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We establish a theoretical bimodal model for the complex permeability of flaky soft magnetic composite materials to
explain the variability of their initial permeability. The new model is motivated by finding the two natural resonance peaks
to be inconsistent with the combination of the domain wall resonance and the natural resonance. In the derivation of the
model, two relationships are explored: the first one is the relationship between the number of magnetic domains and the
permeability, and the second one is the relationship between the natural resonance and the domain wall resonance. This
reveals that the ball milling causes the number of magnetic domains to increase and the maximum initial permeability to
exist after 10 h of ball milling. An experiment is conducted to demonstrate the reliability of the proposed model. The
experimental results are in good agreement with the theoretical calculations. This new model is of great significance for
studying the mechanism and applications of the resonance loss for soft magnetic composite materials in high frequency

fields.
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1. Introduction

Soft magnetic materials are widely used in today’s

=31 guch as in the areas of inductors, transformers, and

society,
electrical machines. These materials are widely applied due to
their complex configurations (conductive magnetic particles in
an insulating matrix), large resistivity, low energy loss dur-
ing magnetic circuit cycling, and excellent performance.!>-6]
However, these electronic devices need to operate at higher
operating frequencies with less loss to meet the requirements
of both current and future applications. Therefore, improving
the working frequency andreducing the loss of electronic de-
vices have become an urgent problem to be solved.*! To this
end, we start with the resonance mechanism (a type of loss
mode) to derive a solution that overcomes the Snoek limit in
order to increase the permeability while increasing the operat-
ing frequency.!”!

Resonance, whether domain wall resonance or natural
resonance, is a loss mode of magnetic materials, and natural
resonance usually determines the operating frequency of elec-

tronic devices.[8-10

| Therefore, the loss mechanism for reso-
nance has attracted widespread attention. Usually, we use the
imaginary part of the complex permeability to study this loss

mechanism. It consists of two completely different mecha-

DOI: 10.1088/1674-1056/ab8c3b

nisms: domain wall resonance and natural resonance.!!'=151 In
the study by Tsutaoka, these two mechanisms were used to ex-
plain the unimodal structure.'®! Dosoudil ef al. have extended
the research of Tsutaoka by combining the two mechanisms
to carry out the unimodal structure in the fitting.!!”! Hank and
Deng have found that there are two peaks in the imaginary part
of the complex permeability. In the high frequency range, the
first peak is the domain wall resonance peak, and the second
one is the natural resonance peak.!'3! Although the study of the
two mechanisms has made significant progress, there are few
reports on the relationship between the two mechanisms and
how to make the domain wall resonance peak appear. This is
because the domain walls themselves are insensitive, and the
natural resonance peaks obscure the domain wall resonance
peaks, making them difficult to identify. Only in the presence
of a large number of domain walls, are the domain wall res-
onance peaks revealed and separated from natural resonance
(as shown in Fig. 3(a)).l1%

In this paper, the ball milling method is used. This
method flattens the spherical particles, greatly improves the
magnetic permeability while obtaining a large number of mag-
netic domains, and separates the domain wall resonance peaks
from the natural resonance peaks. Then, the two mechanisms
are combined to establish a new model, and the relationship
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for the Central Universities, China (Grant No. 1zujbky-2019-kb06).
fCorresponding author. E-mail: liuxi @mail.lzjtu.cn
© 2020 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

077506-1


http://dx.doi.org/10.1088/1674-1056/ab8c3b
mailto:liuxi@mail.lzjtu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 29, No. 7 (2020) 077506

between the two mechanisms is studied and discussed. The
relationship between the number of domain walls and the do-
main wall resonance, in addition to the relationship between
the number of domain walls and the initial permeability is ver-
ified in a ball milling experiment. The experimental results
are consistent with the computed results based on the model.
According to the model established by the two mechanisms,
the curve of the bimodal structure is also well fitted, which is
a good illustration of the rationality of the model. The analy-
sis and discussion of the relationship between the two mecha-
nisms is presented. The proposed model provides a new way to
study the high frequency loss of soft magnetic composite ma-
terials. It is also beneficial to improving the magnetic perme-
ability and increasing the operating frequencies of soft mag-
netic composite materials and their related devices (inductors,
transformers, and electrical machines).!20!
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Fig. 1. Ball milling process over time, showing (a) spherical carbonyl iron
particles become flaky, and thickness of flaky carbonyl iron particles gradu-
ally thin, (b) variation of magnetic domain number.

