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Soft magnetic composites made from metallic magnetic particles with an easy magnetization plane (referred to as
easy-plane metallic soft magnetic composites (SMC)) are considered ideal materials for the next generation of power elec-
tronic devices. This advantage is attributed to their ability to maintain high permeability at elevated frequencies. Despite
these advantages, a definitive mathematical model that connects the high-frequency magnetic properties (e.g., effective per-
meability) of easy-plane metallic SMCs to the intrinsic properties of the particles is still lacking. In this work, a theoretical
calculation model for the effective permeability of easy-plane metallic SMCs was formulated. This model was derived
from a skin effect-corrected Landau-Lifshitz—Gilbert (LLG) equation and integrated with effective medium theory incor-
porating inter-particle interaction. To validate the model, we prepared samples of easy-plane Y,Co;7 particle/PU SMCs
with varying particle sizes and volume fractions. The experimental results showed a strong agreement with the calculated
values. This research offers critical theoretical backing for the design and optimization of soft magnetic materials intended
for high-frequency applications.

Keywords: easy-plane material, high-frequency, soft magnetic composites, complex permeability, Landau—

Lifshitz—Gilbert (LLG) equation
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1. Introduction

Metallic soft magnetic composites (SMCs), composed
of metallic magnetic particles and insulating binders, blend
the benefits of high resistivity and saturation magnetiza-
tion. They find widespread applications in energy transmis-
sion and conversion—such as power inductors,['-®! microwave
absorption,[”! and information technology, including com-
munication antennas./'%131 As power electronics and informa-
tion technology advance, the trend toward miniaturization and
high-frequency operation in energy devices, absorbers, and an-
tennas is evident. The demand for high-performance metallic
SMCs that sustain high permeability at elevated frequencies
is pressing. The efficacy of metallic SMCs hinges on the in-
trinsic properties of metallic magnetic particles. Studies re-
veal that metallic magnetic particles with an easy magnetiza-
tion plane (easy-plane particles) outperform traditional coun-

5.14-201 Therefore, establishing a

terparts at higher frequencie
theoretical model that links the intrinsic parameters of easy-
plane particles (e.g., size, electrical resistivity, saturation mag-
netization) to the effective permeability of SMCs composed of

these particles (easy-plane metallic SMCs) is crucial for opti-
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mizing their high-frequency performance.

Recent efforts have delved into the complex permeabil-
ity characteristics of metallic SMCs.?'-321 Wu et al.133 ex-
plored the distribution of particle magnetic moments and ef-
fectively determined the permeability of SMCs containing
spherical iron particles using effective medium theory. How-
ever, their study relied on the conventional Landau-Lifshitz—
Gilbert (LLG) equation, rendering it unsuitable for easy-
plane metallic SMCs, which exhibit greater potential in high-
frequency applications. Additionally, the study’s approach to
particle magnetic moment orientation had limitations, failing
to account for arbitrary magnetic moment orientations and un-
able to predict the effective permeability of SMCs at high
particle loadings. While scholars like Li et al.'**1 acknowl-
edged the benefits of easy-plane particles and proposed a bi-
anisotropic model using the LLG equation to calculate the sus-
ceptibility of easy-plane metallic SMCs, this model still has
critical limitations, as it inadequately accounts for interparti-
cle interactions and applies only to scenarios with uniformly
distributed magnetic moments.

In response to these challenges, this study aims to de-
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velop a theoretical calculation model for the effective perme-
ability of easy-plane metallic SMCs. This model is composed
of two parts: an intrinsic permeability calculation model for
easy-plane particles and an effective permeability calculation
model tailored to easy-plane metallic SMCs. The model ad-
dresses skin effect corrections and the impact of high particle
volume fractions. To validate the model, we prepared samples
of easy-plane Y,Co17/PU SMCs with varying particle sizes
and volume fractions.

2. Algorithm details
2.1. Algorithm process

Figure 1 illustrates the flowchart detailing our algorithm.
We utilized the LLG equation, tailored for easy-plane systems,
to calculate the intrinsic permeability of a single easy-plane
metallic magnetic particle based on material-specific intrin-
sic parameters. Subsequently, we considered the magnetic
moment distributions of multiple particles to determine the
ensemble-averaged permeability. In this step, we employed ef-
fective medium theory to determine the effective permeability
of easy-plane particle-based SMCs. Notably, our calculations
incorporate the particle size effects to accurately account for
skin effects.

