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The 3d transition metal nitrides M4N (ScaN, TigN, V4N, CraN, MngN, FesN, CosN, NigN, and CuyN) have
unique phase relationships, crystal structures, and electronic and magnetic properties. Here we present a
systematic density functional theory (DFT) study on these transition metal nitrides, assessing both the
[-M4N phase and the [I-M4N phase, which differ in ordering of the N atoms within the face-centered
cubic (FCC) framework of metal atoms. The calculations showed that for M = Mn, Fe, Co and Cu, the
[-M4N phases with perfect metal sub-lattices are favored, while for M = Sc—Cr, and Ni, the [I-M4N
phases with distorted metal sub-lattices are favored. We predict that several currently not existing
II-M4N phases may be synthesized experimentally as metastable phases. From Bader charge analysis
the M4N phases are found to be ionic with significant metal-metal bonding. I-M4N with M = Cr to
Ni are magnetic, while [I-M4N with M = Cr and Ni are non-magnetic. The calculations revealed

unusually high local magnetic moments and high spin-polarization ratios of the M1 atoms in |-M4N
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Accepted 7th January 2014 (M = Cr to Ni). The origin of magnetism and lattice distortion of the M4N phases is addressed with

the Stoner criterion. Detailed information about the relative stability, structures, chemical bonding,
DOI: 10.1039/c3ra47385¢ as well as the electronic and magnetic properties of the phases are of interest to a wide variety of

www.rsc.org/advances fields, such as chemical synthesis, catalysis, spintronics, coating technology, and steel manufacturing.

The second NiyN phase that Terao found (II-M,;N with
M = Ni) is tetragonal with a ~ @, and ¢ = 2a, (here q, is the
lattice parameter of cubic I-M,4N).> Compared to the cubic I-M,;N

1. Introduction

The interest in the M,N transition metal nitrides is multifold.
First, M,N nitrides with M = Fe, Co and Ni, have unique elec-
tronic and magnetic properties and consequently have potential
applications as magnetic recording materials,' as spin carriers
in spintronics®**® and even as catalysts used for photocatalytic
water splitting.”

Second, there are two possible phases for M,N (the I-phase
and the II-phase) that are structurally difficult to distinguish but
that can have very different physical properties. In the early
1960s, Terao observed two NiyN phases.*® One of them is cubic
(I-M,N with M = Ni),* and has a conventional face-centered
cubic (FCC) cell with one N atom at the center. Within this I-
phase, there are two crystallographically different sites for the
metal atoms in the FCC-sub-lattice: one is at the corner with 12
metal atomic neighbors, and the other three are at the face
centers, each of which has 12 metal neighbors and two N atom
neighbors, as shown in Fig. 1. The two types of metal atoms in
this phase have significantly different characteristics, which
leads to interesting electronic and magnetic properties.*”

Fig.1 Schematic structure for [-MyN (a, left) and II-My4N (b, right). The
black bold-lines indicate the axis of the unit cell. The octahedrally-
coordinated N atoms form a simple cubic lattice in [-M4N with two
crystallographically different M atoms: M1 at the corners of the cell,
coordinated by 12 M2 atoms, and three M2 atoms at the face centers,
coordinated by four M1, 8 M2 atoms and 2 N atoms. In [I-M4N, the
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octahedrally-coordinated N atoms form a body-centered tetragonal
structure with also two M species: M1in the planes z =0 and z = 1/2,
each M1 coordinated by 4 M1, 8 M2 and 1 N atoms, M2 atz = 1/4and z
= 3/4, whereby each M2 has 8 M1, 4 M2 and 2 N neighboring atoms.
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phase with a perfect FCC metal sublattice, in the tetragonal
II-M,N phase the FCC metal sublattice is distorted, and has
two N atoms at octahedral sites, as shown in Fig. 1.° Up to
now most studies are on the I-type structures. There are very
few papers on the II-phases. Throughout rest of this manu-
script, we use the definitions by Terao.®® It is of general
interest to explore the relative stability, structures and
unique electronic properties of these two M,N phases.

Third, the itinerant nature of 3d transition metals and the
related compounds has been a fascinating topic for solid state
scientists for over half century.'*** Although intensive investi-
gations have been performed for the 3d transition metals***
and ionic transition compounds, such as the oxides,'*** there
are much fewer studies on the 3d transition metals of partial
oxidation, which is the case for 3d transition metal sub-nitrides,
M,N (M = 3d transition metals).***® Furthermore, the magne-
tism and its origin for the M,;N phases are of great interest for
scientists in the fields of physics, chemistry and materials
science.

Experimentally, most My;N samples have been prepared for
M = Mn, Fe, Co and Ni in the forms of e.g. powder by nitrid-
ization of the metals,"**"® as thin-films by sputtering tech-
niques>**® and as nanoparticles on substrates by molecular
beam epitaxy techniques.”® In general, it is difficult to obtain
pure samples with high homogeneity using these methods.
That has an impact on the accuracy and reliability of the
experimental assessments of the physical properties. Therefore,
much remains to be clarified. For example, Blucher and co-
workers reported I-Cu,N samples they prepared by means of DC
plasma ion nitridization. They found a lattice parameter of
about 3.19 A, which is much smaller than that (~3.61 A) of pure
FCC-Cu.”!

To resolve such issues theoretical methods, especially
parameters-free first-principles methods, are very useful. The
first-principles density-functional theory (DFT) approaches have
been used for I-M,N, in particular for M = Fe.>>™*?

With the assumption that the lattice parameters of the
tetragonal II-Fe,N are a = ao, ¢ = 2 a, (ay is the lattice parameter
of cubic I-Fe,N), Kong and co-workers performed electronic
band structure calculations using the first-principles Linear
Muffin-Tin Orbital (LMTO) method and addressed the influence
of N ordering on the electronic and magnetic properties of MyN
(M = Fe) with the two I- and II-phase structures and observed a
strong impact of local crystal structure on the local magne-
tism.”® Mohn and co-workers studied the magnetic and elec-
tronic properties of I-M,;N with M = Mn and Fe and observed
ferro-magnetic (FM) nature for M = Fe and ferri-magnetic (FR)
ordering for M = Mn.**** Matar and co-workers studied the
magnetic properties of cobalt metal and tetra-cobalt nitride (I-
M, N with M = Co).*® From the dispersion curves, Takahashi and
co-workers® explored the electronic and magnetic properties of
ternary I-(M; _,M’,),N, (M = Co, M’ = Fe) compounds. They
observed a nearly half-metallic electronic structure for I-Co,N,
and a half-metallic behavior for I-(Co,_ ,Fe,),;N, whereby at
x = 1/4 the energy gap is about 0.2 eV for the spin-up (majority)
electrons. That suggests that this material has potential appli-
cation as spin-carrier materials for spintronics devices.****° In
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the first-principles’ study of stability and electronic and
magnetic properties of nickel nitrides, Fang and co-workers
revealed that I-Ni,N is magnetic while I-Ni,N; ., (x ~ 0.1) phases
are non-magnetic due to the distortion of the FCC Ni sub-lattice
caused by extra/deficiency of N atoms.* More theoretical
studies were conducted on the electronic and magnetic prop-
erties of ternary I-(A,M;_,);N phases where A is a metallic
element and M a 3d transition metal.**>*® Dos Santos and co-
workers performed structural optimization and electronic band
structure calculations for a novel I-M,;N (M = V) phase.*” Up
to now, theoretical calculations have been performed mainly for
I-M,N with M = Mn, Fe, Co, Ni and Cu,?****%* and there is lack
of knowledge about the formation and stability, and physical
properties of the II-M,N phases.

