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<Paper>

Permeability Measurement up to 30 GHz of a Magnetically Isotropic Thin Film
Using a Short-Circuited Coaxial Line

S. Takeda**** H. Kijima-Aoki**, H. Masumoto**, and H. Suzuki***
*Magnontech Ltd., 787-16 Jurokken, Kumagaya, Saitama 360-0846, Japan
**Frontier Research Institute for Interdisciplinary Science, Tohoku University, Sendaz, 980-8578, Japan
#+*KEYCOM Corp., 3-39-14, Minami Ohtsuka, Toshima-ku, Tokyo 170-0006, Japan

In this study, the high frequency permeability (x2) and ferromagnetic resonance(FMR) phenomena of a thin film
with a strong perpendicular magnetic anisotropy and in-plane magnetically isotropic properties was measured using
the short-circuited coaxial line technique; the analyzed sample had a toroidal shape. A field method was used for the
background correction, where a strong magnetic bias field was applied and removed. However, when using a
short-circuited coaxial line, the g=1 condition cannot be achieved beyond a few ten GHz frequencies, whereas
ferromagnetic resonance (denoted as FMR2) occurred because of the insufficient bias field. This resonance was
compensated using the Landau-Lifshitz-Gilbert (LLG) equation, and the net u-f properties without the bias field
(denoted as FMR1) up to 30 GHz successfully extracted. Finally, a good agreement between the experimental results
and the calculations based on the assumption of a magnetic multi-domain structure in FMR1 was achieved.

Keywords: magnetic thin film, perpendicular anisotropy, ferromagnetic resonance, FMR, LLG, permeability
measurement, GHz band, short-circuited coaxial line, wideband measurement

1. Introduction

Nowadays, the development of wireless local area
network, car collision avoidance radar, and automatic
car driving test system, among others, has led to the
application of magnetic materials at several 10 GHz
bands. With this trend, the demand for measuring the
high frequency permeability of magnetic thin films in
this band region has been increasing accordingly.

We have already reported such measurement results
for the 10-30 GHz band using short-circuited microstrip
line test fixtures. 12 Improving the present fixtures is
for performing measurements at higher
frequencies. On the other hand, a short-circuited coaxial
line can also be used, without the need to consider the

crucial

external noise due to a perfectly shielded structure.
Furthermore, the output connector of the vector
network analyzer (VNA) is always coaxial, avoiding
drastic mode changes and allowing the suppression of a
higher-order Because of this structural
advantage, the permittivity (&) and permeability (u) of
bulk materials have been investigated in several
studies 34 by measuring the transmitted and reflected
waves simultaneously.

However, these simultaneous measurements can
generate some errors, the method is not suitable for
materials with large frequency dispersions of ¢ and p,
and there are no reports on permeability measurements
based on the short-circuited coaxial line technique,
which is the topic of this study.

Amorphous Co-Zr-Nb films and Fe-Ni films with
uniaxial anisotropy are typical magnetic thin films
exhibiting high permeability at high frequencies, but
their natural resonant frequencies are limited to

wave.

few-gigahertz bands. In our group, nanogranular films
with a higher natural resonant frequency were

Journal of the Magnetics Society of Japan Vol.43, No.5, 2019

prepared by sputtering5678), In this study, a
Co52(Si02)ss film was selected as the target material
because (1) it has a higher resonant frequency above 10
GHz and (2) it is in-plane isotropic, which is favorable
for a coaxial line with a rotational symmetry.

The lumped-element approximation of a
short-circuited transmission line and the field method
are usually adopted for the zero correction. The latter
requires the g#= 1 condition for the sample which is
obtained by applying a strong external bias magnetic
field. However, this condition cannot be achieved for the
coaxial line because the bias magnetic field is
straight-line-like and the microwave field is
circular-like, so that some parts certainly cross between
both of them. Here we also discuss the problems of
applying the field method to the line
configuration.

coaxial

2. Measurement Procedure
2.1. Test fixture

Figure 1 displays a schematic cross sectional view of
our short-circuited coaxial line test fixture with a
mounted sample. A 5 mm straight line is connected to
the transform adaptor between the Sub Miniature Type
A (SMA) and the Amphenol Precision Connector-7 mm
(APC-7) connectors. Figure 2 shows the time-domain
reflectometry characteristics of the test fixture without
sample; the characteristic impedance i1s kept within 50
+ 1 Q until the short end.

The rated upper limited frequency of an APC-7
connector is 18 GHz, and the commercial calibration kit
could not be wused. Hence, we realized an
open-short-load calibration kit for up to 30 GHz. The
reference plane for calibration is the APC-7 side of the
transform adaptor, as shown in Fig.1.
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Fig. 1 Cross section of the short-circuited coaxial
fixture loading a toroidal shaped thin film sample.
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Fig.2 TDR characteristics of the short-circuited
coaxial test fixture without the sample.

The magnetic toroidal-shaped thin film, with 1.5 pm
thickness, deposited on a 0.5 mm thick glass substrate
(Fig. 3), is loaded at the short end. The sample is
mounted so that the film comes into contact with the
short end and the substrate faces the microwave source
side, as shown in Fig. 4.

When thickness d = 0.5 mm and permittivity = 6 of
the substrate, the electric length is de %5 = 1.22 mm that
is less than half of /4 = 2.5 mm where A is free space
wavelength of 30 GHz. So,
approximation enough holds.

the lumped-element

2.2. Field method

Permeability can be derived from the reflection
parameter (Si11) measured with the VNA using the
short-circuited coaxial line.

First, a glass substrate without a magnetic thin film
is inserted into the test fixture, an external strong bias
magnetic field is applied, and Si1 is measured. After
removing the bias magnetic field, Si1 is measured
again.

The background signal is calculated and converted
into equivalent permeability from both of Si1 signals.
This signal doesn’t involve the influence by the
substrate’s permittivity. However, since Ni plating is
used in the transform adaptor, the background signal is
very large.

