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Development of MO imaging plate for MO color imaging
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We propose a magneto-optical (MO) color imaging technique that enables magnetic field distributions to be
quantitatively observed in real-time. Values of magnetic fields are displayed as colors. MO imaging plates have been
developed using highly bismuth-substituted neodymium iron garnet films, for use in MO color imaging. The films
were prepared by the metal-organic decomposition method. The MO imaging plates were characterized using the MO
figure of merit for MO imaging plates, which is defined in this study. The magnetic fields were expressed by colors,
using light-emitting diodes (LEDs) as light sources. The colors varied from blue to yellow, from green to yellow, and
from blue to red, for sources corresponding to a white LED, combined green and yellow LEDs, and combined blue and
yellow LEDs, respectively. The MO color imaging of spherical magnets is demonstrated.
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1. Introduction

The MO imaging technique utilizes the
magneto-optical (MO) effect of bismuth-substituted iron
garnet. The technique was developed separately by
Japanese and Russian groups in 1990, to visualize stray
magnetic fields from superconducting materials?: 2. MO
imaging allows magnetic field distributions to be
observed in real-time, by placing MO imaging plates at
locations to be measured?®. MO imaging can achieve a
high spatial resolution of ~0.3 um®: 19 and a high speed
response with frequencies up to ~1 GHzW.
Computational calculations for each pixel in a measured
MO image are conventionally required to obtain a
quantitative image of the magnetic field¥®. To realize
quantitative MO imaging, we propose a MO color
imaging technique that enables quantitative magnetic
field distributions to be observed in real-time and values
of magnetic fields are displayed as colors. We expect the
resolution of the displayed magnetic field to be improved
by using color instead of monochrome. Specifically, the
resolution of the magnetic field in color could potentially
be the cube of that in monochrome. For example, in the
case of an 8-bit camera, magnetic field values could be
expressed with 28%3 = 16777216 colors, compared with 28
= 256 in monochrome.

MO imaging plates are expected to have properties
suitable for MO color imaging. Large MO imaging plates
are required to observe magnetic field distributions with
the naked eye. Bi-substituted rare-earth iron garnets
(RsxBixFes012: Bi:RIGs) have traditionally been used as
materials for MO imaging plates. These are usually
prepared by the liquid phase epitaxy method. However,
it is difficult to achieve a high Bi substitution, and the
size of films is limited by that of the single crystal
substrate such as GdsGas012 (GGG), which is typically
smaller than 4 inches in diameter!?4. To overcome
these problems, we prepared highly Bi-substituted
neodymium iron garnet (Nds-«BixFesyGayO12) films, by

metal-organic decomposition (MOD) on glass and GGG
substrates!®. This allows larger MO imaging plates to be
prepared.

In this paper, we discuss the MO figure of merit for
MO imaging plates prepared using Ndo.sBi2sFes012
(Bi2.5:NIG) or NdBizFes012 (Bi2:NIG), and we report the
use of the MO imaging plates in quantitative MO color
imaging.

2. Experimental

Bi2.5:NIG and Bi2:NIG thin films were prepared by
the MOD method on glass and GGG substrates!®18),
Bi2.5:NIG and Bi2:NIG were selected as the MO films
for the MO imaging plate. This was because their MO
figures of merit were sufficiently high, and their spectral
profiles were suitable for MO color imaging. MOD
produced by Kojundo Chemical
Laboratory Co., Ltd. The glass substrates used in this
study were Eagle XG, Corning. Nd2BiFesGaO12
(Bil:NIGG) thin films with a thickness of 90 nm were
prepared as a buffer layer on the glass substrates.

To prepare Bi2.5:NIG, Bi2:NIG and Bil:NIG thin
films, each MOD solution was spin-coated at 3000 rpm
on the substrate for 60 s. The resulting film was dried at
100 °C for 10 min, and then pre-annealed at 450 °C for 10
min. This process of spin-coating to pre-annealing was
repeated five times. The resulting film was then
crystallized in a furnace at 600-700 °C for 3 h in air. The
process was repeated several times, to increase the film
thickness. Ag alloy (APC, Furuya Metal Co., Ltd.) films
of approximately 100 nm in thickness were deposited on
the garnet layers as reflection layers, using a coater
(SC-704, Sanyu Electron Co., Ltd.).