In the present manuscript, we present a systematic first-
principles study on the stability, the structure, and the elec-
tronic and magnetic properties of I- and II-M,;N (M = Sc to Cu)
phases. The trends in chemical bonding, valence and charge
transfer in the MyN were addressed together with the electro-
negativity of the 3d transition metals. The (in-)stability of
paramagnetic I-M,N phases was investigated using the Stoner
theory.'**>**>* The obtained information here is important not
only for solid state scientists to understand the nature of 3d
transition metals and related compounds, but also for experi-
mentalists for obtaining a reliable characterization of prepared
samples and to understand the physical properties of the binary
M,N and ternary (M,M’),N phases, many of which are meta-
stable.?**>*? Finally, the calculated results are of interest for the
development of applications in various fields, such as chemical
synthesis,"*'**® coating,"*° catalysis,” spintronics,****° and
steel manufacturing.®*°>*

The article is arranged as follows. In the following Section
(2), we introduce the criteria used to assess the stability of the
nitrides (formation energy) with respect to the elemental metals
and a N, molecule (2.1). Next the Bader charge analysis
approach used in the present work is described in Section 2.2.
Details of the first-principles density-functional theory (DFT)
techniques and settings are described in Section 2.3. Section 3
(Computational results and discussion) starts with the
elemental metals (3.1), followed by the stability, structural
properties, chemical bonds, and charge transfer in the My;N
phases (3.2). The electronic and magnetic properties of the M,;N
phases are described in 3.3. Finally, in Section 3.4 we address
the origin of magnetism and phase stability of M,N using
Stoner criterion together with the FCC-3d elemental metals.
Finally a brief summary of the calculations and results is pre-
sented in Section 4.

2. Details of calculations
2.1. Formation energy

The formation energy (AE) of a metal nitride with the formula,
M,N, M = Sc to Cu with respect to the elemental 3d transition
metal M and the N, molecule can be described as:*">**®

AEM,N) = EMyN) — [4E(M) + E(N»)/2] (1)
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here, E(M,N), E(M) and E(N,) are calculated using the DFT-GGA
approach (see below). This energy difference, AE(M,N) is in
units of eV per MyN (eV/f.u.) and can be used to assess the
relative stability of the M,;N phases. Positive values mean
metastable and negative values indicate stable with respect to
the elemental metal and N, gas. At 0 K and 0 Pa, the enthalpy
difference is equal to the energy difference, that is AH(M,N) =

AE(MyN), where we ignore the zero-point vibration
contribution.
2.2. Bader charge and charge transfer in crystals

One of the difficulties in solid state science is the definition of
the shape and volume of an atom or ion and correspondingly
the charge on and charge transfer from/to the atom/ion in a
solid.** In 1971, Bader and Beddal proposed a unique definition
of an atom/ion in a molecule/solid by dividing the molecule/
solid into spatial regions defining the atoms, and the charge on
the atom is determined by the number of electrons in each
region.***” The boundary of an atom is defined by the zero-flux
surfaces between that atom and neighboring atoms. That is, the
charge density distribution p(r) is partitioned by the close
surface, S(r), through which the flux density Vp(7) is zero,

Vp(r) n(r) = 0 @

where the flux density Vp(r) = (9/dx, 8/dy, d/dz)p(r) is a vector and
n(r) is the unit vector normal to the surface S(r) at r. This defi-
nition is sufficient to unambiguously partition any molecular or
condensed matter system of a finite or infinite size. Then the
number of electrons in the volume centered by a density peak
(nucleus or ion of atom A) can be obtained by integrating the
electron density in the volume bounded by S(r),

N(A) = [p(r)dr 3)

and the charge for ion A with Z valence electrons is obtained
from

O(A) = Z - N(A) = Z — [p(r)dr 4)

Henkelman and co-workers®® implemented Bader charge
analysis into different first-principles DFT codes, including the
Vienna Ab initio Simulation Package (VASP).***® The Bader
charge approach has been widely used in ab initio studies of
chemical reactivity of atoms/ions in molecules or solids.?”**¢*

2.3. Details of first-principles calculations

The first-principles code VASP***° was used for all the calcula-
tions. This code employs Density-Functional Theory (DFT)
within the projector-augmented wave (PAW) method.®** The
generalized gradient approximation (GGA) formulated by Per-
dew, Burke and Ernzerhof (PBE)* was employed for the
exchange and correlation energy terms because the GGA
approximation describes (spin-polarized) transition metals and
compounds better than the local (spin-polarized) density
approximation.®**® We remark here that the small number of
valence electrons of elements, especially those of the first half
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column in the periodic table, has an impact on the calculations
of Bader charges at atomic sites in a crystal.”®** To obtain reli-
able values of Bader charges in the M,N phases, we also used
the potentials (M_pv) containing semi-core 3p°® elec-
trons.*>*%**%* Our test-calculations showed that using the PBE-
GGA potential with/without the semi-core 3p° electrons
produced no notable differences in the results on crystal
structure, total energy differences, and electronic and magnetic
properties. The cut-off energy of the wave functions was 550 eV.
The cut-off energy of the augmentation functions was 700 eV. A
2ay X 2a, X 2a, supercell is used for I-M,N (a, is the lattice
parameter of the cubic cell) to facilitate the integration of
charges/electrons in the atomic spheres. The electronic wave
functions were sampled on a 12 x 12 x 12 grid with 84k-points
and 24 x 24 x 12 grid with 468k points in the irreducible
Brillouin zone (BZ) of the 2a, x 2a, x 2a, super-cell of I-M,N
and the conventional cell of II-M4N, respectively, using the
Monkhorst-Pack method.®” Dense k-meshes were used for the
elemental 3d transition metals as well. For the calculations of
local electronic configurations and partial density of states of
the atoms, the Wigner-Seitz radius is set at 1.4 A for M and 1.0 A
for N, respectively, considering the metallic nature of the
nitrides. Note that the M 3d electrons exhibit an itinerant
character in the metals and their nitrides, and in principle
belong to the whole crystal. However, we can decompose the
plane waves in the sphere and obtain M 3d components in the
spheres for both the spin-up (or majority) and spin-down
(minority) directions. In this way a local magnetic moment is
obtained which is the difference of the number of spin-up
electrons and spin-down electrons in the sphere. Different k-
meshes and cut-off energies for the waves and augmentation
waves were tested. The settings mentioned above ensure a good
convergence (~1 meV per atom).

3. Computational results and
discussion

3.1. Structure of the elemental 3d metals

As shown in eqn (1), in order to obtain the formation energies of
the nitrides it is required to first calculate the total valence
electron energies of a N, molecule and the stable elemental
solids with the same technique and settings in Section 2.3.
Calculations for the N, molecule were performed in a large cube
with axis length @ = 12 A.** The cut-off energy of the wave
functions of 1000 eV was employed to describe the strongly
localized 2p bonds of the N, molecule. The calculated bond-
length is 1.11 A, comparable to the experimental value (1.10 A).

