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Large area magneto-optical investigations of YBCO thin films
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A new apparatus for magneto-optical investigations of high temperature supercondtttigp

films as large as 2020 cnt is presented. With this equipment flux penetration of an external
magnetic field into YBCO thin films has been studied by scanning the samples through an
inhomogeneous magnetic fieldmagneto-optical scanning technique, MQSTThe normal
penetration of magnetic flux into a superconductor will be changed drastically in the presence of
defects. The apparatus was constructed to realize an effective quality control of large area HTS thin
films used for device fabrication. With this technique, a visualization of flux pattern in
superconducting films larger tharxd cn? is presented for the first time. The results are compared

to inductive j. measurements as well as to micrograpbptical microscope(OM), scanning
electron microscopy(SEM)] and show that also in the large area characterization the
magneto-optical method is very sensitive to microstructural defects impairing the critical current
density, which is the relevant parameter for an application of the superconducting thin films.
Moreover, it could be shown that MOST has appreciable advantages compared to inplustizes

and microscopyOM, SEM). In particular it is possible to observe defects, which are below the
optical resolution of the MOST setup. @999 American Institute of Physics.
[S0034-67489)02103-9

I. INTRODUCTION on special substrates, they could not be evaporated directly

The most common methods for nondestructive charac®nt© the superconductor. The first garnet films showed a
terizations of a superconductor with regard to its magnetiGtiPe-like pattern caused by their magnetic domains oriented
and electric properties are alternating current susceptibiliyperPendicular to the film surfacé* This pattern was super-
measurements, inductive methods, or vibrating sample madMPosing the observation of the flux pattern caused by the
netometry. All these methods are only sensitive to the totafuPerconductor and reducing the resolution to the scale of

magnetic moment of the sample integrated over a larger ardfe domain width(~2—5 um at 0 T). Recently IG films with
on the mm scale. in-plane anisotropy/~!" have been used. The spatial resolu-

An alternative method which allows a direct visualiza- tion here is determined by the film thickness and the distance
tion of the dynamic magnetic flux penetration into a superbetween the garnet film and the superconductor, because the
conductor is the magneto-optical microscbp\based on the garnets grown on a separate substrate are just put on top of
Faraday effect. This technique was first used for investigathe superconductor. With these kinds of IG films, a high
tions of low temperature superconductbré Since the dis- temperature observation of the flux distribution in a super-
covery of the high temperature supercondudtdmS), the  conductor without disturbing domain pattern is possible.
technigque was improved for investigations of HTS thin films  The magneto-optical technique allows an investigation
and single crystals. The magneto-optical indicators usedf the homogeneity of superconductors and of the influence
mostly in recent years welguS, EuF,, andEuS€~°for the  of defects on the current distribution because it is very sen-
low temperature range<20 K), which could be also evapo- sitive to defect detectiotf*®
rated directly onto the superconductor resulting in a high  One limiting factor depending on the size of the investi-
lateral resolutior]~0.5 um, high resolution FaradafHRF)  gated areas so far was the application of a homogeneous
techniqué.®"° With these indicators, also the flux dynamic magnetic field. Thus, the investigated superconducting thin
in the nanosecond-range was investigdfeld For the higher  films typically have dimensionss1x1 cn?. First experi-
temperature rang@up to 77 K iron-garnet(IG) films were  ments with an inhomogeneous magnetic field applied to
used as indicators showing the Faraday effect up to roorgma] samples were carried out by J. Eisenmenregeal X6
temperature. Moreover they have a large Faraday rotatiognd Govorkovet al2® An experimental setup with an inho-
resulting in a high contrast, as well as a high magnetic senmogeneous magnetic field allows the investigation of large
sitivity (=10 uT*). However these films have to be grown area HTS thin films via magneto-optical scanning technique
(MOST). In the following chapter an apparatus for MOST is
¥Electronic mail: marcus.kuhn@physik.uni-augsburg.de presented.
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FIG. 1. Experimental setup of the MOST for investigations of large area (a)
superconducting thin films. The cooling table can pick up samples as large
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magneto-optical indicator, and the magnet, are kept in a fixed position.

