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The two-dimensional vector mapping of current distributions in High-superconducting
YBa,Cu;O;_ thin films obtained by converting magnetic-field data measured by scanning
superconducting quantum interference devi@QUID) 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. @000 American Institute of Physi¢§0003-695000)03145-4

The applications of superconducting quantum interfer-one-turn pickup coil of 1Qum diameter, and was located 45
ence devicegSQUIDS have been recently developing re- um apart from the edge of the chip. The sample-coil distance
markably. Particularly, the scanning SQUID microscopewas about 1Qum and the magnetic flux sensitivity was better
(SSM) has been found to be very profitable for various ap-than 5u®,/Hz. The cryostat system used here was
plications such as nondestructive evaluation of steéhe  equipped with two Cu-cold head stages cooled by helium
detection of magnetostatic bactefiand the other magnetic gas, one as a SQUID holder, the other as a sample stage. The
materials at room temperatdréecause of high magnetic Sample temperature was controllable between 4 and 100 K
sensitivity and spatial resolution. It is also useful for observ-by a dc current heater and control of helium gas flow. A Cu
ing the trapped vortices in the circuit of Nb electronic Wire coil was wound around the sample holder to generate a
device4 and the highFc YBa,Cu;0;_,(YBCO) single small magnetic field. Thryzstage with stepping motors and
crystaP at low temperature. The SSM technique also gaveéhe SQUID were controlled by a personal computer, and the
proof of d-wave symmetry of highfc superconductor by Magnetic-field signal was recorded.
observing the half-flux quantum®y/2, (Py=2.07 YBCO thin films were deposited by a pulsed laser depo-

%10~ 15Wh) at a YBCO ftricrystal junction boundafyit has sition method. The film thickness was about 100 nm. All
been pointed out that the SSM can also probe a current diS2MPles were patterned by conventional photolithography

tribution by use of the inverted Biot—Savart law. Wellstood anq Fhe Ar ion milling techniq_u-e. The width of a YBCO
and co-workersobtained the current distribution of a semi- stripline was 20-10Gm. The critical temperatureTc) was

conductor chip at room temperature by measuring the spati round 88 K, and the current densitdc) was about

7 2
distribution of magnetic field using a SSM. While the 0 ?\r/r?msgtl\/lloiKr; Is were recorded as the two-dimensional
magneto-optical _imaging; Hall-probe; and the (2D) diestributi(fngmaaS 0? ti;((::?)meonaesnt (?f thg maengti?: .
THz-mappind® techniques are also useful methods to ob- P P 9

R ) field. From these data, the local current distribution, includ-
serve the current distribution in a superconductor, their senl-

o ) ng its magnitude and direction, was derived by solving the
sitivity is much lower than SSM and a single vortex CurrentBiot—Savart law according to the work by Wikswo and
cannot be resolved using these techniques.

. L co-workers!! The Biot—Savart law in Fourier space is given
In this letter, we report the supercurrent distribution of a

b
YBCO thin film in the presence of both the quantized vorti- y

ces and the transport current using the SSM. The observed i 1od €K%

magnetic signal is converted into the current distribution by b, (k, k)= — T[kyj (K Ky) =Ky y(Ky Ky ) 1

the inverted Biot—Savart law. The results are in good quali- )
tative agreement with the calculated ones using the simple

London model. where, b, is the 2D Fourier transform of magnetic field

_ We used a scanning SQUID microscope system almosg (y vy 'j and j, are also Fourier transforms of current
similar to that of Ref. 4. It contains a dc-SQUID magneto- gensity.J, (x,y) andJ,(x,y), respectivelyk, andk, are the

metgr made of Nb/AI—AIQ./Nb. tunnel Josephson junctions spatial frequencies ix andy directions,k= W,Mo is
fabricated on a &3 mn? Si chip. The magnetometer had a ¢ permeability of free spacd,is the film thickness of the

sample, andz, is the SQUID-sample separation distance.
3Electronic mail: iguchi@ap.titech.ac.jp Equation(1) holds for the conditiorzy>d, which is satisfied
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FIG. 1. () Magnetic-field image of a wedge-shaped YBCO thin film in the

presence of transport curre(®.0 mA). (b) Calculated current distribution ’ X (um)
and current vector. The length of each arrow indicates the amplitude of

current density. FIG. 2. (a) Observed vortex structure in the absence of transport current in

a YBCO film. (A) Calculated current distribution and current vector from
Fig. 2(a). (b) Observed magnetic-field image of the YBCO thin film with

with our experimental geometry. By combining Ed) with 100 um width in the presence of transport curré¢bt0 mA) and a trapped

the Fourier transformed equation of continuity vortex. (B) The calculated current distribution from Fig(b2 (c) Observed
o L magnetic-field image of the same sample as in Fitp) 2nder different
- 'ka x(kx .ky) - |ky] y( kx ,ky) =0, (2) transport curren(l0 mA). (C) The calculated current distribution from Fig.
. 2(0).
we obtain ©
_ 2i e .
ix=— ——kyb,(ky Ky, (3) Figures 2a) and 2A) show the observed vortex struc-
Mo mod k- ture and the calculated supercurrent distribution in the ab-
2i ekz sence of transport current in a YBCO thin film. The vortices
jyzﬁ Tkxbz(kX Ky). (4) appeared randomly distributed and the supercurrents associ-
0

