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We have successfully performed a large-scale micromagnetics simulation for more than 100 million cells
with long-range dipolar interaction using the fast Fourier transform method. The recent demand for a
coercivity mechanism in permanent magnets requires an extremely large simulation size, requiring a
large-scale micromagnetics simulator. We have developed a large-scale micromagnetics simulator in
which a magnetostatic energy calculation is implemented using fast Fourier transform. A hybrid parallel
algorithm, which is a combination of shared-memory and distributed-memory parallel algorithms, is used
to handle large data arrays. The simulation was carried out on a Hitachi SR16000/M1 supercomputer.
Our simulator enables the calculation of realistic size of crystal grains and grain boundaries in a
permanent magnet. We have also implemented a neutron scattering experiment simulator and compares

the calculated results with experiments.
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Inter-grain Interaction in Random Magnetic Anisotropy Simulation in

Magnetic Nanocrystals
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Effect of inter-grain exchange interaction on the coercive forces was analyzed with a numerical simulation in
magnetic materials with random magnetic anisotropy. The magnetization of an assembly of magnetically-
interacting grains with randomly-oriented uniaxial anisotropy was calculated using the Landau-Lifshitz-
Gilbert equation. We supposed a single spin model where the magnetizations in a grain were aligned in
the same direction, for simplicity. Calculations were carried out for an N x N x N system, where the number
of grains on a side, N ranged from 16 to 128. The relation between the coercive forces Hc and the grain size
D is represented by Hc oc D*. With the increase of N, k decreased gradually and tended to reach a saturated
value around k£ = 4.5 ~ 5, which dose not correspond to the primitive theory of the RAM where k = 6. The
deviation was discussed in terms of the inter-grain interaction, essentially proportional to the inverse of D.

I. INTRODUCTION

Randomness in magnetic materials has been payed at-
tention from the begining of the development of amor-
phous materials.!»> Magnetic nanocrystals, in which
randomly-oriented, nano-sized and ferromagnetic crys-
talline grains are densely gathered, exibit excellent soft
magnetic properties and have potential for use in prac-
tical application.>* In order to elusidate this soft mag-
netism, random magnetic anisotropy has been studied
from both fundamental and practical points of view.?

HerzerS has proposed a theory where the magnetic
anisotropy energy is averaged out in a magnetically-
coherent area coupled with exchange interactions. As
a result, the relation between the grain size D and the
coercive force Hc is predicted to be Hg ~ DS. This is
called the random anisotropy model (RAM) and it is the
most popular model for interpreting soft magnetic char-
acteristics. Many experimental reports support this sim-
ple theory not only for single-phase materials but also for
multi-phase and granular substances. We have reported
on the coercive force of pure Ni nanocrystals and con-
firmed the DS dependence in the particle diameter range
of 8-13 nm.”

In spite of a convincing argument in the RAM the-
ory, some studies of nanocrystalline materials for practi-
cal applications showed different dependence of coercive
forces from the D®. The shape of the sample and the
distribution of the stress were considered to affect the
dependency of the coercive force®?. Additionally, a few
magnetic systems do not show the D relationship, but
rather a D3 dependence, because of the increasing effects
of defects and stresses with decreasing grain sizes® 1.
Therefore, the relationship between D¢ and Hc within
the framework of the RAM is worth reconsidering with
an analysis that includes the exchange interaction.

We have performed the numerical analysis of RAM
with a formalization of the exchange magnetic field that

operates between particles by using the Landau - Lif-
shitz - Gilbert (LLG)equation.!?1® The coercive forces
were obtained from a simulation with calculation cells of
N = 10, namely 10x 10 x 10, and the DS dependence was
confirmed. For making the simulation accurate, it is nat-
ural to increase the number of calculation size, N. With
an increase of N, k, the index in the D*. determined by
the averaged slope in the log Hc —log D curve decreased
and deviated from 6 for N = 25, while the peak value
of derivatives of the curve show less deviation from 6. It
was suggested that the simple model proposed by Herzer
still works in the limited range of D.3

In this study, we extend the simulation to examine the
inter-grain interaction in a random magnetic anisotropy
system. The larger scale simulation than previous works
was carried out. To obtain the D% dependence as one
from the fundamental theory, correction in the inter-
grain interaction is numerically examined by adjusting
the inter-grain interaction.