The 3d transition metals have been studied inten-
sively.'®*>506573 Tt has been recognized that 3d transition metal
atoms have the unique 3d"4s” with n = 1 to 10 (from Sc to Zn)
with two exceptions, Cr 3d> 4s" and Cu 3d"° 4s". The exceptions
originate from the preference of half (3d d° for Cr) and full
occupations (3d"'%) of the 3d states.”®”* As shown in Table 1, the
ground state of elemental Sc, Ti, Co and Zn metals has a hexag-
onally-closed-packing (HCP) lattice, V, Cr and Fe a body-centered
cubic (BCC) lattice, Ni and Cu a faced-centered cubic (FCC)
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Table 1 Calculated results (lattice parameters, local magnetic moments) of the elemental 3d transition metals from first-principles DFT-GGA.
Available experimental data from the literature are included for comparison

Present calculations

Experiments in literature

X_pauting/X_atlen" Latt. para. (A) Magn. Latt. para. (A) Magn.
HCP-Sc 1.36/1.19 a=3.320 NM 3.309 (ref. 69) NM
¢ =5.164 5.273
HCP-Ti 1.54/1.38 a=2.924 NM 2.9508 (ref. 69) NM
¢ =4.626 4.6855
BCC-V 1.63/1.53 a=12.979 NM 3.03 (ref. 69) NM
BCC-Cr 1.66/1.65 a = 2.855 AFM = 1.06 2.8787 (ref. 68) FRM (ref. 71 and 77), 0-1.30
2.91 (ref. 69)
BCC%“Mn 1.55/1.75 a = 8.605 FRM?, 0-2.9 8.877 (ref. 72) FRM (ref. 72 and 75), 0-2.9
¢ = 8.604 8.873
BCC-Fe 1.83/1.80 a=2.833 FM 2.21 2.8665 (ref. 68) FM,79 2.17
2.8607 (ref. 69)
HCP-Co 1.88/1.84 a = 2.496 FM, 1.63 2.5071 (ref. 69) FM (ref. 80 and 82), 1.60
¢ =4.033 4.0695
FCC-Ni 1.91/1.88 a = 3.524 FM, 0.63 3.5175 (ref. 68) FM,78 0.60
3.524 (ref. 69)
FCC-Cu 1.90/1.85 a = 3.637 NM 3.6149 (ref. 68) NM
3.6077 (ref. 69)
HCP-Zn 1.65/1.59 a = 2.650 NM 2.6649 (ref. 69) NM
¢ = 5.046 4.9468
N (N2) 3.04/3.066 d(N-N): 1.11 d(N-N): 1.10

“ BCC-type cell with 58 Mn atoms, and ferrimagentic (FRM) ordering with absolute values of moments ranging from 0.0 to 2.8372-75, see the text for
details. Here NM represents non-magnetic, AFM anti-ferromagnetic and FM ferromagnetic.

lattice.*®*” Elemental Mn metal has a complicated crystal structure
at ground state.”””® Obviously, there have been many experimental
and theoretical efforts on the structural, electronic and magnetic
properties of 3d transition metals.’******"%7> However, here the
experimental values serve merely as a reference for the calculations
on the nitrides, therefore, we limit ourselves to comparison with
the available experimental observations in literature.

The early transition metals Sc, Ti and V are non-magnetic.
Elemental Cr has a simple BCC structure,*®* but a complex
spiral-like magnetic ordering.”””* In the present calculations we
limit ourselves to the anti-ferromagnetic ordering with one layer
of Cr atoms being magnetically opposite to the neighboring
layer ones, considering the small energy differences between
the spiral magnetic ordering and AFM ordering.”*”*

The calculations also showed that the non-magnetic (NM)
solution has just a slightly higher energy (about 10 meV/Cr). That
agrees with the complex magnetic behavior of Cr metal.*"*>%*7>
There are also discussions about the ground state of Co."™*
Therefore, we also performed structural optimization and total
energy calculations for HCP-, BCC- and FCC-Co. The calculations
showed that all the three phases being ferromagnetic (FM) with
the order of stability: HCP-Co (set dE = 0.0 eV/Co) > FCC-Co (dE =
+0.019 eV/Co) > BCC-Co (dE = +0.099 eV/Co), in agreement with
the experimental observations®*”¢ and the former theoretical
calculations."*>* The calculated magnetic moments (1.60 pp/Co
for HCP-phase, 1.64 ug/Co for FCC-phase, and 1.74 ug/Co for BCC-
phase) are close to the former calculations (1.63 pg/Co for HCP-
phase, 1.67 pp/Co for FCC-phase, and 1.76 pg/Co for BCC-phase)
by Matar and co-workers using the all electron augmented spher-
ical wave (ASW) method.*® The crystal structure and magnetic
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ordering of pure Mn have been a topic of interest. Both experi-
mental and theoretical studies showed the dependence of crystal
structure on its spiral-like magnetic structure.”>”> Here we use a
simplified ferrimagnetic (FR) ordering model to optimize its
structure and to obtain total valence electron energy as a refer-
ence.”” Our calculations provide a solution with a nearly cubic
lattice which agrees with the experimental values within 1% (as
shown Table 1). The obtained local magnetic moments are: Mn1 (2
atoms) 2.98 g, Mn2 (8 atoms) —2.27 pg, Mn3 (24 atoms) 0.47 pp
and Mn4 (24 atoms) —0.12 pg. The calculated local moments are in
agreement with the experimental values (e.g. the absolute values,
Mn1 2.83 pg, Mn2 1.83 pg, Mn3 0.5 to 0.6 pug and Mn4 0.45 to 0.48
ug by Lawson et al.”), considering the strong dependence of the
(spiral) magnetism on temperature, impurity, etc. In fact as
summarized by Hobbs and co-workers, both experimental
measurements and theoretical calculations provide a significant
variety of local moments.” Therefore, the present calculations
provide one ferrimagnetic solution with reasonable stability.

Overall, the calculated lattices of the 3d transition metals are
in good agreement with the experimental values (<2%, Table 1).
The calculated local magnetic moments for AFM BCC-Cr, FR a-
Mn (a BCC-type cell), and FM BCC-Fe, FM HCP-Co and FM FCC-
Ni are close to the available experimental values and former
theoretical calculations in literature.'>%%>

3.2. Stability, structural properties and chemical bonding of
the M,N phases

As shown in Fig. 1, I-MyN has a perfect M FCC sub-lattice with
one N atom occupying one of the octahedral sites. The N atoms

This journal is © The Royal Society of Chemistry 2014
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also are a simple cubic lattice in the I-phases. It should
be realized that due to the magnetic ordering, the symmetry of
I-M,N (M = Cr, Mn, see 3.3) is lowered into a tetragonal sub-
lattice. In the II-M,N phases, the N atoms form a body-
centered tetragonal sub-lattice (BCT). This arrangement allows
the M FCC sub-lattice to become one face-centered tetragonal
(FCT) lattice.

Table 2 lists the calculated lattice parameters and formation
energies for the M,N phases. Fig. 2 shows the stability of the I-
and II-M,N phases relative to the corresponding non-magnetic
I-phases according to Table 2. Table 3 lists the calculated lattice
parameters for non-magnetic FCC-3d transition metals,
nonmagnetic and magnetic I-M4N, and for II-M,N.

For the cubic I-MyN, the structure is determined by its lattice
parameter a. For the tetragonal I-type phases, two lattice
parameters a and ¢ are required. However, the fractional atomic
coordinates are the same: one N at (1/2,1/2,1/2); one M1 at
(0,0,0), and three M2 at (1/2,0,1/2), (0,1/2,1/2) and (1/2,0,1/2) as
shown in Fig. 1. For the tetragonal II-M,;N phases which have
two lattice parameters a and ¢ (~2a), the fractional coordinates
of atoms are: N at (0,0,0), and (1/2,1/2,1/2); M1 at (0,1/2,0), (1/
2,0,0), (0,1/2,1/2) and (1/2,0,1/2); M2 at (0,0,2), (0,0,—2), (1/2,1/
2,1/2 — z) and (1/2,1/2,1/2 + z) with z ~ 0.25.