H,
H,
Magnetic moment

5o distribution simulation

Intrinsic

material
parameters i
\' Permeability of

particle ensemble
magnetic medium
g

_ g

Polyurethane
(Non-magnetic medium)

Permeability of
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Permeability of
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HEMT &
skin effect
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Fig. 1. Flowchart illustrating the calculation of the complex permeability
of easy-plane metallic SMCs.

2.2. Calculation of intrinsic permeability for single easy-
plane particle

The magnetization M of the magnetic particles is de-
scribed by the LLG equation[®>!

dM a dM

—— =—YM X Hegp+ — Mg x ——. 1
dr Y eff + M, s dr (D
Here, 7y represents the gyromagnetic ratio, ¢ is the Gilbert

damping factor, and M denotes the saturation magnetization

of the particles. The total effective field H.is = H, + h in-
cludes the static magnetic field H, and the microwave field
h.

Considering the easy-plane nature of the particles, the to-

tal effective field H¢ can be expressed as!!d]

M
Hgyg=h+H, = he + <h2HL]WZ) e

N
M
+ (h3 +H||M3) es. (2
S

Here, H, and H) denote the out-of-plane and in-plane
anisotropy fields, M; (i = 1,2,3) represent the components of
the magnetization M along the principal axes 1, 2, and 3, and
h; (i=1,2,3) represent the components of the microwave field
h along these axes.

By substituting H¢r into the LLG equation, we derive

my = x1hy + X12ha, my = xohy — x12h1, m3=0. (3)
Here
B YM; [y (Hj+H.) +ioo]
’}/2HH (HH +HL) — (1 + 062) o?+ iOCCOY(ZH” +HL) ’

_ i0yM;
N ’}/2HH (HH +HL) —(1+a2)w*+ iOCCOY(ZH” +HL) ’

X1

X12
YM (’)/HH —|—i06(0)
VH (Hj+H,)—(1+0?) 0’ +iocwy(2H +H,)
“

It is important to note that all the above derivations are per-

formed in the particle’s principal axis coordinate system o-
123. For practical calculations, coordinate transformation is
essential to harmonize the results into the laboratory coordi-
nate system. After transformation, the intrinsic permeability

of the easy-plane particle is given by 3]

m
M:%+12A2X11+32X22+1. )
Here

A = sin0sind cos 6, — sin 6 [cos O sin & cos (¢, + )],
B = sin 6 [cos O cos § cos (¢, + @) —sin S sin (¢, + @)]
—sin 6 cos 6 cos 6y, (6)

where 0, ¢, and d represent the directional angles of the parti-
cle’s magnetic moment, while 6y and ¢y, denote the polar and
azimuthal angles of the microwave field in the spherical coor-
dinate system.

2.3. Calculation of the ensemble-averaged permeability

The metallic SMC consists of numerous metallic mag-
netic powder particles, each of which contributes to the over-
all permeability. The permeability of an individual particle is
influenced by the angle between the microwave field and its

117501-2



Chin. Phys. B 34, 117501 (2025)

magnetic moment. To accurately calculate the effective per-
meability of the SMC, the collective influence of all particles
in the ensemble must be considered to derive the ensemble-
averaged permeability. The intrinsic permeability of a single
particle is calculated using Eq. (5), and the ensemble-averaged
permeability can be written as

_ Al “1(97(P)
<u>—i:ZI—N : ©)

Here, 11;(6, @) represents the intrinsic permeability of an indi-
vidual particle, and N denotes the total number of particles in
the simulation.

2.3.1. Simulation for magnetic moment orientation us-
ing Boltzmann distribution function

Traditionally, the magnetic moment distribution of ori-
ented samples has been simulated using a Gaussian distribu-
tion. However, the parameters of the Gaussian distribution
cannot be directly correlated with physical quantities, thus
lacking physical significance. To address this limitation, we
propose a magnetic moment distribution model based on the
Boltzmann distribution, which establishes the relationship be-
tween the orienting magnetic field and the orientation degree
of the sample.