ated with these vortices were circular, as expected. The mag-
Jy andJ, are obtained by inverse Fourier transformation ofnetic flux for each vortex was estimated to be (2-@01)
Egs.(3) and (4). In practice, at first, the magnetic-field data x 10" Wb, in good agreement with one flux quantum value
are converted into fast Fourier transfoffFT), thenj, and  ®,=2.07x10 ®*Wb. Figure 2b) and Zc) show the ob-
jy are calculated using Eq&3) and (4) in k space, and fi- served magnetic-field images of the YBCO thin film with
nally, J, andJ, are obtained by inverse FFT ¢f andj, . 100 wm width, and the corresponding current distributions
The proper cutoff frequencylow-pass frequencyk,,) in k  for different transport currentd.0 and 10 mA are given in
space is necessaryB, data contain some periodical noise. Figs. 2B) and ZC), respectively. In Fig. @), the magnetic-
Figure 1 shows the observed SSM image data of dield data contain a single trapped vortex, hence the current
wedge-shaped YBCO thin film in the presence of transpordistribution consists of the sum of transport current and vor-
current. The widest width was about 1@@n, and the nar- tex shielding current. The transport current flows mainly
rowest width was about 20m. Figure 1a) is the magnetic- along the edge of the stripline, and small circular current that
field distribution of this sample, and Figuréb]l is the cal- generates the vortex is also seen in the center part of this
culated current distribution. The length of each arrowimage. By considering the spread of a magnetic field at the
indicates the amplitude of current density. One sees that swetecting position(about 10 um height above the sample
percurrent in the wide section tends to flow along the edgeurface and the pickup coil of 1um ¢, the real vortex and
part of a stripline, while in the narrow sectid80 um), it  transport currents would be localized in a small area. In Fig.
was not visible because of limited spatial resolutionl0  2(B), the calculated current image in left- and right-hand

um). sides showed “edge effect” of Gibb’s phenomena. This ef-
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(a) by the following procedure. First, the extended 2D distribu-
80000 tion data of B(x,y,z=0) [Eqg. (5)] was transformed into
i 7=10mA b(ky,ky,z=0) by FFT, then we obtained the magnetic-field
data atz=z;, by the relationb(kx,ky,zo)=ek20b(kx,ky,z

40000 =0) in thek spaceB(x,y,z,) was obtained by inverse Fou-
rier transformation ob(k, Kk, ,2p). Since the SQUID pickup
% 2 coil had 10um circular shape, the integrati@(x,y,z;) was
> performed over this circle area. The open square dots are
O experiment |7 experimental data. The agreement between the experimental
40000 calculation | | data and the calculated result is qualitatively good. In the
"E;r'l'ifo‘ﬁ}f;’ﬁ‘e‘;‘;) case where the transport current flows uniformly in the strip-
o z=0 (model) || line, the magnetic profile exhibits steep slope aroynd
-80000L—l 1 v i L T T =0 um (dash-dotted ling in disagreement with the experi-

=20e - = Y(L?m) = mental result. For 100m<y<200um, the discrepancy oc-
b curred due to the slight tilt of SQUID pickup coil to the
(1)” ——————— direction.
The solid line in Fig. &) is the calculated current dis-

ot tribution based orB(x,y,zy). Open square dots were ob-
E: 5 . tained from the experimental magnetic-field data in Fi@,3
2 opoPoho and the dashed line is the current distribution model on the
A 05 surface as obtained from E¢p). The experimental current
K ; distribution almost agrees with the calculated result by tak-
O O experiment . . .
= — caloulation ing the detection area of the SQUID loop into account. Al-
&) cm e (50 though the 2D mapping of current distribution does not ex-

0 T ————— actly correspond to that of real surface=(0) itself, it

0 essentially reflects the true nature of transport current or vor-

y (um) tex current demonstrating that this method provides a pow-
o _ erful tool for obtaining the current distribution in many elec-

FIG. 3. (a) Open square dots are the magnetic-field data across the f'mfronic Specimens
(x=635um) of Fig. Ac). The dashed line is the sample surfaze=0Q) ’ . . N
distribution given by Eq.(5). The solid line is the calculated curve by In summary, we have investigated supercurrent distribu-
assuming Eq(5) and taking the detection area of the pickup loop and thetion in the presence of both transport current and vortex cur-
(?QU'dDI'_Sa"?p'ehsePafatiO’_‘ ‘:?SE”JE into accaisee F*;e insg TQE;:‘ gaSh' rent in a YBCO thin film by numerically converting the
otted line is the magnetic fie assuming a uniform currétOpen . . .
square dots are the gxperimental >(/jata of cugrlrent density across t?\e film gpagnetlc—fleld data observed by a scanning SQUID m|qro—
Fig. 2C). The solid line is the calculated current distribution based onSCOPe€. The transport supercurrent was found to flow mainly
B(x.,Y,Z). The dashed line is the current distribution model on the surfacealong the edge of a stripline, and the comparison was made

with the simple London model. This method can be applied

fect inevitably comes in as long as Fourier transformation i§0 the study of current distribution in various kinds of de-

used. In Figs. @) and 2C), the results seemed to show only VICES Or SpeCimens.
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