Note that in the schematic structure of II-M,N in Fig. 1
the origin is shifted with z ~ 0.25 with respect to the
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Fig. 2 Formation energies (AE¢om) Of |- (filled black spheres) and I-
My4N phases (filled red squared) with respect to the nonmagnetic |-
MyN. Clearly, I-M4N phases are more stable than I1-My4N for M = Mn, Fe
Co and Cu. Meanwhile, for M = Sc, Ti, V Cr, Ni (and Zn), the 1I-M4N
phases are favored over the corresponding I-M4N phases. The dotted
lines are drawn to guide the eyes.

abovementioned fractional coordinates of atoms. The struc-
tural optimizations provide the z-coordinates for M2 atoms
as follows, z(Sc2) = 0.2265 (II-Sc4N), z(Ti2) = 0.2416 (II-Ti,N),
z(V2) = 0.2783 (II-V,N), z(Cr2) = 0.2650 (II-CryN), z(Mn2)
= 0.2572 (II-MnyN), z(Fe2) = 0.2597 (II-Fe,4N), z(Ni2) = 0.2545
(II-NiyN), z(Cu2) = 0.2600 (II-CuyN), and z(Zn2) = 0.2551 (II-
ZnyN). It is clear that for M = Sc, Ti, the neighboring M2
atoms tend to approach the N atoms.

Table 2 DFT-GGA calculation results (lattice parameters, local magnetic moments and formation energies from eqn (1)) for the M4N phases.
Available experimental and selected former theoretical calculations are included for sake of comparison. FR-I indicates M1 being antiparallel to
M2. FR-1l indicates one layer antiparallel to neighboring layers along z-axis. FR-IIl indicates two layers of metal atoms anti-parallel to the metal

atoms in the neighboring two layers

I-M,N I-M,N
Latt. para. (A) Magnetism AE(eV) Latt. para. (A) Magnetism AE(ev/f.u.)
ScyN 4.555 NM —2.980 4.470 NM —3.389
9.711
TiyN 4.162 NM —3.624 4.145 NM —3.701
8.492
V,N 3.920 NM —2.208 4.128 NM —2.672
(3.979)" 6.832
Cr,N 3.776 NM —0.329 3.832 NM —0.628
3.814 FR-I —0.463 7.161
Mn,N 3.696 NM —0.080 3.829 FR-III —0.659
3.849 FR-I —0.758 7.446
(3.864)°7%8
3.740 FR-IT
3.783 (See text) —0.768
Fe N 3.672 NM 1.134 3.782(3.792)* FM —0.145
3.793 FM —0.205 7.368(7.584)*
(3.790)'®
CouN 3.685 NM 1.318 3.731 FM 0.474
3.728 FM 0.415 7.369
(3.738)*
Ni,N 3.733 NM 0.509 3.760(3.72)° NM 0.306
3.739 FM 0.470 7.271(7.28)
(3.72)°
Cu,N 3.877 NM 1.531 3.887 NM 1.696
(3.193)** 7.647
Zn,N 4.1797 NM 1.912 4.0887 NM 1.757
8.7043

This journal is © The Royal Society of Chemistry 2014
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Inter-atomic distances for cubic I-M4N, tetragonal [-My4N due to ferrimagnetism (FRM), and tetragonal [I-M4N phases. The fractional

coordinates of atoms in I-M4N are: one N at (1/2,1/2,1/2); one M1 at (0,0,0), and three M2 at (1/2,0,1/2), (0,1/2,1/2) and (1/2,0,1/2) as shown in
Fig. 1. For the tetragonal II-M4N phases which have two lattice parameters a and ¢ (~2a), the fractional coordinates of atoms are: N at (0,0,0), and
(1/2,1/2,1/2); M1 at (0,1/2,0), (1/2,0,0), (0,1/2,1/2) and (1/2,0,1/2); M2 at (0,0.,2), (0,0, — 2), (1/2,1/2,1/2 — z) and (1/2,1/2,1/2 + z) with z ~ 0.25. Note, in

the schematic structure of II-M4N in Fig. 1, the origin is shifted with z ~

0.25

System Lattice M1- distance to M2- distance to N- distance to
I-MyN Cubic a M2: 2a/2 (x12) N: a/2 (x2) M2: a/2 (x6)
M1: /2a/2 (x4)
M2: \/2a/2 (x8)
I-M,N Tetragonal a, ¢ M2: (@ + ¢%)/2 (x12) N: a/2 (x1) M2: a/2 (x4)
c/2 (x1) /2 (x2)
M1: (a® + )2 (x4)
M2: \/2a/2 (x4)
V2c/2 (x4)
II-M,N Tetragonal a, ¢ N: a/2 (x2) N: z¢ (x1) M1: a/2 (x4)
M1: \2a/2 (x4) M1: J{a+zc]*}2 (x4) M2: z¢ (x2)

M2: H{a® + (zc)*}/2 (x4)
U112 - 2Pz (x4)

The very short c-axis in II-V,N causes repulsion of M2 atoms
from the N atoms with a significantly large z(V2) value. For the
other II-M,N phases, the M2 atoms shift away moderately from
the N atoms with z(M2) ranging from 0.255 (M = Zn) to 0.265
(M = Cr).

We started from the lattice parameters for the 3d transition
metals with a non-magnetic solution (Fig. 3). The lattice
parameters change smoothly with the atomic number in a valley
shape: they decrease from Sc to Fe and then increase to Zn. As
shown in Fig. 3, the dependence of the a lattice parameter of
non-magnetic I-M,4N on the atomic number of the metals is very
similar to that of the nonmagnetic FCC-metals, with some
differences: except for M = Sc, the lattice parameters of the
cubic non-magnetic I-M,N phases are larger than those of cor-
responding FCC metals. This is due to the atomic volume of N
atoms in the lattices.

Magnetism has a strong impact on the lattice parameters of
the I-MyN phases. For M = Sc-V, the I-M,N phases are non-
magnetic. For M = Cr and Mn, the I-M,N phases have ferri-
magnetic ordering, and as a consequence the lattices become
tetragonal with a being identical for M = Cr (a pseudo-cubic
lattice), and c¢/a being equal to 1.011 for M = Mn. For M = Fe to

4 OO a metal M
i Q m maNM-I_MN
—~ 45 A ¢ & aMag IFM\N
< | My A all_MN |
£ L S vy 021 MN 2 *
o = 4 s 0
3 L 0O - D * . e T
o . ] =
1~ v z (o}
35 i (c] o o) o]
o ] ] 1 1 ] ] ] 1 1
1 1 T T 1 T T T T
Sc Ti V Cr Mn Fe Co Ni Cu 2Zn

Fig. 3 Calculated lattice parameters for non-magnetic FCC-3d tran-
sition metals (open black circles), nonmagnetic |-M4N (red sold
squares), magnetic |-M4N (red diamonds) and a-axis (green solid
triangles up) and half the c-axis (solid triangles-down) of [I-My4N. Lines
are drawn to guide the eye.
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W@+ (112 — 2)cP}2 (x4)
M2:y/2a/2 (x4)

Ni, the I-M N phases are ferromagnetic and cubic with their
lattice parameters larger than the corresponding non-magnetic
lattices. The last two the I-M,N phases with M = Cu and Zn are
non-magnetic.

