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We studied the properties of domain walls (DWs) of the Neodymium magnet, Nd,Fe;4B. Applying an
atomistic model, in which the magnetic moments of all atoms and exchange interactions were determined
by a first-principles calculation (Korringa-Kohn-Rostoker Green’s function method), we performed a Monte
Carlo simulation for two types of DW, i.e., moving along the a axis and along the ¢ axis, which are classified
into a Bloch-type wall and a Neel-type wall, respectively. We found that the shapes of the DWs of both types are
described well by those derived from the continuum model used in micromagnetics. We show that the estimated
DW widths are very close to the experimentally evaluated ones. Furthermore, we discovered that the width of the
latter type is smaller than that of the former type. We also investigated the temperature dependence of the DW
width and found that at higher temperatures it becomes larger and the magnitude of the magnetization becomes

smaller, which agrees with experimental observations.
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I. INTRODUCTION

Neodymium magnets [1,2] Nd-Fe-B (Fig. 1), which have
high coercive force, are the strongest permanent magnets.
They have drawn much attention, especially for their wide
commercial usage to electric motors, electronic devices,
generators with high efficiency, etc. Intensive studies towards
realization of stronger coercive force at higher temperatures
are being performed [3,4].

However, the origin of its strong coercive force has not
been clarified. To capture it, the mechanisms of nucleation
and depinning are key issues [5—8]. The property of magnetic
domain walls (DWs), accompanied by nucleation, depinning,
or defect, is an important ingredient to be studied.

The DW width is expressed as (SW:JT,/KAI in the

continuum model analysis [6], where A is the exchange
stiffness constant and K is the magnetocrystalline anisotropy.
Temperature dependence of K; for Nd,Fe;4B has been
reported, based on analysis of magnetization curves along
the hard direction [6,9-13]. K; has a maximum at around
250 K and reduces with increasing (decreasing) temperature.
It becomes negative below the spin reorientation temperature
T; = 133-150 K in the bulk [10,12,14—17]. The higher-order
term, K, rapidly fades away above around 200 K with

increasing temperature, and the equation W = m / Kil is valid

at temperatures T 2 200 K.

Empirical evaluation of A is not trivial, but Ono et al
evaluated A = 6.6 £ 0.3 pJ/m [18] from spin-wave dispersion
curves obtained by neutron-scattering measurements [19,20],
assuming K; = 4.5MJ/m? at room temperature. Other (in-

direct) methods have given A = 7.3-12.5 pJ/m [6,21]. The
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DW width evaluated from these values of A and K is around
3.6-5.4 nm at room temperature.

Direct observations of the DW have been performed using
electron microscopy, and the width has been estimated to
be 1-10 nm in the analysis of Lorentz images and electron
holography (9 and 10 nm) [22], energy filtered Fresnel
images (2 &= 1 nm) [23], and coherent electron shadow images
(4 =2 nm) [24].

On the other hand, so far the properties of magnetic
DWs of the Neodymium magnet including the temperature
dependence of the DW width have not been studied from the
atomistic theoretical viewpoint. In the present paper, we study
the properties of DWs of Nd,Fe 4B with an atomistic-model
approach.

Atomistic model studies for other materials, e.g., FePt have
been performed [25-28] and various quantitative properties
of magnetization process, DWs, etc. have been clarified. Very
recently the temperature dependence of magnetic properties
of Nd,Fe;4B has been studied with an atomistic Hamil-
tonian, and relevant bulk properties were given, including
the successful reproduction of the reorientation transition
[29]. In the atomistic model, the parameters for all atoms
and exchange interactions were obtained by a first-principles
calculation based on the Korringa-Kohn-Rostoker (KKR)
Green’s function method. For the anisotropy terms, the values
of D; in Eq. (1) for Fe atoms (six kinds) estimated in a
first-principles study [30] were adopted, and experimentally
determined A}" in Eq. (1) for Nd atoms (2 kinds) [31] were
used with (r') estimated in Ref. [32] because the estimation of
A]" by first-principles calculations has not been established.