The MO and optical properties of the MO imaging
plates were measured, to evaluate the MO figure of
Faraday and Kerr spectra were
measured using a MO spectrometer (Neoark Co., Ltd.).
The spectrometer consisted of a halogen lamp, polarizer,
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monochromator, electromagnet, and polarization angle
detector. The spectrometer setup was based on the
balanced detection method. Transmission spectra were
measured using a spectrometer (V-570, JASCO Corp.).

Glass
Bit:NIGG

Bi2.5:NIG
or BiZNIG

T Mirror layer

Fig. 1 Structure of the MO imaging plate prepared on
a glass substrate.
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Fig. 2 Schematic illustration of the experimental
setup.

The experimental setup shown in Fig. 2 was used for
MO color imaging. The light source was a white LED, or
combined green and yellow LEDs, or combined blue and
yellow LEDs. The applied magnetic field range of the
electromagnet (AZ1-0, Toei Scientific Industrial Co.,
Ltd.) was set from —3 kOe to +3 kOe. MO images were
collected using a CMOS camera, and spectra were
using a  spectrometer  (USB2000+,
OceanOptics). The angle of the polarizer and analyzer
were set at 0 and 84°, respectively. This combination of
angles was found to result in the largest color change,
upon application of the magnetic field. The relationship
between the color and magnetic field was then calibrated,
to create the color scale.

measured

3. Results and Discussion

3. 1 Figures of merit for the MO imaging plates

Faraday rotation spectra of Bi2.5:NIG films prepared
on glass substrates at annealing temperatures of
600-700 °C are shown in Fig. 3. Kerr rotation spectra of
the same samples containing mirror layers are shown in
Fig. 4. The thickness of the Bi2.5:NIG film was
approximately 450 nm. Periodic structures are clearly
observed in both figures, which arose due to interference
of the light in the garnet layers. This indicated that the
samples had optically smooth surfaces. The Faraday
rotation spectra exhibited maxima at around 530 nm in
wavelength, and were consistent with previous reports!?®
16 The Kerr rotation spectra exhibited maxima at
590-620 nm in wavelength, and their Kerr rotation

angles were larger than the Faraday rotation angles at
the same wavelength. However, the peaks in the Kerr
rotation spectra at 530 nm were smaller than the
Faraday rotation angles at the same wavelength, which
was attributed to optical losses. The figure of merit of a
magneto-optical material is usually defined as'9-2D,

0=2104/a=206t/In(UT) (deg.), (1)

where 6r (deg/um) is the Faraday rotation angle,
a= t / In(1/T) is the absorption coefficient, T is the
transmittance, and ¢ is the thickness of the MO film.
However, equation (1) is unsuitable for determining the
figure of merit of the current MO imaging plates. An
effective rotation angle of the polarization plane should
decrease with optical losses. This is due to optical
absorption of the MO layer, and reflection at the
substrate surface and at the interface between the
substrate and MO film. Therefore, we define the figure
of merit for the current MO imaging plates using the
Kerr rotation angle 0k, according to,

0" =0kl t/In(UT)=|60¢"| / In(1/T) (deg.), (2)

where 0 (deg./um) and 6’ (deg.) is the Kerr rotation
angle, T'is the transmittance, and ¢ is the thickness of
the MO film.
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Fig. 8 Faraday rotation angles of MO imaging
plates containing Bi2.5:NIG films annealed at
600-700 °C.
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Fig. 4 Kerr rotation angles of MO imaging plates
containing Bi2.5:NIG films annealed at 600-700 °C.
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Fig. 5 Transmission spectra of MO imaging plates
containing Bi2.5:NIG films annealed at 600700 °C.
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Fig. 6 MO figures of merit for MO imaging plates
containing Bi2.5:NIG films crystallized at 600-700 °C.

