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Investigation of iron-rich FeSi alloys by first-principles phase field and
special quasirandom structure methods

Kaoru Ohno'?, Riichi Kuwahara®, Ryoji Sahara?, Yoshiyuki Kawazoe®, and Keisuke Fujisaki’
'Graduate School of Engineering, Yokohama National University, Yokohama 240-8501, Japan
Research Center for Structural Materials, National Institute for Materials Science, Tsukuba 305-0047, Japan
*Dassault Systémes K. K., ThinkPark Tower, Osaki, Shinagawa-ku, Tokyo 141-6020, Japan
“New Industry Creation Hatchery Center, Tohoku University, Sendai 980-8579, Japan
Department of Advanced Science and Technology, Toyota Technological Institute, Nagoya 468-8511, Japan

Fe-6.5 wt% Si has special magnetic characteristics as zero magnetostriction, low magnetic anisotropy, low iron-loss,
and high magnetic permeability."? It is possible to infer that the low iron-loss is due to the increase of electric
resistance with silicon, and that the high magnetic permeability is due to the reduction of magnetic anisotropy.
However, it has not been discussed enough in the literature why zero magnetostriction and low magnetic anisotropy
appear at the special composition of the FeSi alloy. When magnetic materials are processed into devices such as
motors, transformers, and inductors, mechanical stress applied results in residual stress, which deteriorates the
magnetic properties. Therefore, the magnetic material which shows zero magnetostriction is very attractive. If a
material with zero magnetostriction can be developed, devices with low iron-loss and high magnetic permeability
can be realized, leading to miniaturization and high efficiency, which can contribute to realizing power electronics
society.

In this study®), coarse grained phase morphologies of iron-rich region of FeSi alloys at 1050 K are investigated by
using first-principles phase field (FPPF) (Fig. 1) and special quasirandom structure (SQS) (Fig. 2) methods without
relying on any experimental or empirical information. From the free energy comparison, we find that, for the Si
concentration less than 25 at%, a solid-solution-like homogeneous phase is most stable, although a random pattern
in nm scale consisting of B2 Fes ,Si. and D03 Fes;Si phases may appear at 12.5 at% Si at somewhat lower
temperatures. We make a conjecture that, around 12.5 at% Si, such a random pattern in nm scale is the origin of the
zero magnetostriction and low magnetic anisotropy. This solves a long-standing problem of the experimentally
observed zero magnetostriction at 6.5 wt% Si. On the other hand, for the Si concentration slightly larger than 25
at%, FeSi alloys prefer two-phase coexistence of the D03 Fe;Si phase and the B2 FeSi phase. All these findings are
in good accordance with the available experimental evidence.
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A trial to evaluate the magnetic parameters in the LLG equation from
the first principles

A. Sakuma
(Tohoku Univ.)

Ultimate purpose of the first principles calculations is to predict physical and/or chemical
properties, in a quantitative level, of materials and then to design newly developed materials. To
achieve this mission, the first stage we should attain is to reproduce the measured properties of
solids and molecules. However, as is widely recognized in materials science, even this level is
currently hard to be reached. One reason lies in a fact that the material characteristics are
governed not only by their microscopic (physical) features but also by macroscopic properties which
in many cases dominate the performance of industrial materials. In the current stage, the first
principles approach can contribute only to the former (microscopic) properties which can be treated
based on the quantum physics. Especially, in the fields of magnetism and superconductivity, the
first principles studies are limited to the subjects related to the formation of the order parameters,
magnetization and macroscopic wavefunction, respectively. Once an order parameters is built up
through the phase transition, the macroscopic properties can be handled using the order parameter
as a phenomenological parameter as in the Ginzburg-Landau theory for superconductivity and the
Landau-Lifshitz-Gilbert (LLG) equation for micromagnetics. In a ferromagnetic system, for
example, spin operators can be treated as classical vectors, M in the magnetic Hamiltonian, H{(M),
and the LLG equation is given by

BHIM)

M=—yM X Hype + (DMx M, Hyp=-——1

In this stage, the first principles calculation can contribute to provide the magnetic parameters,
such as magnetization M, exchange constant J;;, anisotropy constant K;, and the Gilbert damping
constant @. One should note here that first principles study can, in principle, determine these
parameters only at T = 0, whereas the desired properties are mainly at finite temperatures.

