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We study the magnetic and electronic properties of Cu-doped Nd2Fe14B=NdOx systems with first-
principles calculations in order to understand the roles of Cu in improving the coercivity of Nd-Fe-B
permanent magnets. By analyzing the formation energies of several model systems, we find that Cu prefers
to be at the interface. We conclude that the Cu addition to Nd-Fe-B magnets is a practical way of not only
increasing the anisotropy of Nd atoms at the interface but also of lessening the magnetic coupling between
the Nd and Fe atoms. Particularly, substituting Fe at the interface of the main phase with Cu works
effectively in terms of improving the magnetic anisotropy in Nd atoms. This may explain the coercivity
improvements reported recently.
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I. INTRODUCTION

Strong magnets are demanded not only for the develop-
ment of technologies but also for energy saving. Among
permanent magnets, Nd-Fe-B magnets are known as the
strongest permanent magnets with a high-energy product
ðBHÞmax and are widely used in various kinds of applica-
tions, for example, high-performance computers, hybrid
vehicles, and wind turbines, as well as premium-efficiency
motors [1–6]. However, the thermal stability of Nd-Fe-B
magnets, especially their coercivity at high temperatures, is
a well-known issue, and the mechanism of this low
coercivity is an unsolved problem. Recent experimental
studies on the microstructures of Nd-Fe-B magnets show
that controlling the structural and magnetic properties
around the interfaces between main phases and subphases
is important for improving the coercivity [7,8]. Wettability
around the grain boundaries in Nd-Fe-B magnets is
improved by the Nd-Cu grain-boundary diffusion process.
In addition, several experimental annealing processes have
succeeded in improving the coercivity, which indicates the
importance of Cu around the interface [9–19].
Considering these experimental results, the existence of

Cu around the interface can be expected to influence the
coercivity improvement directly. As reported in several
studies [9,11,12,18,19], Cu is thought to be located around
the main-phase (Nd2Fe14B) grains. The total amount of Cu
atoms is quite small, about 2 at. %. However, the roles of
Cu in Nd-Fe-B magnets are still unclear since it is difficult

to identify the exact position of the Cu atoms by experi-
ment. Hence, first-principles calculations are an alternative
and powerful tool for finding where Cu prefers to be around
the interfaces in Nd-Fe-B magnets.
In the present study, we simulate Cu-doped Nd2Fe14B=

NdOx systems as the first step toward understanding the
role of Cu in the coercivity improvement and the magnetic
and electronic structures around the interfaces. These
systems are discovered around triple junctions in annealed
Nd-Fe-B magnets [10,11,20,21]. We study how the mag-
netic anisotropy in Nd is affected by Cu because this is
directly related to the coercivity. We find that Fe at the
interface can be replaced by Cu due to having a lower
formation energy than the non-Cu-doped system, and this
replacement improves the magnetic anisotropy of Nd atoms
at the interface. In particular, the anisotropy improvement
in Nd near Cu is about 40%. This is one of the reasons for
the coercivity improvement.

II. COMPUTATIONAL METHOD

We calculate the formation energies and the magnetic
anisotropy of Cu-doped Nd2Fe14B=NdOx model systems
by using the computational code OpenMX [22], which
is based on optimized pseudopotentials and pseudo-
atomic-orbital basis functions within density-functional
theory (DFT). As basis sets, s2p2 configurations are
adopted for B and O atoms and s2p2d2 for Nd, Fe, and
Cu atoms with cutoff radii of 7.0, 7.0, 8.0, 6.0, and
6.0 a.u., respectively. Semicore orbitals of 3s and 3p in
Fe and Cu as well as 5s and 5p in Nd are treated as valence
electrons. In order to reduce computational costs as much
as possible, we use an open-core pseudopotential for Nd
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atoms in which well-localized 4f electrons are treated as
spin-polarized core electrons. The generalized-gradient
approximation is used as the Perdew-Burke-Ernzerhof
exchange-correlation functional [23]. According to ab initio
studies of the stable oxygen positions in NdOx, when
x ¼ 0.25, oxygen prefers tetrahedral sites to octahedral
sites [24], which is consistent with experiments that
examined the crystal structure around the interface in
Nd-Fe-B sintered magnets [20,21]. Therefore, metallic
Nd4O, in which Nd atoms construct a fcc sublattice and
oxygen atoms partially occupy the tetrahedral sites ran-
domly, is adopted as a subphase structure in our model
systems. The lattice constants are set to a ¼ b ¼ 8.75 Å
and c ¼ 12.1 Å for Nd2Fe14B and a ¼ 5.45 Å for Nd4O
obtained by our previous study [24]. The crystal structure
of Nd4O is determined by experiments. However, there is
no experimental report examining the misorientation angles
of Nd4O against the Nd2Fe14B main phase at the interface.
For the sake of simplicity and reducing the lattice mismatch
between the main phase and the subphase, we choose a
supercell which is constructed of a