The high symmetry of cubic I-Mn,N phases gives a simple
geometrical relationship for calculating the bond lengths in the
structures: each M1 has 12 M2 neighbors with a bond length of
V2a,/2 (a, is the lattice parameter), while each M2 atom has
4 M1 and 8 M2 nearest neighbors with the same bond length,
and 2 N neighbors with a M-N distance of a,/2. Meanwhile the
relationships between the chemical bonds and lattice parame-
ters become more complicated with distortions of the lattices
for tetragonal I-M,N due to magnetism (M = Cr, Mn). N
ordering also causes distortion of the II-M,N lattices. We list the
relationships for the different MyN phases in Table 3.

Fig. 3 also shows the lattice parameters for the II-M,N pha-
ses. For sake of comparison we plot ¢/2, as shown in Fig. 1. As
shown in Table 2, the length of a-axis is smaller than that of ¢/2
for Sc and Ti. This relationship changes dramatically when
M = V and for the other M = 3d metals the ¢/2a values are
smaller than 1. Here we divide the MyN phases into four
different species according to their characteristics, as discussed
below.

3.2a. M = Sc-V. The calculations showed that both I- and
II-M,N phases are stable relative to the elemental metal and the
N, molecule, with the II-phases being favored over I-M,N. For
the calculated lattices, there is a strong change in the lattice
parameters: for M = Sc and Ti, the a-axis of II-phases are shorter
than those of the corresponding I-phases. The c/2a rations are
larger than 1, in contrast to the M = V phases where II-V,N has a
longer a-axis and a small ¢/2a ratio, as shown in Table 2.

The calculations also showed that II-Sc,N has a slightly
shorter a-axis than that of I-phase, and a large c¢/2a ratio
(=1.086). Total energy calculations showed that both Sc,N
phases have higher stability with respect to the elemental HCP-
Sc and the N, molecule (Table 2). The situation for the Tis;N
phases is very similar to that of Sc,N, as shown in Table 2 and
Fig. 2 and 3. There are also some differences. The calculations
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show a smaller energy difference between the I- and II-phases.
The c/2a ratio being 1.024 for II-Ti,N is less significant than that
for I-Sc,N. The fractional atomic coordinates (z = 0.2265 for II-
ScyN and z = 0.2416 for II-TiyN) are smaller than 0.25. That
indicates that the M2 atoms/ions are attracted to N atoms,
which stabilizes the two II-phases.

Both V,N phases show high stability relative to the elemental
BCC-V and N,, as mentioned above. Comparatively, the calcu-
lations showed a significantly different behavior for the V,N
phases: an a lattice parameter (4.128 A) for the II-phase that is
much larger than that (3.920 A) of I-V,N; and a small ¢/2a ratio
being equal to 0.83 for II-V,N. The calculated lattice parameter
for I-V,N is close to that (3.984 A) of the former work by dos
Santos and co-workers, the only paper for I-V,N found in liter-
ature.” The calculations also show that both V,N are non-
magnetic, in agreement with the former calculations.” The
significant lattice changes (long a-axis and short c-axis) are the
origin of stabilization of the II-V,N phase.

The calculations showed that the M,;N (M = Sc-V) phases are
stable relative to the elemental solids and nitrogen gas (Table 2).
However, there are no experimental observations for the above-
mentioned phases.®** The stable binary compound in the Sc-N
system is ScN with NaCl-type structure which has an FCC-Sc
sub-lattice.**** We performed first-principles calculations for
ScN and obtained @ = 4.518 A, in good agreement with the
recent experimental value, 4.5005 A.*

From the equation: Sc,N(s) = 3Sc(s) + ScN(s) + AH¢om, then
AH¢yrm = 10.855 eV/f.u. for I-Sc,N and +0.446 eV/f.u. for II-Sc,N
under the conditions 7= 0 K and p = 0 Pa, with the ignoring of
zero-vibration contributions. This indicates that both I- and II-
Sc,N phases are metastable with respect to rocksalt ScN and
HCP-Sc metal. This conclusion agrees with the experimental
observation.?”®? For titanium and vanadium nitrides, we also
tried to compare the stability of M,N phases relative to the
well-known MN phases with the reactions: MyN(s) = 3M(s) +
N(s) + AHgorm, and found that AHgy,, = —0.505 eV for II-Ti,N
and AH¢yrm = —0.759 eV for II-V,N. However, it has been well-
established that there are chemical non-stoichiometric
compounds, e.g. -MN;_, with FCC-M sub-lattices with defi-
ciency x being as high as about 0.4.*** The defective struc-
tures contain significant contributions from configurational
entropy for the reactions typically taking place at elevated
temperatures. Simple solid reactions are not available due to
the interplay of complex crystal structures and defects.
Meanwhile, the possibility to form II-M,N (M = Ti and V) could
not be excluded. These systems are worth future
investigations.

3.2b. M = Cr and Mn. The M,;N phases with M = Cr and
Mn are calculated to be more stable than the elemental solid
and N2. Both elements in the MyN phases exhibit unique
magnetic properties. The two elements have different influ-
ences on the phase relations (Table 2 and Fig. 2).

The calculations showed that magnetism lowers the
formation energy of I-Cry,N by about 0.34 eV/f.u. (Fig. 2) The
magnetism also reduced the symmetry of I-CryN into tetrag-
onal with almost identical lengths of the a- and c-axis (pseudo-
cubic). Meanwhile, the II-phase is calculated to be non-
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magnetic, with its formation energy about 0.156 eV/f.u. lower
than that of the magnetic I-phase (Fig. 2). There are several
binary compounds in the Cr-N binary phase.**** One of them
is CrN with zinc-blende structure. We performed total energy
calculations for CrN with NaCl-type structure. The calculations
using the anti-ferromagnetic ordering produced lattice parame-
ters a = 4.1435 A and ¢ = 4.1267 A, with a local magnetic moment
of 2.358 pg/Cr.

Experimentally, Aoki and co-workers prepared CrN samples
at high temperature with a cubic lattice (@ = 4.146 A).*
Considering the magnetic effects, our calculated CrN lattices
are close to the experimental values.”® Using the formula:
Cr,N(s) = 3Cr(s) + CrN(s) + AH¢orm, we obtained AHgoy, = +0.356
eV for I-CryN and + 0.205 €V for II-Cr,N. Therefore, both I- and
II-Cr,N phases are metastable with respect to CrN and BCC-Cr
solids.

An even larger effect of magnetism on the formation energy
is observed for I-Mn,N (Fig. 2). Two solutions have been
obtained for I-Mn,N: one FR-I with the magnetic moments of
Mn1 anti-parallel to those of M2 atoms. Another one is with
one layer of M atoms anti-parallel to the neighboring layers.
The calculations show only a very small energy difference
(about 10 meV/f.u.) (Table 2). Therefore, we expect that more
complex magnetic orderings are possible within the structure,
without significant energy differences. The calculated lattice
parameter for I-Mn,N is close to the experimental value within
1%, as shown in Table 2.°°° Mohn and co-workers also per-
formed electronic structure calculations for I-Mn,N with the
experimental lattice parameter and also obtained a FR-I
ordering.** Similar results were obtained by Siberchicor and
Matar.*® Our calculations also showed that the lattice of I-
phase is slightly more stable than the II-phase with an energy
difference of 0.110 eV/f.u. Such a small energy difference also
indicates the possibility of co-existence of the two phases at
elevated temperature, considering that only the Mn,N phase
with presumed I-type structure has been prepared
experimentally.®”%*

