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Magneto-optical (MO) microscope has been utilized as a powerful tool for visualization of magnetic domains and magnetic flux
distibutions. In addition, distribution of a magnetic flux diverging from a magnetized sample and/or distribution of a current in
the superconducting sample can be visualized with a help of an MO indicator film placed on the sample. In order to obtain
quantitative information of the flux distribution we have developed an MO microscope using a polarization modulation technique.
Utilizing the MO microscope with a magnetic garnet film as an indicator we have obtained a quantitative image of current

distribution in a superconducting film of MgB;.
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1. Introduction

Magneto-optical (MO) microscopes have been used as one of
the most significant techniques for an observation of magnetic
domain structures in magnetic materials. Recently, this technique
attracts great attention as a powerful tool for visualization of
invisible phenomena, such as spin-accumulation in nonmagnetic
semiconductors ® @ magnetic flux intrusion in superconductors
©® etc. MO microscopes have technical advantages such as a
short measuring time, a simple instrumental setup compared with
other imaging techniques, e.g., a magnetic force microscope
(MFM) ©, a superconducting quantum interference device
(SQUID) microscope ” and a Hall-probe microscope ©.

However, conventional MO microscopes using a crossed
polarizer setup are not suited for quantitative evaluation of the MO
rotation and ellipticity, particularly in inhomogeneous samples. In
order to overcome the problem, we have developed an MO
microscope based on a new concept of polarization modulation
technique. This concept is an extention of the modulation MO
spectroscopy using photoelastic modulator (PEM), which
modulates an optical retardation sinusoidally ©“%. Since the
conventional PEM operates at high frequency of about 50 kHz, the
modulation technique is not directly applicable to image
observation using CCD sensors. Instead of PEM modulation we
utilize a digital modulation method, in which images of the MO
rotation and ellipticity are reconstructed from three sequentially
captured optical images taken with three different polarization
states; i.e., linearly polarized (LP) light, right circularly-polarized
(RCP) light and left circularly-polarized (LCP) light @Y.

In addition to an evaluation of MO parameters, MO
microscopes can be utilized for a visualization of magnetic flux
and/or current distribution in superconductors with a help of MO
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indicator films such as Bi-substituted yttrium iron garnet films
@® A quantitative magnetic flux image is visualized with a
help of the MO indicator film, to which a stray magnetic flux
diverging from a superconductor is transferred. A quantitative
value of magnitude of the magnetic flux can be calibrated using a
magnetic field vs. MO characteristics in the indicator film. As
indicator films, we used high quality Bi-substituted yttrium iron
garnet films with an in-plane magnetization prepared by a metal
organic decomposition (MOD) method @21 Combining the
MO microscope with this MO indicator film, we have achieved
magnetic sensitivity of <1 mT and spatial resolution of <1 um.

2. Magneto-Optical Microscope

2.1 Polarization Modulation Technique In our
newly-developed system, images of Faraday rotation & and
Faraday ellipticity 7 can be calculated from three images taken
with three different optical polarization states. MO values of
each pixel are obtained from equations,

P ~1{ 2|LP_(IRCP+ILCP)}, ---------------------------------------- 1)
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7 z[ Lcp RCPJ, .......................................................... (2)
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where I p, Ircp and I cp are signal intensities at each pixel of an
image sensor for LP, RCP and LCP, respectively. Derivation of
equations (1) and (2) is described in detail in ref. (11).

In order to obtain images for LCP, LP and RCP sequentially
we used a rotatable quarter wave plate in the first stage of
developmet®™ @, This method, however, takes a few tens of
second to get one MO image. We improved the response time in
the second stage; we have made use of a liquid crystal modulator
(LCM), by which three polarization images for LCP, LP and RCP
can be sequentially measured by only applying to the LCM an AC
voltage that is appropriate for each polarization state.
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Fig. 1. Aschematic drawing of MO microscope using
polarization modulation technique.