e

Il. EXPERIMENT
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The basic idea of MOST is the movement of the sample

within a fixed magneto-optical device consisting of a mag-

netic field, a magneto-optically active film, and the illumi-

nating and imaging unit.
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can pass the analyzer, which is in crossed position to the,
polarizer(Figs. 1 and 2
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FIG. 3. Magnetic field strength of the magnet without superconducting
sample in the€a), (c) x- and(b), (d) y direction measured by a Hall probe at
a position on the film surface. The distance magnet-film surface was,in

FIG. 2. Principle of magneto-optical image recording. The magneto-(b) 43.5 mm and corresponds to the distance Fig) Svas recorded. In

optically active layeliron garnet is illuminated by linearly polarized light.

A magnetic field rotates the polarization vector by an angieH.

[Figs. 3c) and 3d)] the distance was 5.5 mm. The dotted lines indicate the
observation range for image recording.
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26x32 cnt thermally coupled to a cold finger. The magneto- Because of the limited size of the available indicators
optical measurements can be carried out in a temperatufe=3’) in relation to the superconductor, the sample has to be
range from 45-90 K. The cooling is performed by amoved under the indicator. As a result, a larger gap between
Gifford—McMahon-refrigerator system. the garnet and the sample exists causing a lower optical reso-
The whole sample area can be investigated by Scanninlgtion. In our case, the spatial resolution is abou&0. But
the table in two directions. Since the sample is moved, th&ince this technique is a magneto-optical one not only the
three other necessary parts for flux visualization, the opticaPptical resolution, but also the magnetic sensitivity is impor-
setup, the magneto-optical indicator, and the magnet are kegant. With the used IG indicators, a very high magnetic sen-
at a fixed position under the optical window of the chambersitivity in the ».T range is obtained. Hence, defects below the
(Fig. 2). The optical setup is built based on the illumination optical resolution of our setup can be detected. The follow-
principle of Koehler. A foil is used as a polarizer, as well asing experiments show that the technique is indeed a very
an analyzer. The best contrast was achieved with the polakiseful method for studying the homogeneity of a supercon-
izer parallel to the light incident plane at the beam splitterductor in a complete manner combining flux visualization of
and the analyzer turned 10°—15° out of the crossing positiorg large sample area with an intermediate optical resolution
The flux penetration into the superconductor can be visualand a very high magnetic sensitivity.
ized by the magneto-optical indicator illuminated with the
polarized light perpendicular to the film surface. The fluxp. magnetic field
pattern results in a gray scale picture recorded by a charge , o L
coupled devicéCCD) camera EHDkamO2E, 75X 582 pix- To reahzg a ma'gneFo—optlcaI [nvestlgatlon of large area
els) on a video tapéS-VHS Metz 64VAL4. Single pictures superconducting thin films, an inhomogeneous magnetic

can be grabbed by a computer so that a sequence (g']eld is used. This inhomogeneous field is created by a rect-
magneto-optical images is obtained showing the scanningngular block of a permanent magi&mcCa, whose mag-

process with an applied magnetic field. They can also b _etic moment_s are oriented perpendicular to the top side. The
composed to a map of the samples indicating possibl;';'eld can be increased up to 560 mT at the surface of the

present defects. sample by changing the distance between magnet. and
sample. The present magnet geometry was used to realize an
investigation of a whole 2820 cn? sample without gaps in
three 207 cn? scans. Therefore, the magnet has a strong
Bismuth- and gallium-doped lutetium-iron-garnet films field gradient in one directiofFigs. 3a) and 3b)] and is
[(Lu, Bi, GasFe0;,5] with an in-plane anisotropy were nearly homogeneous over a larger range of 7 cm in the per-
used as a magneto-optical indicator. The garnet films werpendicular directioriFigs. 3c) and 3d)]. Depending on the
grown on a(11l)-gadolinium-gallium-garnet-substrate by type of magnet and the distance to the sample, the field can

