New complex permeability measurement device for thin magnetic films
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Previously, we have proposed a strategic dual image (SDI) method to obtain the finite element
solution of open boundary magnetic field problems. Also, we have derived a complex permeability

" from a Chua-type magnetization model. Combination of this complex permeability with the SDI
method is now applied to exploit a new high frequency characteristic measurement device for thin
magnetic films. Numerical simulation suggests that our new measurement method yields far
superior results compared with those of the conventional one.

I. INTRODUCTION

At high frequency, the peak flux density in the magnetic
materials is sufficiently small that both the flux density and
field intensity are sinusoidally time varying. This makes it
possible to employ a complex permeability representing the
magnetization characteristics. Previously, we proposed a
Chua-type magnetization model based on the magnetic do-
main theory.!~> Also, this Chua-type model was, successfully
applied to derive a complex pcrmcability.6

In the present paper, we propose one of the novel meth-
ods for measuring the complex permeability of thin magnetic
films. The measurement principle of the conventional
method is that the mean flux density B in a specimen is
obtained from a difference linkage flux between the detection
and correction coils; and the field H is obtained from linkage
flux of the detection coil. Each of the coils of the conven-
tional measurement method is that the detection and correc-
tion coils are arranged in parallel in the exciting coil. In the
new method, the detection, correction, and exciting coils are
coaxially arranged in each other, and the flux density B is
similarly obtained as those of the conventional one, but field
intensity H in a specimen can be obtained by extrapolating
the field intensities in the outer and inner detection coils.
According to the simulation in the two-dimensional (2D) as
well as axisymmetric coordinate systems, it is suggested that
the new method yields the extremely higher accurate results
compared with those of the conventional one.

il. FINITE ELEMENT SOLUTION OF OPEN BOUNDARY
HYSTERETIC FIELDS

A. Complex permeabillity

At high frequency, it is possible to assume that both the
flux density and field intensity are sinusoidally time varying,
This is because the peak flux density in the magnetic mate-
rials is sufficiently small. Thus, it is possible to employ a
complex permeability representing the magnetization charac-
teristics. Previously, we proposed a Chua-type magnetization
model based on the magnetic domain theory.!> Also, this
Chua-type model was successfully applied to derive a com-
plex permeability.® A Chua-type magnetization model is
given by

H+(u,/s)dH/dt=(1/p)B+(1/s)dB/dt, 1)
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where H, B, u, u,, and s are the field intensity, flux density,
permeability, reversible permeability, and hysteresis coeffi-
cient, respectively.'”> These parameters can be assumed to
take the constant values when the flux density B as well as
the field intensity H are sinusoidally time varying. When we
employ a complex notation d/dt=jw, the complex perme-
ability u(w) is derived from Eq. (1) as

p(@)=B/H= pg(0)~ju @)= u[(s*+ @?up,)/(s*

+@lu?)]-jpos((p—p)/(s*+ 0?p?)], ()

where j=/—1; w=2=f (f:frequency). Figure 1 shows an
example of the frequency characteristics of the complex per-
meability.

B. Strategic dual image method

For simplicity, let us consider a 2D magnetic field prob-
lem having an open boundary. The key idea of the strategic
dual image (SDI) method is that any vector fields and their
field sources, respectively, can be divided into two compo-
nents: rotational and divergent.”1 Thereby, it is possible to
exploit a method by which the rotational and divergent com-
ponents can be obtained by imposing the rotational and di-
vergent field source images, respectively. In magnetic field
problems, the rotational and divergent field sources corre-
spond to the current i and magnetic charge m so that the
rotational field component can be obtained by imposing the
corresponding image current as shown in Fig. 2(a). In this
case, the condition

N

q
2 (iplr,)=0 0
p=1

must be satisfied at the center of a circular hypothetic bound-
ary to reduce the net image to zero. In Eq. (3), ¢ and rp
denote the number of source currents and the distance from a
center of the hypothetic boundary to the current i,, respec-
tively. Equation (3) and the image in Fig. 2(a) mean that the
total currents in the problem region must be zero, and the
vector potentials at the center as well as on the circular hy-
pothetic boundary must be zero. Therefore, the calculation of
the rotational field component can be reduced to the solution
of a vector potential problem having zero boundary condi-
tions at the circular hypothetic boundary and the center of its
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FIG. 1. Frequency characteristics of ug(w) and p(w).