3.2c. M =Fe, Co and Ni. Although the ground state of the
metastable FCC-Fe has a spiral magnetic structure,** addition
of carbon or nitrogen can induce ferro-magnetism.*** The My;N
(M = Fe, Co and Ni) phases are expected to have ferromagnetic
ordering from the available experimental measurements and
theoretical simulations.’”"-** The cubic symmetry for the I-
M,N is then retained and is determined by its lattice param-
eter a (Table 2 and Fig. 3). The calculated structures agree well
with the experimental data for M = Fe-Ni, as shown in Table 2.
Kong and co-workers performed electronic structure calcula-
tions for II-Fe,N by assuming lattices a = a, (lattice parameter
of I-type structure) and ¢ = 2a.*® The calculated lattice
parameter for I-Co,N is close to the experimental value (3.738
A),9%194 and is much larger than the experimental value (3.587
A) by Oda and co-workers.'** The small lattice parameter may
originate from N deficiency.*® Our calculated lattice parameter
for I-Co,N is also close to the value of 3.737 A by Matar and co-
workers who used the DFT-GGA scheme.*® The magnetism
leads to a slight volume increase of the I-M,N phases. Both I-
and II-type phases are ferromagnetic and the I-type structure
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has a higher stability (Table 2). The calculations showed that I-
Ni,N is magnetic while II-NiyN is non-magnetic and is more
stable than the I-type lattice.

The calculations give a formation energy of —0.205 eV/f.u. for
I-Fe,N and —0.145 eV/f.u. for II-Fe,N. That indicates stability of
the Fe,N phases with respective to elemental BCC-Fe metal and
N,, in agreement with the experimental observations of the
stable I-Fe,N phase.’®'®'*> The small energy difference also
indicates that the less stable II-Fe,N phase may be synthesized
at elevated temperature experimentally.

The calculations also showed that for M = Co and Ni, the
formation energies are positive with respect to the elemental
solids (HCP-Co and FCC-Ni) and N, molecule The phase
diagrams for Co-N"**'" and Ni-N"'*® show a stable M3;N phase
and metastable M,;N phase, in line with our calculations.
Experimentally, I-Co,N samples were obtained by different
approaches,'?® and both I- and II-NiyN were obtained by means
of nitridization of Ni metal at elevated experimentally.**®

3.2d. M = Cuand Zn. Both elements have fully occupied 3d
states (3d'°). The M,N phases are non-magnetic as shown in
Table 2. Our calculations for I-Cu,N produced a lattice param-
eter of about 3.877 A. There is only one experimental report on I-
Cu,N samples prepared by DC plasma (ion) heating of copper
sheet in a nitrogen and hydrogen atmosphere to 450 to 530 °C.**
The authors also reported their results of structural analysis.
The cubic Cu,N phase has a lattice parameter of 3.193 A which
is much smaller than that of the present calculations, and even
smaller than the lattice parameter (3.615 A) of pure copper.*®*
However, our calculated lattice parameter (3.877 A) agrees with
the recent theoretical results (3.888 A).*'%° The too small lattice
parameter obtained experimentally may originate from impu-
rity of the samples, as CuyN is calculated to be metastable or
unstable with significant higher formation energy with respect
to the elemental Cu and nitrogen gas (Table 2). In order to have
a better understanding about the stability and structural prop-
erties of the MyN phases, we also performed calculations for the
well-known CuzN phase with the anti-Re;O type structure.*>'*
Our calculations produced a lattice parameter of 3.837 A, close
to the experimental value (3.819 A),"® and the former calcula-
tions 3.846 (ref. 49) and (3.849 A)."* From the equation: Cu,N(s)
= Cu (s) + Cu3N (S) + AHorm, we obtained AHgorm = +0.372 €V/
f.u. for I-CuyN and +0.537 eV/f.u. for II-type phase. Therefore,
the CuyN phases are metastable with respect to Cu metal and
Cu;N. For the Zn,N phases, the II-type is more stable than the I-
Zn,N. However, both phases are metastable with respect to the
elemental HCP-Zn and N, molecule. In fact, zinc nitride is
stable with a rather strict chemical composition Zn;N,. That is
understandable since Zn atom behaves more like a normal
metal rather than a transition metal*****> with the occupied 3d
states being regarded as semi-core.*>""?

The 3d transition metal nitrides MyN also provide an
opportunity to investigate chemical bonding and charges at
atomic sites and charge-transfer between the 3d transition
metals and nitrogen atoms/ions."** As shown in Section 2.2, the
Bader approach can be used to determine unambiguously the
charge on atoms and the charge transfer in crystals.®**® The
results are shown in Fig. 4 and Table S1.f
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Fig. 4 Bader charges at the different metal sites (top), and N ions
(bottom) (also see Table S1f). The differences (Ax) between the
electronegativity of a metal and that of N for the two sets of electro-
negativity of 3d transition atoms with the formula, Ax = x(M) — x(N),
are also included for sake of comparison. Lines are drawn to guide the
eye.

In chemistry, the electro-negativity x is an important param-
eter and it describes the tendency of an atom to attract elec-
trons.**"> The difference Ay between two atoms indicates the
difference in capability to attract electrons. In other words, it is
indicative of the charge transfer between atoms/ions in a crystal.
At present there are two sets of electro-negativity parameters. The
widely used ‘Pauling electro-negativity’ of elements was calcu-
lated by Allred in 1981 with x listed in Table 2."*¢ In 1989, Allen
published his set of electro-negativity values for elements.”
Fig. 4 includes the electro-negativity differences between the
metallic atom and nitrogen atom: Ax = x(M) - x(IN). Fig. 4 shows
the Bader charge at different atomic sites in the MyN phases and
the Ay values for the two sets (Pauling scale and Allen scale)."****”

As shown in Fig. 4, the two curves of Ay values on atomic
numbers of the metal atoms in the M;N phases have very
similar trends with exception for Mn: Ay increases and reach a
maximum at Ni; and then decreases to M = Zn.

Generally the charge Q(N) curves in I- and II-M4N are similar
to those of Ay except for M = Ti and Co. The Q(N) curve for I-
M,N is below that of the II-phases. More interesting is the
charge at the metal sites (Fig. 4, top): the M1 atoms that are far
away (d(M1-N) = /3 a,/2) from the N atoms in I-M4N lose much
more electrons, while the M2 atoms lose less, only about 1/3 to
1/2 of the number of electrons lost by the M1 atoms. Please note
that the M1 atoms do not have any N atoms as nearest-neigh-
bors. These results indicate strong interactions between the M1
and M2 atoms. In the II-M,N phases, the M1 atoms lose more
electrons than the corresponding M2 atoms, in accordance with
the fact that each M1 is connected to two N atoms while each
M2 atom is coordinated by only one N atom (Fig. 1 and Table 3).

3.3. Electronic and magnetic properties of M,N

We first analyze the eigenvalues of M 3d states in the crystal
field of the FCC-lattice using M = Ni as an example. At the I
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point in the Brillouin zone, the five 3d orbitals split into two
degenerate states, triplet e, and doublet t,,. For NM Ni, the
splitting between t,, (lower in energy) and e, (higher in energy)
is about 1.1 eV. Spin-polarization calculations produce
exchange interaction energies of about 0.7 eV for e, and 0.6 eV
for the t,; band. The itinerant nature of Ni 3d states and s-d
interactions cause the large dispersion of the states.'*™
Therefore, there are no apparent peaks of the t,; and e, bands as
shown in Fig. 5. In non-magnetic I-M,;N (M = Ni) the M1 3d
states form a narrow band between —1.0 to 0.5 eV with some
tails between —4 and —1.0 eV. The M2 3d states have broad
band with a width by about 4.5 eV, originating from the M2-N
interactions. Therefore, the large charge loss at the M1 sites to N
takes place via M1-M2 bonding. It is also notable that there are
strong overlaps between M1 and M2 in the energy range —4 to
—1 eV, indicating strong interactions between M1 and M2 3d
states. In fact eigen-symmetry analysis for the lowest states of
the Ni 3d states at I shows a doublet band with contributions
from both M1 and M2. For the II-type structures, the lower
symmetry and chemical bonds have reduced the degeneracy of
states. The detailed partial DOS and total DOS curves for all the
M,N phases are shown in Fig. 6(a-i) and are discussed in detail
below.

