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1. Introduction

The giant magnetoimpedance (GMI) effect has been widely investigated due to its potential application in sensor
elements. The GMI effect is studied in wires, ribbons or single layered thin films, and multi-layered thin films. Multi-
layered thin films show a noticeable increase in the GMI effect. The GMI sensor element shows high MI effect with
transverse magnetic anisotropy. However, it is difficult to induce magnetic anisotropy in transverse direction of the
element due to a large demagnetizing field. Therefore, the focus of this thesis work is to explore simple and effective
methods to control the direction of the magnetic anisotropy and to fabricate magnetic anisotropy which rapidly reacts to
a weak external magnetic field for sensor applications. | proposed an original method to induce and control magnetic
anisotropy using the inverse-magnetostrictive effect (also known as the Villari effect) and residual stress, which is
generated by different thermal expansion coefficients between layers in the multi-layered structure. The proposed method
was verified by Finite Elements Method (FEM) simulations and experiments. | also investigated the variation of magnetic
properties with changes in the geometry of the elements as well as magnetic materials for inducing magnetic anisotropy
whose direction can be changed by a weak external magnetic field. Based on the proposed method, the prototype sensor
elements were manufactured. The performance of the prototype sensor elements was examined. It showed impedance
variation by applying a weak external magnetic field. The results confirm that the proposed method to induce magnetic

anisotropy is effective. Furthermore, the fabricated sensor elements work as a magnetic sensor.
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2. Methodology of Direction Control in Magnetic Anisotropy
The inverse-magnetostriction effect is the change in anisotropy direction of a material when subjected to a mechanical
stress. The thin film consists of a magnetic layer and a conductive layer. In the case of a multilayer structure, the direction
of bending is determined by the combination of the thermal expansion coefficients between the layers, as shown in Fig.
1.
First, when the thermal expansion coefficient of the upper layer is larger than that of the lower layer, the thin film

bends upwards, as shown in Fig. 1(a). On the other hand, when the thermal expansion coefficient of the upper layer is

Coefticient of thermal expansion

O < Oy = O, . "
o 0.5mm 0.5mm
o2 02 e} g
S @ s g g
4 £ Bl g
2 =
Compressive force Tensile force g | g
M SN
Tensile force Compressive force
(a) Mo conductive layer (b) Ti conductive layer
(@) (b
Figure 1. Bending direction in the multilayer structure Figure 2 A result of the magnetic domain observation in the
according to changes in the combination of thermal magnetic layer

expansion coefficients between layers

smaller than that of the lower layer, the bending shown in Fig. 1(b) is generated. Using the inner stress that is generated
by the difference in thermal expansion coefficients between the magnetic and conductive layers, I can control the direction
of anisotropy in the magnetic layer of a magnetostrictive material. Fez>Si1aB14 was used for the magnetic layer, as this is
a soft and magnetostrictive material. Therefore, the direction of anisotropy in the Fe72Si14B14 thin film can be controlled

according to the direction of inner stress by inverse- magnetostriction effect.

2.1. Fabrication of Thin Film

The fabricated thin-films consist of magnetic layer and conductive layer. Fe7,Si14B14 (coefficient of thermal expansion:
6.5x105/K'1) was used for the magnetic layer. Titanium (8.3x10°%/K'?) and molybdenum (5.4x10°/K"*) were used for
conductive layer. These thin-film layers were deposited by RF sputtering on the glass substrate which has 150 um
thickness. The thickness of the magnetic and the conductive layers are 0.7 and 2 um, respectively, and they are insulated
by 0.25 pum thick SiO,. The lift off method was used for the fabrication. After the fabrication, | annealed the thin-films to

release the local stress, which was induced during the deposition, in rotating-field of 0.3T at 360°C in 2 hours.
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2.2. Experimental Results

The magnetic domain patterns of fabricated thin films were observed by Kerr-microscope. Figure 2 shows the induced
magnetic domain patterns on the magnetic layer. When the thermal expansion coefficient of magnetic layer (Fe7,Si1sB14)
is larger than conductive layer (Molybdenum), the in-plane uniaxial magnetic anisotropy was induced along the transverse
direction by the generated inner stress as shown in fig. 2(a). In contrast, when the thermal expansion coefficient of
magnetic layer (Fez2Si14B14) is smaller than conductive layer (Titanium), the transverse direction magnetic anisotropy was
not induced in the magnetic layer as shown in Fig. 2(b). As the results, direction of the uniaxial magnetic anisotropy could

be controlled by difference of thermal expansion coefficient between magnetic and conductive layer.

