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Using a real-space implementation of pseudopotentials within the density-functional theory, we
show that the magnetization of a CosN cluster with a recently-discovered atomic structure is sig-
nificantly affected by nitrogen dopants. In a CosN cluster with the hexagonal P63/mmec structure,
N dopants promote spin polarization for the Co—3d electrons and the dopants themselves make
additional contributions to net magnetic moment. These two factors enhance the total magnetic
moment of a hexagonal CosN cluster, which can be as strong as bulk iron. In contrast, N dopants
in a CozN cluster with the rhombohedral R3c structure degrade magnetic moment and the dopants
are magnetically “inert,” which results in lower total magnetic moments in rhombohedral CosN
clusters. These changes in magnetic moment originate from differences in the orbital hybridization
between the Co-3d and N-2p states. We also examine how the magnetization of a CosN cluster
depends on a N content. We find that the total magnetic moment of a hexagonal CosNi4, cluster
with —0.15 <z < 0.15 is tunable and can be enhanced further by controlling the amount of nitrogen

dopants.

I. INTRODUCTION

Owing to increasing demand in the global market for
strong permanent magnets, accompanied by an insecure
supply of rare-earth (RE) elements such as Nd, Sm and
Dy, the theoretical design and experimental synthesis of
new RE-free magnetic materials is a subject of an in-
tensive study.! In the search of new magnetic materials
without critical RE elements, three properties for high-
performance magnets are desirable. These properties in-
clude a high saturation magnetization, a high magne-
tocrystalline anisotropy, and a high Curie temperature.

Among the various RE-free magnetic materials that
have been explored, Fe- and Co-rich binary or ternary
compounds are promising candidate materials. We ex-
pect the properties of such candidate materials might be
improved by doping them with light elements. This is
the case for popular RE-based permanent magnets such
as SmoFe17N3 and NdyoFe;oN where theoretical and ex-
perimental work has shown that their magnetic proper-
ties can be improved by light elements such as N.?3 In
particular, doping with light elements for these RE com-
pounds has resulted in stabilized atomic structures and
improved magnetic properties.

Recent theoretical and experimental discoveries of Co-
based new magnetic materials include Zr—Co and Hf-Co
compounds,*® several metastable Co,N (n = 3,---,8)
structures,® CosSi and CosN in a nanoparticle form.”®
Among these, CosN is an interesting system that have a
potential to exhibit high magnetocrystalline anisotropy
without losing large magnetization. In particular, the
rhombohedral R3c structure (space group No. 167) is
found to be the lowest-energy structure of CoszN through
crystal structure searches using an adaptive genetic al-
gorithm (AGA)S and has been successfully synthesized.®

(b)

FIG. 1: Ball-and-stick model for CozgN12 clusters with (a)
hexagonal P63/mmc and (b) rhombohedral R3c structures.
Gray and blue balls represent Co and N atoms, respectively.

In addition, CosN with the hexagonal P635/mmc struc-
ture (space group No. 194), a new non-cubic structure of
CosN, has been discovered recently in the form of nan-
oclusters and has also been identified as a metastable
structure.® Figure 1 shows the ball-and-stick model of a
CosN cluster (CosgNi2) with the hexagonal P6s/mmc
and rhombohedral R3c structures. In spite of their po-
tential magnetic properties, the role of nitrogen dopants
on the magnetic properties has yet to be clarified.

Here, we employ a first-principles real-space pseu-
dopotential method to investigate the effect of nitrogen
dopants on the structural stability and magnetic prop-
erties of CosN clusters with recently-discovered hexag-
onal and rhombohedral structures. Structural stability
of CosN clusters and its size dependence are analyzed by
evaluating the formation energy. We investigate the total
and local magnetic moments in elemental Co and doped
CosN clusters to understand the role of nitrogen dopants
on magnetization. We also examine the dependence of
the total magnetic moment on a nitrogen content. We
show that the magnetization of a hexagonal CozN cluster



can be enhanced further in a nitrogen-enriched condition,
namely CosNjy, clusters with x > 0.

