ uyu,a!

m0I

2p

y/uyu

Ay22a2
~ uyu.a!.

~5!

The calculatedB(y) and J(y) profiles correspond to the
dashed lines in Figs. 3~a! and 3~b!, respectively. The solid
line in Fig. 3~a! is the calculated curve of a magnetic-fie
distribution at the detector position by assuming that the s
face (z50) distribution is given by Eq.~5! and was obtained

FIG. 3. ~a! Open square dots are the magnetic-field data across the
(x5635mm) of Fig. 2~c!. The dashed line is the sample surface (z50)
distribution given by Eq.~5!. The solid line is the calculated curve b
assuming Eq.~5! and taking the detection area of the pickup loop and
SQUID-sample separation distance into account~see the inset!. The dash-
dotted line is the magnetic field by assuming a uniform current.~b! Open
square dots are the experimental data of current density across the fi
Fig. 2~C!. The solid line is the calculated current distribution based
B(x,y,z0). The dashed line is the current distribution model on the surfa
Downloaded 28 Jun 2007 to 133.41.149.135. Redistribution subject to AI
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by the following procedure. First, the extended 2D distrib
tion data of B(x,y,z50) @Eq. ~5!# was transformed into
b(kx ,ky ,z50) by FFT, then we obtained the magnetic-fie
data atz5z0 by the relationb(kx ,ky ,z0)5ekz0b(kx ,ky ,z
50) in thek space.B(x,y,z0) was obtained by inverse Fou
rier transformation ofb(kx ,ky ,z0). Since the SQUID pickup
coil had 10mm circular shape, the integrationB(x,y,z0) was
performed over this circle area. The open square dots
experimental data. The agreement between the experime
data and the calculated result is qualitatively good. In
case where the transport current flows uniformly in the str
line, the magnetic profile exhibits steep slope aroundy
50 mm ~dash-dotted line!, in disagreement with the exper
mental result. For 100mm,y,200mm, the discrepancy oc
curred due to the slight tilt of SQUID pickup coil to they
direction.

The solid line in Fig. 3~b! is the calculated current dis
tribution based onB(x,y,z0). Open square dots were ob
tained from the experimental magnetic-field data in Fig. 3~a!,
and the dashed line is the current distribution model on
surface as obtained from Eq.~5!. The experimental curren
distribution almost agrees with the calculated result by t
ing the detection area of the SQUID loop into account. A
though the 2D mapping of current distribution does not e
actly correspond to that of real surface (z50) itself, it
essentially reflects the true nature of transport current or v
tex current demonstrating that this method provides a p
erful tool for obtaining the current distribution in many ele
tronic specimens.

In summary, we have investigated supercurrent distri
tion in the presence of both transport current and vortex c
rent in a YBCO thin film by numerically converting th
magnetic-field data observed by a scanning SQUID mic
scope. The transport supercurrent was found to flow ma
along the edge of a stripline, and the comparison was m
with the simple London model. This method can be appl
to the study of current distribution in various kinds of d
vices or specimens.
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