hypothetic boundary. Similarly, it is possible to show that the
calculatjon of the divergent field component can be reduced
to the solution of a scalar potential problem having zero
boundary conditions at the circular hypothetic boundary and
the center of the hypothetic boundary, as shown in Fig. 2(b).
Obviously, the zero boundary condition of scalar potential U
at the hypothetic boundary corresponds to the symmetrical
boundary condition of vector potential A. This means, if we
employ the vector potential A to represent the open field,
then the calculation of the divergent field component may be
reduced to the solution of a vector potential problem having
the symmetrical boundary condition at the circular hypo-
thetic boundary and the zero boundary condition at the center
of the hypothetical boundary. Thus, the open boundary field
calculation can be reduced to the solution of zero and the
symmetrical boundary problems having the circular hypo-
thetic boundary for two dimensions and the elliptic hypo-
thetic boundary having an axial ratio of 1.8 for axisymmetri-
cal dimensions.”!! According to Ref. 11, the axial ratio 1.8
in axisymmetrical dimensions could be determined by con-
sidering the demagnetization factor of the elliptic solid. Fur-
ther, the zero condition must be set at the center of the hy-
pothetic boundary by Eq. (3) for both zero and symmetrical
boundary problems.

C. The high frequency measurements for the thin
magnetic films

Figure 3 shows the 2D models of a high frequency char-
acteristic measurement device for the thin magnetic films.
The measurement principle of the conventional method is
that the mean flux density B in a specimen is obtained from
a linkage flux difference between the detection and correc-
tion coils; and the field H is obtained from the linkage flux of
the detection coil. The principle may be correct if the fields
in the correction and detection coils distribute in paralle] to
each of the correction and detection coil axes. However, this
condition is not always held but the reasonable field distri-
bution is distorted by the specimen in the detection coil. In
order to overcome this difficulty, we propose here a new
method. In this new method, the flux density B is similarly
obtained as in the conventional one, but the field intensity H
in a specimen can be obtained by extrapolating the field in-
tensities in outer and inner detection coils.

Figure 4 shows the examples of the field distribution in
2D models. Obviously, a field of the conventional measure-
ment method becomes asymmetrically distributed, caused by
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FIG. 2. (a) The rotational field source image —(d,/a)i, . (b) The divergent
field source image —(d,/a)m, .
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FIG. 3. The 2D models of the measurement devices.
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FIG. 4. Field distributions in 2D models. Specimen: TDK H5c2, thickness:
10 (um), length: 10 (mm), frequency f=10k (Hz).
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FIG. 5. Hysteresis loops of a thin magnetic film in two dimensions. Speci-
men: TDK H5c2, thickness: 10 (um), length: 12 (mm).
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FIG. 6. Frequency characteristics of the complex permeability. Solid lines:
exact, solid dots: simulated in the axisymmetrical dimensions assuming the
slender magpnetic bars instead of thin magnetic films. Specimen: TDK HSc2.

the specimen in the detection coil. On the contrary, a field of
the new method becomes symmetrically distributed. This
means that it is possible to extrapolate the field intensity H in
the material with fairly good accuracy.
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Figure 5 shows the comparison between the simulated
and exact hysteresis loops in two dimension. The results in
Fig. 5 suggest that the new method makes it possible to
measure the high and low frequency characteristics of the
thin films with higher accuracy.

As shown in Fig. 6, even if the axisymmetrical coordi-
nate system assumes the slender magnetic bars instead of
thin magnetic films, it is obvious that the new method pro-
vides fairly good results. Also, it is revealed that the mea-
sured accuracy becomes higher for slender magnetic bars.
This is because the magnetic field distribution in the speci-
men becomes not uniform for thicker magnetic bars due to
the skin effect.

lil. CONCLUSION

As shown above, we have shown that the finite element
solutions of open boundary hysteretic field problems could
be evaluated by combining the SDI method with complex
permeability. As an application of our method, the new high
frequency characteristic measurement device for the thin
magnetic films has been developed to get more accurate re-
sults compared with those of the conventional one.
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