II. COMPUTATIONAL METHODS

We adopt a real-space formalism of pseudopotentials
to obtain a self-consistent solution to the Kohn-Sham
equation with in the density-functional theory (DFT).%:10
The formalism is implemented in the PARSEC code.'' 13
The Laplacian in the kinetic-energy term is expanded
by a high-order finite-differencing scheme with an or-
thogonal grid. We use a grid spacing of 0.3 a.u. (ap-
proximately 0.16 A), which is fine enough to yield con-
verged results for magnetic clusters containing 3d transi-
tion metals.'4 16

We obtain the Hartree potential by solving the Pois-
son equation using the conjugated gradient method.!” We
calculate the exchange-correlation part using the gener-
alized gradient approximation (GGA) functional.'® In-
teractions between the core and valence electrons are
included using norm-conserving pseudopotentials, which
were constructed from the Troullier-Martins recipe.'®
Reference configurations for the pseudopotentials were
taken to be [Ar]4s?3d"4p° for Co and [He]2s%2p? for N.
The core radii were chosen to be ry = 2.18, 74 = 2.18, and
rp = 2.38 a.u. for Co, and r4 = 1.50 and r, = 1.50 a.u. for
N (1 a.u. = 0.5292 A). We included a partial core correc-
tion as well.20

In the PARSEC code, wave functions and potentials are
expressed on a Cartesian grid in real space, which is es-
pecially advantageous for non-periodic systems such as
nanoclusters and two-dimensional materials. Instead of
using a supercell approach, which is a standard technique
in reciprocal-space electronic-structure calculations, we
impose a finite domain boundary condition. Wave func-
tions are sampled inside a spherical domain and vanish
outside the domain boundary. The radius of a domain is
set to be 10 a.u. larger than that of the cluster of inter-
est, which ensures convergence of the total energy to less
than ~1 meV/atom.

Owing to its nonlinear nature, the Kohn-Sham equa-
tion is solved by a self-consistent field (SCF) method,
which involves a repetitive task of solving a linearized
eigenvalue equation within an SCF loop. A solution at
each SCF step is conventionally obtained by a diagonal-
ization scheme. In PARSEC, the linearized Kohn-Sham
equation is solved by a Chebyshev-filtered subspace it-
eration method.?!'?? The code emphasizes the creation
of a subspace rather than the computation of individ-
ual eigenvectors. The basis vectors are continually im-
proved by filtering in the SCF cycle until converged. An
improved filtering algorithm,?? implemented in the most
recent version of PARSEC, makes it possible to avoid a full
diagonalization even at the initial SCF step. The filtering
algorithm in PARSEC significantly reduces computational
time to obtain a self-consistent solution in comparison to
conventional diagonalization-based methods. The reduc-

TABLE I: Lattice constants and atomic positions of CosN in
hexagonal P63/mmc (space group No. 194) and rhombohe-
dral R3c (space group No. 167) structures used in this work.

Lattice constants (A)
Hexagonal P63/mmc
a=>5.03, c=4.08 Co  6h

N 2c

Atomic (Wyckoff) positions

(0.8315, 0.6630, 0.2500)
(0.3333, 0.6667, 0.2500)

Rhombohedral R3¢
a =4.53, ¢ = 13.05 Co 18e
N 6b

(0.6689, 0.0000, 0.2500)
(0.0000, 0.0000, 0.0000)

tion in computational time can be more than an order of
magnitude.?!22

III. RESULTS
A. Atomic structure

We list the lattice constants and atomic coordinates of
CosN bulk in the hexagonal P63/mmc and rhombohe-
dral R3c crystal structures,%® which are used to generate
atomic clusters of CozN, in Table I. The lattice constants
of the P63/mmc structure are taken from the experi-
ment,® while those of the R3¢ structure are from DFT
calculations,® which are very close to the experimental
values.® In the hexagonal P63/mmc structure, the Co
atom has eight neighboring Co atoms and four neighbor-
ing N atoms. In the thombohedral R3c structure, the Co
atom has fourteen neighbors including twelve Co atoms
and two N atoms. The distances between neighboring Co
atoms in thombohedral CozN (2.60-2.63 A) are slightly
longer than those in hexagonal CozN (2.49-2.54 A) as
well as those in pristine hexagonal-close-packed (hep) Co
(2.50-2.51 A). The nearest Co-N distance in rhombohe-
dral CosN (1.87 A) is much shorter than that in hexag-
onal CozN (2.50 A).

Atomic clusters of CoszN explored in this work are
fragments of bulk CosN with the aforementioned crys-
tal structures, as shown in Fig. 1. Clusters are taken
to be spherical in shape. For selected sizes, a spheri-
cal CosN cluster is found to be more stable than other
non-spherical ones because of a small surface-to-volume
ratio and the absence of low coordinate surface atoms. In
order to clarify the role of nitrogen dopants on the struc-
tural stability and magnetic properties of CosN clusters,
we also examine N-undoped Co clusters that are mod-
eled by removing N atoms from CosN clusters with no
relaxation allowed.

