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Neodymium (Nd) magnets (NdzFe14B) are important permanent magnets due to their strong co-
ercive force, which contributes to high-efficiency energy conversion technologies. This coercivity is
often enhanced by substituting dysprosium (Dy). Therefore, understanding the magnetic properties
of Dy-substituted systems, (Nd1—Dy.)2Fe14B, is essential. We investigate the spin reorientation
transition in (Nd1—;Dys)2Fe14B using a recently developed atomistic modeling approach. This mod-
eling method captures the microscopic mechanisms of magnetic interactions and temperature effects,
including thermal fluctuations. We study the = dependence of the spin reorientation transition tem-
perature (Tsr) and the canting angle (6) of the total magnetization using an importance-sampling
Monte Carlo method, based on a model with microscopic parameters derived primarily from first-
principles calculations. Our estimates of Tsr and 6 are consistent with experimental results. We
also compare our results with those obtained from a previous mean-field-like study and show sig-
nificant differences, particularly at higher Dy concentrations. Our model more accurately captures
experimental trends in this regime. We attribute this improvement to more accurate representations
of canting angles and anisotropy energies of the constituent atoms. Additionally, we investigate an
anomalous behavior in the total magnetization of (Ndi_;Dyz)2Fei14B. We find a non-differentiable
point in the magnetization at Tsgr, which becomes more pronounced with increasing x, peaking at
x = 0.5. We discuss the origin of this anomaly in detail through analysis of the magnetic properties

of the constituent atoms.

I. INTRODUCTION

Controlling the magnetic properties of permanent
magnets is crucial for achieving high energy conversion
efficiency. Neodymium (Nd) magnets [1-10], whose main
phase is NdoFe 4B, are particularly important due to
their high coercive fields [11-20]. These magnets are
widely used in motors, generators, electronic devices, and
other applications. The increasing demand for electric
vehicle motors and related technologies is expected to
further expand the applications of Nd magnets.

However, Nd magnets suffer from reduced coerciv-
ity at elevated temperatures. To overcome this is-
sue, heavy rare-earth elements such as dysprosium
(Dy) are often added to enhance coercivity for practi-
cal use. The formation of Dy-rich shells, specifically
(Nd;—,Dy,)2Fe14B, plays a key role in improving co-
ercivity [21-27]. Therefore, investigating the magnetic
properties of (Nd;_,Dy,)2Fei4B is of great significance.

Theoretical studies of the magnetic properties of per-
manent magnets have often been conducted using contin-
uum models [28], which rely on a small number of macro-
scopic magnetic parameters such as the exchange stiffness
constant (A) and magnetic anisotropy energy (K). While
these models are advantageous for simulating large sys-
tems, they inherently ignore microscopic details of the
crystal structure and magnetic interactions due to coarse
graining. Furthermore, as shown in Ref. [29], continuum
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models struggle to accurately incorporate temperature
effects and thermal fluctuations.

Temperature-dependent properties of RoFei4B com-
pounds have also been studied using mean-field (MF)
approximations [30, 31]. However, MF approaches often
yield inaccurate magnetic properties because of oversim-
plified modeling and the neglect of thermal fluctuations.

Recently, atomistic modeling approaches have been de-
veloped to investigate the detailed magnetic properties
of permanent magnets. These models account for mi-
croscopic magnetic interactions that reflect the atomic-
scale crystal structure. They also allow for an accu-
rate treatment of temperature effects, including thermal
fluctuations and the dynamics toward thermal equilib-
rium [32, 33]. Given the structural and interactional
complexity of RoFe4B compounds, atomistic modeling
is particularly well suited for studying their magnetic
properties. Atomistic model studies have successfully
elucidated both qualitative and quantitative aspects of
Nd magnets at zero and finite temperatures [17, 34-51].

We recently investigated the thermodynamic proper-
ties of DysFe14B using an atomistic model [52] and com-
pared them with those of NdyFe14B, finding good agree-
ment with experimental results. We also studied the
mechanism of coercivity enhancement due to Dy sub-
stitution in Nd magnets [49]. Our findings indicate that
the crystal electric field energy barrier of Dy atoms is
more resistant to thermal fluctuations at high tempera-
tures, which contributes to the coercivity enhancement,
in addition to the difference in the magnetic interaction
between rare earth and iron atoms, that is, antiferro-



magnetic coupling between Dy and Fe moments while
ferromagnetic coupling between Nd and Fe moments.