1. SIMULATION MODEL

The model of magnetic nano-grains with the exchange
interaction at their interface, where the grains align on a
simple cubic lattice, is shown in Fig. 1. One particular
i-th grain has a cubic shape surrounding by six adjacent
cubic grains. The cube is assumed to have Ng atoms on
a side and a lattice constant of a, therefore total number
of the atoms in the grain Nt and the grain size D is
expressed as Np = N§’ and D = Nga. The exchange
energy of the i-th grain, E! . is expressed as follows:

ex’

Bl =~ Y J(Si-Skefijsjn}) = Bar + B (1)

(spin)

Here, j, Eg and Fiye denote the grain adjacent to the
i-th grain, the energy in the i-th grain and the interac-



tion energy between adjacent grains, respectively. The
summation in Eq. 1 is carried out for n = 6 from j; to

Je -

(2)
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FIG. 1. Model of the random anisotropy nanomagnet sys-
tem. Spins at the interface between two magnetic grains ¢
and j, with exchange interaction and the calculation size N
are schematically illustrated.

In a case the magnetic spins in the cubic grains are
aligned in the same direction and have the same ampli-
tude (single spin model), then the magnetization of i-th
grain, my, is expressed by m; = > S = NtS. The inter-
action energy in Eq. 1 is expressed simply as

= > J(Si-SK) = —JNI(Si-S;). (2)
ke{.]n}

lnt(laJn)

Rewriting the terms in Eq. 1, the following equations are
obtained:

6 6
B =Y Busigy = — 2 INZ(Si-S;,).  (3)
n=1 n=1

The effective field at the i-th grain, Hlg, that results
from the interaction between grains can be represented
by the relation Hl; = —0E. /Om;. Because the deriva-
tive of the first term in Eq. 1 should be 0, the effective
field is derived as follows:

o 6
Hyg=———o > NS Si) (@)
guBazSi 7; :

Z - (5)

sgﬂB

Finally the effective field is proportional to the inverse of
the grain size.!?

H., = S; . 6
ff Dg,LLBZ J ()

The motion of the i-th grain’s magnetization under an
effective magnetic field Heg = —9H;/0m; can be repre-
sented using the Landau—Lifshitz—Gilbert equation

% = —y[m; x Heg] — % [m; x [m; x Hegl].  (7)
Here, H; is a sum of the exchange energy, anisotropy
energy, and Zeeman energy.

The parameters were assumed as those used in previ-
ous works'?13: an atomic magnetic moment of gupS =
5.56 x 1072 emu, a distance between atoms of a =
3.4 x 1078 cm, an exchange energy between interface
atoms of J = 0.1x 1074 erg (J = 1.6 x 10~ erg for bulk
Ni), and a magnetic anisotropy constant of K = 4 x 10*
erg/cm3.12 These conditions were set to correspond to
the case of Ni nanocrystals, and a uniaxial magnetic
anisotropy is assumed. A periodic boundary condition
was applied to eliminate the edge effect.

The first step of simulation is to generate an orienta-
tion distribution of the magnetic anisotropy in N3(N x
N x N) cells (see Fig.1). To establish the random ori-
entation, we created pairs of random numbers by us-
ing a conventional large-scale random-number generator
algorithm'#. The direction of the principal axis was spec-
ified with polar coordinates 6 and ¢. The probability on
the coordinate system was weighted by cos™'8 to obtain
an equal distribution on the polar coordinate system.
The simulation cell size N was varied from 16 to 128.
The motion equation based on Eq. (7) was numerically
solved!? by using a Hitachi SR16000/M1 supercomputer
installed in KEK.'® By changing the amplitude of the ex-
ternal magnetic field, we reproduced the hysteresis loops,
and we determined the coercive force of the system.

IIl. RESULTS AND DISCUSSION

Grain size dependence of the coercive force were ex-
amined for N = 16 - 128. Each plot in Fig.2 corresponds
to its respective abscissa. The results of the linear fits
are displayed by the solid lines, and the corresponding
number k is given near each plot.

For one particular calculation size of N, k was deduced
according to the range of interest; for example, k = 4.94,
4.65 and 4.28 for the fitting range of He = 3-30 Oe, 2-30
Oe and 1-30 Oe, respectively. These results are summa-
rized in Fig.3.