Since we use bulk structures to generate atomic clus-
ters, the interatomic forces in a generated cluster are
small for interior atoms and are slightly larger for atoms
near the surface of the cluster. We examined the ef-
fects of structural optimizations on the energetics and
magnetic properties for clusters with selected sizes using
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FIG. 2: The size dependence of the formation energies
of hexagonal and rhombohedral CosN clusters (solid sym-
bols) and N-undoped hexagonal and rhombohedral Co clus-
ters (open symbols with the same colors). The formation
energies of icosahedral and hcp Co clusters are also plotted
for comparison.

the Broyden-Fletcher-Goldfarb-Shanno method?* 26, As
a result, we find that changes due to structural optimiza-
tion are less than 0.1 eV /atom for the formation energy.
Corresponding changes in the magnetic moment are less
than 0.1 pup per Co atom. The energetic and magnetic
orderings that we will present in the following subsections
are unlikely to be affected by structural optimization.

B. Formation energy

To investigate the structural stability of CosN clusters,
we evaluated the formation energy per atom of a CozN
cluster, which is defined as

E ={FE(Co,N,;,) —nFEco —mENx}/(n+m). (1)

Here, F(Co,N,,) is the total energy of a CosN cluster
consisting of n Co atoms and m N atoms, Ec, is the
total energy per atom of Co bulk in a hcp structure at
the experimental lattice constants (¢ = 2.51 A and ¢/a =
1.62), and Ey is the total energy per atom for the Ny

molecule. A E—point grid of 16 x 16 x 10 was used to
evaluate the total energy reference of hcp Co bulk. We
note that Eq. (1) is applicable to N-undoped Co clusters
(m = 0) as well as cobalt-nitride clusters with different
compositions (n/m # 3).

Figure 2 illustrates the size dependence of the forma-
tion energies of CogN clusters in hexagonal and rhom-
bohedral structures. For comparison, we plot the forma-
tion energies of N-undoped Co clusters in hexagonal and
rhombohedral structures as well as pure Co clusters with
icosahedral and hep structures.'® In Fig. 2, clusters with
lower formation energies are more stable than those with
higher formation energies. We find that nitrogen dopants
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FIG. 3:  The size dependence of the total magnetic mo-
ments of hexagonal and rhombohedral CosN clusters (solid
symbols) and N-undoped hexagonal and rhombohedral Co
clusters (open symbols with the same colors). The total mag-
netic moments of icosahedral and hcp Co clusters are also
plotted for comparison. The arrows indicate the calculated
total magnetic moments in bulk limit (see text for values).
The dashed and dotted lines indicate the experimental total
magnetic moments in hcp Co bulk (1.72 pp/atom) and bcee
Fe bulk (2.22 pp/atom), respectively. We note that present
calculations do not include the orbital moments, while exper-
imental value is a full moment.

stabilize a Co cluster with a rhombohedral structure. Re-
sulting rhombohedral CosN clusters are as stable as pure
hep Co clusters for sizes up to 140. Hexagonal Co clus-
ters can accommodate nitrogen dopants at an energy cost
of about 0.2 eV/atom for size ranges up to 300. As the
cluster size increases, the formation energy becomes less
dependent on a cluster size, approaching to a value in
bulk limit.

C. Magnetic moment

Figure 3 shows the size dependence of total magnetic
moments per Co atom of parent Co clusters and doped
CosN ones in hexagonal and rhombohedral structures.
In Fig. 3, we also plot the experimental values of pure
Co clusters?” for comparison. The arrows in Fig. 3 indi-
cate the total magnetic moments in bulk limit that are
evaluated by using a 10 x 10 x 12 E—point grid for hexag-
onal CogN and a 8 x 8 x 3 mesh for rhombohedral CosN.
The total magnetic moments of N-undoped Co clusters
in hexagonal and rhombohedral structures are compara-
ble to or slightly larger than those of pure Co clusters
with icosahedral and hcp structures. This trend is ex-
pected to continue towards bulk limit where hexagonal
and rhombohedral Co phases are predicted to have the
total magnetic moments of 1.80 and 1.69 pp/atom, re-
spectively. Owing to the omission of orbital contributions
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FIG. 4: Evolution of local magnetic moments in hexagonal

and rhombohedral CosgNi2 clusters (solid symbols). The lo-
cal magnetic moments of parent (N-undoped) Coss clusters
(open symbols in red and blue) and icosahedral Cous cluster
(open green circles) are plotted for comparison. The dashed
line indicates the experimental full magnetic moment of hcp
Co bulk (1.72 pp/atom).

to the moments, the total magnetic moment obtained for
hep Co bulk (1.56 pp/atom) is slightly smaller than the
experimental value of 1.72 pp /atom.