To overcome this situation, we have recently made a trial to calculate the temperature
dependence of the magnetic parameters, M(T), A(T), K(T) and «(T), within the frame of the first
principles technique.l¥ A method for M(T) and the anisotropy constant K(T) at finite
temperature have been developed by Staunton et al® based on the functional integral method
combined with the disordered-local-moment approach. We extend this method to analyze exchange
stiffness constant A(T) and «(T}, and further developed a perturbation theory and linear response
theory at T =0. Here, we evaluate A(T) by estimating the excitation energy of the spirally
twisted spin structures.

In this symposium, we will present the theoretical framework and show some calculated results
of the magnetic parameters of transition metals and alloys
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Magnetic moment and magnetocrystalline anisotropy energy of Fe, Ni, and
Co using first-principles calculations

F. Akagi'?, R. Namki!, and T. Yayama?
!Graduate School of Electrical Engineering and Electronic, Kogakuin University, Tokyo, 163-8677, Japan
2Department of Applied Physics, School of Advanced Engineering, Kogakuin University, Tokyo, 163-8677,
Japan

In recent years, with the development of computer technology, research and development of magnetic materials and
devices has increasingly relied on various computer simulation methods. Representative methods include first-principles
calculations at the atomic level, micromagnetic calculations using the Landau—Lifshitz—Gilbert (LLG) equation at the
micro level, and electromagnetic field calculations using Maxwell equations that can handle sizes larger than the
millimeter level. First-principles calculations analyze electronic states and energies. For example, in the field of
magnetism, saturation magnetization (magnetic moment), magnetocrystalline anisotropy energy (MAE), and exchange
stiffness can be obtained without using experimental values. Additionally, M-H loops and magnetization behavior can be
obtained using the LLG equation. Electromagnetic field analysis using Maxwell equations can analyze the magnetic flux
flow due to the interaction of electromagnetic fields. Thus, multiscale analysis, where atomic-level analysis information
(magnetic characteristics) is input to LLG equation, and the analysis information (M-H loops) of LLG equation is input
to Maxwell equations, will become increasingly important in the future.

Therefore, in this study, to obtain the input parameters of the LLG equation from first-principles calculations, the magnetic
moments of Fe, Ni, and Co [up/atom] (ug = 1.165 x 102 [Wbm]) and the anisotropy (MAE [eV], easy axis, and hard
axis) are presented.

Density functional theory—based first-principles calculations were performed using the Vienna Ab initio Simulation
Package (VASP)." The optimized structures of the bce-Fe, fce-Ni, and hep-Co are shown in Figs. 1(a), 1(b), and 1(c),
respectively. Here, a generalized gradient approximation with a PBE type exchange correlation functional was utilized.
The wave function was represented by a plane wave basis set with a cutoff energy of 550 eV, and the k-points mesh was
setto 16 x 16 x 16 for Fe and Ni, and 16 x 16 x 10 for Co. While calculating the MAE, the convergence conditions for
the self-consistent field method were 10~ eV for Fe and Co and 107'° eV for Ni. The spin—orbit interaction was also
considered.

The MAE [eV] is generally defined as the difference between the energy in the hard-axis direction and that in the easy-
axis direction. In this study, the MAE was calculated as E111—Foo1 for Fe, Eooi—E111 for Ni, and Ego9;—E 1170 for Co. Table
1 shows the calculation results of the magnetic moment and the MAE of Fe, Ni, and Co. From this, we find that the
magnetic moments agree with the experimental results. The MAE of Fe is greater than the experimental result, and that
of Co is less than the experimental result, which are the same in terms of the order of magnitude. Furthermore, the easy
axes of Fe and Co agree with the experimental results. In contrast, the MAE of Ni differs from the experimental results
in terms of the sign. In other words, the [100] direction is the easy axis and the [111] direction is the hard axis.