In the present work, we study the properties of DWs of
Nd,Fe ;4B by a Monte Carlo simulation using the atomic
model with the same parameters. The DW nature depends
on its moving direction and the two types are investigated:
moving along the a axis (type I) and along the ¢ axis (type

©2017 American Physical Society
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FIG. 1. Unit cell of Nd,Fe;4B magnet, which consists of
68 atoms. Red, blue, and yellow balls denote Nd, Fe, and B atoms,

respectively.

II) [Figs. 2(a) and 2(b)]. In the former the plane of the spin
rotation is perpendicular to the a axis and we call it Bloch-type
wall, while in the latter it includes the ¢ axis and the way of
ration is like a Neel wall, and thus we call it Neel-type wall. We
find that the shape of DWs obtained by the MC simulation is
well fitted by the function derived from the continuum model,
and we successfully estimate §W in the atomistic model. It
is worth noting that the results in this microscopic study
are surprisingly close to the above-mentioned experimental
results. We also find a difference in the width between the
two types. We demonstrate the increase of the DW width
with increasing temperature for both types of DWs, which
is consistent with the temperature dependence of K in the
experiments.

The rest of the paper is organized as follows. In Sec. II,
the model and method are presented. In Sec. III A, the bulk
property is shown. In Sec. III B the properties of DW at 300 K
are studied and the temperature dependence of the DW width
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FIG. 2. (a) DW moving along the a axis (type I, Bloch-type wall);
(b) DW moving along the ¢ axis (type 1I, Neel-type wall).
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is given in Sec. III C. Section IV is devoted to discussion and
summary.

II. MODEL AND METHOD

The Nd,Fe ;4B magnet is built up with the tetragonal unit
cells (Fig. 1). The experimental values [33] of lattice constants
inthe a, b, and c axes are d, = 8.80 A, d), = 8.80 A, and d. =
12.19A, respectively. For the magnet we adopt an atomistic
Hamiltonian,

F
H = —ZZ],'J'Si -8 —iDi(SiZ)z

i<j

Nd
+D D OLALOf, (1)

i Im

where the first term is the Heisenberg exchange couplings
between the ith site and jth site (Nd, Fe, B atoms), D; denotes
the magnetic anisotropy constant of Fe atoms, and the last
term is the magnetic anisotropy energy of Nd atoms. Here
O, A, (r"y;, and OAI’”l are the Stevens factor, the coefficient
of the sf)herical harmonics of the crystalline electric field, the
average of r! over the radial wave function, and the Stevens
operator, respectively, at site i for Nd atoms. The summation as
to/ runs ! = 2,4,6 and, for simplicity, only diagonal operators
m = 0 are taken into account. The magnetic moment (S;) of
each Nd atom is given by the summation of the moment (s;)
of the valence (5d and 6s) electrons and that (7 ;) of the 4 f
electrons: S; =5; + J;.

Here J; = grJ s, where gr = 8/11 is Land€ g factor and
J = 9/2 is the magnitude of the total angular momentum and
the directions of §; and J; are antiparallel. It should be noted
that d electrons of the Fe atom and 4 f electrons of the Nd
atom do not interact and only s; contributes to the exchange
interaction. For Fe and B atoms, we give S; the same meaning
as s;;i.e., S; =s;.

We adopt the highly accurate parameter values [29] for the
magnetic moments of all atoms and the magnetic interactions,
(Jij), obtained by a first-principles computation based on the
KKR Green’s function method [34]. Since the method does
not use any finite basis set, it is free from the serious drawback
which originates from using a finite basis set when constructing
Green’s functions. In addition, the method is an all-electron
approach, which guarantees the high reliability [35]. We use
the exchange interactions within the range of » = 3.52 A, in
which dominant short-range interactions are included. The
values for the anisotropy terms are taken from Refs. [30-32],
as mentioned in Sec. 1.

In this work we use systems of N, x N, x N, unit cells
with open boundary conditions, where N,, N, and N, are the
number of unit cells in the a, b, and ¢ axes, respectively. For
typesland II, N, =32, Ny =5, N.=5and N, =5, N, =
5, N, = 32 are set, respectively. Each unit cell is referred to
by its coordinate (i,,ip,i.).