Thin film (~ 1um)

0

Substrate (0.25mm or 0.5mm)

Tmmé

Fig. 3 Front and cross sectional views of the
magnetic toroid-shaped thin film on a glass
substrate.

Thin film

( L]
) Il

=

/

Coacxial line

Substrate

O

==

f

Reference plane

for equivalent circuit
Fig.4 Schematic configuration of the short-circuited
coaxial line and the magnetic toroid-shaped thin
film sample

Second, the substrate coated with the magnetic thin
film is inserted into the coaxial line. Two Si1 values are
measured, with and without strong bias magnetic field,
which is applied in-plane of the thin film. This
procedure allows the detection of the signal that
carrying the information about the permeability of the
magnetic thin film.

Finally, a signal related to this g can be picked out by
subtracting the abovementioned background signal
from a signal including the magnetic permeability of
this film.

3. Effective Permeability Evaluation

3.1. Lumped-element approximation

In general, when a measurement angular frequency is
= 27f, the input admittance (Y') of the short-circuited
transmission line with electrical length /, filled with a
medium having g and ¢, is expressed as follows;

Y=1/GouL ) + (1.15/3)jweCl, (1)

where, - = 166.9 nH/m and C = 66.67 pF/m are the
inductance and capacitance per unit length of 50 Q
transmission line in the air.

Equation (1) is applicable to both partially and
uniformly filled cases. In the former case, the effective
permeability (z) and permittivity (&) are used instead
of 1 and & The equation holds within +5 % error range
until (2n(gewe)?5/A) 1= 1.4 rad.?

Here, we introduce new parameters:

L= LI, C=(1.15/3)C!. 2
Hence, Eq. (1) can be rewritten as follows:
Yo = 1/GaouLs) + jweCs, 3

meaning that the equivalent circuit is a parallel L,(
circuit, as shown in Fig.5.

The reference plane to analyze is placed on the
substrate surface, where the microwave impinges.

Therefore, / is given by the sum of the thickness of
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substrate (d) and the magnetic thin film (#): however,
when the latter is ignored, / = d. When the imaginary
part &’ of the effective complex permittivity of the
substrate is so small to be negligible, (, becomes Cs =
£ Ch as shown in Fig. 6(a).

3.2. Determination of Cs and the coupling coefficient

The substrate permittivity of £¢= 6, measured by a
different way, was used to calculate Cs= .

The coupling coefficient (7), which is the ratio
between the thin magnetic film volume and the whole
volume of a toroidal sample, is given by

n=t/(d+ )= t/d=0.0015/0.5 = 0.03. (4)
Its value is very small but can be obtained relatively

correctly, allowing also the absolute value measurement.

In our study, d= 0.5 mm and ¢£= 1.5 um were used.

3.3. Derivation of the effective permeability u’'—jue’

The effective magnetic permeability is derived using
the field method from the input admittances for the
equivalent circuits shown in figures. 6 and 7 in the
usual way: please refer to previous papers®10.1D for
details.

Attention should be paid to the use of magnetic
materials in the transform adaptor between SMA and
APC-7, so the magnetic signal is observed by the field
method even in an empty fixture. When both substrates
without and with the magnetic thin film
individually loaded into the fixture, the each signal

are

contains also this magnetic signal. The signal from the
magnetic thin film alone is obtained by subtracting the
substrate one from that of the film-substrate system;
this procedure can be described using numerical
formulas.

First, when considering the background effective
complex permeability m = i — jw”’, Lo becomes i’ Lo
and the series resistance o’ Lo is introduced, as shown
in Fig. 6(a). When a strong bias magnetic field Hext is
applied to this, the effective magnetic permeability
changes into o = o —jtmo’, corresponding to what is
shown in Fig. 6(b). The effective susceptibility (z6—1mo) is
obtained by comparing the measured input admittances
for the two circuits of Fig. 6.

Yo — Lo

Ta

Fig. 5 Equivalent circuit of coaxial test fixture.

3

Yo o’ Lo Vi Otbo’
e, i C;F G L
o o
() (b)

Fig. 6 Equivalent circuits for the glass substrate
without the sam{l))le and loaded in the test fixture,
(a) without and (b) with the bias magnetic field.
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Next, when considering the glass substrate coated
with the magnetic thin film, the whole effective
permeability is given by the sum of the background
effective permeability and the thin film permeability:
+ . When applying a strong bias magnetic field, this
becomes tmo + . These two cases are represented in
Fig. 7(a) and (b), respectively. The effective
susceptibility, that is, (i + ) — (o + 100) is obtained by
comparing both admittances.

The subtraction of the results of Fig. 6 from those for
Fig. 7 leads to 1+, and, consequently, to

T+y=14+ @+ ) — (o + o) — (s — o) =

1+ pe— pro =142 — o’ — (e~ 1ags”),
1+y is the measured permeability.
corresponds to the vertical axis of Fig.12.

The effective permeability 1+ (ur— o) of the magnetic
thin film can be picked out. The condition of up = 1 is
realized in the usual field method, so that g =1 + y,
allowing the g calculation.

However, the u = 1 condition can be avoided for the
following reason. The direction of the microwave
magnetic field () to the bias magnetic field (Hext) in
the field method for a toroidal sample is considered, as
shown in Fig. 8. The microwave magnetic field acts
uniformly along the circumference direction inside the

()

where This

toroidal-shaped sample, whereas He acts along the
one-way straight one, as shown in Fig. 8. Therefore, Hext
is parallel or antiparallel to A:f on a’ and ¢’ parts, so that
the signals from those parts are rarely detected.

On the other hand, both fields are normal on the b’
and d’ parts, and this partial signal is clearly detected.

