Flux Distribution at the Cross-section of Stacked Nanostructured Magnetic Ribbon
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Abstract

Conventional magnetization methods only measure the average magnetic properties over the
whole sample. The information is insufficient to understand the local character. This paper
presents the visualized magnetization process and its profiles in detail at the cross section of the
FINEMET ribbon using advanced magneto-optical imaging technique. External magnetic fields
were applied parallel to the surface of the ribbon. A magnetization curve was plotted by
interpreting the profile of intensity of magneto-optical images. The profile indicates that the
flux densities are higher at the cross section of the ribbons compared with those at the gaps
between the ribbons. The flux lines mainly transmit inside the FINEMET ribbons though there
are some stray fields between the ribbons.

1. Introduction

Nanocrystalline magnetic materials Fe7s5CuxNb3Si1zsBs [1], FINEMET® registered
trademark of Hitachi Metals, Ltd, are promising soft magnetic materials which normally are
produced by annealing a melt-spun amorphous ribbon at about 550 °C for one hour. The
interesting point is that the nanocrystals b.c.c. Fe-Si of 10-15 nm, which arise in heating
treatment, disperse in the surrounding amorphous ferromagnetic matrix [2]-[4], and the
nanocrystals are coupled through the amorphous matrix. Such exchange coupling results in
their superior soft magnetic properties compared with the conventional soft magnetic materials.
Therefore, nanocrystalline magnetic materials have attracted extensive attentions for wide range
of technological applications [5]-[8] and replacement of conventional magnetic materials in
transformers, motors, sensors, power electronics, electrical energy control/management
systems, telecommunication equipment and pulse power devices [9].

In order to apply optimally FINEMET to advanced electromagnetic devices, the properties
of the materials must be understood clearly. Normally the materials are characterized using
conventional magnetization method. Such method can only measure the average properties over
the whole volume of a sample [10], [11] and cannot provide local magnetization process. This
paper presents the visualized local magnetization process by means of magneto-optical imaging
(MOI) technique. The major advantage of the MOI technique is that the local details of
magnetic structures ranging from micrometer to centimeter can be directly visualized. This



study demonstrates that the MOI is a powerful technique to visualize the magnetization process
of a FINEMET ribbon in detail.

2. Experiment setup

Amorphous ribbon of the composite Fe;ss5xCuxNbsSi;3sBg was prepared by a rapid
quenching technique, following by annealing of the as-quenched ribbon at 550 °C without
magnetic field for one hour at Argon atmosphere for crystallization. The size of the ribbon is 5
mm in width and 18 pum in thickness. To visualize the magnetization process at the cross-
section of the ribbon, the annealed ribbons were stacked and glued together to form a 5 mm x
10 mm x 10 mm cubic block. The cross-section was polished carefully in order to obtain high
resolution and quality magneto-optical image.

A magneto-optical imaging system, as shown in Fig. 1, was built based on the Faraday effect
[12], that is, the rotation of the plane of polarization of a beam of linearly polarized light when
the light passes through a magneto-optical media in the direction of magnetic field line. The
review of MOI system is given by the reference [13]. The reflective mode was employed in this
study since the sample is opaque. As a result of Faraday rotation, a grey scale image can be
observed under a microscope with an analyzer orthogonal to the incident polarizer. The higher
the local flux density is, the brighter the area (pixel) becomes. In this study, a green filter was
employed to improve the contrast of the image since the rotation angle depends on the light
frequency and reaches maximum at green light. The magneto-optical indicator film used in this
study was an in-plane Bi substituted Yttrium Iron Garnet film [Y3Fe,(FeO,)s] deposited on a
Gadolinium Gallium Garnet substrate. The indicator film was placed directly on the surface of
the cross-section with a slight mechanical pressure in order to improve spatial resolution. The
image was captured by a CCD camera installed on the top of polarization microscope and
transferred to a PC. The captured image size is 2272 by 1704 pixel, but the viewable field is
about 1863 by 1704 pixel when the magnification of objective lens is ten. The magnetic field
used to magnetize the sample was generated by a solenoid.

3. Results and discussion

In order to remove the image noise, ten magneto-optical images were taken at each applied
field and averaged. Fig. 2 shows the averaged magneto-optical images when the demagnetized
cubic sample was subjected to the increasing magnetic fields. The images show bright and dark
stripes. The bright stripes correspond to the cross-sections of the ribbons while the dark stripes
indicate the gaps between ribbons. The width of the bright stripes is about 20 um. The averaged
intensity within each stripe is constant. In addition, the intensities of stripes within the image
are similar, which means that the magnetization inside individual ribbon was homogeneous and
all ribbons were magnetized similarly. The extent of magnetization increases with increasing
applied field. Fig. 3 shows the averaged intensity profiles within the rectangle shown in Fig.
2(d). It is also noted that at higher fields, narrow and bright stripes appear between the ribbons.
Such phenomenon is also indicated in the intensity profiles with a narrow peak between the
wide peaks at the fields over 698 Oe. It is believed that these narrow peaks result from the
superposition of neighboring stray field.

Due to the contribution of magnetization of the ribbon, the flux density at the cross-section
of each ribbon is higher than that at the gap, hence, more lights can pass through the analyzer.
As a result, the stripe pattern is presented. With the increase of the applied fields, each ribbon is



magnetized further, and hence the intensities over the ribbon areas increase. Fig. 4 plots the
intensity profile as a function of the applied fields at the point of P shown in Fig. 2(d) and inset
is corresponding magnetization curve. It is found that the intensity increases quickly in the low
applied fields range. However, it starts to decrease when the field is over the value of 644 Oe.
Due to the limitation of the maximum magnetic field generated by the electromagnet and open
magnetic loop, the sample is far from being saturated.

This phenomenon can be clearly understood from the law of Malus. Recall that the intensity
of the light beam is proportional to the square of the amplitude. Since the polarizer and analyzer
are orthogonal, the intensity of the reflective light | passing the analyzer varies reaching the
CCD chip of camera will be

I =1,_sin*(2vVBd),

in which I, is the maximum value of the transmitted intensity, V the Verdet constant of the
indicator film, d the thickness of the film, and B the normal component of the saturated flux
density of in-plane indicator film. The CCD camera then converts the light intensity into gray
level value.

Following the applied field increasing, the flux density at the ribbon surface increases. It
leads to the magnetization of the film rotating out of the film plane, that is, the B increases,
hence the light intensity over the ribbon increases. At a certain field, H,, = 644 QOe, the rotation
angle approaches 90 degrees, that is, the indicator film is saturated, correspondingly, the
intensity reaches the maximum. Over this field, the sample is magnetized further, but the
intensity decreases gradually. Such decrease is caused by strong stray fields parallel to the
indicator film at high fields [14] . In practice, the flux density is determined by comparing the
measured intensity with the calibrated intensity curve.

4. Conclusion

This paper demonstrates that the magneto-optical imaging technique is a powerful method to
visualize the magnetization process of a nanocrystalline magnetic ribbon. It is shown that the
ribbons are magnetized uniformly. There are narrow flux density peaks between the ribbons,
resulted from stray field of the ribbons. Based on the profiles of light density, a local
magnetization curve can be plotted.
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Figure 1. The schematic of magneto-optical imaging system.
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Figure 2. Magneto-optical images of nanostructured magnetic ribbon at different external
magnetic fields.
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Figure 3. Flux profiles along the bar shown in figure 2(d) at different external magnetic fields.
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Figure 4. Normalized light Intensity at point P shown in Fig.2(d) and inset is the magnetization
curve derived from the intensity.