NdyFe14B exhibits a spin reorientation (SR) tran-
sition at a low temperature, which has been exten-
sively studied [7-9, 53-58]. The SR transition in
(Nd;—,Dy,)2Fe14B has also attracted attention [54, 57,
59]. In this study, we focus on the SR transition in
these compounds. The only theoretical analysis avail-
able for the z-dependent behavior is a mean-field-like
model by Lim et al. [54], which considered Nd, Dy, and
Fe in a fitted mean-field framework without employing
a self-consistent field method. Here, we study the z-
dependent magnetic properties related to the SR tran-
sition using an atomistic modeling approach. We show
that our estimates of the SR transition temperature, Tgg,
and the canting angle of the total magnetic moment, 6,
as functions of x are consistent with experimental obser-
vations [54, 57]. We also highlight discrepancies at large
x between our results and those of Lim et al.’s MF-like
method [54], and provide a detailed discussion of these
differences.

Furthermore, we investigate an anomalous phe-
nomenon in the magnetization near Tsg. This anomaly
was first reported by Hirosawa in NdoFe14B [7]. How-
ever, its x-dependence has not been systematically stud-
ied. Here, we clarify this behavior using the atomistic
modeling. We find that the anomaly in total magnetiza-
tion becomes more pronounced with increasing z, peaks
at x = 0.5, and then decreases. We attribute the anomaly
to unusual behavior of the Nd magnetic moments.

The rest of this paper is organized as follows. In
Sec. II, we describe the atomistic model. Section III
presents the method to study thermodynamic quantities.
In Sec. IV A, we investigate the magnetic properties of
the SR transition. In Sec. IV B, we analyze the canting
angles of magnetic moments. In Sec. IV C, we explore the
origin of the anomalous magnetization behavior. Finally,
Sec. V provides a summary of our findings.

II. MODEL

We employ the following atomistic Hamiltonian for the
(Nd;_; Dy, )2Fe14B system:
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Here, J;; denotes the exchange interaction between the
ith and jth atoms. D; represents the anisotropy constant
for the ith Fe atom. The third term corresponds to the
crystal electric field (CEF) energy of the rare-earth atoms

(Nd and Dy), where ©,;, A"}, (rly;, and O}”Z denote the
Stevens factor, the coefficient of the spherical harmon-

ics of the crystalline electric field, the radial expectation

value, and the Stevens operator, respectively. We con-
sider [ = 2,4,6 and m = 0 (diagonal operators), which
are the dominant contributions.

For Fe and B atoms, s; represents the magnetic mo-
ment at site ¢. For Nd and Dy atoms, s; represents
the moment of the valence (5d and 6s) electrons, which
are strongly coupled to the 4f electron moment, J,; =
grdiup, where gr is the Lande g-factor and J; is the
total angular momentum. The total moment for each
rare-earth atom is given by S; = s; + J;. For Nd atoms,
J=L—-8=9/2and gr = 8/11, where £ and S are the
orbital and spin angular momenta, respectively. For Dy
atoms, J = L+ S = 15/2 and gr = 4/3. For Fe and B
atoms, we define S; = s;. It should be noted that s; of a
Nd or Dy atom and S;(= s;) of an Fe atom are antiferro-
magnetically coupled. However, the total moment S; of
a Nd atom is ferromagnetically coupled to that of an Fe
atom, whereas that of a Dy atom is antiferromagnetically
coupled to Fe [49].

Monte Carlo simulations are performed to investigate
thermodynamical properties of the (Ndj_,Dy,)2Fe;4B
system as a function of x. Since x represents the concen-
tration of Dy atoms among the rare-earth sites, larger
systems are needed to accurately evaluate thermody-
namic quantities for a random distribution of Dy atoms.
In this study, we adopt a system consisting of 14,688
atoms, corresponding to 6 x 6 X 6 unit cells with periodic
boundary conditions.