As shown in Fig. 1(a), the thickness of the flaky car-
bonyl iron particles is reduced from a few micrometers to a

few hundred nanometers, and its diameter is still on the order
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of micrometers. Figure 1(b) illustrates the initial increase and
subsequent decrease in the number of magnetic domains, over
time. What is shown in Fig. 1(b) is not an actual variation sce-
nario, but an example to illustrate how the number of magnetic
domains changes with the thickness of the flaky carbonyl iron.
The specific dimensional changes of flaky carbonyl iron are

shown in Fig. 2.

2. Experimental details

Carbonyl iron particles used in the experiment are MCIP-
5 carbonyl iron particles produced by Shanxi Xinghua com-
pany, and their particle size is 5 pm—6 pm. First, the powder
is ground in the planetary ball mill. We use two ZrO grind-
ing balls, respectively, with a radius of 5 mm and 3 mm. The
large and small balls are mixed in the 1:1 mass ratio and put
into a ball mill. The large ball can crush the spherical carbonyl
iron particles well, and can effectively turn the spherical par-
ticles into flaky particles, and the small balls further thin the
flaky particles. The ball-material ratio is 20: 1, and the ball
grinding medium is alcohol. The speed is set to be 400 r/min,
and the time of ball-milling is gradually extended. The ball-
milling samples were obtained with ball milling times of 4 h,
6h,8h,9h, 10 h, 11 h, and 12 h, respectively. The scanning
electron microscope (SEM) (Apreo S) is used to measure the

morphology and structure of the ball-milling samples.

Fig. 2. Flake carbonyl iron thickness variations with ball-milling time, showing microstructures of the carbonyl iron under SEM after ball grinding for

4h(a),6h(b),8h(c),9h(d), 10h (e), 11 h (f), and 12 h (g), respectively.
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We prepared a ball-milled carbonyl iron powder into a
polyurethane-based composite with a volume fraction of 55%.
The goal was to study the loss of the core at high frequencies,
so the volume fraction was set to be as high as possible, which
induced the phenomenon of falling powder. The correspond-
ing amount of polyurethane was added to acetone and ultra-
sonically treated for 10 min to dissolve it; then, 0.5-g carbonyl
iron particles were added into the resulting mixture. To ensure
that the carbonyl iron particles and the polyurethane were fully
mixed, we stirred them for 30 min ultrasonically, which also
facilitated evaporating the acetone and drying the sample. The
mixture was put into an annular mold which has an outer di-
ameter of 7 mm and an inner diameter of 3.04 mm. The mix-
ture was pressed into a ring-shaped sample with a thickness
of 0.6 mm-0.8 mm at a pressure of 4 MPa. The composite
permeability of the sample in a range of 0.1 GHz-18 GHz
was measured by using a vector network analyzer (Agilent
E8363B).

The ball milling at 400 r/min flattened the original spher-
ical particles. As a result, the thickness of the flaky particles
gradually decreased as the ball milling time increased, and the
diameter gradually increased as shown in Fig. 2.

As the ball milling time is extended, the thickness of the
flaky particles gradually decreases. Initially, the diameter in-
creases and subsequently decreases. This is because the ball
grinding time is excessive, during which the original larger
flake particles are broken into smaller flake particles. This lead
the diameter-thickness ratio to first increase and then decrease.
This change in the ratio affects the permeability: the perme-
ability also initially increases and then decreases (as shown in
Fig. 3(b)), which is in accordance with Walser’s theory.?!!