To realize a DW in each system, the following conditions
are imposed: the up-spin state and the down-spin state are fixed
at the left-edge cells and the right-edge cells, respectively. In
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FIG. 3. Temperature dependence of M. (closed circles) and M, Xy
(open triangles) in the bulk.

type I (I) the left-edge cells are the cells at i, = 1 (i, = 1),
and the right-edge cells are the cells at i, = 32 (i, = 32).

III. RESULTS
A. Bulk properties

First we simulate the magnetization in the uniform bulk
system (N, =32, N, =5, N. = 5) with periodic boundary
conditions for reference. In Fig. 3 we plot the temperature
dependence of the bulk magnetization 1\71Z = % > (1S87]) and

M,, = (\/(% Y S+ (% >, 8)?). Here the summation
runs over all the sites and N is the number of total sites and
(- - -) denotes thermal average. To obtain the MC data, 400 000
Monte Carlo steps (MCS) were applied for the measurement
after the equilibration process of 400 000 MCS. We find that
the spin reorientation transition occurs around 7, = 150 K, at
which M, has a maximum value. It is close to the experimental
values 7, = 133-150 K and agrees with the previous work
[29]. The feature of the bulk property shows the validity of our
modeling [37].

B. Domain wall

Now, we investigate the domain-wall properties. Our strat-
egy to obtain the domain-wall profile is as follows. To study
position-dependent magnetization along the a axis and the ¢
axis, we define the z component of the local magnetization,

1
M.(0) = 5D S5, @)
T

where x /d, = i, for type I and x /d. = i, for type II. Here site
index j runs over the spins in the unit cells at i, for type I
and at i, for type II. N, is the number of the sites in the unit
cells at i, and i, for types I and II, respectively. In the same
manner the x component M, (x) and the y component M, (x)
are defined. We also define the amplitude of xy components
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FIG. 4. (a) M, along the a axis (type I) at 300 K. The unit of the
vertical axis is ug/atom. (b) M,, along the a axis (type I) at 300 K.
(c) M, along the c axis (type II) at 300 K. (d) M,, along the ¢ axis
(type II) at 300 K. The analytical functions m.(x) and m ,(x) are given
by black lines in (a) and (b) [(c) and (d)], respectively. Here symbols
denote M, (x) [M,,] at different MCS.

as

Mxy(-x) =4/ Mx(x)2 + My(x)2~ (3)

We take snapshots of { M (x)} at given MCS in the equilibrium
state. Then the snapshots are fitted by a position-dependent
function m,(x) = m(T) cos 6(x), in which 6(x) is the rotation
angle of the spin at x and m(T) is the spin length at temperature
T. Applying the relation cos 6(x) = —tanh (;‘—0), which holds
in the continuum model [6], we have

m.(x) = —m(T) tanh (g) @
0
X
my(x) = m(T) cosh 5 ) (®)]
0
and m, (x) = 0. Here § is the wall parameter: §o = Kil and
the width of the DW is given by §W = n(j—g)g_ n= wéody

(X =aorc).

We fitm (x) [Eq. (4)] to the data of snapshots of (2) obtained
by the MC method. Here we take 89 and m(T) as fitting
parameters, and from the fitted values we have § W. Snapshots
of M, along the a axis obtained by the MC method at 300 K are
plotted in Fig. 4(a) by symbols. In the MC procedure, snapshots
are taken at every 20 000 MCS after the first 400 000 MCS
used for the equilibration. The position of the DW fluctuates
along the a axis, and thus we shift the center of the DW (x for
M, = 0) to the origin of the horizontal axis (x = 0).

We find that the MC data are fitted well by the function
(4) with 89 = 2.308 and m(T') = 1.734, which is given by a
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FIG. 5. Temperature dependence of M, along the a axis (type I) (a)—(c) and along the ¢ axis (type II) (d)—(f). (a),(d) 200 K; (b),(e) 400 K;

(c),(f) 600 K. The unit of the vertical axis is pug/atom.

black line. Here §W = mépd, = 6.38 nm. Experimental § W
at room temperature is 3.6-5.4 nm or 1-10 (see Sec. I), and
our estimation is close to the values.