As mentioned before, the electronic structure and magnetic
properties of I-Fe,N have been carefully studied by first-princi-
ples methods.>”'”**** Kong and co-workers performed elec-
tronic structure calculations for II-Fe,N by assuming lattices a =
a, (lattice parameter of I-type structure) and ¢ = 2a.> There are
also first-principles studies on the electronic and magnetic
properties of the I-MyN phases for M = V.*” Mn,**** Co,* Ni
(ref. 41) and Cu.*>'®

Fig. 5 shows a typical electronic structure of a (non-
magnetic) MyN phase compared with FCC-M (M = Ni as
example). The partial density of the Ni 3d states of the non-
magnetic FCC-Ni solution is included for comparison. The
characteristics of the electronic properties and local electronic
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g
2
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a
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Fig.5 Schematic pDOS curves for M 3d states of a non-magnetic fcc-
metal (top) and of M1 and M2 atoms in nonmagnetic [-M4N using M =
Ni as the example.
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configurations and local magnetic moments in the atomic
spheres with Wigner-Seitz radii of 1.40 A for metals and 1.00 A
for N are listed in Table S2 (ESIT). Details of the partial and total
DOS for the MyN phases are given in Fig. 6a-i. The overall
electronic structure for the MyN phases is composed of two
separate parts: occupied N 2s states at about —16 eV with band-
widths of about 1.0 to 2.5 eV and valence -conduction bands
starting from about —8 eV below its Fermi level which is set at
zero eV. The rather notable band widths of the N 2s states
indicate interactions between the semi-core N 2s electrons and
other atoms. However, this interaction does not contribute to
the chemical bonding since both bonding and anti-bonding
states are occupied.

As shown in Fig. 5 and 6, the N 2p bands can be well
distinguished from the metal 3d states. The N 2p states are at
the bottom of the valence bands. The 2p electrons in one N
sphere (Wigner-Seitz radius of 1.0 A) are about 3.0 electrons
(Table S2+). Note that the number of electrons at an atomic site
is strongly dependent on the size of the sphere. When a radius
of 1.32 A is used for N, the number of the 2p electrons at the N
site becomes 4.12 electrons. As shown in Fig. 4, Bader charge
analysis yields a charge of —2.5 to —1.5 electrons on the N
atoms. This relates to the ionic nature of the MyN crystals.

As discussed above, the magnetism of the M,;N phases has
been a subject of intensive research. Here we discuss the
magnetism of the MyN phases in detail. As shown in Tables 2
and 3 and Fig. 2 and 6, the I-M,N phases are magnetic for M =
Cr to Ni, while II-Cr,N and II-NiyN are non-magnetic. Fig. 7
shows that I-Cr,N, I-Mn,N, and II-Mn,N are calculated to have
ferri-magnetic ordering, while I-M,N with M = Fe, Co and Ni, as
well as II-Fe,N and II-Co,N are ferro-magnetic. Fig. 7a shows the
dependence of local magnetic moments on the metal atoms. In
the I-M,N phases, the M1 atoms have significantly larger
magnetic moments than the corresponding values at the M2
atoms. That corresponds to the higher charges at the M1 atoms/
ions in comparison to those in the M2 atoms of I-M,N phases,
as shown in Fig. 4 and Table 3. Comparatively, the local
moments in II-M,N are more complex. While the Mn1 atoms in
II-MnyN have slightly larger magnetic moments than the cor-
responding Mn2 atoms, the Fel and Col atoms have smaller
local moments than that of the Fe2 and Co2 atoms as shown in
Table 3 and Fig. 7a.

There are few publications about the magnetism of the M,;N
phases, except for the case M = Fe where more studies have been
performed. Our calculated local moments (3.40/—0.81 pg) for
Mn1/Mn2 atoms in I-'Mn,N are close to the experimental values
(3.85/—0.90 g, respectively),”® and agree well with the former
calculations (3.23/—0.80 pg) by Mohn and co-workers using the
atomic spherical wave approach.**** The calculated local
moment (2.97/2.35 pg/Fe) of the Fel/Fe2 atoms in I-Fe,N, are
close to the experimental value (3.0/2.0 pp/Fe),* as well as other
first-principles calculations (2.98/1.79 pg/Fe,** 2.96/2.24 pg/Fe,"”
2.98/2.23 pp/Fe (ref. 22)). The calculated local magnetic moments
(1.96/2.54 pp/Fe) of the Fel/Fe2 atoms in II-Fe,N also agree with
the former theoretical calculations (2.03/2.54 pg/Fe, respectively)
by Kong and co-workers who assumed the lattice parameters a =
ap and ¢ = 2a, (ao is the lattice parameter of I-Fe,N).* The
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calculations for I-Co,N also reproduced the results by Mater and
co-workers* as shown in Table S2.}

The Slater-Pauling curves have been widely used to study the
relationships between calculated magnetic moments and the
number of 3d electrons for alloys"*'*® and half-metals,"** as well
as for for the compounds I-(Fe, Co),N the Fe,N-Co,N system.®
Fig. 7b shows the Slater-Pauling curve for the ferro-magnetic
M,N phases. The total magnetic moments in I-M,;N decrease
with increasing number of 3d electrons. That corresponds to
the rigid band filling for the electronic structure of almost fully
occupied 3d states for majority electrons. It is also clear that the
magnetic moments of the II-M,N phases decrease rapidly with
increasing number of 3d electrons, probably due to the local
chemical bonding and distortion of the FCC-metal sub-lattices.
As shown in Fig. 6g, the densities of Co1/Co2 3d states at the
Fermi level for the spin-up (majority) electrons are extremely
low, and high for the spin-down electrons. That corresponds to
the nearly half-metallic nature first obtained by Takahashi and
co-workers.°

To have a clear picture about the capability of spin-carriers
for the M4N phases, we used the definition of spin-polarization
ratio P

P =[D"(er) — D*(er)l[D(e) + D*(ep)] ()

Where D' (e5)/D* (ep) represents the density of states of an atom/
ions or a compound at Fermi level for the spin-up/spin-down
electrons, respectively. For pure half metallic materials, such as
semi-Heusler NiMnSb®*** which is metallic for spin-up elec-
trons (D'(er) # 0) and semi-conducting for spin-down electrons
(D*(ep) = 0), then P = 1.0 (or 100%). Meanwhile for non-
magnetic materials, D'(er) = D*(eg), and consequently P = 0.0.
The calculated spin-polarization ratios of the M1 and M2 atoms
in the MyN phases and the P for the compounds are shown in

This journal is © The Royal Society of Chemistry 2014
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Fig. 8. For sake of comparison, we only show the absolute P
values (the negative ones are indicated with open symbols).