First, magnetic moments and exchange interactions
for NdsFe;4B and DysFeyB are estimated with the
AkaiKKR code based on the Korringa-Kohn-Rostoker
(KKR) first-principles method [60], using a single unit
cell structure of each compound with periodic boundary
conditions. The Liechtenstein method [61] is employed
to estimate J;;. In the calculations, standard muffin-
tin-type potentials and the local density approximation
are used. For the electronic states of the rare-earth ele-
ments, the open-core approximation is applied. The ob-
tained data are summarized in Figs. S1-S3 of the Sup-
plemental Material (SM) [62]. Accurate first-principles
estimation of J;; in RoFei4B remains challenging [63].
The applicability of the AkaiKKR method to RoFei4B
has been examined and is generally regarded as rea-
sonable [52, 63]. Magnetization values calculated using
this method show agreement with experimental measure-
ments. Although the Curie temperatures are somewhat
overestimated, the dependence on R reproduces the ex-
perimental trend. These results support the validity of
this method for RoFei4B.

Because the system containing 14,688 atoms is too
large to directly compute magnetic moments and ex-
change interactions using the first-principles method, we
adopt the following strategy to determine the exchange
interactions:

For Nd-Nd, Nd-Fe, and Nd-B bonds, we use values
estimated in NdgFe4B. For Dy-Dy, Dy-Fe, and Dy-B
bonds, we use values from Dys;Fe4B. For Nd-Dy bonds,
we use the average of the Nd-Nd and Dy—Dy values. For
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FIG. 1. (a) Side view and (b) top view of the model structure
of (Nd1—»Dyz)2Fe14B, illustrated for a 3 x 3 x 3 supercell as
an expample. Red, orange, blue, and yellow spheres represent
Nd, Dy, Fe, and B atoms, respectively. Lattice constants for
NdoFe14B are I, = I, = 8.80 A and I. = 12.20 A, and for
Dy2Fe14B are I, = I, = 8.76 A and I, = 12.01 A.

Fe-Fe, B-B, and Fe-B bonds, we use a weighted average
of the values from NdsFe;4B and DysFe 4B, with a ra-
tio of 1 — 2 to x for each bond. Since the corresponding
exchange interaction values in NdsFe;4B and DysFe 4B
are very close (see Fig. S1—Fig. S3 in SM), this strategy
is expected to be a good approximation.

For computing magnetizations, we use s; values from
NdyFe 4B and DysFeuB for Nd and Dy atoms, re-
spectively. For Fe and B atoms, s; is determined by
a weighted average of the values from NdsFe;4B and
DyoFe4B using the ratio 1 — = : . The values of s;
for Fe and B atoms are also very close in both systems,
supporting the validity of this approximation. For rare-
earth atoms, A" values reported by Yamada et al. [53]
for RoFey4B are used, along with (r!) from Ref. [64]. The
R ions occupy the Wyckoff 4f and 4g sites. In accor-
dance with Yamada et al. [53], the same set of CEF coef-
ficients is employed for both positions. Determining the
difference between the CEF coefficients at the 4f and 4g
sites is a nontrivial problem, with published estimates
ranging from negligible to appreciable [6]. Consequently,
this work does not address the possible differences in the
CEF energy between the two sites. The anisotropy con-
stants D; for six types of Fe sites are taken from first-
principles results reported in Ref. [65]. The parameter
values for the CEF coefficients and the anisotropy en-
ergies of Fe atoms are given in Tables S1-S3 in the SM.
The anisotropy energies of Nd and Dy atoms are expected
to be nearly unaffected by substitution, as these atoms
are surrounded by Fe atoms, with the 4f electrons con-
tributing to anisotropy and the 5d/6s electrons mainly
contributing to exchange interactions.
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FIG. 2. Temperature dependences of (a) the z-component of
the total magnetization M. and (b) the total magnetization
magnitude M for (Ndi—;Dys)2Fe14B systems over the full
temperature range.

IIT. METHOD

We use a Metropolis importance-sampling Monte
Carlo (MC) method to study equilibrium magnetizations
at finite temperatures. The per-site magnetizations M,
My, and M for the (Ndj_;Dy,)2Fe;4B model are de-

fined as
1

N
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FIG. 3. Magnetization M of (Ndi—;Dys)2Fe1aB systems
(blue circles) as a function of concentration x at 7' = 4 K. The
blue solid line represents a linear fit using the least-squares
method. Red squares indicate experimental values of M at
T = 4.2 K reported by Lim et al. [54].

, respectively. Here, N is the number of all atoms (all
spins) in the (Nd;_,Dy,)2Fe14B model, and () denotes
thermal average.