In the figure we do not see the fixed M, at the edges to focus
on only the center part. The edge M, has a full value of the z
component, 2.189 (or —2.189), but M, decreases (increases)
very rapidly within 1-2 unit cells and reaches a saturated value
m(T). m(T) is almost the same as M, in the bulk. This indicates
that the fixed magnetizations at the edges do not affect the DW
magnetization.

If DW is Bloch-wall type, m,(x) should be the function (5)
and m,(x) = 0 because the profile changes along the x axis.
Since the direction of the magnetic anisotropy is parallel to
the ¢ axis, the z axis of the spin space and the ¢ axis agree.
However, because only exchange interactions (short-range
force) are taken into account as magnetic interactions, the
direction in the xy plane of the spin space is not determined
uniquely; i.e., the x axis and the a axis do not generally
coincide. Then, we regard the transverse component M., as
the y component M,. Snapshots of M,, obtained by the MC
method are plotted with symbols in Fig. 4(b).

The function m,(x) [Eq. (5)] with the fitted parameters
8o = 2.308 and m(T) = 1.734 is also drawn. We find that
the function fits well at relatively large values of M., by the
MC method. Deviation of the MC data from the function is
attributed to the definition of M,,, i.e., Eq. (3), in which the
squared quantity (=0) is averaged. We conclude that the DW
moving along the a axis is a Bloch wall and the shape is well
fitted by the function obtained by the continuum model.

Next we study DWs moving along the ¢ axis (type II).
Since the direction of §; is the same as the ¢ axis and the
boundary magnetic moments are parallel to the ¢ axis, the DW
is a Neel-type wall. In this case, the same analysis is applied.

We illustrate snapshots of M, along the c axis with symbols
in Fig. 4(c) obtained by the MC method at 300 K. These MC
data are well fitted by the function (4) with §o = 1.428 and
m(T) = 1.732 (black line). Thus, the width is W = 7 §pd,. =
5.47 nm. It is found that the DW width of type II is smaller
than that of type I, which is also close to the experimentally
estimated values.

Snapshots of M,, obtained by the MC method are plotted
with symbols in Fig. 4(d). The function (5) is also given with
80 = 1.428 and m(T) = 1.732. The MC data are well fitted to
the function. The way of spin rotation is different from type I,
but the DW shape is similar.

C. Temperature dependence of domain wall

Next we study the temperature dependence of the DW
properties. We investigate 200 K and temperatures higher than
200 K. Temperature dependence of the magnetization profile
along the a axis (type I) is depicted in Figs. S at (a) T = 200 K,
() T =400K, and (c) T = 600 K. We also give function (4)
(black line) with (89,m(T)) = (2.050,1.872),(2.572,1.575),
and (2.813,1.211) for Figs. 5(a)-5(c), respectively. Each
function fits well to each MC data. Thus, we have W = 5.67,
7.11, and 7.78 nm at 200 K, 400 K, and 600 K, respectively.
The DW width becomes larger as the temperature increases,
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FIG. 6. Temperature dependence of §W in type I (blue circles)
and type II (green circles). The up-and-down arrow (Exp. 1) denotes
the range of the experimentally estimated §W at room temperature
from the values of K; and A, and the down arrow (Exp. 2) denotes
that obtained by electron microscopes at room temperature.

which implies that K| reduces faster than A with increasing
temperature. This is consistent with experimental observations
and also a theoretical estimation [29,38].

We also investigate the DW profile for type II. We depict
M, along the c axis with symbols in Figs. S at (d) T = 200 K,
(e) T =400 K, and (f) T =600 K. We give function (4)
(black line) with (89,m(T)) = (1.313,1.880),(1.626,1.571),
and (1.772,1.190) for Figs. 5(d)-5(f), respectively. Each
function fits well to each MC data. DW widths are §W = 5.03,
6.23, and 6.79 nm at 200 K, 400 K, and 600 K, respectively.
We find the growth of the DW width with the temperature as
well as type I. Here the DW widths are smaller than those of
the type L.