As in this experiment, the thin film does not saturate
even if a magnetic field of Hext = 5240 Oe is applied. On
the contrary, the ferromagnetic resonance occurs by Hext
around 24 GHz. At that frequency, the value of u”
becomes very large due to the resonance so the
imaginary part (u’— uo”) of the equation (5) is observed
as negative because £’ is almost zero.

o(u” ") Lo O " +bo ") L

Yio—
C'S: Pod G) (,Llf’""/lb’)Lo Csz & C‘o (/—llb7+:Ubo7)Lo
o O

(a) (b)

Fig. 7 Equivalent circuits for the magnetic thin film
loaded in the test fixture, (a) without and (b) with
the bias magnetic field.

Toroidal samplg RF magnetic field

It

a’ and ¢’; Hext parallel /s
b’ and d’; Hext normal /xf

—> Hex
Bias magnetic field

Fig. 8 Schematic of bias magnetic field and RF
magnetic field in a toroidal sample.
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Fig. 12 Measured x-f curve of magnetic film with 1.5
pm thickness on 0.50 mm¢ substrate by the field
method (5.2kOe)

4. Magnetic Thin Film Preparation

T YT I _

A nanogranular film of Cos2—(SiOz2)ss was fabricated L meow b B
using the radiofrequency (RF) magnetron sputtering e e P

g o700

Mi;
g :

I

method with the conditions®: the targets of Co chips (5
x 5 mm) and SiOz ($50 mm), the input power of 200 W,
in the atmosphere of Ar gas (pressure 0.22 Pa).

The fabricated film’s crystalline structure and
organization were determined using transmission

/

2 M !_“JM
%

o s 7 .

0o 3000 FMR2 .

§5{"§EWW -

s 1400

Complex permeability
g §

electron microscopy energy dispersive spectroscopy. As
shown in Fig. 9, the structure consisted of a slender Co B

grains with 3-5 nm diameter and 5-10 nm length, _‘*‘-""@"’w" * -
arranged normal to plane in amorphous SiO2 matrix: 0' ; lI(J |J5 2'0 zjs 0
these phases appeared as separate, and Co exhibited a Frequency (GHz)
random-hexagonal-closed- packed structure.

The static B-H curve was measured in a vibrating

e
s FMR2 Lt

Fig. 13 Measured u-f curve of magnetic thin film
with 1.5 um thickness on 0.50 mm¢ substrate using

sample magnetometer. The magnetization curve 1is field method with various Hex of 700-9200 Oe.
shown in Fig. 10; its shape remained unchanged even
when the direction of the static magnetic field was 40

. . . . —— FMRI
changed in the plane. From the in-plane magnetization . —— FMR2 ——
curve, saturation magnetization 4dnMs and % 30| = = FMR2 cal 14
perpendicular magnetic anisotropy field Hi were =~ —O—  fhnax
decided to be 8.9 kG and 4.1 kOe , respectively. The é‘ 20 f
coercivity of a hysteresis perpendicular to the film plane é’_ e RS E e R
was about 210 Oe, which is quite smaller than that of E 10 :-” M M M 10«
the hard magnetic film. E / P’o,o-o-o-(r-O-O-CrOﬂ— 4

= olL_oA 0
5. Results and Discussion 0 2 Magrfetic ﬁe1d6 (kOe)g 10
5.1. Bias magnetic field influence on the background Fig. 14 Field dependences of the FMR frequencies
The experimental results of the effective complex and the maximum imaginary value //’max of FMR1.

permeability for the glass substrate in the
short-circuited coaxial line, alone and coated with the
thin film, are shown in Fig. 11.
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Both bias magnetic fields were 5.2 kOe in the field
method, with the dashed lines corresponding to tmo, and
the solid lines corresponding to s + . Both
permeability values at 2GHz increases more than ten
times compared to those of at 10 GHz, probably because
the magnetic property of the transform adaptor between
SMA and APC-7 was detected. Very large background
signal were recorded, but a little difference was
observed when expanding the magnification beyond 2
GHz, which is our objective signal of the magnetic thin
film. Four spike-like noises (at 19, 23, 26.5, and 28
GHz) were observed.

The rated frequency of APC-7 is 18GHz, which relates
to the cutoff frequency fc of TEi1 mode as a higher
harmonic and is given as follows 12):

fe=(c/2mi2/(a + b)} (6)
where, cis the speed of light, and a and b are the inner
and outer diameters, respectively, of the coaxial line.

The fc is calculated as 19 GHz for APC-7, which
corresponds to the first spike noise in Fig. 11.

Hereinafter, these spike-like noises will be omitted
from permeability profile.

Figure 12 shows the results of subtracting the signals
of the glass substrate alone from those of the one coated
with the magnetic thin film, which correspond to the
permeability signals of the latter that were detected
with a relatively low noise in spite of a large
background signal.

A resonant peak (denoted as FMR1), looking like
natural resonance, was observed at around 13 GHz, but
a large minus peak of / (FMR2) was also observed at
24 GHz.

In the measurement principle of the adopted field
method, the state applied by the strong bias magnetic
field is assumed to be the reference state (z= 1); hence,
in case of some absorption in this state, pu” is observed
as a minus. This phenomenon corresponds to the minus
value of 1’ —pug” in case of pp” > pf” in the equation (5).

Then, the maximum p” of FMR1 was denoted as z/’max,
and we examined how its value was influenced by the
Hext strength.

Changes in the ;’-f property of the film by Hext with
700-9200 Oe are indicated in Fig. 13. Both the FMR1
and FMR2 peaks appeared at 3 kOe, and the resonant
frequency of FMR2 linearly increased with the Hext
strength.

