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1. Introduction

From an industrial viewpoint, magnetic anisotropy is the most important property of
ferromagnetic materials. It governs the efficiency of magnetic media in hard disk drive (HDD)
devices, permanent magnets in motors and so on. Permanent magnets have strong magnetic
anisotropy above room temperature, especially in motors of hybrid and electric vehicles. They are
consequently highly desired in terms of addressing energy problem.

In this symposium, we will first overview the general theory for the magnetic anisotropy at
finite temperature and show how the magnetic anisotropy constants (MAC) vary as temperature
increases.”  Next, we will discuss on the effects of thermal fluctuation (activation) of
magnetization on the reversal (coercive) field, on the basis of magnetic viscosity. Finally, let us
show some calculated results for the temperature dependence of MAC of Nd:Fe1sB and mainly
discuss the site dependence of the MAC’s at around the room temperature. 2.3

2. Theoretical evaluation of the magnetic anisotropy constants at finite temperature
Suppose that the classical Hamiltonian of a magnetic system having the uniaxial anisotropy is
given by
H =, Y sin? 6 +x, Y sin* 6, +H,, 6))
1 1

where the first two terms indicate the magnetic anisotropy energy and the last term the exchange
energy. Here the constants x; and x, can be expressed through the expansion coefficients of
the crystal field energy in terms of the Legendre polynomials P (C0S#), from which we have
K, =—3B) —40B and «, =35B; with B} being the crystal field parameter. The methods to
evaluate the temperature dependence of the MAC’s are listed as follows:

1) to solve the stochastic LLG (Langevin) equation involving the thermally fluctuated field, and
derive the MAC’s by the magnetization curves for the applied fields parallel and perpendicular to
the easy axis.

2) to calculate the free energy F(®,T) by performing the Monte-Carlo method with the average
magnetization direction of ©®, and derive the n-th MAC’s K (T) by fitting F(®,T) with
K,(T)sin’> @+ K, (T)sin*®.

3) to express directly the form of MAC’s by means of the first order perturbation theory in terms of

the anisotropy terms, which gives

K(T)=cx, +(@B/7)(c ~c)x,, K,(T)=c,x,, (2)
c, = (1/2)(3cos® 1), =(P,(cos)),, . (3a)
c, = (1/8)(35c0s* —30cos® O +3),, =(P,(cos®)),,_ (3b)

Note that K,(0) =x; and K,(0)=x,, since ¢, =1 when 7'=0.
Although the method 1) requires much computational time and resource, it is most realistic to
reproduce the magnetization curves. To perform the method 2), it is useful to adopt a new

technique proposed recently by Asselin et al.¥ Employing this method, we have successfully
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reproduced the temperature dependence of MCA’s of Nd2Fe1sB.» The method 3) provides us
physically transparent form of the MAC’s and is the most convenient way to realize the MAC’s if
one further adopts the mean field approximation for the exchange term. One can understand from
egs. (2) and (3) that K, (T) (T >0) is determined by x, and k,, and further by H, through
(P (cosh)), . Additionally, according to the Callen-Callen theory,” one should note the relation
(P (cosO)yy, = (cos@y{ D =(my"'? where (m), =M(T)/M(0) . Recently, we have
confirmed by using the methods 2) and 3) that the approximate relation (P, (c0s8)),, ~(m) I,_fle:l)/z
holds in the wide range of temperature as far as KgT < H,, is satisfied. Thus, the MAC’s can be
expressed by using (M), =M(T)/M(0) as K,(T)=(x; +8/7K2)<m>i|ex —8/71(2(m)1,fex and
K,(T)= K2<m>1,fex . In Fig. 1, we show the calculated results of the temperature dependence of
MAC’s of Nd2Fei14B based on the above expressions. Here, we input the experimental data of
(M), =M(T)/M(0) and took into accounted for sin® @ term in addition to x, and k, terms.
One can recognize that the above expressions can work well for the complex compounds like
NdzFe14B.

In addition, we should emphasis here that K (T) (T >0) is dominated by H, as well as
k, and k,, as mentioned above. This implies that the K, (T) at surfaces or interfaces exhibit
larger decrement with temperature than those inside the bulk. Figure 2 shows the temperature
dependence of K, (T) both for H,= 350 and 175 in units of kelvin.! One can see that the
K, (T) values for H, =175 [K] is much smaller than those for H_ = 350 [K] as bulk values, when
the temperature is above 200 [K], which leads us to consider that the magnetization reversal takes
place by a smaller field at the surfaces or interfaces of grains in magnets.