We also define species-specific magnetizations for Nd,
Dy, and Fe atoms.

1 Na 2 Na 2 Na 2
) () () )
()

where A denotes Nd, Dy, or Fe and Ny is the number of
atom A in the (Nd;_,Dy,)2Fe14B model.

We perform 200,000 Monte Carlo steps (MCS) for
equilibration, followed by 400,000 to 1,600,000 MCS
for measurements, with more steps applied near the
SR temperature. Figures 1(a) and (b) show the side
and top views, respectively, of the model structure of
(Nd;—,Dy,)2Fe14B for a 3 x 3 x 3 supercell as an exam-
ple.

IV. RESULTS
A. Spin reorientation transition

The temperature (T') dependences of M, and M for
(Nd;—,Dy,)2Fe14B systems are shown in Figs. 2 (a) and
(b), respectively. A cusp appears at Tsg ~ 134 K in the
M_.~T curve for x = 0 (NdaFe4B), indicating a spin re-
orientation (SR) transition. As z increases, the cusp in
M, becomes broader and the SR transition temperature,
Tsr, becomes lower. Both M and M, decrease with in-
creasing of x, especially at lower temperatures. Although
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FIG. 4. Temperature dependences of (a) M. and (b) My, for
(Nd1-zDy.)2Fe14B systems at low temperatures.

M appears to change smoothly with temperature at this
scale in Fig. 2(b), careful inspection around Tgsg reveals
that Tsgr is a non-differentiable point. This feature is
discussed in Sec. IV C.

Experimentally, Tsg for NdsFe 4B has been reported
to range from 126 to 150 K [7-9, 53-57], and it decreases
with increasing = [54, 57]. Our simulation results are con-
sistent with these observations. The Curie temperature
T. remains almost constant with x due to the similar-
ity in 2J;;8; - s; values between NdaFe 4B and Dy, Fe4B
(see Fig. S1-Fig. S3 in SM). Our estimated T, ~ 870 K
is a little overestimated compared to experimental val-
ues (~ 600 K) [4, 6, 7], due to a small overestimation
in J;;. The validity of the estimation by AkaiKKR has
been discussed [52, 63]. The estimated Curie tempera-
tures are a little overestimated, but the R dependence
captures the experimental trend. The calculated magne-
tization of RoFe14B generally agrees with experimental
values. In this paper, we focus on magnetic properties
associated with the SR transition.

Figure 3 shows the concentration (x) dependence of
magnetization M for (Nd;_, Dy, )2Fe14B systems at T' =
4 K. We find that M exhibits a linear dependence on
x. Experimentally measured values of M at T = 4.2 K,
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FIG. 5. Concentration (z) dependence of the spin reorien-
tation transition temperature (Tsr) for (Ndi—zDys)2Fe1sB
systems (blue circles). Blue solid line is a linear fitting us-
ing the least squares method. Experimental data from Lim
et al. [54] and Kim et al. [57] are shown by red squares and
magenta triangles, respectively.
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FIG. 6. Canting angle (0) of the total magnetic mo-

ment from the ¢ axis as a function of concentration (x) for
(Nd1-zDyz)2Fe14B systems at T = 4K (blue circles). Ex-
perimental data at T = 4.2K from Lim et al. [54] and Kim
et al. [57] are shown by red squares and magenta triangles,
respectively. The MF-like theoretical prediction by Lim et
al. [54] is also plotted as an orange solid line.

reported by Lim. et al. [54], are also plotted for compar-
ison. We find that our estimation is in good agreement
with the experimental values. Figures 4 (a) and (b) show
detailed profiles of M, and M, near the SR transition
point, respectively. It is difficult to identify the SR tran-
sition for large x solely from the M,—T curve. However,
by analyzing the M,,~T curve, the SR transition tem-
perature Tsr can be clearly detected as a function of z.
Notably, the SR transition is observed even for small Nd
concentrations, down to = = 0.95.