5.2. Derivation of the anisotropic field Hx of the thin
film at a high frequency

The results shown in Fig. 13 are plotted in Fig. 14;
the resonant frequency of 13 GH of FMR1 remained
unchanged even when the magnetic field strength was
changed. As discussed in detail in Section 5.3, FMR1
was definitely regarded as natural resonance of the thin
film.  Its 1 max increased
straightforwardly and became constant at about 4.1
kOe which corresponds to the saturation by the bias
magnetic field.

maximum value
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Fig. 15 Calculated Ky-f curve (FMR2) for the
subtraction from Fig. 12.
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Fig. 16 Subtracted ux-f curve (FMR1) of Fig. 15
from Fig. 12.

The main concern was the magnetic field dependence
of FMR2. This peak appeared at 1.5 GHz and Hex =
~2.2 kOe; and when the magnetic field strength was
increased, it moved monotonously toward the high
frequency side. It was detected mostly at the b’ and d’
parts shown in Fig. 8 and corresponds to the FMR by
the bias magnetic field.

The resonance frequency () of FMR2 is given as
follows 13 (see the Appendix).

fo= (p2m{ Hoxt(Hext — Hi + 4nMe)} V2 (7).

The curve calculated on the basis of this equation,
which well agreed with the measured frequency
dependence of FMR2, is plotted as a dotted line in Fig.
14. In this case, 4nMs = 8.9 kG. Hx = 3.4 kOe, and (y/27)
= 3.1 GHz/kOe (g = 2.21) were used; this Hx is smaller
than that derived from the static magnetization curve
(4.1 kOe) shown in Fig. 10. The value of Hi = 3.4 kOe
was used for the following analysis.

5.3. Calculation of the y -f curve of FMR2

The film saturated by the bias magnetic field had a
single domain structure magnetized in-plane. In this
case, an FMR curve can be calculated by the following
equation derived from the Landau-Lifshitz-Gilbert
(LLG) formula. It is defined that the x-axis is parallel to
the microwave magnetic field in the film plane, which is
perpendicular to the zaxis of the bias magnetic field in
the film plane, the y axis was vertical to the film plane.

Then, the demagnetization factor can be expressed as
Ne= N,= 0 and N, = 1-Hi/4nMs (see the Appendix). The
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perpendicular magnetic anisotropy field Hk reduced M.
,’{’, = ,Hxx,—].z Cl)m[Ay{ AxAy—a)2(1 + aZ)} + (a)a)Q(Ax +

Aalicc (8a),

7= i = omoal 0?1 + a? + A2l CC* (8b),
where

CC* = [ AAy—?(1 + a?]2 + o Ax + Ay)]2 (8c),

wm =7y 4nMs, a is the Gilbert relaxation coefficient, Ax =
we, Ay = we—wx + om, and
@e = Y Hext, ax = yHx (9).

A magnification factor of K was introduced as Ky and
Ky,” where the K means that the volume ratio of the
magnetic film contributes to the permeability signal.
Theoretically, the surface integral of the xcomponent of
the high frequency magnetization shown in Fig. 8 led to
K=2/n=0.64.

The calculated complex susceptibility Ky and Ky’ are
shown in Fig. 15; 4nMs = 8.9 kG, a = 0.11, Hext = 5.24
kOe, Hi = 3.4 kOe and K= 0.47 were used.

In Fig. 16, the corrected x-f curve is plotted that the
measured u in Fig.12, compensated by the calculated u
of FMR2 in Fig.15. FMR2 disappeared and the ¢ and «’
values below 15 GHz rose a little. To confirm the
validity of this correction (Fig.16), we measured u-f by
using Field method with application of maximum Hext
up to 9.2 kOe and obtained similar to those shown in
Fig. 16.

5.4. Calculation of the g -fcurve of FMR1

Next, we discusse how the result for FMR1 shown in
Fig. 16 can be explained using an LL.G equation.

The magnetic domain structure of the remaining
magnetization state was considered for FMR1. The
state of the vertical magnetization cannot exist as a
single magnetic domain and always has numerous
magnetic domain structures repeated alternatively. We
assumed a periodic checkered magnetic domain
structure, as shown in Fig. 18(b).

This periodic structure can be represented by one
magnetic domain, if the magnetic circumstances
surrounding one domain could be considered. Equations
(8a) and 8(b) can be used in the same way. Then, we
assumed that the z -axis was vertical to the film plane
and parallel to Hx, the x-axis was parallel to Zf in-plane,
and the y-axis was normal to the x -axis in-plane.

8 —_— leal
= . A Hexp
T 4
3 —-—-""K‘V \ ,U”
: AR
5 “ N T
g
o}
Q

-4

0 5 10 15 20 25 30

Frequency  (GHz)
Fig. 17 Comparison between calculated and the
experimental u-f curve of FMR1 at the bias field of
5.2kOe.
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If the magnetic domain size is sufficiently small, the
demagnetization field will not appear along the zaxis
and we will have NV, =0

The in-plane demagnetization field is strongly
influenced by the neighboring magnetic domain. The
x-direction component of the high frequency
magnetization synchronizes with At so that the
magnetic charge does not appear on the magnetic
domain wall (y-z plane), and we have N: = 0.

The demagnetization field along the y-direction was
an issue. A large magnetic charge appeared on the
domain wall (z-x plane) because of the Smit and Wijn
effect 19 and introduced a large demagnetization field.
We had to estimate a large Ny, because it would have
allowed the calculation of the u-f curves of the
remaining magnetization. Here, we had to substitute Hx
with Hext in Eq. (9).

Figure 17 shows the results calculated using 4nlk =
8.9 kG, aa=0.16, Nx = N, =0, Ny = 0.21, Hx = Hext = 3.4
kOe, and K= 0.72. The theoretically calculated K value
was K = 1 in the isotropic structure. The experimental
results shown in Fig. 17 are also represented as a
dashed line in the same figure for comparison, while the
high- and low-band noises were omitted.

The compared results well agreed below the natural
resonance frequency of 13 GHz. When a measurement
error was considered, they also qualitatively agreed at
frequencies higher than 15 GHz. However,
comparing them precisely, a discrepancy was observed

when

since £’ did not approach zero at higher frequencies, as
predicted by the calculation.