This variation in the diameter-thickness ratio also affects
the change in the number of magnetic domains. This number is
related to the decreasing in thickness of the flaky particles over
time. The width D of the magnetic domains is proportional to
the thickness / of the sample particles. In our study, the thick-
ness reduction caused by ball milling is far from the critical
value reached when a single domain structure forms. For a
spherical ferromagnetic particle, the critical radius of single
domain for carbonyl iron is 2 nm; for a flaky particle with a
thickness of 600 nm, the critical width of single domain for
carbonyl iron is approximately 45 nm, both values are much
smaller than the size of our balling milling particles.>?!

As the thickness [ decreases, the number of magnetic

5.123] In the early stage of

domains per unit volume increase
the ball milling process, the number of magnetic domains in-
creases as the thickness decreases. Over time, the number of
domain walls increases with the number of magnetic domains

increasing. When large flaky particles break from prolonged

and excessive ball milling, the thickness of the flaky particles
continues to thin, but its diameter can also be significantly re-
duced. As a result, there is an increase in the number of mag-
netic domains per unit volume. However, the total volume
decreases as the diameter decreases, and the number of mag-
netic domains begins to decrease as shown in Fig. 1. As a
result, the number of magnetic domains increases and then de-
creases over ball milling time. This process also causes the
number of domain walls to increase and then decrease. The
number of domain walls affects the variation of the domain
wall resonance peaks. According to the experimental results,
we find that the trend of domain wall resonance peaks is con-
sistent with the trend of the number of magnetic domains and
the number of domain walls. So the results are also consistent

with the variation of the initial permeability.[!°]
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Fig. 3. (a) Separation of domain wall resonance and natural resonance
in imaginary part of magnetic permeability for different ball milling
times (For improving readability, only four representative times are il-
lustrated); (b) initial permeability varying with time.

10 11 12 13

In summary, the ball milling process causes the aspect ra-
tio of the flaky particles to change. This changes the number
of magnetic domains and domain walls, thereby affecting the
variation of the domain wall resonance peaks and the magnetic
permeability.

3. Modeling

The model is established by combining the two mecha-

nisms of domain wall resonance and natural resonance. On
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the one hand, the permeability affected by the natural reso-
nance mechanism is partly calculated according to the LLG
equation, and we consider the spatial random distribution of
the easy magnetization axis. Since the sample is made from
a carbonyl iron compound embedded in polyurethane, we cal-
culate the effective permeability through the effective medium
theory.[?*! On the other hand, the permeability affected by the
domain wall resonance is calculated according to the domain
wall motion equation. The complex permeability of the sam-
ple is obtained by combining the two. Although we do not
take into consideration the influence of the skin effect in the
proposed model, the theoretical calculation results and exper-
imental results have confirmed the model’s reliability.

3.1. Natural resonance

In the absence of an external magnetic field, the distribu-
tion of magnetization intensity is always in the direction of the
lowest energy due to the magnetic anisotropic energy. There-
fore, we can use the equivalent anisotropic field H; to replace

ITEAY
'u_&‘ jw

where § is obtained from

1 —sin’0cos?¢
—sinBsingcos¢
—sinBcosOcoso

(12— p —K?)sin?0 +2u — {(uz — 1 —k2)’sin*0 +4K2COSZG}

the influence of magnetic anisotropic energy. We can use the

LLG equation to calculate the effective permeability

dm dM
M x H, M —_— 1
rr =7 (M x k)+ et (1)

where 7 is the gyromagnetic rotation ratio and « is the damp-
ing coefficient. 2326

Since the magnetic field lags behind the external magnetic
field in the alternating electromagnetic field and thus produces
a phase difference, we can use the permeability in the complex

form as follows:

H = Hk+h€jwt_¢kr,
M = M +mel® 0, (@)

where M is the saturation magnetization intensity, and 4 and m
are the small fluctuation coefficients. Using Maxwell’s equa-
tion and substituting Eq. (1) into Eq. (2), the following perme-
ability tensor can be obtained:

—sin’Bsingcos¢p —sinOcosOcosd
1— sinzesinqu —sinfcosOsing | , 3)
—sin@cosOsing 1 —cos’0

1/2

8 = jo(loe)

u and Kk being complex numbers in the 6 as shown below:

/
) O

I+—

K (1)/ — 2

Ly o [a 0 (1)
[a)o—a)2(l+a2)] +40?wia?
. 0o, [of + 0*(1+a?)] )
(03 — 02(1+02)]* + 402030’
__OOm
'3 — w?