Figure 5 illustrates the concentration (z) dependence
of Tsy for (Nd;_ Dy, )2Fe14B systems. We find that Tsg
decreases approximately linearly with increasing x. A lin-
ear fit obtained by the least squares method, constrained
to pass through the point (x = 1, Tsg = 0K), is shown by
the blue solid line and serves as a good approximation to
our simulation results (blue circles). Experimental values
of Tsgr for x < 0.6 reported by Lim et al. [54] and those
for < 0.75 reported by Kim et al. [57] are shown by red
squares and magenta triangles, respectively. In addition,
an estimation of Tgy as a function of = using a “MF-like”
approach by Lim et al. is also given in Fig. 5 as a ref-
erence [54]. In their approach, three-sites, i.e., Nd, Dy,
and Fe sites were considered under several assumptions.
The temperature dependences of the anisotropy constant
of the Fe site and its moment mpg. were assumed to be
similar to that in YsF 4B, with a modification due to
the difference in the Curie temperature, where Y ions is
non magnetic. The molecular-field vector H (T) at the
Nd site and H' (T) at the Dy site were antiparallel and
proportional to the Fe moment vector mp., in which the
R-R interaction was ignored. The values of H and H' at
0 K were adjustable parameters. The total magnetization
was determined by the condition that the total free en-
ergy should be minimum with respect to the polar angle
of my, for zero external field. Therefore, unlike a usual
MF theory based on self consistent field equations, their
method is a phenomenological treatment using effective
fields for Nd, Dy, and Fe sites.

We find that our estimation of Tgg is close to the ex-
perimental values by Lim et al. and reasonably consis-
tent with those by Kim et al. In Lim’s MF-like result,
Tsr decreases with increasing = and after z ~ 0.7, it
rapidly drops, reaching Tsg = 0 at = ~ 0.79. Our sim-
ulation result differs from the MF-like result, especially
in the high x regime. In Kim’s experiment, Tsr =~ 56 K
at x = 0.75 was given. This temperature is much larger
than Tsr =~ 26 K of the MF-like estimate. Our estimate,
Tsr ~ 35K, lies between these two values. In the next
subsection, we investigate the canting angle of the total
moment and discuss its characteristics.

B. Feature of canting angle

Figure 6 depicts the concentration (z) dependence of
the canting angle () of the total magnetic moment from
the ¢ axis for (Ndy_,Dy,)2Fe14B systems at T = 4K,
calculated using the following relation:

—1 May
6 = tan YA (6)
Experimental data at T = 4.2K by Lim et al. [54] and
Kim et al. [57] are also plotted, along with a MF-like
estimation by Lim et al. [54] (orange solid line) for
comparison.

The canting angle of the total moment in NdsFei4B,
i.e., x = 0, has been experimentally estimated to be 6 ~
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FIG. 7. (a) Concentration z dependence of the canting angle
between the magnetic moment and c-axis for Fe, Dy, and
Nd atoms. (b) Canting angles of Fe, Dy, and Nd atoms as
a function of z. (c) Anisotropy energies as functions of the
canting angle 0 from the ¢ axis for Nd, Dy, and Fe atoms.
The anisotropy energy of Fe has been magnified seven times
for clarity.

30-33 deg. at T' = 4.2K [55]. Our simulation yields a
canting angle of § = 34 deg. for x = 0, which is in good
agreement with the experimental values.

The estimated value of 6 decreases gradually with in-
creasing x. Although our values are slightly larger than
the experimental results reported by Lim et al. and Kim
et al., they successfully capture the overall trend with
respect to x. In the MF-like analysis by Lim et al., the
canting angle of the magnetic moment decreases rapidly
and disappears at x ~ 0.79 as corresponding to their
analysis of the = dependence of Tsg. However, in our
result the cant of the moment remains at such large x
and it gradually decrease toward z = 1. At x = 0.75,
the experimental canting angle reported by Kim et al. is
approximately 6 ~ 15 deg. Compared to 6 ~ 6 deg. from
the MF-like model, our estimate of § ~ 18 deg. is much
closer to the experimental value. Considering both the
z-dependences of Tgr and 6, our results suggest that Tsg
does not vanish at z ~ 0.79, making our estimation more
consistent with experimental observations.

To investigate the canting behavior of the individual
atomic moments, we present in Figs. 7(a) and (b) the
concentration (z) dependence of the canting angle (0)
from the ¢ axis for Nd, Dy, and Fe atoms at T' = 4K,

estimated using the relation § = tan™! (%)

With a decrease of the Nd concentration (i.e., an in-
crease of z), Ong gradually decreases from 6 = 36 deg.
and still maintain a large cant (~ 27 deg.) even at a very
low Nd concentration such as x = 0.9. In contrast, Op,
shows a strong dependence on z. As the Dy concentra-
tion decreases (i.e., as x decreases), Opy increases from
0 = 0 deg. and reaches approximately 22 deg. at x = 0.1.

