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ABSTRACT

For the practical use of magnets, particularly at high temperatures, the temperature dependence of magnetic
properties is an important ingredient. To study the temperature dependence, methods of treating the thermal
fluctuation causing the so-called activation phenomena must be established. To study finite-temperature properties
quantitatively, we need atomistic energy information to calculate the canonical distribution. In the present review,
we report our recent studies on the thermal properties of the Nd,Fe,,B magnet and the methods of studying them.
We first propose an atomistic Hamiltonian and show various thermodynamic properties, e.g., the temperature
dependences of the magnetization showing a spin reorientation transition, the magnetic anisotropy energy,
the domain wall profiles, the anisotropy of the exchange stiffness constant, and the spectrum of ferromagnetic
resonance. The effects of the dipole-dipole interaction (DDI) in large grains are also presented. In addition
to these equilibrium properties, we also study coercivity, which is the most important issue for magnets. The
temperature dependence of the coercivity of a single grain was studied using the stochastic Landau-Lifshitz-
Gilbert equation and also by the analysis of the free energy landscape, which was obtained by Monte Carlo
simulation. It was found that the upper limit of coercivity at room temperature is about 3 T, which is significantly
lower than the so-called theoretical coercivity given by a simple coherent rotation model. The coercivity of a
polycrystalline magnet, i.e., an ensemble of grains, is expected to be reduced further by the effects of the grain
boundary phase, which is also studied. Surface nucleation is a key ingredient in the domain wall depinning
process. Finally, we study the effect of DDI among grains and also discuss the distribution of properties of grains
from the viewpoint of first order reversal curve.

KEY WORDS
coercivity, thermal fluctuation, finite temperature, stochastic LLG equation, Monte Carlo method, dipole-dipole
interaction
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Fig. 1 (a) (left) Unit cell of Nd,Fe,,B. Neodymium, iron, and boron atoms are denoted by red, blue, and yellow spheres, respectively. The lattice constants for
the a-, b-, and c-axes are d, = d, = 8.80 A and d, = 12.19 A, respectively. (middle) Side view (from the a- or b-axis). (right) Top view (from the c-axis).
(b) Exchange coupling constants between the atoms as a function of the distance.
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Fig. 7 (a) Domain wall propagating along the a-axis (type I) and domain wall propagating along the c-axis (type II). (b) Temperature dependence of exchange
stiffness constants, 4, for the DW type I (red circle) and type 1I (blue circle). Inset shows the renormalized values, 4, and the green bar denotes the
range of the experimental values at room temperature’’”. (From reference [24]: modified.)
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Fig. 8 Temperature dependence of resonance frequency f; for the Nd
magnet model. (From reference [29]: modified.)
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Fig. 10 (a) Snapshots of the magnetization reversal from the all-down spin state under a reversed field (4 = 4:0 [T]). Red and blue arrows denote down-spin
and up-spin states, respectively. (b) Examples of time evolutions of magnetization relaxation curves at (left) #=8 T and (right) #=4.1 T. 2 = 0.1. (From

reference [38]: modified.)
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Fig. 11 Time dependence of In(N,/N). Blue circles denote time dependence of In(N,/N) at (a) # =8 T, and (b) #=4.1 T. « =0.1. For (a) and (b), the slopes p =
2.697 x 10" s and p = 1.491 x 10° s™" are estimated respectively by linear fitting (red lines). Details are given in text. (From reference [38]: modified.)
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Fig. 12 (a) Magnetic field dependence of the relaxation time (magnetization reversal time) on damping factor a. Open circles denote the relaxation time of the
Arrhenius law (az = 7,e™), in which AF is taken from the Monte Carlo study for L, = 10.6 nm in Fig. 14. (b) Extrapolation of the relaxation time to
estimate the field at which the relaxation time is 1s (coercivity) for different values of damping factor a. (From reference [38]: modified.)
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Fig. 13 (left) Free energies as a function of M of the Nd,Fe,,B isolated grain whose size is (L,,L,,L.) = (14.1,14.1,14.6) nm (212,536 spins). MT = 0.467.. Red
line is F(T,H = 0;M), and other lines are for those with /> 0. (right) magnified F(7,H;M) around the metastable state. (From [40]: modified, ©2020