The orientation of magnetic moments in magnetic parti-
cles within a rotating magnetic field is governed by the in-
terplay between thermodynamic equilibrium and the applied
magnetic field. According to the Boltzmann distribution in
statistical mechanics, the energy E of a magnetic moment m
under the applied magnetic field H is given by

E=—-m-H = —mHcos(0). (8)

Here, m = |m| represents the magnitude of the magnetic mo-
ment, H = | H| denotes the strength of the applied magnetic
field, and O is the angle between the magnetic moment and
the magnetic field. Owing to the rotational symmetry of the
system, the probability density function depends only on the
polar angle 8 and is independent of the azimuthal angle ¢. By
incorporating the Boltzmann distribution, the probability den-
sity function for the oriented magnetic moment is expressed
as

1 mHcos(6)

P(O)=_e BT . )

Here, kg is the Boltzmann constant, and 7 is the absolute
temperature.

mH cos(60)

" [&e T sin(6)dBde. For convenience, the probabil-

The partition function Z is defined as Z =

ity density function is written as

P(0) o< sin(0)e" (0, (10)

Here, & = % is a dimensionless parameter characterizing the
B

relative interaction strength between the magnetic moment and
the external field. To simulate the distribution of magnetic mo-
ments with different orientations, we employ the inverse trans-
form sampling method, which generates random samples from
a known cumulative distribution function (CDF).

The CDF for the oriented magnetic moment is expressed
as

F(6) :/Oep(e’)de’. (11)

Since P(0) is the probability density function (PDF) and F(0)
is the corresponding CDF over the interval [0,1], the inverse
cumulative distribution function (ICDF) is defined as the in-
verse of the CDF

F(F ') =u, uelo,1]. (12)

For any probability u € [0, 1], F~!(u) returns an angle 8 such
that F (0) = u. In practice, direct sampling from the target
distribution can be challenging; instead, uniformly distributed
random numbers u are generated and transformed into sam-
ples x from the target distribution using the ICDF. Due to the
typically complex nature of the ICDF, which is often not ana-
Iytically solvable, we exploit the monotonicity of the CDF to
numerically approximate the ICDF via interpolation, thereby
improving computational efficiency.

The orientation degree D is defined as the percentage of
magnetic moments distributed within a small angle around the
xy-plane relative to the total number of magnetic moments,
ranging from 0 to 100. Specifically, the orientation degree D
is evaluated as

D= My x 100%. (13)
M
Here, M is the total number of magnetic moments, and M,
denotes the number of magnetic moments distributed within a
small angle around the xy-plane.

Figures 2(a)-2(d) depict the simulation results of mag-
netic moment distributions at different orientation degrees. In
these figures, red dots indicate the centers of unit spheres
(radius = 1), while points on the sphere surfaces correspond
to the simulated magnetic moment distributions. Vectors ex-
tending from the red dots to the surface points indicate the di-
rections of the magnetic moments. Figure 2(e) shows the prob-
ability histogram of the magnetic moment distribution across
different orientation degrees. For the samples prepared in this
study, the random distribution pattern shown in Fig. 2(a) is
relevant. A total of 10000 magnetic moments were considered
when computing the ensemble-averaged intrinsic permeability
of the particles.
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Fig. 2. (a) Schematic illustration of randomly oriented magnetic moments. (b)—(d) Magnetic moment distributions with orientation degrees of
30%, 60%, and 90%, respectively. (e) Histogram showing the probability distribution of magnetic moment orientations at different orientation

degrees.

2.4. Effective magnetic permeability calculation for SMC

SMCs can be regarded as systems in which magnetic par-
ticles are embedded within a non-magnetic insulating matrix.
In such setups, the effective permeability is commonly cal-
culated using effective medium theory (EMT). A commonly
used approach is the Bruggeman effective medium theory, for-

mulated as!36-37]
U1 — Mefr Ho — Heff
L2 (- 2= . 14
fi W1+ 2 et (1=f) o + 2 ety 14

Here, f] represents the volume fraction of magnetic particles,
U denotes the average permeability of the particle ensemble,
U signifies the permeability of the matrix (with up, = 1 for
non-magnetic matrices), and U stands for the effective per-
meability of the composite.