ffiffiffi
2

p
×

ffiffiffi
2

p
× 1 unit cell

for Nd2Fe14B (main phase) and a
ffiffiffi
5

p
×

ffiffiffi
5

p
× 2 unit cell for

Nd4O (subphase). These two structures are aligned with the
[001] direction, and the lattice mismatch between these two
structures is only 1.2% in the present case. Recent
experimental reports on the grain-boundary structure of
Nd-Fe-B magnets using scanning transmission electron
microscopy show that Nd layers of Nd2Fe14B appear as the
first layer at the interface when grain-boundary phases are
parallel to the (001) plane of Nd2Fe14B grains [25,26]. The
subphase is placed on the main phase, and one Cu atom per
supercell exists around the interstitial region, as shown in
Fig. 1, and our model structures contain more than 200
atoms in a supercell. All the calculations are performed

under the assumption that spin configurations in Nd2Fe14B
and Nd4O are collinear structures for simplicity. Note that
the magnetic ground-state structure of Nd2Fe14B is non-
collinear below T ¼ 135 K, and the magnetic moments are
inclined at θ ¼ 30° to the [001] direction at T ¼ 0 K [1,27].
The magnetic ground state of Nd4O is unknown in experi-
ments because it is a metastable structure. As reported in
experiments [20,21], the total magnetic moment is zero in
metallic Nd subphases at room temperature due to thermal
fluctuations. This indicates the weak magnetic coupling in
Nd4O at low temperature. In that sense, the magnetic
structure of Nd4O is insignificant. Since both pure Nd and
Nd oxides are not ferromagnetic, we assume antiferromag-
netic coupling among spin moments of 5d electrons in Nd
atoms in Nd4O having the zero magnetic moment. In our
model structures, there are five Nd layers in the subphase.
The magnetic moment direction of 5d electrons in Nd
atoms in the first, third, and fifth layers are aligned with
[001] and with [001̄] in the other layers, respectively. We
use a 3 × 3 × 2k-point mesh, and a 500-Ry cutoff energy.
The convergence criteria for the maximum force on each
atom and the total energy are 10−3 hartree=bohr and 10−6

hartree, respectively.

III. RESULTS AND DISCUSSION

According to experimental reports [11,12], the small
amount of Cu atoms is thought to be located around the
interface between the main phase and the subphase. We
perform DFT calculations for several kinds of grain-
boundary model structures shown in Fig. 1, where one
Cu atom is located at (i) the interstitial space, which is
between the main phase and the subphase Nd2Fe14B=
Cu=Nd4O, and (ii) the Fe site Nd2Fe14−xCuxB=Nd4O.
There is no Cu atom in model (iii) Nd2Fe14B=Nd4O,

FIG. 1. The interface model structures (i) to (v) of Cu-doped Nd2Fe14B=Nd4O systems.
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and one Cu atom is located at (iv) the Nd site in the main
phase Nd2−xCuxFe14B=Nd4O and (v) the Nd site in the
subphase Nd2Fe14B=Nd4−xCuxO.We define the Cu-defect-
formation energy Eform as follows:

Eform ¼ ECu doped − Epristine þ αENd þ βEFe − γECu; ð1Þ

where ECu doped denotes the total energies of Cu-doped
model structures (i), (ii), (iv), and (v), and Epristine repre-
sents the total energy of model (iii), which does not contain
Cu in the system. The last three energies on the right side of
Eq. (1) are the total energies of the double hcp Nd, bcc Fe,
and fcc Cu per atom, respectively. Note that α, β, and γ take
0 or 1 depending on the system. The formation energies of
these structural-optimized model systems calculated with
Eq. (1) are shown in Fig. 2. From the comparison of the
formation energies in these model structures, we find that
the model structures where the Cu is located at the
interstitial space and the Fe site at the interface of the
main phase are the most stable among our model structures.
Structures with Nd substituted by Cu are not stable because
they have higher formation energies than that of model (iii).
The anisotropy of Nd atoms is strongly related to the

coercivity and is determined by interactions between 4f
electrons in Nd atoms and other electrons in surrounding
atoms. Hence, in order to analyze the anisotropy of Nd
atoms, it is necessary to perform structural optimization in
DFT calculations for determining the structures at the
interface where potentials around Nd atoms could be
distorted. After the calculations of Eform for the model
systems in which all atomic positions are optimized, we
analyze the anisotropy constant K1 of Nd atoms by
calculating the crystal field parameters A20hr2i of Nd
atoms which can be evaluated from first-principles calcu-
lations [28,29]. Note that we assume the coercivity is
related only to the first-order anisotropy term in the
anisotropy energy. The anisotropy constant K1 of Nd is
represented as follows;