To conduct a detailed analysis we have used the dif-
ferential amplitude against the grain size for the estima-
tion of k.'® The same way of smoothing the data and
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FIG. 2. Grain size dependence of the coercive force for N
= 16 - 128. Each plot corresponds to its respective abscissa.
The results of the linear fits are displayed by the solid lines,
and the corresponding number k is written beside each plot.
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FIG. 3. Dependence of k on the inverse of the simulation size
N. The indices k in D* obtained from the different range of
interest in coercive forces are plotted together with the peak
values of gradient seen in Fig. 4(a).

calculation of d logHc/d logD as used in the previous
report'® was adopted. The result of k is depicted in Fig.
4(a) after smoothing the raw data plotted in Fig. 4(Db).
For each calculation size N, the derivative curve shows a
peak at around D = 16 nm(Fig. 4(a)). The k, namely
d logHc/d logD, curves for N = 64 and 128 have almost
identical feature over the whole range of D. The peak
values are also plotted against 1/N in Fig. 3 and the k
values derived from the linear fit for 3-30 Oe and from
peak values of the curves tends to saturate to be 4.5 and
5, respectively, as N become larger. These facts indicate
that the k saturates for the calculation size larger than
64.

It is noted that scattering of data at the small grain
size region is getting thinner as the N increases as seen
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FIG. 4. (a) Index k in D* evaluated from the derivatives
of the data shown in (b) and plotted against grain size. (b)
Coercive force before smoothing plotted against grain sizes
for N =16 — 128.

in the Fig. 2. It is considered to be due to the range of
exchange covers wider region at smaller grain size.
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FIG. 5. Grain size dependence of the coercive force for N =
16 - 128 with correction factor 6 to fit to the D® dependence.
In the case of N = 128, the result fit to k = 6.1 is plotted.
(See text.)

It is thought that the shortage of a calculation size
comparing with an exchange length of a system affects
the artificial dependence of k on N. Clear dependence of
k on the N obtained from the linear fits and differenti-
ation was seen in Fig. 3. The k tends to saturate at a
large value of IV, therefore the smaller peak value around
5 than 6 is an intrinsic amplitude if we adopt the single
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FIG. 6. Correction factor § plotted against the inverse of the
simulation size, 1/N. The open and solid circles for N = 128
depict a value resulted from a simulation fit for & = 6.1 and
an extrapolated value for k = 6, respectively. (See text.)

spin model to the random anisotropy system.

In the present RAM simulation, the power low Hg ~
Db is affected by the inter-grain interaction and k may
change according to the condition of the interaction. We
assumed that the total interaction between two adjacent
grains is proportional to the number of spin pairs facing
at the interface. This assumption leads to us that the
interaction energy is proportional to D~! seen in eq.(6).
The deviation of k from 6 might be originated from the
properties of interaction. To understand it phenomeno-
logically, we determined the correction factor § defined
the interaction field by Hl; ~ D~(+9)  Calculations
were carried out to obtain D% dependence by adjusting &
and the results of Hc — DS relation are shown in Fig. 5.
The obtained § are plotted in Fig.6. Due to the limited
calculation time for N = 128, the number of simulation
was not enough to determine § precisely. Therefore, the
result of simulation fit to £ = 6.1, closest to 6, was plot-
ted in Fig. 5 and § = 0.33 was plotted by a open circle
in Fig. 6. The extrapolated value for k = 6 is obtained
to be 6 = 0.31 and is plotted by a solid circle in Fig. 6.
Corresponding to the deviation of k£ from 6, § become
large and looks saturate when N increases.

The power low Hc ~ D% expressed the ideal averaging
of magnetic anisotropy on all over the nano-sized grains,
because RAM corresponded to the large limit of exchange
coupling between grains. Therefore, correction factor §
simply realizes the obtained power low, Hc ~ D*® on
this single spin model to be Hg ~ DS, and this § does not
guarantee the reproduction of realistic measurement.” In
the realistic case, the exchange constant at the interface
of nano-sized grains should be finite value, thus the mag-

netization in each grain possibly deviates from the aver-
aged direction even under the influence of exchange cou-
pling. The deviation of magnetization forms the twisted
structure of the spin arrangement near the interface of
grains.

Within a framework of the single spin model, the spin
simply represents the direction of magnetization in a
grain. Thus, it cannot express the twisted structure of
the spin arrangement near the interface. The exchange
energy near the interface is renormalized into the
effective exchange field at the interface. These facts
potentially cause the under estimation of an exchange
energy. In other words, some sort of correction factor
6 is required to reproduce the power low of realistic
measurement.
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