0o, [0f — 0 (1+a?)]

(03 — 02 (1+02)]” + 402 wFa?

. 20% 0w, ay
J ;
(03 — 02 (1+a2)]” + 402 wia?

(6)

with @, = YMowy = kawO @y + joo (o being the circular
frequency, ® =2xf, 0.1 GHz< f < 18 GHz and M, being the
saturation magnetization at 0 K).

In this process, we introduce the permeability tensor. We
take the spatial orientation of the magnetic moment into con-

sideration. This makes the damping factor o less than one,

2[(u—1)sin’*6 +1]

which is more in line with the physical meaning. If we use
the LLG equation directly in the model, the damping factor o
may be greater than one.

Since the distribution directions of the easy magnetic axes
are random, we choose 10% single domains, and each domain
can produce the intrinsic permeability at random angles (0 and
$)?7) as follows:

<Ni> l.ul( (P)

N @)

The intrinsic permeability ; can be calculated through the

permeability tensor as follows:

W = Eigenvalue({1;)). (8)
From Eq. (8) we can obtain the theoretical intrinsic permeabil-
ity f;.
3.2. Domain wall resonance

We can obtain the domain wall motion equation which

is based on the properties of the domain wall that Doring
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(281 Using Eq. (9) as the 180° domain wall’s equa-

proposed.
tion (here we only consider the 180° domain wall, if we con-
sider the 90° domain wall, the term on the right-hand side of
the equation becomes v/2M,H):

d?z

dz "
mwﬁﬂi@jta 7=2MH. )

For a variable magnetic field with a small amplitude, H =
H,,el® the displacement distance z of domain wall can be
expressed as 7 = z,,¢'?". Therefore, substituting it into Eq. (9)
we obtain

Zm (—0*my +i0B + o) = 2MH,,. (10)

The z,, is expressed as

2MH,,
I = u (11)

o* (1—mwa)2+iwﬁ )
a*

a*

where my, is the effective mass of the domain wall per unit
area, 3 the damping coefficient of the domain wall, and o*
the elastic recovery coefficient. According to the theory of
static magnetics, after the 180° domain wall moves a distance
Z, the increase of magnetization in the magnetic field direction
is 2Mz. As a result, the change of the magnetization in unit
volume is AM is as follows:

M,
AM = 2555 (12)
D

The complex magnetic susceptibility ¥ is expressed as

o AM _4M; 1
H oD {1 - (a)/a)r)z] +io/o;
1

= Xo . ) (13)

{1 —(o/wy) } +iw/o;

where X, ®,, and @; are defined as follows:

Xo = 4M; /oD, (14)
o, = /o /my,, (15)
o= o /B, (16)

with yo being the static magnetic susceptibility when the ex-
ternal magnetic field and magnetizing frequency are both ap-
proach to zero, @, the circular frequency of eigenvibration of
the domain wall, and @; the circular frequency of the relax-
ation frequency. In the absence of an external magnetic field,
the static magnetic susceptibility is defined as(?”!

_ 4M?cos’ S

poe a7

Xa

Because adopted in this experiment is magnetic powder for

the carbonyl iron powder, its easy magnetization axis is (100),

180° domain wall parallel to the edge. Here, cos20 = 1; when
only considering the domain wall area per unit volume when
S =1/D, equation (17) is the same as Eq. (14).130]

We obtain the permeability of the domain wall p, from

the following equation:

1

2 . ’
1-—(w/o,) } +io/o;

Hw = X0 [ (18)

At this point, we can combine the natural resonance
(Eq. (8)) and the domain wall resonance (Eq. (18)) to obtain
the final permeability

1= i+ + 1. (19)

3.3. Effective medium theory

The flake magnetic powder particles are dispersed in
the insulating matrix. In the composite system, in order
to obtain its effective permeability, Bruggeman’s effective
medium theory can be used as follows (a correction parameter

included): 31!