K1 ¼ −3JðJ − 1=2ÞΘ20A20hr2i; ð2Þ
where J is a total angular momentum, Θ20 is the Stevens
factor, hr2i indicates the average of the radial part of the 4f
wave function in a Nd atom, and A20 is the crystal field
coefficient [28,29]. Here, J ¼ 9=2 ðL ¼ 6; S ¼ 3=2Þ and
Θ20 ¼ −7=1089 for Nd3þ. The crystal field coefficient can
be written

A20hr2i ¼ a20

Z
rc

0

drr2jR4fðrÞj2V20ðrÞ; ð3Þ

where a20 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
5=16π

p
, rc is the cutoff radius, R4fðrÞ is an

atomic radial function of the Nd 4f, and V20ðrÞ is the
effective potential given by solving the Kohn-Sham equa-
tion. This approximation is based on the fact that R4fðrÞ of
well-localized Nd 4f electrons is insensitive to the sur-
rounding chemical environment. Note that the effective
potential V20ðrÞ is affected only by the surrounding
environment which determines the direction of the mag-
netic anisotropy for Nd. In other words, we can evaluate the
effects of Cu on the magnetic anisotropy of Nd through
V20ðrÞ. We calculate the K̄1 difference frommodel (iii) with
Eqs. (2) and (3) shown in Fig. 2. In this figure, we average
the anisotropy constant of Nd, K̄1 around 12 Å, because
there are three or four Nd atoms at the interface in the main
phase where Cu exists. By considering the anisotropy at the
interface and the formation energies of our model systems,
we can understand the role of Cu that is thought to be able
to increase the coercivity in Nd-Fe-B magnets.
As depicted in Fig. 2, models (i) and (ii) are much more

stable than model (iii). This suggests that some parts of the
interfaces become a structure as model (i) and other parts of
them become a structure as model (ii). In other words, the
interface structure can be changed from (iii) to (i) and
(ii) by the annealing process in the experiments. Model
(i) does not show the magnetic anisotropy improvement, in
spite of Cu being at the interstitial space. On the other hand,
K̄1 in model (ii), which is −3.4 meV plotted in Fig. 3
around 12 Å, improves by 40% compared to that in model
(iii), which is −5.7 meV. By considering these results, the
total magnetic anisotropy of Nd atoms at the interfaces in a
Nd-Fe-B magnet increases since some interfaces have the
same structures as model (ii). Therefore, some Cu atoms
play important roles of improving the magnetic anisotropy
of Nd atoms at the interface by replacing Fe atoms with
themselves.
Figure 3 shows the averaged anisotropy constant K̄1 of

Nd atoms as a function of the z coordinate in Nd2Fe14B.
When K̄1 > 0, the anisotropy of Nd atoms is in the out-of-
plane direction. All K̄1’s show a large uniaxial anisotropy at
z ¼ 6. Most of our model structures show negative K̄1

values at the interfaces on the left and right sides in Fig. 3,
which is the same tendency as in previous studies of K1 of
Nd atoms in the surface case [28,29]. From the averaged K̄1

FIG. 2. The bars represent the formation energy Eform. The open
circles indicate the averaged anisotropy constants K̄1 of Nd at the
interface around z ¼ 12 Å. K̄1 in model (iii) is set at 0 meV.
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at z ¼ 12.1 Å, one can see the importance of Cu from the
K̄1 improvement in model (ii). In fact, the magnetic
anisotropies of four Nd atoms near Cu in model (ii) are
−1.7 (4f), −8.4 (4g), −1.8 (4g), and −1.5 (4f) meV,
respectively, which are improved because of the Cu doping.
Here, 4g and 4f indicate labels of the inequivalent sites for
Nd. Note that the magnetic anisotropies of the correspond-
ing Nd atoms in model (iii) are −3.4, −9.0, −8.4, and
−5.2 meV, respectively.
In previous studies, the atomic scale Landau-Lifshitz-

Gilbert (LLG) equation has been used to study surface
effects on the coercivity in Nd-Fe-B magnets [24,30].
These studies have shown that the negative K1 of rare-
earth atoms at the surface triggers the magnetic reversal.
This magnetic reversal causes the coercivity decrease due
to the domain wall propagating into the internal region of
Nd2Fe14B. Combining our result with those of the LLG
studies, we conclude that the coercivity improvement in the
experiments results from substituting Fe with Cu after the
annealing process, which not only decreases the number of
Fe atoms at the main-phase interface but also weakens the
magnetic coupling between the Nd and Fe atoms. The
present DFT study indicates a remarkable improvement of
the anisotropy of Nd by means of substituting Fe with Cu at
the interface.
Figure 4(a) shows the magnetic moments of Fe atoms in

the main phase of the bulk and each model structure. As
one can see, the magnetic moments at the interfaces z ¼ 0
and 12.1 Å are enhanced compared to that of the bulk
system. This is due to the localized electrons in the dx2−y2
orbital which distributes in the x-y plane.
We calculate the magnetic anisotropy energy (MAE) of