650 700

Figures of merit Q' of the MO imaging plates as
defined by equation (2) are shown in Fig. 6. Samples
crystallized at 620-660 °C exhibited higher MO figures
of merit at wavelengths of 580-650 nm. The highest
figure of merit was obtained at a wavelength of 615 nm
for the sample crystallized at 640 °C.

In MO imaging, in addition to the figure of merit of
the MO imaging plates, the light source spectrum must
also be considered. Spectra of the light sources used in
the current study are shown in Fig. 7. A sharp peak at
450 nm and a broad peak at 525-625 nm were observed
in the spectrum of the white LED, as shown in Fig. 7(a).
Peaks at 530 and 600 nm were observed in the spectrum
of the combined green and yellow LEDs, as shown in Fig.
7(b). Peaks at 470 and 600 nm were observed in the
spectrum of the combined blue and yellow LEDs, as
shown in Fig. 7(c). For MO imaging with the white LED,
the O’ should be multiplied by the spectrum of the white
LED, as shown in Fig. 8. Fig. 8 shows that under these
conditions, the MO imaging plates could operate in the
wavelength range of 570—650 nm, i.e. yellow-red.

3.2 MO color imaging

To develop MO color imaging to quantitatively
determine the magnetic field, values of the magnetic
field were calibrated for color. MO images and intensity
spectra of a pole of the electromagnet were measured
with a CMOS camera and spectrometer, respectively,
using the experimental set up shown in Fig. 2. A MO
imaging plate with a Bi2.5:NIG garnet film crystallized
at 640 °C was used in this experiment, and the white
LED was used as the light source. Fig. 9 shows intensity
spectra of the reflected light, and MO images of the pole

of the electromagnet, measured under applied magnetic
fields of —1, 0, and +1 kOe. The colors were blue for —1
kOe, violet for 0 kOe, and yellow for +1 kOe. The
intensity of the reflected light at a wavelength of
550—-650 nm increased as the applied magnetic field
increased in the positive direction. This corresponded to
negative Kerr rotation. The profiles of the intensity
spectra in Fig. 9 were consistent with the spectrum in
Fig. 8. The intensity at 550 nm slightly increased as the
applied magnetic field in the negative
direction. A peak at 450 nm is observed in the spectrum
in Fig. 9. This was derived from the peak of the white
LED. The intensity of this peak was independent of the
applied magnetic field, as the Q’was almost zero at the
wavelength of 450 nm.
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Fig. 7 Spectra of the (a) white LED, (b) combined
green and yellow LEDs, and (c) combined blue
and yellow LEDs, which were used as light

sources.
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Fig. 8 Figures of merit of the MO imaging plates
multiplied by the spectrum of the white LED.

2500 T T T T T
-1.0kOe  0.0kOe +1.0kOe
aow - . n -
= 1500} .
=
B
< 1000 f 4
=
500 b

0
400 450 500 550 600 650 700
Wavelength (nm)

Fig. 9 Intensity spectra of the reflected light, and MO
images of the pole of the electromagnet, measured
under applied magnetic fields of —1, 0, and +1 kOe.
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The result when using the combined green and yellow
LEDs as the light source is shown in Fig. 10. Fig. 10(a)
shows the Kerr rotation spectrum of a MO imaging plate
containing the Bi2:NIG film used in this experiment.
The Kerr rotation angles were +4 and —7 degrees at
wavelengths of 530 and 595 nm, respectively. The Kerr
rotation angle at 530 nm was larger than that of
Bi2.5:NIG. This was because the transmittance at 530
nm of the MO imaging plate containing the Bi2:NIG film
was higher. Peaks are observed at 530 and 600 nm in the
intensity spectra in Fig. 10(b). These peaks increased
asymmetrically with increasing applied magnetic field,
as shown in Fig. 10(b). This resulted in the color
becoming green at —1.0 kOe, dark green at 0.0 kOe, and
yellow at +1.0 kOe. The asymmetric behavior of the
intensities of these two peaks can be explained by the
Kerr rotation spectrum in Fig. 10(a). The Kerr spectrum
contained peaks at 530, 540, and 600 nm which are
involved in this phenomenon. The sign of the Kerr
rotation at 530 nm was opposite to those at 540 and 600
nm, and the angle of the analyzer was rotated —6° from
the cross-polarized position. Therefore, the intensity at
530 nm decreased from —2 kOe to +0.5 kOe, and then
increased. In contrast, the intensity at 600 nm increased
from —0.5 kOe with applied magnetic field.
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Fig. 10 (a) Kerr spectrum of the Bi2:NIG film on the
glass substrate, (b) intensity spectra of the reflected
light, and MO images of the pole of an electromagnet
measured, at —1, 0, and +1 kOe, and (c) dependence of
light intensity on applied magnetic field, at wavelengths
of 530 and 600 nm.