C. Magneto-optical indicator

liquid phase epitaxy:=23 be varied up to 560 mT in maximum. For stronger fields, the
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FIG. 4. Magneto-optical images recorded at 50 K indicating the dynamic of the MOST at one linear defect parallel to the scanning direction. The magnetic
field distribution is shown in the graph on the right. The scanning direction is ix thieection.
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gradient of the field increases as wéligs. 3a) and 3c)]. In

the case of a completely homogeneous magnetic field, the
penetration of vortices depends strongly on the sample
geometry?*?° This can be suppressed by using an inhomo-

geneous field®2°Our intermediate case has to be considered

by investigations of samples with sizes in the dimension of

the magnet extension. Hence, an influence of sample geom-
etry on the flux pattern should be taken into account.

E. HTS samples

The epitaxial YBCO thin films used for investigations
were prepared by pulsed laser deposftfamn different sub-
strates(MgO, YS2).2” The film thickness is typically about
150 nm and the lateral dimensions were 2 in. and@ Znt in
this case. The critical temperatufg of the different films
was 88.0 and 90.3 K, respectively, and the critical current
density j. varied from 0.3—-2.%10° A/cm? at 77 K and
zero field. To study the potential of the new apparatus in
large area investigations of HTS thin films, samples with  (a)
intrinsic and artificial defects have been used in the presented
experiments.

Ill. RESULTS AND DISCUSSION

According to the literature up to now, magneto-optical
studies of flux patterns were limited to superconducting thin
films with a standard dimension of aboux 1 cn?. With our
new apparatus, it is possible to image flux distributions in
HTS samples as large as’20 cn?. Using the above men-
tioned special magnetic geometry, which has a strong field
gradient along one direction and a nearly homogeneous
range along the other direction, flux penetration depends
strongly on the dimensions of the samples. Penetration into
small films (1x1 cn¥) is similar to that observed with a
homogeneous magnetic field starting simultaneously from all
film edges. In the case of large area samples, field penetra-
tion starts in the area of maximum magnetic field. Thus, it
depends on the magnet position before starting the scanning.
If the scanning starts in the center of the sample, the penetra-
tion starts preferentially at defects and areas of lower critical
current density, i.e., at_ areas \_Nlth_ a lowen B FIG. 5. Flux distribution i a 2 in. YBCO thin film visualized magneto-

The sequence of pictures in Figgap-4(d) shows a part  optically at 50 K. The applied maximum magnetic field(@ 45 mT (cor-
of the magneto-optical investigations of x7 cn? YBCO responding to the field distribution in Fig) and(b) 105 mT. Thed™ lines
sample at 50 K and a magnetic field of 85 mT in maximum.a® indicated ir{b? by the remaining dark Ii_ne(sarrows. Inset in(a): scan-
Bright areas indicate penetrated flux and dark contrast showd 9 Process during the measuremeha in. sample.
domains remaining in the Meissner phase. A typical flux
penetration process is imaged at a defgonarked by the cated as dark areas between the white frame of the flux front
arrows with an extension parallel to the scanning direction[Figs. 4c) and 4d): arrow 2. Therefore it is possible to
of the sample, that means also parallel to the strong gradiemtbserve the process of flux entering and exiting the sample in
(x direction of the inhomogeneous magnetic field which is one picture showing the superconductor in different states of
about 20 mT in this case. The field distribution in the  magnetization.
direction is indicated on the right side, as well as the scan- The results ba 2 in. YBCO sample investigated at 50 K
ning direction of the samplgFig. 4@)]. In front of the maxi- is shown in Figs. &) and Xb). The two pictures show
mum field, vortices enter the line-like defdd&igs. 4a) and  magneto-optical images of the flux distribution in the 2 in.
4(b): bright areas, arrow Jlwith increasing field and from YBCO thin film in a magnetic field of 45 and 105 mT in
there spread out into the sample. A brighter contrast of thenaximum, respectively, after field cooling in the stray field
image indicates that a larger magnetic field can penetrate tHe<10 mT) of the magnet in this case. Both pictures represent
defect at this position. Behind the field maximum, where thea “qualitative map of defects” present in the superconduct-
field is decreasing again, flux starts to leave the defect indiing thin film. A whole picture is composed of several single
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FIG. 6. (a) Optical micrograph of the scratglarrow) detected magneto-optical on the 2 in. sample in Fig. 5. The scratch has a wid{inof Biset in(a):
SEM image of the scratch area. No defect could be obsdthedvhite line indicates 2@m). (b) Inductivej. scan of the 2 in. YBCO thin film in a 0380.5
cn? screen. The critical current density varies from 0.5 to 2.5 MZAIcTie extended linear defect can be seen at the right-hand asiden).