With nitrogen doping, the total magnetic moment is
significantly increased in hexagonal CosN clusters. The
calculated magnetic moments are well above those of
pristine Co clusters and are comparable to the experi-
mental full moment of bulk iron (2.22 up per Fe atom
including the orbital contributions). The increase in the
magnetic moment is about 0.3 up per Co atom over a
wide range of cluster sizes. In bulk limit, hexagonal
CosN is predicted to have the total magnetic moment
of 2.05 up per Co atom. In contrast, there is a consider-
able decrease in the magnetic moment of rhombohedral
CosN clusters. In its bulk limit, rhombohedral CozN is
predicted to have the total magnetic moment of 0.82 up
per Co atom, which is nearly a half of that of hep Co bulk
and is narrowly larger than that of bulk nickel (0.61 up
per Ni atom including the orbital contributions).

In order to analyze the change in the total magnetic
moment from nitrogen doping, we decompose the total
magnetic moment into local magnetic moments, which
are defined as

mi = [ lor) = putr ) ®)

J

Here, py(y) represents the electron density of the major-
ity (minority) spin and €2; denotes a spherical domain
centered on an atom with a label j (site index). The
radius of the sphere is chosen to be half of the shortest
inter-atomic bond. We confirm that the sum of the local
magnetic moments (3;m;) is nearly equal to the total

magnetic moment and is not sensitive to the choice of
our radius.

Figure 4 shows atomic-site-resolved magnetic moments
for hexagonal and rhombohedral Co3gNy2 clusters as well
as those of N-undoped Co clusters. Without nitrogen
dopants, both hexagonal and rhombohedral Cosg clus-
ters have bulk-like local magnetic moments in a cluster
interior and the moments gradually increase when going
from the center to a surface. This trend is consistent with
the local magnetic moments of a similar-sized icosahedral
Coyz cluster and has been observed before in Fe clus-
ters.' In a hexagonal CosgNy2 cluster, it is evident that
local magnetic moments are enhanced at the Co sites.
Nitrogen dopants lead to m; > 2.0 up for all Co sites.
Moreover, nitrogen dopants themselves become magnetic
(mj ~ 0.5 pp), making additional contributions to net
magnetic moment. These two factors cooperatively bring
about a large increase in the total magnetic moment of
hexagonal CosN clusters. In a rhombohedral CossNy2
cluster, local magnetic moments are substantially sup-
pressed at most of the Co sites. In particular, signifi-
cant decrease is observed in the inner Co sites. Nitrogen
sites are magnetically “inert,” making no contribution
to net magnetic moment. These two unfavorable factors
account for the reduced total magnetic moment in rhom-
bohedral CosN clusters.

D. Density of states

Nitrogen dopants in a CosN cluster cause an opposite
effect on the total and local magnetic moments depending
on the atomic structure of a cluster. In order to under-
stand this behavior, we analyze the electronic density of
states (DOS). Figure 5 shows the total and partial DOS
for hexagonal and rhombohedral CozsNi2 clusters. The
total DOS of a parent Cosg cluster is also shown for com-
parison. As expected, overall shape of total DOS comes
from the Co—3d states for both cases. In a hexagonal
Co3N1a cluster, the N-2p states span a wide range of
energies. As a result of an increase in electronic states
arising from the N-2p electrons, we observe new “shoul-
der” features in total DOS for majority spin at around
—4 and —0.8 eV. An increase in the total DOS for mi-
nority spins is also found below —2 eV, although the in-
crease is smaller than that of majority spin. In a rhom-
bohedral CozgNyo cluster, the spectrum of total DOS for
majority spin is shifted to higher energy, accompanied
by a reduced peak height. For both majority-spin and
minority-spin channels, the N-2p states are found below
—3.5 eV where the 2p states hybridize with the Co-3d
states. These hybridized orbitals form low-energy bond-
ing states that are magnetically “inert.” The analyses on
DOS performed here clearly show that sizable changes in
the total and local magnetic moments of CozN clusters
originate from the difference in an orbital hybridization
between the Co-3d and N-2p states.
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FIG. 5: Total density of states (DOS) and partial DOS for p
and d orbitals in (a) hexagonal CossN12 and (b) rhombohedral
Co3eN12 clusters for majority spin (upper panel) and minority
spin (lower panel). The dashed line indicates the total DOS of
a parent (N-undoped) Coss cluster. A Gaussian broadening
of 0.1 eV is used. Energy is measured from the Fermi energy.