Fig. 11 shows the MO images of the pole of an
electromagnet measured using the white LED, combined
green and yellow LEDs, and combined blue and yellow
LEDs, as light sources. The colors changed from blue to
yellow, from green to yellow, and, from blue to red,
respectively, with changing magnetic field. This
constituted color scales corresponding to the magnetic
field. Quantitative color values were obtained as RGB
values, which were deduced from the measured spectra.
Values for the xy colorimetric system were then obtained
from the RGB values. The three curves corresponding to
the data in Fig. 11 are plotted in the chromaticity
diagram (CIE1931) in Fig. 12. The magnetic field values
were quantitatively evaluated with colors.

(a)
-2 -15 -1 0.5 0 0.5 1 1.5 2 kOe
(b)
-2 -1.5 -1 -05 0 0.5 1 1.5 2 kOe
(c)
b & &
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 kOe

Fig. 11 MO images of the pole of an electromagnet,
in which the light source was (a) a white LED, (b)
combined green and yellow LEDs, and (c) combined
blue and yellow LEDs.

= White LED

Green & Yellow LEDs

Blue & Yellow LEDs

X 480
00 01 02 03 04 05 06 07
X CIE1931

12 Color table showing the location of
experimentally-obtained data using the white LED,
green and yellow LEDs, and blue and yellow LEDs

Fig.

as light sources.

Quantitative MO color imaging using the white LED
is demonstrated in Fig. 13. Connected spherical
neodymium magnets were measured as a sample, which
is shown in Fig. 13(a). A color scale prepared using the
procedure described above is shown together with an
MO image in Fig. 13(b). The MO image shows the
quantitative distribution of the magnetic fields directly
above the magnets. South (S) and north (N) magnetic
poles are indicated by blue and yellow, respectively, and
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zero points are indicated by violet. The magnetic fields
could also be expressed in RGB values.

Kerr rotation spectra of various garnet films with
different film compositions and substrate types are
shown in Fig. 14. The spectral profiles strongly
depended on the film composition and substrate
material. However, the spectral profiles could potentially
be modeled by optical simulations, if the optical
constants including the
known?22).

permittivity tensors are
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Fig. 13 (a) Digital photograph of spherical magnets,
and (b) corresponding MO color image.
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Fig. 14 Kerr rotation spectra of various garnet
films with different film compositions and
substrate types.

4. Conclusions

We have developed a MO imaging plate containing
Bi2:NIG and Bi2.5:NIG films for MO color imaging. The
MO figure of merit for the MO imaging plates defined in
this study accurately represents their MO properties
with respect to MO imaging. The MO imaging plates
using Bi2.5:NIG exhibited a high MO figure of merit in
the 570-650 nm wavelength range. The color varied
from blue to yellow, as the magnetic field changed from
-2 to +2 kOe, when using a white LED. The color
changed from green to yellow, or from blue to red, when
combined green and yellow LEDs and combined blue
and yellow LEDs were used as light sources, respectively.
A color scale indicating values of the magnetic field was
obtained, along with a MO color image of a ferrite
magnet. These collectively displayed the intensity and
pattern of the magnetic field in color.
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