images recorded dynamically duringcaandy scan over the tected at low magnetic fields than in zero field cooled super-
whole sample area in three tracks through the strong magsonductors. A flux penetration into isolated defects in
netic field gradient in thex direction[inset Fig. %a)]. The = samples after zero field cooling was reported recelfithy:2°
magnetic field specified for each picture is the maximum of  As a result of the various defects present in the super-
the applied external field. Therefore, the flux pattern resultconducting film, a complicated network df lines?®%° can
ing from defects present in the sample becomes more conbe determined. Thes#" lines are caused by a strong bend-
plicated because of the inhomogeneous magnetic field. Nevag of the current paths. As flux cannot cross theésdines,
ertheless a qualitative statement of the defect structure in thiaey stay dark in the magneto-optical images as can be seen
superconducting film can be given with this technique veryin Fig. 5b) (e.g., arrows L In the presence of defects the
well, and also a quantitative evaluation should be posétle. course of thel ™ lines is caused by the influence of the defect
At the starting point of the scanning located at the bot-on the current flow as well as the adjacent defect structure
tom right edge of the film, the flux penetration is similar to and sample geometry. As a result of the-line network, the
that of an homogeneous magnetic field. At the edge, a strongample can be distinguished in areas with good homogeneity
enhancement of magnetic field can be observed because of the electrical properties and with enhanced defect occur-
the demagnetization of the superconductor. Penetratiomence, which induces a high densityaf lines in Fig. §b).
therefore, starts mostly at the film edges. In the presence of a Microscopy was used to correlate the magneto-optically
microstructural defect, e.g., a small scratch, flux can easilpbserved j. degradations with structural defects in the
penetrate along the defect deeply into the superconductingBCO thin film. The position with the enhanced linear de-
film and from the end of the defect flux spreads out in afect on the 2 in. sampléFig. 6(a arrow| was investigated
plume-like pattern into the superconducting areas. Along exwith optical microscopyOM) and SEM. Fig. 6a) shows an
tended linear defects, flux penetration starts in a parabolioptical micrograph of the defect in differential interference
shape into the sample similar to the penetration behaviocontrast. The observed defect is about 1 cm long but only
occurring at a linear sample edgeDifferent defect struc-  about 5um wide. This indicates, that a defect detection be-
tures can clearly be observed at the sample ¢Bge 5a)].  low the optical resolution of the MOST setup is indeed pos-
Furthermore, also in the center of the YBCO film, somesible. The defect observed with MOST could not be detected
isolated defects are visible. At these defects, some flux hasy SEM{[inset Fig. &a)], because of the fact that there is no
already been pinned during the low field cooling process anttench or heap of material on top of the layer. This indicates
has been magnified by increasing the external field. One dhat the irregularity is probably due to a scratch in the sub-
the centered defects appears at a magnetic field of 45 m3trate. The deposition of YBCO covers the scratch and pro-
(arrow 2 and gets more evident at 105 mfig. 5b), arrow  duces a nearly smooth surface, but the structural perfection is
2]. The field cooling process could be an advantage for aestroyed in this area. A detection of the defect by OM in
qualitative defect control due to a pinning of flux at defectscontrast to SEM was possible, because the YBCO film was
during the cool down. In this case, especially defects withoutather transparent in the optical range. On the other hand,
connection to the sample edge can probably be easier dseme scratches detected on the surface of the YBCO film by
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