However, this phenomenon is physically reasonable.
Magnetostatic and spin waves are easily excited as a
higher mode because the supplied microwave energy
has a high level and, reflecting this influence, the loss
increases at bands higher than resonant frequency.
This phenomenon is usually observed in FMR
experiments.

Thus, the saturation magnetization, the anisotropic
magnetic field, and the bias magnetic field can help
quantitatively explain the magnetic behavior of the

(a) FMR2 (single domain) for Fig.13. Ny=1—Hw/4nMs, Nx=N,=0

magnetization y
Hx @ s

1
S
(b) FMR1 (multi domains) for Fig.15. N=0, Nx=0, Ny=0.21

X
H HCX!
— Sk

e ) oy
u] $H;¢f¢/ﬁjﬁju"

180 deg. wall

Fig. 18 Schematic domain structures of thin film
with perpendicular magnetic anisotropy. (a) with
and (b}g without bias magnetic field.

magnetization
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Table 1 Comparison between natural resonance
(FMR1) and compulsory FMR (FMR2).

FMR1 FMR2
4nMs (kG) 8.9 8.9
Hx  (kOe) 3.4 34
Demagnetization N 0 0
factor Ny 0.21 1—Hy/4ntMs
N 0 0
Magnification factor K 0.72 0.47
(Theoretical value) (€8] (0.64)
Relaxation factor 0.16 0.11
Resonance Natural Ferromagnetic

prepared thin film near 30 GHz using values from other
experiments.

The compulsory ferromagnetic resonance (FMR)
phenomenon FMR2 due to the bias magnetic field,
beside the natural resonance FMR1 of the thin film
material, was observed using this experiment method.
As a result, we could specify the FMR relaxation
coefficient a.

The analytical method discussed here contains
substantial information, natural resonance and
ferromagnetic resonance, and is expected to expand its

application area more.

6. Conclusion

In this study, we measured the magnetic permeability
up to 30 GHz of an in-plane isotropic nanogranular thin
film with perpendicular magnetic anisotropy using a
short-circuited coaxial line test fixture. The specimen’s
geometry was toroidal.

A field method was used for the zero correction: a
strong external bias magnetic field was applied to
ensure the ;=1 condition. However, this condition was
not achieved in the short-circuited coaxial line. In
addition to the natural resonance of the magnetic thin
film, a compulsory FMR phenomenon caused by the
bias magnetic field was also observed.

We contrived how to compensate the FMR by
calculating the susceptibility, taking the perpendicular
anisotropy field into account. This calculations process
was carried out on the basis of the phenomenological
theory of FMR (i.e., the LLG equation); the FMR
relaxation coefficient could also be derived by fitting the
experimental results to the theoretical curve.

The FMR1 and FMR2 results are summarized in
Table 1. The relaxation coefficient of FMR2 was quite
smaller than that of FMR1. The K factor was not 0.64
for FMR2, but the Armre/Krvr1 ratio became 0.47/0.72 =
0.65, which closely resembles 0.64. If about 70 % of the
whole thin magnetic film acted along the theoretical
prediction, this agreement makes thereby,
insisting the justice of our analytical way.

From the abovementioned results, we can conclude
that the high frequency magnetic permeability of the
magnetic

sense,

prepared thin film with perpendicular
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anisotropy was measured within a frequency band up to
30 GHz wusing a short-circuited coaxial line and
considering the magnetic field strength for the zero
correction and the film magnetic parameters.

However, this analytical way is restricted to the area
where the condition of a single magnetic domain should
be required when applying a strong bias magnetic field.
Materials with a high magnetic coercive force cannot be
analyzed, whereas soft magnetic thin films allow FMR
experiments even at a frequency as high as 30 GHz.

Appendix
Resonance condition and complex susceptibility of
an in-plane magnetized thin film having

perpendicular anisotropy '3

In general, the complex susceptibility y= 7 — j/” and
the resonance condition of a magnetic thin film,
magnetized along the z -axis by Hext and excited by /A
along the x -axis, are expressed as same as Eq.(8a), (8b),
and (8c).

The resonance condition is achieved when Egq. (8c)
becomes minimum, where o= 0 leads to Eq. (8¢) = 0,
resulting the next equation:

@ = AcAy = e + (N — N omioe + (Ny — N)om) (A1)
In case of a film without magnetic anisotropy, Nx = M,
=0, Ny =1, and the resonance condition is

@ = wwe + om).

The coordinate axes are shown in Fig.A-1.
The film system including the perpendicular anisotropic
constant A, shown in Fig.A-2, possesses magnetic free
energy that is expressed as follows:

E=— (1/2)4nMs Hett + Ku cos20, (A3)
where 01is the angle slightly deviated from the zaxis.
Hetr is the demagnetizing field expressed as Her = —Ny
4nMs sin 6.

Eventually, the free energy becomes

E=(1/2) (4nMp)? [Ny — QK. [(4nl)?]sin26.  (A4)
When N,=1, the effective demagnetization factor MNe
along the y -direction can be written as follows:

(A2)

Nee =1 — Hi/(4n M) (A5)
Hi = 2 Ku/AnMs (A6)
The resonance condition is written as follows:
@? = ol —ax +ow), A7
ox = yHx. (A8)

Fig.A-1
Without anisotropy
Ne= N,= 0, ]Vy =1

Yy Ka
/I\ Fig.A-2
_________ 74 With perpendicular
X anisotropy
/ Ne=N,=0,

Nye = 1—-Hi/4nMs
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When the perpendicular anisotropy is induced, the
resonance frequency decreases.
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Heating Performance of Soft-heating Element with LC-booster
for Invasive Hyperthermia Therapy
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The soft-heating method is an implantable hyperthermia method that can control the ultimate temperature of
heating elements by using the Curie temperature of the magnetic material used in the element. It is a safe heating
method. High heat generation has been achieved for heating elements by forming a metal ring around a core made of
a ferrite-based magnetic material having a low Curie temperature. However, to generate a magnetic flux for heating
deep inside the body, an exciting coil with a high withstand voltage and large allowable current has been required.
In this research, we reduce the load on the exciting system, by developing a novel heating element using the
LC-booster method. This wireless power transfer technology is excellent in matching with the load resistance and is
proposed as a method for improving the performance of the heating element itself. Our proposed LC-booster method
has better heat generation performance than the conventional methods. In addition, we prove that the performance

could be improved by increasing the resonant frequency.