Although the Bruggeman effective medium theory pri-
marily accounts for mean-field effects, its accuracy decreases
at high volume fractions. Yin e al.?*! incorporated pair-
wise particle interactions and employed the Green’s function
method to solve the local magnetic field. By averaging the lo-
cal field results, they developed a more accurate effective per-
meability model, particularly suitable for high-volume frac-
tions and complex microstructures, referred to here as the

HEMT. The HEMT is expressed as

_ 9ma(1+58%)+(1-0)uo
ga(l+3B%) +(1-9)

Hefr s)

31 B = My —Ho
H1+2Hp° Hi+21
magnetic particles, (| denotes the average permeability of the

Here, o0 = , ¢ is the volume fraction of
particle ensemble, Ly represents the permeability of the matrix
(with ug = 1 for non-magnetic matrices), and L is the effec-
tive permeability of the composite. In this work, the effective
permeability of the composite is calculated using the HEMT.

2.5. Skin effect correction

The skin effect inevitably arises in metallic soft magnetic
particles under high-frequency microwave fields. Comsol was
employed to simulate the distribution of magnetic field inten-
sity H inside an iron sphere with a radius of 1 um under a
400 A/m microwave magnetic field. Figures 3(a)-3(d) corre-
spond to the simulation results at microwave magnetic field
frequencies of 1 MHz, 10 MHz, 100 MHz, and 1 GHz, re-
spectively. The simulation results show that the magnetic field
intensity decays rapidly within the particle and is confined to

a surface layer, with this effect becoming more pronounced at
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higher microwave frequencies. Therefore, it is vital to incor-
porate skin effect corrections into the calculations.

(a) (b)

0.6

0.3

0 A/m

Fig. 3. Simulated magnetic field intensity inside particles under mi-
crowave fields at different frequencies: (a) 1 MHz, (b) 10 MHz,
(c) 100 MHz, and (d) 1 GHz.

An alternating microwave magnetic field hy propagates
along the Z-axis into the material, and the microwave field h

inside the material can be represented as
h:hoe—Z/Sei(Z/s—(Dt). (16)

Here, @ denotes the angular frequency of the microwave.
e %/% is the attenuation factor, where & stands for the skin
depth given by 6 = #, with p representing the resistiv-
ity, y; the intrinsic permeability, and f the microwave fre-
quency. The microwave field gradually attenuates as it pen-
etrates deeper into the material. For spherical particles, the

microwave field inside the particle can be expressed as>?!
|| = hge™®=17°, (17

where R represents the particle radius. The particle’s dynamic

magnetization is expressed as

_xm _ f(f oznfoﬁhixirzsinededq)dr
=5 -

 3hox8[R? — 28R +28%(1 — e R/%)]
— a .

(m)

(18)

Here, y; denotes the intrinsic magnetization of the particle.
Consequently, the intrinsic permeability of a single particle,
including the skin effect, is given by

Ui fix = @+1~ (19)
ho

The average permeability of the particle ensemble, accounting

for the skin effect, is calculated as

Hi fix
=Y o (20)
(W ; N

The effective permeability of the metallic SMC, incorporating
the skin effect into the HEMT model, is given by

_ p(o)m(1+ (B30 + (1= 9)uo
Herr = e @1
¢(a)ix(1+ 7 (B)ix) +(1—9)
Here. (o) = 7 s (Bl = 7530

3. Experiment details
3.1. Fabrication

The Y,Coy7 alloy, which resembles Co,Z and exhibits
high saturation magnetization, is a prototypical easy-plane
metallic soft magnetic material, with magnetization preferen-
tially aligning within the c-crystal plane. This material was
chosen to validate the algorithm presented in this work.38 A
series of composite samples containing Y,Co17 powders with
varying particle sizes and volume fractions were fabricated,
and their complex permeabilities were measured experimen-
tally. The efficacy of the proposed algorithm was confirmed
through a comparison between calculated results and experi-
mental data.

The Y,Coy; alloy was prepared by the vacuum induc-
tion melting method. The resulting alloy ingot was crushed,
ground, and sieved to obtain powders with particle sizes of
100-200 mesh and 400-500 mesh. The powder within the
100-200 mesh category was labeled as BD powder, while the
400-500 mesh Y,Co;7 powder underwent ball milling to be-
come SD powder. Ball milling was conducted using 6 mm zir-
conia balls in n-heptane, with a ball-to-powder ratio of 20:1,
at a rotation speed of 200 rpm for 2 hours. To formulate the
composites, polyurethane (PU) was used as a binding agent.
Oriented samples (used to verify the easy-plane property of
Y,Coy7) were prepared by a rotating magnetic field orientation
method. For non-oriented samples, the dried SD/BD powders
coated with PU were pressed into discs (15 mm in diameter)
under a pressure of 340 MPa (approximately 6 tons). The discs
were then stamped into toroidal rings (outer diameter = 7 mm,
inner diameter = 3 mm) for permeability measurements.