P (Happ — 1)
1 +N(I-lapp - 1) (1 717/170)’
Happ = A X .ulv 2n

Meir =1+ (20)

where A is the correction parameter, N the demagnetization
factor, and p, the penetration threshold. 3]
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Fig. 4. Comparison between the magnetic permeability of the proposed
model and the experimental results, illustrating an example by using flaky
carbonyl iron with a speed of 400 min/h and ball milling for 10 h for (a) real
part of magnetic permeability, and (b) imaginary part of magnetic perme-
ability.
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The two mechanisms have different contributions in the
imaginary part of the magnetic permeability. The contribution
of the domain wall resonance is mainly in the MHz band, and
the natural resonance mainly contributes to the GHz band (as
shown in Fig. 4).

The sample milled by balls for 10 h is taken for example.
Under the joint action of the two mechanisms, the experimen-
tal results are basically consistent with the theoretical results,
which proves the reliability of our model.

4. Results and discussion
4.1. Relationship between two resonance mechanisms

According to the fitting process and the results, it is
found that the natural resonance and the domain wall reso-
nance are controlled by two different mechanisms. In addition,
there are five parameters in the fitting process: the equivalent
anisotropic field Hy, the damping factor «, the static magnetic
susceptibility yo, the circular frequency of eigenvibration of

0.54 - - A
—s— equivalent anisotropic field
0.52
0.50} (a)
)
2 0.481
~
~
I 0.46¢}
0.44t
0.42
3 5 7 9 11 13
Time/h
0.50}F —s— damping coefficient
0.451
¢ 0.0}
0.35F
0'303 5 7 9 11 13
Time/h

w; and wy

the domain wall @,, and the circular frequency of relaxation
frequency @;, which are illustrated in Fig. 5.

The model is mainly divided into two parts: the domain
wall resonance and the natural resonance. In the domain
wall resonance part, Yo, ®,, and @; are the main parameters,
whereas Hy and o are the main parameters in the natural res-
onance part. This indicates that the five parameters are not
independent of each other, and their relationships are explored
below.

According to the fitting results, both H; and y are the
main factors affecting the imaginary part of the magnetic
permeability, H; and Yo have completely opposite trends,
and both H; and y, are affected by a common factor, the
magnetocrystalline anisotropy constant K. The equivalent
anisotropic field H; and the magnetocrystalline anisotropy
constant K have the same variation trend. From the fitting
results, we find that Hy first decreases and subsequently in-
creases (as shown in Fig. 5(a)), so K also initially decreases

and then increases.

60
55
50
45+t
40+t
351
30F
25 —

3 5 7 9 11
Time/h

—s— static magnetic susceptibility

(b)

Xo

13

820250
820248
820246
820244
820242

8202404
4
3

—a— eigen circular frequency of DW
—e— relaxation circle frequency
(d)

2 ——eo——o— ¢ —0—9o—»

3 5 7 9 13

Time/h

11

Fig. 5. Fitting results of five parameters under different ball grinding times, showing (a) equivalent anisotropic field H; varying with ball grinding time,
(b) static magnetic susceptibility yo varying with ball grinding time, (c) damping factor & varying with ball grinding time, (d) circular frequency of
eigenvibration of domain wall @, and the circular frequency of relaxation frequency @ varying with ball grinding time. The unit 1 Oe=79.5775 A-m~!.

The fitting result of the static magnetic susceptibility o
is completely opposite to the equivalent anisotropic field Hy,
which is also caused by the magnetocrystalline anisotropy
constant K. We can learn from Eq. (14) that yp is controlled
by a* and D together, and a* can be expressed as
_ 270y

/ )

*

(22)
a

where 6y = 27/JS2K /d’ is the wall energy per unit area (J

is the exchange integral).3?!