Key words: hyperthermia, soft-heating method, Curie temperature, wireless power transfer, LC-booster

1. Introduction

In recent years, many effective treatment methods
have been proposed for cancer. However, the early
detection of cancer is critical because it dramatically
improves the survival rates after treatment. In deep
cancer, often an important visceral organ is affected;
therefore, extensive excision not only leads to the loss of
function but also increases the risk of death. In the case
of deep areas, physical access for frequent surgical
treatment becomes complicated. To reduce the burden
on the patients, we need local treatment that can
preserve function.

Implantable hyperthermia is very effective for local
treatment. One embedded hyperthermia method is the
soft-heating method [1], which uses a heating element
that combines a metal ring with a magnetic material of
the Low Curie temperature. The soft-heating method
uses a functional heating element that can control the
short-circuit current flowing in the metal ring in a
high-frequency magnetic field by wusing the Curie
temperature of the magnetic material. As a result, the
ultimate temperature of the element can be controlled.
In other words, there is no need to adjust the output of
the power source in the exciting system according to the
temperature. Furthermore, by using a magnetic
material with a Curie temperature higher than 42.5 °C,
which is a typical treatment temperature for
hyperthermia, the heating area can be expanded and
the tumor tissue completely necrotized. Therefore, the
risk of growing again can be reduced. It is similar to
radiofrequency ablation (RFA) in that the heater
temperature needs to be raised to 42.5 °C or higher.
However, unlike RFA, the temperature of the heating
element in the soft-heating method can be kept constant
as described above; therefore, a cooling system is not
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necessary to prevent overheating. In [2], we confirmed
that by using this method, a high therapeutic effect can
be expected from the relationship between the progress
of the tumor and the treatment conditions when a
heat-generating element was inserted into a mouse’s
B16 melanoma [2]. For this, we required an excitation
frequency of 200 kHz and a magnetic flux density of 3
mT. It is not easy to realize this condition deep inside
the body. However, if we could improve the heat
generation capacity of the heat-generating element, it
would be possible to alleviate the excitation conditions,
and we could facilitate the miniaturization and high
functionality of the exciting apparatus. Therefore, in
this research, to improve the heating capability of the
heating element, we generate sufficient heat from the
heating element even in low magnetic flux density by
incorporating the LC-booster method [3], which has
been established as the wireless power transfer (WPT)
technology. The purpose of this study is to fabricate a
prototype heating element that incorporates the
LC-booster method, which is more efficient than the
conventional methods. We did this by measuring the
frequency characteristics of the input power and the
temperature characteristics in a high-frequency
magnetic field.

2. Configuration of Heating Element

2.1 Conventional type

Fig. 1 shows the equivalent circuit of a conventional
heating element. L1 is the inductance of the exciting
coil; Iz is the inductance of the metal ring; 1 is the
equivalent series resistance (ESR) of the exciting coil;
is ESR of the metal ring; and M2 is the mutual
inductance between them. The size of our element is
largely different from the size of the exciting coil;
therefore, Mis is very small. Under this low coupling
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Exciting coil

Magnetic flux
4

Power-factor
compensation|

Source
zZ

Heating element
(ferrite + metallic'ring)

Fig. 1 Schematics of exciting part and heating element
(conventional type).

condition, by keeping the current of the exciting coil
constant, the induced voltage of the metal ring of the
heating element can be made constant, and the heat
output P can be stabilized. We assume that the current
of the exciting coil is /1, then Pcan be written as follows:

2 2
po M,

= I
2 22‘1
r oL

‘2

»

Here, @ is the angular frequency. Therefore, it is
possible to improve P by applying the magnetic flux
density from the outside without changing the element
structure. Also, from (1), when 7 is regarded as a
variable, P becomes the maximum when ¢k is 1. As a
method for realizing it, [4] proposed a method for
adjusting the resistance by changing the thickness of
the metal ring. We conducted the above animal
experiments under the exciting condition (200 kHz, 3
mT) by using a heating element whose metal ring
thickness had been optimally adjusted. We estimated
the specifications about the coil for realizing this
exciting condition in the deep part of the body
(approximately 60 mm). The exciting coil assumes a
spiral shape with one end at the center of the circle and
the other end at the circumference. We assume that the
coil radius is K, and the magnetic flux density in the
z-axis direction is B, At a position vertically separated
from the coil center by z, B is given as follows [5]:

B _ N lnR+\/R2+zz R

- &)
2R z \/R2 +z°

Let us assume that £ is 150 mm and zis 60 mm, and
the magneto motive force N/ required for B, to be 3 mT
is approximately 1000 AT. If the number of turns is 10,
a current of 100 A is required. It is difficult to develop
enough power supply unit for the specification.

100

Therefore, it is essential to improve the performance of
the heating element to miniaturize the exciting system.