Or. exhibits the highest sensitivity to x among the
three elements and takes values between Onq and fpy.
As the concentration of Nd or Dy increases, fg, tends to
approach the corresponding value of g or fpy. These
observations provides evidence that even at high z, the
Nd moments remain canted at very low temperatures,
thereby driving the SR transition.

We consider these canting angle dependencies from the
perspective of the anisotropy energies of the constituent
atoms. Figure 7(c) presents the per-site CEF energies for
the rare-earth atoms (R=Nd or Dy), given by,

Hepr(R) = > 047 (rHOP™. (7)
l,m

and per-site anisotropy energy (ground state energy) of
Fe atoms, expressed as

Fe
_ 1 S oZ)2
Ha. - NFC Z Dl(sz) 9 (8)

%

as a function of the angle 6. In both plots, the energy
minimum is set to zero, and H, is multiplied by a factor
of 7 for better visual clarity.

When only exchange interactions are considered, the
total energy is minimized when Ong = Op. = Opy =
0. However, the results discussed above suggest that
this configuration is not energetically favorable due to
the large CEF energy of Nd atoms, approximately
Herr(Nd) ~ 250 K at Ong = 0. Therefore, the actual
minimum total energy is determined by a trade-off be-
tween the exchange interactions and the anisotropy en-
ergies of each atomic species. Since the CEF energy for
Dy atoms and the anisotropy energy of Fe atoms have
relatively shallow curvatures near their respective min-
ima and increase gradually with 6, the system allows
some deviation of Fe and Dy moments from their ideal
alignment. Consequently, the Nd moments maintain a
significant canting even at high Dy concentrations (z),
enabling the SR transition to persist across a wide com-
position range.

C. Anomalous Behavior in Magnetization

In this subsection, we study the origin of the anoma-
lous behavior in magnetization. In Figs. 8 (a), (b), and
(c), temperature dependence of M is illustrated by a
thick dashed line for x = 0, 0.4, and 0.8, respectively.
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FIG. 8. Anomaly of the magnetization M of
(Ndi1-zDyz)2Fe14B systems for (a) z = 0, (b) x = 0.4,
and (c) z = 0.8. The thick dashed curves represent the
temperature dependence of M. The blue and red curves are
fitted functions for T' < Tsr and T > Tsg, respectively.

The curves of M are well fitted by least-squares fits us-
ing cubic functions in the regions below and above Tgg,
shown by blue and red lines, respectively. We observe a
non-differentiable point in M at Tgg for x = 0, 0.4, and
0.8. In a similar manner, non-differentiable points at Tsgr
are found for all z values (z # 0). To quantify the degree
of this anomaly, we evaluate dM/dT as a function of T
with varying x.

Figure 9 shows dM/dT as a function of temperature
for various values of x. Fig. 10 presents x dependence of
the gap in dM/dT, defined as AdM /dT at Tgr. The solid
line in Fig. 10 represents a cubic function fitted using the
least-squares method. We find that as x increases from
0, the gap increases, reaches a maximum around x = 0.5,
and then decreases toward x = 1.0. In the following, we
examine the origin of this behavior.

In Figs. 11 (a), (b), and(c), the temperature depen-
dences of m(Fe), m(Dy), and m(Nd) are plotted, respec-
tively, for various values of x. We find that m exhibits
no anomaly for Fe and Dy atoms, but a clear anomaly
is observed for Nd atoms across all values of z. As x
increases, m(Nd) smoothly extends toward lower tem-
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FIG. 9. Temperature dependences of G for

(Nd1—4Dy,)2Fe14B systems.
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FIG. 10. Concentration (z) dependence of A% at Tsr for
(Nd1-4Dy,)2Fe14B systems.

peratures and reaches Tsg, but shows a sharp increase
below Tgr. Interestingly, this behavior becomes more
pronounced with increasing x. It is also noteworthy that
the magnitude of the Nd moment at absolute zero tem-
perature remains nearly constant regardless of x. This
indicates that the temperature at which the Nd moments
exhibit anomalous behavior depends on the surrounding
environment, specifically, the concentration of Dy atoms,
but the ground-state magnitude of the Nd moment re-
mains independent of the Dy concentration. As a result,
the anomaly in the Nd moment at the SR transition tem-
perature becomes more pronounced as the Dy concentra-
tion increases.