Sample

Figure 1 shows an optical setup of the MO microscope, which
we have developed. This system consists of a light source, a
polarizer, a liquid crystal modulator (LCM), a beam-splitter, an
analyzer and a CCD camera. An objective lenses with a long
working distance (Mitsutoyo G Plan APO x10, x50) were
employed. Digital images of 640 x 480 pixels are taken by a
high speed CCD camera (Hamamatsu, C9300-201) with a 12-bit
A-D converter, which can directly transfer 160 digital images/sec
to RAM in the computer. As a light source, we used either a
green light emitting diode (LED) (central wavelength of 530 nm),
or a halogen-tungsten lamp equiped with a set of bandpass
interference filters for wavelength bands (band-width of 10 nm) at
450, 500, 550, 600, 650 nm. The LCM was prepared using a
commercially available liquid crystal (ZL1-4792) and 1TO-coated
glass plates. The retardation was varied by an application of AC
voltage of 0 - 10 V with a frequency of approximately 100 Hz to
the LCM in this experiment. Using this system, MO images can be
displayed at a rate of approximately 1 frame/sec using 20 optical
images taken with a exposure time of 20 ms .
To obtain a quantitative reference values, we employed a
laboratory-made MO spectrometer system with a retardation
modulation technique using a PEM®10,

2.2 MO Images of Patterned Garnet Films We have
prepared Bi- and Ga-substituted yttrium iron garnet (YIG) thin
films by a metal-organic decomposition (MOD) method ®?. The
samples exhibit magnetization perpendicular to the film plane. In
order to investigate the resolution of the magneto-optical contrast,
the garnet thin film was patterned into square dot arrays using a
photolithography. The size of each dot is 50 pum x 50 pum in area
and 200 nm in thickness, and the separation between dots is 50
pm.

Figures 2(a) and 2(b) show images of Faraday rotation of the
garnet dot pattern at the wavelength of 500 nm for opposite
directions of remanent magnetization. Corresponding images of
Faraday ellipticity are given in Figs. 2(c) and 2(d). These images
have been reconstructed by applying egs. (1) and (2) at each pixel
point to three images for three different polarization states; i.e., LP,
LCP and RCP. The magnetic contrast between the glass and the
garnet portions clearly reversed corresponding to a magnetization
reversal. In addition to the magnetic contrast, quantitative values
of & and 7= can be obtained at any pixel point on the image.

Thus, the present technique provides a quantitative magnetic
contrast even in inhomogeneous samples consisting of different

(d) Faraday ellipticity images with opposite remanent
states. A rotation image and an ellipticity image were
obtained from same images for LP, LCP and RCP.
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Fig. 3. (a) Faraday rotation and (b) Faraday ellipticity
spectra.  Solid curves show spectra measured using a
conventional MO-spectrometer in an unpatterned film, and
dots show data measured by the present MO microscope.

portions with different transmittance. This is in contrast to the
conventional crossed polarizer method, which fails to provide
quantitative MO values, since the contrast is given only as a
difference in optical intensities. The values of & and 7= measured
using a set of bandpass interference filters in the wavelength range
between 450 and 650 nm are plotted by closed circles in Fig. 3
together with the spectra of an unpatterned film measured using
the MO spectrometer (solid curves). As observed in the figure,
MO values measured by the MO microscope are found to show a
remarkable agreement with those measured by the MO
spectrometer.

Since most magnetic materials are not transparent, the
measurement of Kerr effect is important for practical use.
Figure 4 shows magnetic field-dependences of Kerr rotation at
wavelength of 500 nm for two different portions: one a garnet
pattern portion and a glass substrate portion as shown in an inset.

Once MO images are acquired for a sequence of magnetic field
swinging between negative and positive magnetic saturation,
hysteresis curves at any pixel point can be visualized only by
clicking at the point. As shown in Fig. 4, a clear hysteresis loop is
observed at the patterned garnet position, while no signal was
observed at the glass substrate position.

In the polarization modulation method, a spatial resolution in
MO images is limited by an optical diffraction. A spatial
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Fig. 4. Magnetic field dependences of Kerr rotation for
the garnet dot and the glass substrate.

resolution in the MO images was estimated to be 0.5 pum,
consistent with that expected from the value of NA of the
objective lens, Mitsutoyo G Plan APO x50, with NA=0.5.

The sensitivity in MO images is mainly limited by a shot noise
generated in the CCD device. We carried out two kinds of
averaging procedures in order to improve the signal to noise ratio
(SNR). One is an averaging by accumulation of repeated data at
each pixel point, and the other is an averaging over 9 pixel points
including 8 pixels surrounding the pixel of concern. An averaging
over 100 and 1000 images gives us a noise with a standard
deviation of 0.008° and 0.005° for the angle of rotation.