2.2 LC-booster type

To solve the above problems, we propose a method
that incorporates the LC-booster (a WPT technology) in
a heating element. In WPT, the LC-booster system can
change the magnetic field distribution near the load coil
by incorporating an LC resonator between the
transmitting and receiving coils and improving the
efficiency at a specific load. Energy can be efficiently
sent to the load; therefore, the heat output of the
heating element may be improved. Fig. 2 shows a
schematic diagram of the heating element and the
equivalent circuit when the LC-booster system 1is
incorporated. The difference from the WPT case is that
the load resistance is shorted to form a one-turn metal
ring, and the other points are the same. Using similar
studies, researchers have proposed a method in which
the LC resonant circuit itself is heated by using the
RF/micro band electromagnetic field [6] [7]. The
temperature needs to be constantly monitored because
the temperature reached depends on the thermal
equilibrium determined between the electromagnetic
wave output and the surrounding environment.
However, the structure proposed in this research does
not require any temperature measurements because the
ultimate temperature is determined in principle by the
Curie temperature, and heat generation and
temperature control are simultaneously realized by the
hybrid heating structure of the L.C resonant circuit and
the metal ring. In this circuit configuration, the
currents of LC-booster part and the metal ring cause a
change in the magnetic flux density inside the core. The
change can affect the core loss and the loss at the coil
and the metal ring. In this study, the loss is equal to the
heating performance. Therefore, it is important to
evaluate the loss of the heating elements with different
configuration (in this study, core only, conventional type,
LC-resonator type, and LC-booster type).

Resonance coil

Ferrite + metallic ring

S~ Resonance capacitor

Fig. 2 Schematics of heating element (LC-booster
type).
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3. Evaluation of Heating Performance

3.1 Heating elements

We actually manufactured the four heating elements
in order to confirm the heating performance. Fig. 3
shows the heater elements, and Table 1 shows the
specifications of the elements. The magnetic material
used was NP22D, a Ni-Zn ferrite manufactured by
Hitachi Metals (see Table 2 for specifications). The
metal ring was constructed by winding a conductive
copper foil adhesive tape (TERAOKA 8315 0.05, copper
foil thickness 0.018 mm) around the ferrite material. In
addition, the resonator coil was constructed by winding
the polyurethane copper wire (diameter 0.08 mm) 100

7

Type B: Ferrite core covered
with copper tape.

Type A: Ferrite core only.

Type C: Ferrite core wound by
copper wire.

LC-booster type: Element is

composed of ferrite core,
copper tape, and copper wire.

Fig. 3 Heating elements for experiment.

Table 1 Specifications of heating elements.

Type A B © boI(;S‘c-er

Core O O O O
Copper foil - O — O

Coil - - O O

Table 2 Specifications of ferrite core.

Item Value
Length [mm] 10
Width [mm] 1.2
Shape Octagonal prism
Curie temperature [°C] 90
Initial permeability 2200
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times on the metal ring. The board was connected at the
end of the lead wire 100 mm from the heating element
so that the resonator capacitor (film capacitor) could be
easily replaced. First, the heating capacity was
estimated by measuring the input power characteristics
by using the prototype heating element.

3.2 Experimental method

The input power Bn (active power) to the exciting coil
consists of the power consumption 7 of the exciting coil,
the core loss P, the power consumption F& in the
LC-booster part, and the power consumption /% in the
metal ring part. If we assume that the current /1 of the
exciting coil is constant, then the P to the exciting coil
without any heating elements is equal to /. We have
assumed that P is also constant if /A is constant;
therefore, the power consumption of the heating
element can be obtained by subtracting P from the
input power when the heating element is disposed in
the exciting coil. Therefore, the power consumption P of
the entire heating element can be obtained from the
following equation.

P=P+P+P =P, ~F ®

However, the existing exciting coil is much larger than
the heating element; therefore, the coupling is low and

INDEX

it is not easy to measure the changes in the input power.

Therefore, by using a small solenoid coil close to the
heating element size, it is possible to evaluate the
relative performances between the different heating
elements by enhancing the coupling to raise the
measurement sensitivity. The experimental
environment is shown in Fig. 4. The small solenoid coil
used in the experiment was 40 mm in length and 32 mm
in diameter. There were 17 turns. Pn is obtained from
the ESR r (measured using an LCR meter (Agilent
E4980A)) and the current 7/ (from the LCR meter) as
follows:

Micro exciting coil 40 mm

30 mm \

Heating element

17 turns

LCR meter

Fig. 4 Experimental circuit (for Type C and LC-booster
type, resonance capacitor is outside micro exciting
coil).
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P, =rl’ ()

The heating elements used in the experiment are the
four elements shown in Fig. 3. The capacitance value of
the capacitor connected to Type C is 36.8 nF.
(Hereinafter, the capacitance value mentioned will be
the indicated value, not the measured value.) The
capacitance value of the capacitor connected to the
LC-booster type was the same as that of the capacitor
connected to the Type C element. Pn was measured by
changing the frequency from 20 kHz to 900 kHz. In this
study, to clarify the characteristics of the heater with
almost the same shape, the types of core material,
copper foil and wire material are not changed.

3.3 Comparison of heating performance

Fig. 5 shows the measurement results of the
frequency characteristics of the power consumption of
the heating element. In Type A, it was confirmed that P
rises in the high-frequency band, but it was a much
smaller value than other heating elements. P is
considered to be almost equal to £ at this time, the core
loss contributed less to the performance of the heating
element. In Type B, P increased with the increase in
frequency. However, in the Type C and the LC-booster
type elements, P increased rapidly at a specific
frequency. In particular, the highest value was Type C.
As compared with the LC-booster type, Type C showed a
high Q factor. In other words, the effective frequency
band was narrow. Therefore, we assume that Type C is
susceptible to capacitance changes in the connected
capacitor; these changes include variations in the
capacitors, the molds of the heating elements, and the
in-vivo permittivity. However, although P is lower in
the LC-booster method than that in Type C, the usable

10° —————

10%F

Power consumption [uW]

-4 o \©
10’ 107
Frequency [kHz]

Fig. 5 Frequency characteristics of power consumption
of heating element.
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band was wide. Therefore, the LLC-booster type was less
susceptible to capacitance changes. To confirm the
characteristics, we measured P when the capacitance of
the connected capacitor was increased without changing
the frequency. The results are shown in Fig. 6. In Type
C, an increase in the capacitance by approximately 9%

INDEX

caused Pto decay to 40% of its value before the increase.