3. Influence of Ratio of the Thickness on Anisotropy Field

I will introduce the dependence of magnetic anisotropy on the ratio of the thicknesses between the two layers to develop
a GMI sensor element with a high, and adjustable, sensitivity. The generated total anisotropy field (Hy) in the magnetic
layer depends on the shape anisotropy (Hke) and the induced anisotropy (Hiq)). For control of the anisotropy field, I
change the thickness of the magnetic layer. The Hy), the Hy) and the generated bending stresses are numerically analyzed.
In addition, the Hy is obtained experimentally. Based on this, | investigate the relationship between induced anisotropy

and the ratio of thickness.
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As the experimental results, The generated magnetic anisotropy (Hkw) was determined by using the shape (Hx) and
the induced (Hq) anisotropies. According changes in the ratio of the thickness, the neutral plane which has stress free
was changed. As the result, different amount of stress was produced in the magnetic layer by the different thickness ratio.
However, the Hy is the major factor to decide Hyg, as shown in Fig. 3. The Hg has an intimate relationship with the
bending stress generated by the difference in the thermal expansion coefficients between the two layers. Thus, |

numerically calculated the amount of bending stress for various thicknesses of the magnetic layer. These variations of the
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bending stresses influence the induced anisotropy (Huq), and the Hygy is inversely proportional to the bending stress, as
shown in Fig. 4. Consequently, the ratio of the thicknesses between the magnetic and the conductive layers is a very

important factor in deciding the magnetic anisotropy for our proposed method to control the magnetic anisotropy.

4. Influence of Magnetostriction Constant on Anisotropy Field

For reduction of anisotropy field (H), | controlled the generated stress according to varies in the geometry of element.
However, it is not enough to reduce Hy for high sensitivity of MI sensor element. Besides, there is a limitation to control
geometry of the thin film. As the reason, much more need of consideration to change magnetostriction constant because
the generated magnetoelastic energy has relations not only stresses but also a magnetostriction constant. For the

investigation of the effect of the magnetostriction constant, | used two materials: FeSiB and CoFeSiB in magnetic layer.

The magnetostriction constant decreases according to increase cobalt content.

o 1F T ! :
i Longitudinal direction _ﬂ" ?
o ——— I o d5FeSiB |
-—._.__——-—- @ *
_— S g 4
e = = S ]
R ————] | ':_ ;:-
B~ e b3
% -1 I . A [
. -100 0 100
@ Magnetic field [O¢]

Figure 5 Results of magnetic domain observation (a) FeSiB magnetic ~ Figure 6 Magnetization curves according to changes in
layer. (b) CoFeSiB magnetic layer magnetostriction constant.

As shown in Fig. 5, the domain pattern was approximately 3.4 pm and 6.6 um wide in the FeSiB and CoFeSiB layers,
respectively. In comparison with the FeSiB layer, the width of the domain pattern in the CoFeSiB doubled with decreases
in the magnetostriction constant. These domain patterns showed that the generated energy of strain induced magnetic
anisotropy in the magnetic layer decreased as the magnetostriction constant was reduced. The FeSiB and CoFeSiB layers
were saturated at 80 Oe and 10 Oe, respectively. The sample using CoFeSiB for the magnetic layer reached saturation

more rapidly than the one using FeSiB. These features indicate that higher sensitivity can be obtained by decreasing the
magnetostriction constant.

5. Conclusion

This work verified the proposed mechanism of inducing transverse magnetic anisotropy utilizing inverse-

magnetostrictive effect with changes in difference of thermal expansion coefficient between the two layers. | strongly

anticipate this study is helpful to improve sensitivity of the Ml sensor.
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