E. Composition dependence

Owing to the presence of a surface, atomic clusters
synthesized in experiment may not correspond to a CosN
composition. Here, we examine the influence of composi-
tion change on the structural stability and total magnetic
moment. We focus on hexagonal CosNy 4, clusters with
—0.15 < x < 0.15 and with sizes of containing up to 200
Co atoms (up to approximately 1.8 nm in diameter).

Figure 6(a) shows the formation energies, evaluated
by using Eq. (1), for various hexagonal CosNy ., clusters
with different compositions. Most of the formation ener-
gies of CozNy, clusters with x # 0 are on and around
the “interpolated” lines that connect the values of per-
fect CosN clusters. The examined CoszNj4, clusters are
nearly as stable as perfect CosN ones, indicating that
CosNj4, clusters are viable candidate structures.

In Fig. 6(b), the total magnetic moments of various
hexagonal CoszNjy, clusters are compared to those of
perfect CosN clusters. In the size range we explored,
most of the calculated magnetic moments of hexagonal
Co3Ny, clusters are found to be comparable to the ex-
perimental full moment of bulk iron (2.22 pp per Fe atom
including the orbital contributions). In comparison to a
weak size dependence of the total magnetic moments of
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FIG. 6: The size dependences of (a) formation energies and
(b) total magnetic moment for hexagonal CozNi4, clusters
with —0.15 < z < 0.15 (solid symbols). The formation ener-
gies and total magnetic moments of parent (N-undoped) Co
clusters are also plotted using open symbols with the same
colors. The red arrows in (b) indicate calculated total mag-
netic moments in bulk limit (see text for values). The dashed
and dotted lines in (b) indicate the experimental total mag-
netic moments in hep Co bulk (1.72 pup/atom) and bec Fe
bulk (2.22 pp/atom), respectively. We note that present cal-
culations do not include orbital moments, while experimental
value is a full moment.

parent Co clusters, the total magnetic moments obtained
for CosNi4, clusters are largely scattered, indicating a
strong dependence of the magnetic moment on a nitrogen
content. The total magnetic moments of CogNi4, clus-
ters with < 0 (namely, nitrogen-“deficient” clusters)
tend to be lower than those of perfect CosN clusters,
while CosNyy, clusters with > 0 (namely, nitrogen-
“enriched” clusters) tend to have a larger magnetic mo-
ment.

The aforementioned trend is evident in Fig. 7 where to-
tal magnetic moments are plotted as a function of x for
hexagonal CogNy 4, clusters containing 50-100 Co atoms
with different compositions. There is a gradual increase
in magnetic moment from a nitrogen-“deficient” regime
(x < 0) to a nitrogen- “enriched” regime (z > 0). The to-
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of hexagonal CoszN bulk (2.05 pp/atom, present calculation
neglecting the orbital moments).

tal magnetic moment may be maximized with an optimal
composition of x ~ 0.1. We suggest that the magneti-
zation of a hexagonal CosN cluster, which is as large as
that of bulk iron, is tunable and can be increased further
by controlling the amount of nitrogen dopants.

IV. SUMMARY

We examined the structural stability and magnetic
properties of CosN clusters using real-space pseudopo-
tentials constructed within the density-functional theory.

We show that nitrogen dopants can have a notable influ-
ence on the magnetization of CoszN clusters depending
on the atomic structure of a cluster. In particular, CosN
clusters with the hexagonal P63/mmc structure are pre-
dicted to have a large total magnetic moment, which can
be as strong as bulk iron. On the other hand, CosN
clusters with the thombohedral R3c structure have a sig-
nificantly suppressed total magnetic moment. We have
clarified that the changes in the total and local magnetic
moments due to nitrogen doping originate from the differ-
ence in an orbital hybridization between the Co-3d and
N-2p states. We have also examined the dependence of
the total magnetic moment on a nitrogen content. We
suggest that the total magnetic moment of a hexagonal
CosNi, cluster can be maximized by tuning the amount
of nitrogen dopants.
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