From the combination of Fig. 6 and 8, the P values for II-M,;N
are generally much lower than those of the corresponding I-
phases. It is notable that the P values of the total DOS for II-M,;N
are considerably lower than those of the atoms, partially due to
the contributions of N 2p states at the Fermi level (see Table 3).
The absolute P values of the M1 atoms/ions in I-M,N (M = Cr to
Ni) phases are much higher than those of the corresponding M2
atoms/ions. The P values are over 90% for I-M,N (M = Mn, Fe
and Co) and near 87% for M = Ni. In contrast, the low values of
the M2 atoms/ions cause the P values of the compounds to be
much lower, 50 to 60% for M = Mn, Fe and Ni, but still to 83%
for M = Co. The sign of the P value for Cr1 atoms is opposite to
that of Cr2 atoms. As a consequence, the P value of I-Cr,N
becomes rather small (about 17.4%). The high P values of M1
atoms in the I-M,4N phases also provide the possibility to design
new phases exhibiting high P values for potential applications
in spintronics.***%°

3.4. Origin of the magnetism and phase stability of M,N

In the 1930s, Stoner investigated the relationship between the
exchange interaction and kinetic contribution for a band
structure and proposed the well-known Stoner criterion:>**>*>>

I-D(ep) = 1 (6)

Where D(¢) is the density of states at the Fermi level (eg). The
Stoner parameter which is a measure of the strength of the
exchange correlation is denoted I. Brooks performed first-
principles calculations and obtained the Stoner parameters I for
the many transition metals, including 3d transition metals'* as
shown in Table S2.7
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Fig. 5 shows the calculated partial density (pDOS) of Ni 3d
and N 2p states in a (nonmagnetic) FCC-metal (Ni as the
example) and nonmagnetic I-M,N (M = Ni). As shown in Fig. 6,
the pDOS curves for the MyN phases are very similar to the non-
magnetic solution (Fig. 5). Therefore, we can estimate the
electronic structure for different 3d metals using the electron
filling approach (a rigid model). However, to have accurate
results, we performed structural optimizations and electronic
structure calculations for the non-magnetic I-M,N phases and
the related (non-magnetic) FCC-metals. The calculated partial
density of Ni 3d states are shown in Fig. 5 (top). The term I- D(ef)
for each 3d metals is also shown in Fig. 9 (bottom) which shows
that FCC-Sc has rather high D(ep) for 3d electrons, corre-
sponding to the electron configuration Sc 3d" 4s®. That is also
true for I-Sc,N. With increasing atomic number for the FCC-
metal the value of D(¢x) value increases, except for a small dip at
Mn, and reach a maximum at Ni. D(¢g) has a very small value for
FCC-Cu, in agreement with the Cu 3d'%4s> electron configura-
tion. The D(eg) values for M 3d states in the I-M,N phases have
different behaviors: D(ep) for M1 3d states increases smoothly
from Sc to V, then quickly from Cr and reach maximum at Fe
and Co finally fall to Cu; meanwhile D(eg) for M2 3d states first
increases smoothly from Sc to Cr. There is a valley for M = Mn.
Then it increases again from Fe and reached a maximum for
M = Co.

The Stoner curves, I- D(eg) shown at the bottom of Fig. 9 show
strong similarity with the D(er) curves for the M 3d electrons.
Apparently for M = Sc and Ti, all the three curves are below 1.
For M =V, the I-D(e) values are close to 1, especially for V1 3d
states in I-V,N. Then from Cr to Ni, all the curves are above 1
except for Mn2 atoms in I-Mn,N. In fact as shown in Table 3, in
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Fig. 9 Calculated density of states at the Fermi level, D(ef) (a) and the
I-D(ef) values (b), for non-magnetic FCC 3d transiton metals (open
black circles), M1 (solid red squares) and M2 (solid green diamonds) in
the 1-My4N phases. The dashed line with values being equal to 1 rep-
resented the Stoner criteria for instability of the nonmagnetic FCC
metal lattices. /-D(ef) < 1 indicates that the non-magnetic solution is
more stable while /-D(ef) > 1 indicates possible transitions: spin-
polarization or John-Teller-like crystal-field distortions. The Stoner
parameters | are listed in Table S2.t

7896 | RSC Adv., 2014, 4, 7885-7899

Paper

I-Mn,N the Mn1 atom has a very large magnetic moment of 3.4
ug, while the Mn2 atoms have only a small moment (—0.8 pg)
which can be considered to be induced by the Mn1 atoms. It can
be concluded that the Stoner criterion works well for the I-M,N
phases.

For the II-M,N phases, from Mn to Ni, the metal/atoms ions
exhibit magnetism. In contrast to the I-type structure, II-Cr,N
and II-Ni4N are non-magnetic. Former calculations for N
addition in FCC-Ni lattice showed that lattice distortion has a
strong impact on the magnetism. While I-M,N is magnetic,
chemical changes II-Ni N, (with x ~ 0.03) cause local distor-
tion and the defective phases becomes non-magnetic.** That is
also the case for II-Ni,N.

Another possibility to reduce the DOS at the Fermi level is
provided by the Jahn-Teller theorem.**>*** The high symmetry
of the FCC metal sub-lattices in I-M,N causes degenerate 3d
states, and consequently a high density of states at the Fermi
level (Fig. 8). The high DOS at the Fermi level causes the
instability of the structure, which can lead to two possible
effects. The first possibility is spin-polarization splitting or
magnetism due to exchange interaction (Stoner effects). The
second possibility is the distortion of the high-symmetry metal
sub-lattice. And indeed, the metal sub-lattices in the II-M,N
phases are distorted due to the different c¢/a ratio, which will
reduce the degeneracy of the metal 3d states as well as the pDOS
at the Fermi level. According to Fig. 8, the competition between
magnetism and lattice distortion leads to higher stability of the
non-magnetic II-Cr,N and II-Ni,N phases.

4. Conclusions

We performed first-principles calculations to predict in a
systematic way the formation, stability and structures of the
M,N phases using density-functional theory with generalized
gradient approximation. Bader charge analysis and electronic
band structure calculations were performed for all 3d transition
metal MyN phases. The calculations showed that high stability
of the II-M,N (M = Sc and Ti) phases over the corresponding I-
type structures, originating from lattice relaxations and local
chemical bonding between the M2 and N atoms. The predicted
crystal structures and the obtained magnetic moments agree
well with the available experimental data and former theoretical
calculations. Bader charge analysis revealed the highly ionic
nature of the compounds. Considering the small differences in
formation energies, the calculations also predict that two M,;N
phases may be synthesized experimentally, e.g., by formation at
elevated temperatures, by growth on a suitable substrate, or as
nano-sized crystals. The predicted crystal structures can be
useful for experimentalists to characterize the phases in
prepared samples (thin films, coated layers, nano-sized parti-
cles, etc.), in particular because N is such a light atom that
different N orderings are hard to distinguish experimentally.
Electronic structure calculations showed strong interactions
between M2 and N atoms, as well as metal-metal interactions in
the phases. Remarkably, the M1 atoms in the I-type phases lose
electrons to the N ions, though they do not have N atoms as
nearest neighbors. Magnetism was observed for My;N with
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M = Cr to Ni. While ferrimagnetic solutions were found for I-
Cr,N, I-MmyN, and II-MnyN, ferro-magnetism was found for M
= Fe to Ni. It is also notable that II-Cr,N and II-Ni,N are non-
magnetic due to the distortion of the FCC-metal sub-lattices,
and chemical bonding. Finally, high spin-polarization ratios
were found for the M1 atoms in I-M N from M = Mn to Ni. The
calculated results are helpful to design new compounds of
desirable physical properties.
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