The Authors)
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Fig. 14 Free energy barriers as a function of y,H. for four system sizes:
L, =10.6 nm, 21.1 nm, and 24.6 nm (L,, = L,, L. = 1.038L,) (From
reference [40]: modified, ©2020 The Authors)
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Fig. 15 Temperature dependence of coercivity. Blue line w,H, and red
line p,H. were calculated from Fig. 14 for 21.1 nm x 21.1 nm x
21.9 nm (713,172 spins) isolated grain at each temperature. The
colored area depicts the coercivity z,H under the demagnetization
fields in the range of demagnetization factor N, = 0.5 ~ 1.0. Green
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= Hy/H, and o' = H/H,. (From reference [40], ©2020 The Authors)
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Fig. 16 Temperature dependence of the thermal activation reductions
of coercivity evaluated from the two ways: H. = H, — H. and
Eq.(39). (From reference [40], ©2020 The Authors)
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Fig. 17 Average computational time 7,, at 7 = 400 K as a function of
the number of spins. Violet solid circles, blue solid squares, and
magenta open squares indicate the computational time for the
naive MC simulation, the SCO method, and the MSCO method,
respectively. Upper and lower black dashed lines are proportional
to N* and NInN, respectively. (From reference [44]: modified.)
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Fig. 18 (a) Size dependence of coercivity with and without DDI. Blue and red circles denote the thermally activated coercivity with and without DDI,

respectively. (b) Size dependence of coercivity (black circles) taken from literatures

tends to have a magnetic multidomain structure.
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Fig. 19 (a) Magnetic structures obtained by the thermal-quench process (A) for various values of anisotropies and DDI for systems of 64 x ¥times 64 x 10 at
x T'=0.3T. where T is the critical temperature of the bulk system. Out-of-plane component (top panels) and the in-plane horizontal component (bottom
panel) are exhibited using the color code given in Fig. 20. (b) Magnetic structures obtained by the field-quench process (B) from the out-of-plane

ferromagnetic state.
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Fig. 20 Nucleation pattern just after the collapse of out-of-plane ferromagnetic state. The spin direction (S,,S,,S.) is coded in the manner that (S,,S,) is given
by color, e.g., (0.1) is red, and S. is coded by brightness of the color, i.e., the radius in the color code denotes S. from —1 (center) to 1 (edge). (From
reference [44]: modified.)
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Fig. 21 (a) Models with open boundary conditions in which the soft magnetic phase is placed on (001) surface (model A), and on (100) surface (model B), of
the hard magnetic phase. (b) (left) Coercivities without DDI of models A and B as a function of soft phase thickness s,. (right) Parts of hysteresis loops
for the models A and B with four different thicknesses s,. (From reference [24]: modified.)
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Fig. 22 Systems of two bulk hard magnets (regions I(left) and IlI(right)) and a boundary soft magnet (region II(middle)). (a) system A, in which a domain wall
runs along the a-axis (Bloch wall), (b) system B, in which a domain wall runs along the c-axis (Néel wall). The lower crystal structure is a view from

the b- (a-) axis for system A (B). (From reference [51]: modified.)
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Fig. 23 (a) Threshold fields for nucleation from (+ + +) to (+ — +) (circles) and from (+ — +) to (— — —) (triangles) for Bloch and Néel domain walls at 300 K.
(b) Threshold field for depinning from (+ — —) to (— — —) for Bloch (squares) and Néel (crosses) domain walls. Here, the temperature is 300 K, and L,
=L, =L, =12 (unit cells), and the ratio of exchange interactions of the soft and hard magnetic phases is 0.5 (F = 0.5). Parameter £ is the ratio of the
anisotropy energies of the soft and hard magnetic phases multiplied by F. (From reference [51]: modified.)
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Fig. 26 (a) Effective potential energy as a function of magnetization
(M | ,M)) of a unit cell at 7= 400 K. Distribution of magnetization
is peaked at around 90 u; on the c-axis M)).
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