Reference
1) G. Kresse and J. Furthmiiller, Phys. Rev. B, 48, (1996) 11169.
2) https://www.toei-si.jp/yshimada/shimada_note_04.html.

Table 1 Magnetic moment and MAE of Fe, Ni, Co.

oo oo OQQ OO ° ' 4t [us/atom] MAE [¢V]

Cale.  Exp. Calc. Exp. ?

. OOOO ° Fe 220 220 5.15x10% 1.99x10°
1 A Ni 160 160 891x10° -484x10"
— @ w O /QOO !

(a) bee-Fe (b) fee-Ni (€) hep-Co Co 063 060 141x10° 821x107
_ 20
Fig. 1 The optimized structures of the bec-Fe, fee-Ni, and hep-Co us=1.165>10""[Wbm]
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Magnetoelastic Interaction Modeling of Polycrystalline Magnetic Materials

Tetsuji Matsuo
(Kyoto University)

The development of highly efficient electric machines e.g. motors has been required in these days. Because the
energy loss of iron-core material can increase under the mechanical stress, several magnetization models have been
proposed to represent the stress dependence of magnetizaion properties of iron-core materials. Most of those are
phenomenological models, which require measured data to determine their model parameters. However, it is often
difficult to measure magnetic properties under a wide range of operational conditions. A physical magnetization model
is accordingly required to predict the stress-dependent properties only from basic material constants without using
measured data.

One of the difficulties in constructing a physical model is the polycrystalline nature of iron core materials. Taking
account of the polycrystalline nature, we have developed a multiscale physical model, called multi-domain particle
model (MDPM) to represent the macroscopic magnetization property based on the energy minimization. The MDPM
successfully predicted the stress-dependent magnetization properties from material constants without using measured
data under the mechanical stress.

The MDPM consists of an assembly of multi-domain particles [Fig. 1(a)]. The magnetization state in a particle is
represented by the volume ratios and the magnetization directions of magnetic domains, which are determined by
locally minimizing the total magnetic energy consisting of the Zeeman, anisotropy, magnetostatic, and magnetoelastic
energies. The variation in the volume ratio is resisted by a pinning field, which causes the hysteresis loss.

The hysteresis loss of non-oriented silicon steel sheet 50A470 was measured and simulated with and without
compressive stress of 40 MPa [Fig. 1(b)]. The hysteresis loss increases with the compressive stress significantly. The
difference in the loss property between the rolling direction (RD) and transverse direction (TD) decreases under
compressive stress. Using an anisotropic pinning field, the MDPM accurately predicts the stress-dependence of
hysteresis loss.
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Fig. 1. Stress-dependent magnetization property simulation using MDPM
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Analytical modeling of Litz wire copper loss for high-frequency
high-efficiency power magnetic device design

K. Umetani?, S. Kawahara!, M. Ishihara®, E. Hiraki!
! Graduate school of Environmental, Life, Natural Science and Technology, Okayama University1

Recently, the miniaturization of power supply circuits has been achieved by the high-frequency operation of switching
power converters owing to the high-speed switching performance of recent switching devices. However, the
high-frequency operation increases the power loss in the power magnetic devices, such as power transformers and
inductors, which are emerging as obstacles to further miniaturization.

The power loss of the power magnetic devices can be classified into iron and copper losses. As both losses increase due
to the high-frequency operation, intensive research is performed targeting these two losses. However, unlike the
reduction of the iron loss, the reduction of the copper loss is difficult to be achieved through material development,
because little possibility can be expected to find a material that replaces the copper. Therefore, a reduction of the copper
loss should be done by optimizing the wire structure.

Particularly, the Litz wire has been widely utilized for high-frequency applications. The Litz wire is made of many thin
copper strands twisted in multiple levels, as illustrated in Fig. 1. The strands are twisted so that each strand equally
experiences every position in the Litz wire cross-section, which mitigates the eddy current generation inside the Litz
wire and reduce the copper loss in the high-frequency operation. Because of this simple mechanism, only the strand
diameter has been long regarded to mainly affect the copper loss characteristics. However, a recent study [1] revealed
that the eddy current suppression characteristics can significantly deteriorate in large-diameter Litz wires when
compared among the Litz wires with the same strand diameter, as shown in Fig. 2. This indicates that the detailed
optimal design should be sought depending on the specifications of the Litz wire.