In the symposium, we will discuss the site dependence of the MAE and the effects of thermal

activation on the reversal field in Nd-Fe-Bd.
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Rare earth permanent magnets, particularly Nd-Fe-B, exhibiting strong magnetic performance are attracting consider-
able attention because of the rapidly growing interest in electric vehicles. The main focus of research in involving these
materials is to increase the coercive field H. and improve the temperature dependence. Recently, Sasaki et al."” conducted
theoretical studies in the quantitative level on the temperature dependence of magnetic anisotropy for a Nd,Fe 4B bulk

system. However, as these theories relied on the mean field approach, they are not enough to include the effects of magnetic

inhomogeneities. N
- . 06L® 100K o
Because of the above background, we constructed a realistic classical 7 00 -.ai‘w.i T 0[e 125K 8
. . . . . 2 Eoccossciod| = ° 200K
three-dimensional Heisenberg model using results from first-principles cal- § N 'y = o o0 ..."1
culations, and investigated the magnetic properties of the Nd,Fe ;4B bulk £ £ © 500 K'l' o
. . : E Yool &
system at finite temperatures. To analyze the finite-temperature magnetic E o8 £ 02
anisotropy, we applied constrained Monte Carlo (C-MC) method? to the L E: 0.0
above classical Heisenberg model. The C-MC method fixes the direction B a v a— ra——
of total magnetization, M, in any direction for each MC sampling without 0 [°] : angle from z-axis

external magnetic field. This allows us to calculate the angle 6 dependencies ~ Fig. 1 Angular dependence of torque (left
of magnetization torque and free energy. side) and free energy (right side) at each

Figure 1 shows the y-direction torque and free energy as a function of  temperature.

magnetization angle §. We can see that for 100K and 125K, the torque 4.0
(free energy) curve attains a local maximum (minimum) at § # 0, which "E 2(5)
reflect the spin reorientation of Nd,Fe4B. In contrast, above T > 200K, % 215
the local maximum (minimum) disappears and the torque (free energy) % 20
curve approaches o sin 26 (sin® §). This behavior implies that the magnetic i% 12
anisotropy constant K{* becomes dominant as the temperature increases. p% g'z
0

We also discuss the external magnetic field Hx response of the energy

Magnetic Field [T]

barrier (activation energy) which governs the probability of magnetization

. . . ) . Fig. 2 Height of the energy barrier, ¥, as
reversal via the thermal fluctuation of spins. Figure 2 shows the height of

. . . . . . a function of external magnetic field, He,
the energy barrier, ¥5, when H.y, is applied opposite to the z-direction of
) 5 0 at each temperature.
M. The H,y, response of 7p is generally expressed® by: Fp(Hex) = Fp(l—
H/Hy)". The exponent n can take various values, such as n = 2 for the Stoner—Wohlfarth model and n = 1 for the weak
domain-wall pinning mechanism.® The parameters ‘Flg , Hp, and n were obtained by fitting Fp(Hey) in Fig. 2. We can find
that n takes values of less than 2 in the low-temperature region (below the room temperature, 7r ~ 300 K) and approaches
2 as the temperature increases. This reflects the fact that the magnetic anisotropy is mainly governed by the K f term in the

high-temperature region.
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The magnetization reversal process of a Nd-Fe-B magnet has been long a controversial issue since its discovery.
Recently, the importance of this subject becomes more significant because of the growing demands of high performance
permanent magnets for electric/hybrid vehicle and generator applications. Since a Nd-Fe-B magnet has a microstructure
of the Nd,Fe 4B main phase grain and the intergrain phase, it has been widely accepted that the grain boundary plays a
crucial role for the magnetization reversal process. In Nd-Fe-B sintered magnets, however, the grain boundary direction
is randomly distributed with respect to the c-axis of Nd,Fe4B phase. On the other hand, a Nd-Fe-B hot-deformed magnet
has a microstructure of well aligned platelet Nd>Fe14B gran, and the grain boundary mostly exists along the directions of
parallel and perpendicular to the c-axis of Nd,Fei4B phase. Thus, a Nd-Fe-B hot-deformed magnet is expected to be a
model magnet for the analysis of the magnetization reversal process. In this talk, we discuss the magnetization reversal
process of the Nd-Fe-B hot-deformed magnets through the magnetic viscosity [1] and the first-order reversal curve
(FORC) analyses [2].