We estimate dm(Nd)/dT as a function of T for all val-
ues of z. Following the same procedure as for estimating
dM/dT, we find the temperature dependence of m(Nd)
for all x is well described by least-squares fitting of cu-
bic functions in the regions below and above Tsg. We
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FIG. 11. Temperature dependences of (a) m(Fe) (b) m(Dy),
and (c) m(Nd) for (Ndi—zDys)2Fe14B systems.

thus obtain dm(Nd)/dT from the slopes. We plot the
gap of dm(Nd)/dT at Tsr, denoted Adm(Nd)/dT, as a
function of z by blue circles in Fig. 12. We find that
Adm(Nd)/dT increases rapidly increasing with x. Since
Adm(Nd)/dT is a per-site quantity, the total gap for Nd
atoms, denoted A(Nd)iotal, is related by:

A(Nd)total :NNd X A% (9)
x(1—x) x A%. (10)

(1-x) A(dm(Nd)/dT) (x1072 pg/K)

. dm(Nd
FIG. 12.  Concentration (z) dependences of A%

(blue circles) and A—dﬁ(gd)(l — ) (red circles) at Tsg for
(Ndi-zDy<)2Fe14B systems.

In Fig. 12, (1 — z) x A% is given with red cir-
cles. The red solid line represents a cubic function fitted
by the least-squares method. We find that the x depen-
dence of (1 —x) x Adm(Nd)/dT at Tsgr closely resembles
that of AdM/dT at Tsg. Since the ratio of Nyq to N

(the total number of atoms) is 2(1 — z) : 17, the or-
der of A% X 2(11—;1) is expected to be comparable

to that of AdM/dT. For example, A% X @ ~

0.47 x 10~3up/K for = 0.5, which is the same order
as AdM/dT ~ 0.67 x 1073ug/K for z = 0.5. These
considerations indicate that the origin of the anomaly in
the total magnetization M lies in the behavior of the Nd
magnetic moments, regardless of their concentration.

V. SUMMARY

Neodymium magnets (NdaFe14B) are important per-
manent magnets and are often employed with dyspro-
sium substitution to enhance their coercive force. There-
fore, it is important to study the magnetic properties
of (Ndj_,Dy,)2Fe14B. In this work, we investigated the
spin-reorientation (SR) transition in (Nd;_, Dy, )2Fe14B
using a recently developed atomistic modeling approach.
This method treats microscopic details of magnetic inter-
actions and temperature effects appropriately. We em-
ployed the Metropolis importance-sampling Monte Carlo
method for the (Nd;_,Dy,)2Fe;4B model, using micro-
scopic parameters primarily derived from first-principles
calculations. We analyzed the temperature and con-
centration (z) dependences of the magnetization and
its components under zero external field. Our simula-
tions yielded the spin-reorientation transition tempera-
ture (Tsr) and canting angle () of the total magnetiza-
tion as functions of x that are in good agreement with
experimental observations [54, 57]. We also found a sig-



nificant deviation in Tsr at high Dy concentrations (z)
between our results and those of the mean-field (MF)-like
theory by Lim et al. [54]. Based on our analysis of the
canting angles and anisotropy energies of the constituent
atoms, we conclude that our estimations provide a more
physically reasonable description.

Furthermore, we investigated an anomalous feature in
the magnetization near Tsg. We found that the anomaly
in the total magnetization becomes more pronounced
with increasing x, reaches a maximum at = = 0.5, and
then diminishes for larger x. To elucidate the origin of
this behavior, we analyzed the magnetic moments of the
constituent atoms and identified the Nd moments as the
primary source of the anomaly. As the Dy concentra-
tion increases, the temperature at which the Nd moment
anomaly appears shifts to lower values. However, the
magnitude of the Nd moment rapidly increases below
Tsr, and at sufficiently low temperatures, it converges

to nearly the same value for all x. In this regime, the
canting angle of the Nd moments changes only slightly.
Consequently, the anomaly in the Nd moment at Tsg be-
comes more significant with increasing Dy concentration,
leading to the observed anomaly in the total magnetiza-
tion M, which peaks at x = 0.5.
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