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Atomistic Model Study on Magnetic Properties of Permanent Magnets—Treatment of Thermal Fluctuation and

Thermal Effects, and Future Perspective—

%

Masamichi Nishino"* and Seiji Miyashita?

! National Institute for Materials Science, Tsukuba 305-0047
2 Graduate School of Science, The University of Tokyo, Tokyo 113-0033

We review atomistic spin model studies, a new approach for theoretical investigations, on magnetic properties of permanent magnets. In
the atomistic modeling, the microscopic details of magnetic parameters and lattice structures are realistically considered, and the temperature
effect, including thermal fluctuation, is properly treated based on statistical physics methods: Monte Caro methods and stochastic Landau-
Lifshitz-Gilbert equation methods. We introduce how to treat thermal effects for static and dynamical properties using these methods. Focusing
especially on neodymium permanent magnets, we discuss features of magnetization, domain wall, coercivity of a grain, nucleation and pinning

fields, and dysprosium substitution effect, which were first elucidated with those methods.
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Fig. 1 (a) Unit cell of Nd,Fe;4B. Nd, Fe, and B atoms are denoted
by red, blue, and yellow spheres, respectively. The lattice constants for
the a, b, and ¢ axes are d, =dy = 8.80A, and d. = 12.194,
respectively. (b) Side view (from a or b axis). (c) Top view (from
¢ axis). Reprinted figure with permission from [M. Nishino et al.,
Phys. Rev. B 103 (2021) 014418]. Copyright (2021) by the American
Physical Society.
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(a) Magnetic coupling between Nd and Fe atoms. The total moment in an Nd atom and that in an Fe atom are ferromagnetically coupled. Ex and

SOI represent the exchange interaction and spin-orbit interaction, respectively. (b) Magnetic coupling between Dy and Fe atoms. The total magnetic
moment of a Dy atom and that of an Fe atom are antiferromagnetically coupled. Reprinted figure with permission from [M. Nishino ef al., Phys. Rev. B
106 (2022) 054422]. Copyright (2022) by the American Physical Society.
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Fig. 3 Temperature dependences of M, M_, and M,, of the atomistic
model for the Nd,Fe;4B magnet with comparison between Monte
Carlo and stochastic-LLG methods. 6 X 6 X 6 unit cells with periodic
boundary condtions.
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Fig. 4 Crystal electric field energy (a) for a Nd atom and (b) for a Dy atom as a function of @ at zero and finite temperatures.
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Reprinted figure with

permission from [M. Nishino et al., Phys. Rev. B 106 (2022) 054422]. Copyright (2022) by the American Physical Society.
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(a) Bloch-type wall and Néel-type wall. (b) M. along a-axis (Bloch-type) at 0.46T¢. The unit of the vertical axis is ug/atom. The functions

m.(x) is given by a solid line. Here symbols denote M.(x) at different MC steps. (c) M. along c-axis (Néel-type) at 0.46Tc. (d) Temperature variation of
SW for Bloch-type (triangles) and Néel-type (circles) walls. Reprinted figure with permission from [M. Nishino e al., Phys. Rev. B 95 (2017) 094429].

Copyright (2017) by the American Physical Society.
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Fig. 6 (a) Deterministic process. (b) Stochastic process by barrier-crossing dynamics. (c) Snapshots of the magnetization reversal for the nano grain
from the all-down spin state under a reversed field (4 = 4.0 T). Red and blue parts denote down-spin and up-spin states, respectively. Reprinted figure
(¢) with permission from [M. Nishino et al., Phys. Rev. B 102 (2020) 020413 (R)]. Copyright (2020) by the American Physical Society.
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(a) Magnetic field dependence of the relaxation time (magnetization reversal time) with the damping factor (a) dependence. (b) Extrapolation of

the relaxation time. MC denotes the relaxation time of the Arrhenius law (z = 79e®") estimated in a Monte Carlo studyz'). Reprinted figure with
permission from [M. Nishino ez al., Phys. Rev. B 102 (2020) 020413(R)]. Copyright (2020) by the American Physical Society.
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Fig. 8 (a) Free energies as a function of M. of the Nd,Fe 4B grain at

0.46T¢c. L, = L, = 14.1nm, L. = 14.6 nm. Red line is for H = 0 and
other lines are for applying H. (b) Free-energy barriers as a function of
the magnetic field for four system sizes: L, =10.6nm, 14.1nm,
21.1nm, 24.6nm (L, = Ly, L= 1.038L,). Reprinted figure with
permission from [Toga et al., npj Comput. Mater. 6 (2020) 67].
Copyright 2020 NPG.
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modification from [S. Mohakud et al., Phys. Rev. B 94 (2016) 054430]. Copyright (2016) by the American Physical Society.
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dashed lines denote threshold fields between (+ — +) and (— — —) in Fig. 10. Reprinted figure with permission from [S. Mohakud et al., Phys. Rev. B 94

(2016) 054430]. Copyright (2016) by the American Physical Society.
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Fig. 14 (a) System A. The Nd surface layers were in contact with vacuum. In this example, Nd atoms (red) in the first Nd layer were substituted by Dy
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et al., Phys. Rev. B 106 (2022) 054422]. Copyright (2022) by the American Physical Society.
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