3.2. Characterization

The Y,Co17 powder was analyzed by x-ray diffraction
(XRD, Philips, Cu-Ka radiation). The morphology of the
powders with different particle sizes was examined using scan-
ning electron microscopy (SEM, Thermo Fisher Scientific
Apreo S4800). Permeability was measured at room temper-
ature in the frequency range of 1 MHz to 1 GHz using an
impedance analyzer (Agilent E4991B), and in the frequency
range of 100 MHz to 18 GHz using a vector network ana-
lyzer (Agilent Technologies PNA-X N5247A). The hystere-
sis loop was obtained using a vibrating sample magnetometer
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(Lake Shore EV9). To acquire the in-plane and out-of-plane
initial magnetization curves for the oriented samples, a su-
perconducting quantum interference device (Quantum Design
SQUID-VSM) was utilized.

4. Results and discussion

4.1. Surface morphology, phase composition, and mag-

netic properties of particles

SEM images of the BD and SD powders are depicted in
Figs. 4(a) and 4(b), respectively, unveiling the irregular block-
like morphology of the powder particles. Analysis of particle
sizes reveals an average size of approximately 120 pm for BD
powder and about 5 um for SD powder. The hysteresis loop
illustrated in Fig. 4(c) indicates a saturation magnetization of

132 emu/g and a coercivity of 50 Oe for the Y,Co7 powder,
139

1 Figure 4(d) presents the

consistent with previous reports.

(c)
100
o0 50
~
=)
UE) 0 0
= 2’
—50 e
—100} =
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XRD pattern of the Y,Coj7 powder, displaying good consis-
tency with the standard powder diffraction file card (PDF#97-
062-5583), thus confirming the purity of the prepared sample.

To verify the easy-plane property of Y,Co;7 and measure
the out-of-plane anisotropy field of the SMC, oriented SD/PU
composite samples were created. Figure 4(e) illustrates the
XRD pattern of the oriented SD/PU composite. Compared
with the non-oriented sample, the intensity of the (006) crys-
tal plane peak of oriented Y,Coj7 was significantly increased,
indicating the alignment of easy magnetization planes of par-
ticles parallel to the applied orientation magnetic field. Fig-
ure 4(f) depicts the normalized in-plane and out-of-plane ini-
tial magnetization curves for the oriented SD/PU composite,
highlighting the substantial anisotropy induced by the orien-
tation treatment. Figures 4(e)—4(f) clearly indicate the easy-
plane property of Y,Coy7.

Diameter (jum)

I
50 pm

(d) PDF#97-062-5583

Intensity (arb. units)

20 30 40 50 60 70 80 90
26 ()

M/M,

In-plane

——— Out-plane

0 20 40 60
H (kOe)

Fig. 4. Characterization of Y,Co7 powders and oriented composites: (a) SEM image of BD powder, (b) SEM image of SD powder, (c) VSM
measurement of Y,Coj7 powder, (d) XRD pattern of Y,Co;7 powder, (e) XRD pattern of the oriented SD/PU composite, and (f) in-plane and

out-of-plane initial magnetization curves of the oriented composite.

4.2. Acquisition of in-plane anisotropy field and calcula-
tion results
In essence, Mg, H |, HH and a are crucial parameters for
calculating the complex permeability of SMCs. As shown in
Fig. 4(c), My ~ 1.1 x 10° A/m (about 132 emu/g). The out-

of-plane anisotropy field H, is determined as the intersec-
tion field of the in-plane and out-of-plane initial magnetiza-
tion curves for the oriented SMC, 4% as depicted in Fig. 4(f),
where H| ~ 2.4 x 106 A/m (roughly 3 T). To extract the in-

plane anisotropy field H|, a low-fill sample with a 35% volume
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fraction was chosen due to its weak interparticle interaction ef-
fect. Figure 5(a) displays the permeability of the 35% volume
fraction SD powder composite, exhibiting a natural resonance
frequency f; = 5.5 GHz, consistent with the natural resonance
frequency formulation for easy-plane systems!!3-34]

fr= e (22)

The corresponding value of H| ~ 1.01 x 10* A/m. Our
experimental results indicate that a damping coefficient of
a = 0.6 provides good agreement between experimental and
theoretical data.