The temperature dependence of the amplitude m(T') agrees
with M., in the bulk. We checked that the quantitative properties
of the DW do not change depending on the system sizes, e.g.,
26d, x 5d, x 5d., etc.

Figure 6 summarizes the temperature dependence of the
DW width in our simulation and the range of experimental
values at room temperature. The DW widths evaluated by our
approach are very close to the experimentally observed values.

IV. DISCUSSION AND SUMMARY

In this study we first gave a microscopic origin to the
DW nature for Nd,Fe;4B, which has been studied from
macroscopic observations so far. The DW of Nd,Fe 4B is
well described by the function derived from the continuum
model in types I and II. The DW widths for types I and II are
different. Orientation dependence of DWs has been pointed
out for FePt [25,26], and this property is likely a general
characteristic feature of permanent magnet materials where
the magnetic parameters themselves are anisotropic, not only
the magnetic anisotropy.

PHYSICAL REVIEW B 95, 094429 (2017)
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FIG. 7. M, along the a axis (type I) for the model with the dipole-

dipole interaction by the MC method (symbols). The black solid line
denotes the function (4) in the text with § = 2.57 and m(T) = 1.57.

The fact that the width for type II is smaller may be
attributed to the lattice structure, in which Nd planes are
perpendicular to the ¢ axis. In the Nd plane the exchange
couplings between neighboring Nd and Fe atoms are small
compared to those between neighboring Fe atoms. Namely,
exchange energies |2J;;s;s;| between Fe atoms (r < 3.52 A)
are 16.22-44.6 meV, while those between Nd and Fe atoms
are 1.60-7.10 meV. Thus, the correlation across the plane
would be smaller.

There have been experimental suggestions [39-41] about
the formation of type I walls in the (quasi-)static multidomain
state of large grains in Nd,Fe 4B, but microscopic structures of
DWs are unclear due to technical difficulty. Atomistic-model
studies including dynamical aspects will play an important role
in elucidation of the condition (environment) for the DW type.

We ignored the dipole-dipole interaction for the model.
In the present system sizes, the dipole field applying to each
atom is much smaller [< O (10~%)] than that from the exchange
couplings, and, furthermore, the dipole field from the left of
the domain wall and that from the right cancel. We check
this estimation. We give in Fig. 7 the domain-wall profile M,
along the a axis (type I) at 400 K by the MC method for the
model (1) with the dipole-dipole interaction. The system size
is 16d, x 5d;, x 5d.. The black solid line denotes the function
(4) with 8y = 2.572 and m(T) = 1.575. We find that the MC
data are fitted well by the function. This suggests that the
dipole-dipole interaction in such system sizes is negligible for
the estimation of the domain-wall width. In larger systems,
however, the dipole-dipole interaction may play an important
role in the selection of the type of DW in the nucleation process
and also the motion of the DW. We will study it in the future.

The properties near the Curie point is interesting from the
view point of critical phenomena. For FePt it has been reported
that in the temperature region close to the Curie temperature, a
linear domain wall dominates the magnetization reversal [42].
In the present paper we concentrated on the domain walls in
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a well-ordered state. Study of the possibility of linear DW in
Nd,Fe 4B is also interesting from this viewpoint.

The estimation of the DW free energy will be useful because
the temperature dependencies of the free energy and the DW
width give information about the temperature dependencies
of K(T) and A(T), as studied in FePt [43]. The structure
of Nd,Fe 4B is more complicated than that of FePt, but the
temperature dependence of the DW free energy of Nd,Fe 4B
will be a future work.

Coercive force depends on nucleation and domain-wall
depinning. In our previous study [8] for a simple model of
hard magnetic grains contacting via a soft magnet by using
the stochastic Landau-Lifshitz-Gilbert approaches [28,44],
nucleation filed and pinning filed depends on A and K and
also dynamical effects including thermal fluctuation at finite

PHYSICAL REVIEW B 95, 094429 (2017)

temperatures. The application of this kind of study to the
present atomistic model for Nd,Fe 4B may give us important
information about the relation between domain-wall properties
and nucleation and pinning fields in Nd,Fe 4B, which will be
studied in the future.
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