The samples used in this study are the Nd-Fe-B hot-deformed magnets with and without the Nd-Cu eutectic alloy grain
boundary diffusion process [3]. The former and latter are referred as GBD and HD, respectively. The coercivity H. of
these two samples are quite different, i.e. 2.2 T for GBD and 1.1 T for HD at ambient temperature. Under finite temperature,
the magnetization reversal takes place through the thermal activation process against the energy barrier Ev(H). Ev(H) is
usually expressed as Evw(H) = Eo(1 - H/Hyp)", where H is the magnetic field, Eo the energy barrier height at H = 0, n the
constant depending on the magnetization reversal mode; n = 1 for domain wall pinning and n = 1.5 ~ 2 for nucleation or
coherent rotation. Recently we proposed the method to determine these energy barrier parameters from the magnetic
viscosity measurement [1]. Fig. 1 shows the value of n for HD and GBD magnets as a function of temperature.
Surprisingly, the value of n almost keeps to be 1 irrespective of temperature and samples whereas H. varies significantly
with temperature and samples. This fact indicates that the domain wall pinning is the major magnetization reversal process
at H = H.. Fig. 2 shows the FORC diagrams of HD and GBD samples. For this experiment, the samples are shaped into
long rods of 3*#0.5*0.5 mm? in order to reduce the demangetiation factor N,. Both the FORC diagrams of HD and GBD
exhibit simple Gaussian patterns with narrow distributions. From these results, we may conclude that the effect of local
demagnetization field which has been frequently discussed is negligibly small, and the coercivity distributions are also
very small. This work was partially supported by ESICMM
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Fig. 1 Power inde?( nof energy barrier Fig. 2 FORC diagrams of HD and GBD samples at ambient
function as a function of temperature. temperature.
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Excellent hard magnetic properties of Sm,Cois-type
sintered magnets at elevated temperature make them the only
choice for the applications above 300°C. However, the coercivity
of Sm,Coy;-type permanents magnets strongly depends on the
cooling rate from aging temperature of ~850°C; No coercivity
for rapidly quenched sample while the coercivity is enhanced to
~2.0 T after slow cooling [1]. This has been correlated to the Cu
content and its distribution in the cell boundary phase [2].
Questions raise here; does just small increase of Cu in the cell
boundary phase substantially enhances coercivity or are there
other microstructural features influencing the coercivity of

Sm,Coy7-type permanent magnets? In this work, we have

revisited the microstructure of Sm,Co,;-type sintered magnets Ch

with different coercivity levels and discussed the coercivity ;“? g"’ :

mechanism by employing finite element micromagnetic :‘Eg saauna 8 Eg" L1 “’ 22

simulations to answer to these open questions. é, :2 im~ ::m é 1 "
Commercial Sm(Coqg784Fe0.100Cu0.083Z10.028)7.10 sintered § ,'E :: es s i1 15 18 21 §z§ 3 6 o s m

magnets with two different heat treatment conditions, one  § | cu Ps é:g Cu :

quenched rapidly and the other slowly cooled from 850°C were © foza i f1 36 s

studied. The magnetic properties of the samples were measured 31‘“: Al — z‘“l ﬁn z:; . 12'“ 'm oo

using a SQUID-VSM. Microstructure of the samples were Distance (~nm) Distance (-~nm)

analyzed using SEM/FIB (Carl Zeiss 1540EsB), TEM (Titan G2 (%5 (&) e (©) B EM(a O fmage ane (0 e
80-200)) and 3DAP. Influence of the microchemistry of the cell ~composition profile obtained from the SmyCo)s-type
bqundary ph.ase. to i'fs pinning strength was studied using Z;ﬁrgli?mgl:g;};:do faggofclfmy cooled down from
micromagnetic simulations.

The sample slowly cooled down from 850°C showed
the high coercivity of 2.6 T, while coercivity of the quenched sample was only 0.14 T. Figure 1 (a) and (b)
show high resolution STEM-HAADF images obtained from the quenched and slowly cooled samples
respectively. Sm,Co;; matrix phase, SmCos cell boundary phase, and Z-phase are observed in the
microstructure. Unlike the quenched sample, SmCos/Sm,Co;; interface is sharp and smooth in the slowly
cooled sample. Figure 1 (c) and (d) show 3D atom maps of Sm and Cu and their composition profiles
obtained from the two different cell boundaries of the quenched and slowly cooled samples. Enrichment of
8.6 at. % of Cu and 7.7 at. % Fe was found in the cell boundary of the quenched sample while the SmCos
cell boundary phase of slowly cooled down sample contains 15.4 at. % of Cu and 3.0 at. % Fe. In addition,
the distribution of Cu broader than that of Sm was found in the cell boundary of the quenched sample.
Micromagnetic simulations showed that the enrichment of Fe in the cell boundary and the broad distribution
of Cu results in a smaller gradient of K, through the 2:17/1:5 interface, which decreases the pinning strength
of the cell boundary phase. This explains the low coercivity in the quenched sample.

[1]1 D. Goll, et al. Appl. Phys. Letters 76 (2000) 1054-1056. [2] X. Y. Xiong, et al. Acta Mater. 52 (2004) 737-748.
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