3. Magnetic Imaging

3.1 MO Indicator Films The MO microscope combined
with an MO indicator film allows us to observe a magnetic flux
distribution and/or a current distribution in materials even if a
sample itself lacks an MO effect. As described before, we used as
an MO indicator a Bi-substituted iron garnet film, Y,BiFesO;,
(Bi:YIG) with an in-plane anisotropy prepared by the MOD
method. The MOD method is favorable not only for the
homogeneity of a thin film, the controllability of composition, and
the formation of large area, but for the good productivity, since the
method makes use of a quite simple procedure, i.e. a spin-coating
of solution containing constituent elements followed by an
annealing. Detail of film preparation by the MOD method have
been described in ref.(12). A Pt mirror layer with a thickness of
100 nm was deposited on the garnet film by a magnetron
sputtering method in order to obtain high reflectivity and to avoid
scattering of the light due to the pattern fabricated on the sample.

Figure 5 plots the value of Faraday rotation of the indicator film
as a function of the magnetic field applied perpendicular to the
film plane. The easy-axisof the Bi:YIG film has been confirmed to
lie in-plane by VSM measurements. Then the out-of-plane
component of magnetization increases linearly with the field until
it saturates at an applied field of around 1 kOe. This leads to a
linear dependence of the Faraday rotation on the applied field,
which allows calibration of the magnitude of magnetic flux for
each pixel from the values of the MO rotation.

Next, we will show that the MOD-grown garnet film is more
suitable for use as an MO-indicator than a liquid phase epitaxial
(LPE) film. Figures 6(a) and 6(b) show MO images of a
superconducting Nb film measured with an idicator of the LPE
garnet film and the MOD garnet film, respectively. The size of the
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Fig. 5. Magnetic field dependence of Faraday rotation
of Bi:YIG film measured at a wavelength of 500 nm.
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Fig. 6. MO images of a superconducting Nb film measured
with (a) LPE film and (b) MOD film as an indicator.

Fig. 7. (a) An optical image and (b) an MO image of MgB,
circlular pattern with a diameter of 500 um. Current
flow image of MgB, circle pattern deduced from MO
image shown in (b).

Nb film is 0.9 mm x 0.9 mm in area and 200 nm in thickness. The
temperatures of measurement is 4 K, sufficiently lower than the
critical temperature (~ 9 K) of the Nb film. The images in Figs.
6(a) and 6(b) are showing Meissner state under an applied
magnetic field of 16 and 26 Oe, respectively. Thickness of the
LPE grown garnet and the MOD grown garnet used in this
experiment is 2 um and 800 nm, respectively. It is found that with
a use of the LPE garnet the image suffers zigzag-shaped magnetic
domains appearing in the garnet, while with the MOD garnet no
such domain structure appears, which allows us to observe the
flux distribution clearly. It is thus concluded that the Bi:YIG
films grown by MOD method is suitable for MO imaging. Further
details are described in Ref. (13).



3.2 MO Images of Superconductors MO images of
superconducting MgB, film were measured using the MO
microscope with the Bi:YIG indicator film which covers directly
the sample placed in a cryostat equiped with an electro-magnet.
The MgB; film of 100 nm in thickness was grown by a molecular
beam epitaxy (MBE) method “® and was patterned into circular
shape of 500 um in diameter. MO images were measured at 3.9 K
with different magnetic fields after zero-field cooling.

Figure 7(a) shows an optical microscope image of the patterned
MgB,, while Fig. 7(b) shows an MO image at a remanent state
after application and removal of magnetic field of 735 Oe. A
gradient of the magnetic flux density is clearly observed in the
MO image. The contrast in the image corresponds to a density of
magnetic flux intruding into the superconductor.

From the MO image, a current distribution can be calculated
taking into account the Biot-Savart’s law. Figure 7(c) shows a
current flow image calculated using the convolution theorem @7,
where the contour line indicates a current flow and the density of
contour lines corresponds to a current density. The current density
deduced from the figure amounts to as high as 6 x 107 Alcm?,
which is consistent with an electrical measurement.

4. Conclusion

We have developed an MO microscope using the polarization
modulation  technique. Quantitative MO imaging was
demonstrated for patterned Bi,Ga:YIG films, and spectra and
hysteresis measurements were also demonstrated.  In addition, it
is found that the quantitative MO imaging technique combined
with an MO indicator film is usuful to measure magnetic flux
images in samples that show no MO effects. Magnetic flux
distribution and current flow images were successfully obtained in
a patterned supercondcutor film.
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