Various SMCs with volume fractions of 10%, 20%, 25%,
30%, 35%, 40%, 45%, 50%, and 60% were fabricated us-
ing SD powder, and their complex permeabilities were mea-
sured, providing the real part of the initial permeability for
SMCs with differing SD powder loadings. Employing identi-
cal material parameters, calculations were performed via both
the Bruggeman effective medium theory and our proposed al-
gorithm. Figure 5(b) juxtaposes experimental measurements
with theoretical predictions for the real part of the initial com-
plex permeability of SD-based SMC. At lower volume frac-
tions, the Bruggeman theory aligns closely with experimental
data. However, as the volume fraction increases, the Brugge-
man theory deviates significantly from experimental results,
while our algorithm maintains consistent alignment with mea-
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surements. Notably, due to constraints related to air gaps in
the composites, samples with a maximum volume fraction of
60% were produced in this study. It was found that up to a vol-
ume fraction of 80%, the impact on the effective permeability
of SMCs was relatively limited. Conversely, beyond a volume
fraction of 80%, a significant increase in the effective perme-
ability of SMCs could be achieved by increasing the volume
fraction. Hence, optimizing the performance of SMCs in fu-
ture studies may involve increasing their volume fraction.

Figure 6 presents a comparison between the experimental
and calculated complex permeability for 50 vol% Y,Co17/PU
composites fabricated with different particle sizes: (a) BD
powder and (b) SD powder. In both panels, the red solid lines
signify predictions from our algorithm, while blue dashed
lines represent uncorrected predictions that overlook skin ef-
fect considerations. As the particle size of the metallic mag-
netic particles increases, several changes occur: the peak posi-
tion of the imaginary permeability shifts to lower frequencies,
peak broadening occurs, and the cut-off frequency decreases.

Examining the results in Fig. 6(a), significant discrepan-
cies arise between uncorrected calculations and experimental
data when skin effects are neglected. In contrast, our algorithm
accurately predicts experimental results, underscoring the im-
portance of skin effect corrections for large particle sizes and
affirming the efficacy of our approach.
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Fig. 5. (a) Complex permeability of SD powder composite with 35% volume fraction. (b) Comparison of experimental and calculated values for
the real part of the initial permeability of SD-based SMCs at various volume fractions.
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Fig. 6. Comparison of experimental and calculated complex permeability for 50% composite samples: (a) BD powder; (b) SD powder.
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Notably, discrepancies exist between predicted complex
permeability from our algorithm and experimental values for
BD powder composite samples (as depicted in Fig. 6(a)). This
deviation is attributed to the single-domain particle assump-
tion adopted in our model. For large-sized magnetic particles,
the presence of internal domain walls increases, rendering the
single-domain assumption invalid and causing discrepancies
between calculated results and experimental data. This phe-
nomenon highlights the necessity of fully considering internal
magnetic domain structures when calculating the permeability
of large particles.

5. Conclusion

This study introduces a novel algorithm devised to cal-
culate the effective permeability of easy-plane metallic SMC.
The intrinsic permeability of particle ensembles was deter-
mined using the LLG equation tailored for easy-plane systems,
combined with a model for magnetic moment orientation dis-
tribution. Subsequently, the HEMT was employed to estimate
the effective permeability of the composites. Furthermore,
skin effect corrections were incorporated to address the impact
of particle size on permeability. Experimental results demon-
strate the efficacy of the proposed algorithm in accurately pre-
dicting the complex permeability of easy-plane metallic SMC
with diverse volume fractions and particle sizes. Based on the
experimental findings, future efforts to enhance SMC perfor-
mance should focus on adjusting the volume fraction, control-
ling particle size, and regulating anisotropy fields. This study
effectively bridges the microscale characteristics of easy-plane
metallic SMC (intrinsic particle parameters and distribution
states) with their macroscale high-frequency magnetic prop-
erties (effective permeability), providing a critical theoretical
foundation for the design and optimization of soft magnetic
materials in the high-frequency range.
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