The copper loss prediction of the Litz wire has long been performed on the FEM analysis [2]. However, in recent
high-frequency and high-power applications, the Litz wire needs to twist more than 1000 strands with a diameter of less
than 40um. Due to its complicated structure, the optimal design of Litz wire has been practically difficult to be analyzed
and sought by FEM analysis.

To overcome this difficulty, the authors investigated the analytical copper loss modeling of the Litz wire and succeeded
to propose a fully analytical copper loss model made only of physical constants and physically measurable parameters
of the Litz wire [3]. With the help of this model, the deterioration mechanism of the eddy current suppression
characteristics in large-diameter Litz wire was elucidated. This presentation aims to give a full perspective of our
current state of study on the analytical copper loss modeling of the Litz wire as well as the usefulness of the Litz wire
design through analyzing the deterioration mechanism of the copper loss suppression effect in large-diameter Litz wire.

Reference

1) S. Kawahara et al., Proc. IEEE Energy Conversion Congr. Expo., (2020), 1-7.

2) E.Plumed et al., Proc. Annu. Conf. IEEE Ind. Electron. Soc., (2018), 3479-3484.
3) K. Umetani et al., IEEE Trans. Ind. Appl., 57, 3 (2021), 2407-2420.
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Quasi-static electromagnetic eddy current analysis based on Darwin model
considering both inductance and capacitance effects

H. Kaimori
Science Solutions International Laboratory, Inc.

In recent years, advances in SiC and GaN have led to an increasing trend toward higher frequencies in power
electronics devices. High frequency inductors, transformers, and capacitors are becoming problematic due to the effects
of parasitic capacitance and parasitic inductance as the inverter carrier frequency and drive frequency become higher.
Specifically, the increase in equivalent resistance due to the skin effect inside conductors caused by high frequencies,
coupling due to magnetic fields and stray capacitance between neighboring conductors, and so on. Although these
effects can be determined by measurement, As a countermeasure, it is desirable to utilize electromagnetic field analysis
that does not require prototyping. Conventional quasi-magnetostatic field analysis is capable of frequency-domain and
time-domain electromagnetic field analysis that takes into account eddy currents and nonlinear magnetic properties of
magnetic materials, but it cannot handle dielectrics because its formulation neglects displacement currents. On the other
hand, the Darwin model, which has been attracting attention in recent years, can also take quasi-electrostatic fields into
account, so it can be applied from low frequencies to the frequency range where electromagnetic waves do not occur.
We have been developed new types of the 4-¢ formulations of the finite element method in the frequency-domain and
time-domain 1),2). The methods achieve the low-frequency stability at low frequencies by taking into account the
Coulomb-type gauge condition. The two types of the methods have been developed: one without additional variables
and one that defines redundant variables to improve convergence characteristics in high-frequency range. The matrix
equations can be symmetric. In addition, the method can also handle nonlinear magnetic material properties and
coupling electric circuit as well as conventional quasi-magnetostatic analysis.

Fig. 1 shows the analysis model of the gapped core inductor model in which a coil of solid strands doubly wound in a
solenoidal shape is wound around a gapped core is used to analyze the effect of parasitic capacitance between the
strands. A 1 mm diameter strand of wire elongated from the mesh boundary was helically wound 20 turns from the
bottom right to the top on a 10 mm diameter core, and then 20.5 turns were wound from the outside to the bottom,
shifting half a pitch of the radius, to the bottom left, extending to the mesh boundary. The conductivity of the conductor
was set to 5.¢7S/m. The relative permittivity of all components was set to 1. The core was given a relative permeability
of 1500 as ferrite, and a 1 mm gap is provided in the center of the coil interior. Fig. 2 shows the electric density
distribution at 85kHz solved by frequency-domain analysis. Apparently, it can be seen that a large electric field is
generated between the inner and outer strands, especially at the bottom of the coil where the winding starts and ends.