By Eq. (14), in the ball mill when the milling time is less
than 10 h, y increases as o* D decreases, X reaches its max-
imum at a milling time of 10 h, and then after the ball mill
operates for more than 10 h, o decreases with the increase
of a*D (as shown in Fig. 5(b)). Equation (22) shows that a*
is affected by the magnetocrystalline anisotropy constant K:

it increases with K increasing. With the extension of the ball
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grinding time, D decreases with the gradual decrease of the
thickness of flake particles (throughout the ball milling pro-
cess, the thickness of the flakes is reduced as the ball milling
time increases!?'1). So, during the ball milling time before
10 h, yo increases with the decrease of a* and D. After 10 h
of milling time, a* and D enter into a competitive relation-
ship. The D decreases as the ball milling continues to increase;
therefore, when D continuously decreases, ¥ only shows a de-
creasing trend when o* is in an increased state and dominates.
According to the variation of a*, we can see that the variation
of the magnetocrystalline anisotropy constant K also first de-
creases and then increases. This result is consistent with the
variation in K obtained from the fitting result of Hy.

The Hy and ) are the two main controlling parameters of
the natural resonance and the domain wall resonance, respec-
tively. They are both affected by K. As K initially decreases
and then increases, the parameters respond as follows: H;, first
decreases and then increases; X first increases and then de-
creases (K affects y through influencing a*).

The damping factor a (o0 = 4wy /yMs) varies pro-
portionally with the relaxation frequency A. According to
Fig. 5(c), the damping factor o first decreases and then in-
creases with time increasing; as o is directly proportional to
A, A should also first decrease and then increase with time
increasing. When the ball milling time reaches 10 h, the relax-
ation frequency A reaches a minimum value.

We bring the damping factor of the domain wall 8 (B =
27Uy Gy, /Y*A) into Eq. (16), and transform @; into

A
w‘b': 3/2 ’
a[.t()}.

(23)

where A is the relaxation frequency. Through the fitting pro-
cess, it is found that w; can control the position of the domain
wall resonance peak. It is known from Eq. (23) that @; is in-
fluenced by A and @’. Here, we have identified a’ as a constant
(explained below), so A becomes its main influencing factor.
The circular frequency of eigenvibration of the domain

wall @, is determined jointly by m,, and «*, which are ex-

pressed as
o}
=5t (24)
. 27O
== (25)

where oy, is the wall energy per unit area, and A is the ex-
change stiffness constant. >’}
Substituting Eqs. (24) and (25) into Eq. (15) results in

o =/ 4”7’2,A. (26)
Hoa

It is known from Eq. (26) that only the lattice constant a’
can affect the variation of w,. As a ball milling leads to the
deformation of particles, it is affected by its lattice constant
a'. However, according to the fitting result, @, is a constant
as shown in Fig. 5(d). This shows that the variation of ' does
not substantially affect ,. In order to facilitate understanding
and calculation, we assume @’ and @, to be constant.

From the fitting results we obtain that the circular fre-
quency of eigenvibration of the domain wall @, is much larger
than the circular frequency of the relaxation frequency w; as
shown in Fig. 5(d). This indicates that the resonance type is
a relaxed domain wall resonance, which is in full agreement
with the experimental result. This also illustrates the rational-
ity of our fit.

The five parameters involved in the fit are not independent
of each other. Among them, Hy and ) are controlled by K, &
and @; are controlled by A, and w, is basically constant. The
domain wall resonance and the natural resonance are related
by K and A, thereby linking the two mechanisms together.
By fitting the results, the experimental data and the fitting re-
sults are basically coincident as shown in Fig. 6, which further
proves the feasibility of our model and the rationality of the
results.