Fe atoms in the main phase of the bulk and each model
structure shown in Fig. 4(b) with a perturbation scheme
[31]. An interesting phenomenon is that the Fe atom
located in the same layer as the Nd and B atoms clearly

shows remarkable in-plane magnetic anisotropy, in contrast
with the out-of-plane anisotropy of most other Fe atoms.
The same tendency can be seen in the magnetic anisotropy
of Fe in Y2Fe14B, which has the same crystal structure as
Nd2Fe14B [31]. In the same way as the K̄1 at z ¼ 12.1 Å in
Fig. 3, the MAE of model (ii) improves when Cu
substitutes Fe at the main phase interface because of the
weak magnetic coupling between Nd and Fe.
As we describe above, we choose the model structures

labeled (i) to (v) based on the assumption that Cu might be
around the interface. However, we cannot neglect the
possibility of Cu atoms being inside the main phase.
Thus, we also check the stability of Cu-doped Nd2Fe14B
bulk and surface systems by evaluating the formation
energies in order to confirm that Cu atoms should be

FIG. 4. (a) The averaged magnetic moments of Fe atoms in the
Nd2Fe14B main phase of the bulk and each model structure.
(b) The averaged magnetic anisotropy energy of Fe atoms in the
Nd2Fe14B main phase of the bulk and each model structure.
Positive and negative MAE indicate the in-plane and out-of-plane
anisotropy, respectively. In the Cu-doped systems, one Cu atom is
located around 12 Å. Each physical value is plotted as a function
of the z coordinate in the bulk system for comparison.

FIG. 3. The averaged anisotropy constants K̄1 of Nd atoms in
the Nd2Fe14B main phase as a function of the z coordinate. In the
Cu-doped systems, one Cu atom is located around 12 Å.
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around the interface. The surface is at z ¼ 12.1 Å, and the
vacuum is from z ¼ 12.1 to 22.1 Å. Figure 5(a) shows the
formation energy of Fe-substituted Nd2Fe14B bulk and
surface systems with one Cu atom per supercell as a
function of the Cu z coordinate in Nd2Fe14B. We discover
that the Fe-substituted systems with Cu that is located in the
same layer of the Nd and B atoms existing around z ¼ 6
and 12.1 Å, generally have lower formation energy than
other Fe-substituted systems in the bulk and the surface
cases. Especially in the surface model, Fe atoms at the
surface can be replaced easily by Cu atoms because the
formation energy is lower than at other Fe sites. These
lower formation energies at z ¼ 6 and 12.1 Å can be related
to the negative MAE around z ¼ 0, 6, and 12.1 Å in
Fig. 4(b) for the Nd2Fe14B bulk system. As an illustration,
the formation energies of Nd-substituted Nd2Fe14B bulk

and surface systems with one Cu atom at z ¼ 12.1 Å are
given in Fig. 5(b). One can see that substituting Nd with Cu
is unstable in the bulk and the surface systems. In addition,
the K̄1 improvement can be seen also in the Fe-substituted
surface and bulk systems illustrated in Fig. 5(b). This
situation is similar to the case of model (ii), as we explain
above. Hence, these analyses support our choice of the
grain-boundary model structures (i) to (v) where Cu atoms
do not exist in the inner region of the main phase but do
exist around the interstitial region.

IV. CONCLUSIONS

In conclusion, we use first-principles calculations to
understand the mechanism of the coercivity improvement
in Nd-Fe-B magnets by Cu. We find that the anisotropies of
Fe and Nd atoms at the interface are essentially negative.
Considering the negative anisotropy of these atoms and the
formation energy analysis, we conclude that substituting
the Fe site with Cu at the main-phase interface can be
realized in the annealing process. This works effectively in
terms of improving the coercivity since the anisotropy of
Nd improves by 40% compared with the non-Cu-doped
system, thanks to substituting Cu for the Fe atom that has
negative anisotropy. Introducing Cu around the interface
between main-phase grains and subphases prevents domain
walls from penetrating into main-phase grains. This Cu
addition around the interface can cause the coercivity
enhancement after the Nd-Cu grain-boundary diffusion
process. We hope this investigation will be helpful for
experimental processes of making high-performance Nd-
Fe-B magnets by controlling Cu around the interface.
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