Reference
1) H. Kaimori, et al., Progress in Industrial Mathematics at ECMI 2021, 463-469, 2022.
2) H. Kaimori, et al., COMPUMAG 2023, PC-A1:13, May 22-26, 2023, Kyoto.
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Fig. 1. Gapped core inductor model. Fig. 2. Electric density distribution at 85kHz.
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Linear Actuator for High-Speed Reciprocating Motion
(Fundamental Consideration of Thrust on Ratio of Permanent Magnet Size)
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Linear Actuator for High-Speed Reciprocating Motion Using Dual-Halbach Array
(Fundamental Consideration on Shape Permanent Magnet Array in Stator)
M. Tanaka, K. Kimura, J. Kuroda, D. Uchino, K. Ogawa, T. Kato, K. Ikeda, A. Endo, H. Kato, T. Narita
(Tokai Univ., "Aichi Univ. Tech., "Tokyo Univ. Tech., **Hokkaido Univ. Sci., "FIT)
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(Fundamental Consideration of Optimized Arrangement of Permanent Magnets on Applying Position of
Tension)

Y. Ichikawa, T. Nagayoshi, S. Kawamura, K. Ogawa*!, J. KURODA, D. Uchino,

K. Ikeda*?, T. Kato*®, A. Endo**, T. Narita, H. Kato
(Tokai Univ., *!AUT, *?Hokkaido Univ. Sci., **Tokyo Univ. Tech., **FIT)

FL&IC v 600 mm

HHRORIET A o Tld, = — T2 K D HAliE 31T b
LI TEY | HEHE DD > X DECHIB N/ EFRmEm
DHLARBER STV 5, 2 = TEH MR O E‘ E
VP A U T SRR R L S O M 34T 0o
PRTWD D, UL, SiRORIEDNIEFITH AN GE & -
IR DTz o HOCHMEIRBEN N K E < 725720 [RH 723K
DEMATIIEC Dlcbiamtl T2 R TcET # - B L8
RO TORN E 725, 2T, # LT 58RO L)y i
WK AR % S L K ARG DFI 5] ) % %
BRI % % wﬁk%&ME%%mLtm kv

2T BERRLTNS, ZRETIC, BELEFLEOR N T R
DI IR ﬁfcﬁ%ﬁ\MﬁS@@EE@*ﬁﬁﬁ%\ ﬁ{aﬁ@mm‘u = (B B

490 mm
F00 mm

AR

X

Fig.1 Electromagnetic levitation system

I (GA) Z AW TERA 2R8I O 7= 20 70 2 ] - 2 Bl & " m | m =

EHEHEL, BERENERETS 2 LB L TS ol A e s E

2, AT, T IO 2 CAT AR & e e

B LRI BV AT MW T RAREA & SO BE o

BIE & 5 5 20 2 K A OBD B O BRI S TREM 20 4 Fig.2 Optimized arrangement of permanent magnets at each
HEFT ST, distance between horizontal electromagnets.
MRFLES

Fig.1 |Z¥% FAEE OGN 2779, 7% EXII3E & 800 mm, 1 600 mm D& IS > S 4k (SS400)
%fﬁﬁﬁa‘é FELIR O v DIckt L COKREFMEMA L=y MZX WS D&%, SO 2
2 30T - CTEBA 2 2 T ORE LTV 5D, 7}<Iﬁmu%ﬂ%&>ﬁ%ﬂ 1358 majﬁﬁﬁ%fﬂwi > /i“COD

FEEEZ S mm (2725 X 9 IZHlE 21T 5, Fig.2 I LR DB EAT - To KA A OBCE % 7~ L&D
PRRZAT o TR, GAP BPREWE a‘ﬁﬁﬁ@iﬁmxta zut,am oLz,
BEXH

1) A, BA AEM 255, vol. 24, no. 3, pp.149-154, 2016.
2) FEIMh, HARRRTFSERSURE S, vol. 6, no. 1 pp.93-99, 2022.