However, the rate of the LC-booster type was 92%. It is
possible for the LC-booster type to maintain the
performance if a capacitance change occurs. Therefore,
the LC-booster type heating element is suitable for
practical purpose.

Next, to clarify the influence of increasing the
resonant frequency on the heat generation performance,
we considered the relationship between the maximum
power consumption and the frequency by changing the
capacitance of the connected capacitor. The results are
shown in Fig. 7. At this time, the capacitance values of
the capacitors used were 6.8, 10, 16.8, and 36.8 nF.
Within the measured range, the maximum power
consumption increased almost in proportion to the
frequency. In other words, increasing the resonance
frequency leads to better performance.

4. Heating Experiment

4.1 Experimental implementation

The power that could be supplied from the LCR meter
(used in the previous section) was very small; therefore,
it was not possible to heat the LC-booster type heating
element to observe the temperature rise. Therefore, in
this section, by wusing the exciting coil and the
high-frequency power source (which can realize large
exciting conditions), we clarify the performance of the
LC-booster type element from the temperature
characteristic by changing the applied magnetic flux
density and the resonance condition. A schematic
diagram of the experiment is shown in Fig. 8. In the
experiment, we used Helmholtz-type coils for the
exciting coil, and the heating element was placed at the

1.2

36.8 nF
40 nF

0.8

0.6

04

02

Power consumption / normalized value

0 LC-Booster

Type C

Fig. 6 Attenuation of power consumption due to
capacity change. Frequency of Type C is 98.9 kHz, and
that of LC-booster is 108.8 kHz.
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center between the coils. A heat insulating material was
used to eliminate the influence of the heat generation of
the exciting coil. A fiber optical thermometer (Anritsu
Meter FL-2000) was used to measure the temperature,
and the measurement time was 300 s. Note that this
experiment was conducted at room temperature.

4.2 Temperature profiles for changing magnetic flux
densities

Fig. 9 shows the temperature profile when the
magnetic flux density was changed to 0.5, 1, 2, and 3
mT. At this time, the exciting frequency was 102 kHz,
and the heating elements used were the conventional
Type B and the LC-booster type (36.8 nF). We selected
an exciting frequency slightly different from the
frequency shown in Fig. 7 to consider the allowable
current of the capacitor. As a result, the ultimate
temperature reached its maximum at an applied

1200—MmMmMmMm™—————————————
= 100F
=
g
2
a. 80r
g
j=]
g
S 60f
(]
% 169 kHz

@16.8 nF

& 40t " 1
= 109 kHz
é @36.8 nF
S 20p 1

0 : : -

100 200 300
Frequency [kHz]

Fig. 7 Transition of maximum power consumption in
LC-booster type element.

Resonance
capacitor
Exciting coil 1|20 mm
Heat insulator 80| mm
60 mm
Source Capacitors /
Thermometer
Capacitors

Fig. 8 Experimental schematic diagram for measuring
temperature profile.
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magnetic flux density of 3 mT in both cases: 84.9 °C for
Type B and 86.2 °C for the LC-booster type. There was
no significant difference in the ultimate temperature,
and the temperature could be controlled near the Curie
temperature. In other words, the L.C resonator does not

continue to generate heat beyond the Curie temperature.

Moreover, when the condition of the magnetic flux
density was lowered, the temperature difference after
300 s of the two began to increase, and the temperature
difference became approximately 30 °C at 1 mT. This
result is similar to the results given in Section 3.3 and
shows that the LC-booster type element has better
performance than the conventional elements. Therefore,
by adopting the LC-booster method, it is possible to

1001 " T " T " T
80 i ARRNERERAN 1
o
= L i
3
& 60r -
8
g
(] - -
=
40F g
| 1 1 1
20 0 100 200 300
Time [sec]
(a) Conventional type (type B).
1001 " T . . . .
80r
o
= L
E
S 60f
2
=
(] -
=
401
| 1 1 1
20 0 100 200 300
Time [sec]

(b) LC-booster type.
Fig. 9 Temperature profiles of conventional and
LC-booster type elements in high frequency magnetic
field.
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improve the heat output of the conventional heating
element without losing the temperature controllability.

4.3 Effect of high resonance frequency

In Section 3.3, we suggested that performance can be
improved by setting the LC-booster type element to a
high resonance frequency. Therefore, in this section, we
confirm the temperature characteristics by changing the
resonance frequency setting for a constant applied
magnetic flux density. In the experiment, the
capacitance value of the capacitor connected to the
LC-booster type was the same as that in Fig. 7, and the
capacitor connected to the exciting coil was adjusted so
that the exciting frequency approached the frequencies
shown in Fig. 7. The measured results are shown in Fig.
10. At this time, the applied magnetic flux density was
fixed at 0.5 mT. As a result, by increasing the frequency,
the slope of the initial temperature rise became large,
and the temperature characteristics under the low
magnetic flux density condition of 0.5 mT were
improved. The capacitance value of the connected
capacitor could be reduced as the resonant frequency
was increased. In other words, the volume of the entire
heating element can be reduced, which leads to high
heat generation.

5. Conclusion

In this paper, we fabricated an LC-booster type
heating element, and we evaluated its performance from
the frequency characteristics of the input power and the
temperature characteristics in a high-frequency
magnetic field. As a result, the LC-booster method
achieved higher heat generation than the conventional
method, and the LC-booster method could maintain
temperature controllability. In addition, the LC-booster
method has a wider band than the method that uses
only the LC resonator. The LC-booster method is not
susceptible to capacitance changes and generates stable
heat. Furthermore, heat generation can be improved
and the volume can be reduced by increasing the
resonance frequency.
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