| o experiment
I — calculation (a)
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= 30¢
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Fig. 6. Comparisons between model calculations and experimental results
for real and imaginary parts of the magnetic permeability at different fre-
quencies and ball milling times.
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4.2. Relationship between domain wall and magnetic per-

meability

From the magnetic spectrum, we find obvious changes in
the domain wall resonance peaks. This is due to the increase
in the number of domain walls,['®1 which causes the domain
wall resonance peaks to separate from the natural resonance
peaks. As the number of domain walls first increases and then
decreases, the intensity of the domain wall resonance peaks

correspondingly changes (i.e., first increases and decreases).

the domain wall resonance mechanism, Y is the main factor
controlling the intensity of the domain wall resonance peak,
and its change trend is the same as those of the peak strength
and initial permeability of the domain wall resonance peak.
The variation in the number of magnetic domains and domain
walls lead to a certain change in yp. In Eq. (15), ¥ is propor-
tional to uy,. Therefore, in the process of changing the number
of magnetic domains and domain walls, the initial magnetic

permeability is affected, resulting in the same trend as shown

This is the same as the change in the initial permeability. In  in Fig. 7.
o experiment >
lculation b=t
= 129
-] SRR S 1% =
Z ST 4 R Jor =
= g ] 2
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§ & —-Z-C-=-=-=-ZZ-=ZzZzZZZD|=-==== _25 E
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Fig. 7. Comparisons between initial permeability (0.1 GHz-1.0 GHz) and domain wall resonance peak intensities of the polyurethane-based flaky carbonyl
iron composites with a 55%-volume fraction of flaky carbonyl iron, showing variation of domain wall resonance peak intensity to be consistent with variation

of initial permeability.

In the ball milling process, the increase in the number of
magnetic domains and domain walls caused by the flattening
not only cause the separation of the domain wall resonance
peaks and the natural resonance peaks, but also contribute to
an increase in the magnetic permeability. The enhancement of
the domain wall resonance peak and the increase of the ini-
tial magnetic permeability clearly embody this result. Further-
more, the initial decrease then subsequent increase of Hy, as
well as the initial increase then decrease of )y in the fitting
parameters also verify this result and confirm the reliability of
the model.

5. Conclusions

In our experimental study, we improved the permeabil-
ity of carbonyl iron in ball milling by changing the particle
morphology and improving the width-and-thickness ratio of
the sample. The preparation of flaky carbonyl iron can be
completed by ball milling alone. Therefore, the efficiency
is very high, but for different ball mills there need differ-
ent ball-to-material ratios and size-to-ball ratios. In the pro-

cess of ball grinding, the deepening of the flattening process

not only increases not only the magnetic permeability, but
also the magnetic domains and domain walls. The increase
in the number of magnetic domains and domain walls both
further contribute to magnetic permeability. However, when
excessive ball grinding occurs, the originally large and thin
flake particles are broken into small and thin fragments, the
diameter-thickness ratio decreases, the magnetic permeability
decreases, and the number of magnetic domains and domain
walls both also decrease. Therefore, the identification of the
optimal ball milling time is essential.

We also established a new model with a bimodal struc-
ture (two mechanisms). In the model we consider the spa-
tial random distribution, and then we obtain the permeability
U = g+ ty + 1. We also consider the influence of effective
medium theory, and constrain the damping coefficient values
to be less than one. If the damping coefficient exceeds one, the
magnetic moment is ahead of the microwave field, which is
not consistent with physical scenarios. Only when the damp-
ing coefficient is less than one, does the magnetic moment lag
behind the microwave field and the precessional motion.

By relating the variation of the domain width with the

077506-8



Chin. Phys. B Vol. 29, No. 7 (2020) 077506

variation of the domain number in the unit volume, several
factors affecting the domain wall resonance are discussed.
It is found that the domain wall resonance is related to not
only the number of domain walls, but also the magnetocrys-
talline anisotropy constant K and the relaxation frequency A.
Among the five fitting parameters, Hy and ) are affected by
K, whereas o and @, are affected by A. In this way, both the
domain wall resonance and the natural resonance are jointly
controlled by K and A. Thus we can relate the domain wall
resonance to the natural resonance by studying K and A.
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