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Binary transition metal nitride with a graphene-like structure and strong magnetic properties is rare. Based
on the first-principles calculations, we design two kinds of MN, (M = transition metal) monolayers, which
are transition metal nitrides with a planar structure, made up of MN, units aligned in the thombic and square
patterns. The two structural lattices have robust stability and good compatibility with different metal atoms, and
the underlying mechanism is the combination of sp? hybridization, coordinate bond, and 7 conjugation. With
the metal atom changing from V, Cr, Mn, Fe to Co, the total charge of MN, system increases by one electron
in turn, which results in continuous adjustability of the electronic and magnetic properties. The planar ligand
field is another feature of the two M N, lattices, which brings about the special splitting of five suborbitals of 3d
metal atom and gives rise to strong magnetism. Moreover, room-temperature ferromagnetism in square-CoNy
monolayer with the Curie temperatures of 321 K is determined by solving the Heisenberg model combined with

Monte Carlo method.
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I. INTRODUCTION

Compared with metal oxides and chalcogenides, transition
metal nitrides have distinctive electronic structure, resulting
in different physical and chemical properties and various ap-
plications. Bulk transition metal nitrides usually have the high
hardness and high melting point, which are related to some
applications including refractory material, cutting material,
and hard coatings [1]. Two-dimensional transition metal ni-
trides include MXenes TizN3, Mo,N, and Ti,N [2], which
can serve as energy storage and electrode materials due to
superior conductivity and chemical stability. Although these
nitride MXenes are called two-dimensional materials, transi-
tion metal atoms are actually in the three-dimensional crystal
field because nitride MXenes are composed of three or more
layers of atoms. For the single-atom-thick transition metal
nitride, the unique electronic and magnetic properties can
be expected because of its graphene-like structure and real
two-dimensional crystal field. However, this kind of material
is very scarce in the family of transition metal nitrides. From
another point of view, the realization of intrinsic magnetism
in graphene and graphene-like two-dimensional materials is
a long-standing challenge in condensed matter physics and
material fields [3,4], which makes the exploration of single-
atom-thick transition metal nitrides more significant.
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In experiments, the planar MN, (M = metal) moiety em-
bedded in the graphene sheet acting as single atom catalyst has
been identified [5-7], and more than twenty different metals,
including noble metals and non-noble metals, are employed
to synthesize the MNy-graphene structure. Recently, the
room-temperature ferromagnetism in CoN4-graphene systems
has been observed [8]. More importantly, triclinic beryl-
lium tetranitride BeN4 was synthesized under the pressure of
85 GPa [9], and it transforms to layered van der Waals bonded
BeN4 with small exfoliation energy. The planar BeNy layer
with the single-atomic thickness is a new class of 2D ma-
terials. In theoretical studies, the planar cobalt carbonitrides
CON4C10, C02N8C6, M1’12N6C6, CON4C2, and CI'N4C2 are
predicted by the first-principles calculations [10—13] and the
topological electronic properties, such as topological quantum
spin and valley Hall insulators, are investigated [14,15]. In ad-
dition, single-atom-thick nitrides CrN, MnN,, and MgN, are
also reported [16—18], which structural unit can be regarded as
the planar M N, moiety with N atom being or not being shared
by the neighboring units. After the careful analysis of the
above structures, we are surprised to find that M N4 unit plays
a vital role in keeping the planar geometry. The finding gives
us an inspiration that the MN4 moiety may be used to build
some free-standing monolayers of transition metal nitrides.

In this paper, we design two kinds of lattices for single-
atom-thick transition metal nitrides, named as rhombus M Ny,
(r—-MNy) and square MN, (s—MNy). The stability mechanism
of the planar pattern is analyzed by the cooperation of w-d
conjugation between metal and N atoms and 7—m conjuga-
tion in the polymeric nitrogen chain or square nitrogen ring.
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The amazing feature is that the two lattices are compatible
with various metal elements from V, Cr, Mn, Fe, to Co,
which results in the fact that the electron number of these
single-atom-thick systems can be adjusted continually. With
the metal atoms varying, the planar metal nitrides display rich
magnetic properties including the transition from antiferro-
magnetism to ferromagnetism and the evolution of magnetic
moment. The Curie temperature of s—CoN, ferromagnet is
321 K, which is an example to indicate that these planar
transition metal nitrides have abundant magnetic properties.

II. METHODS

The plane wave pseudopotential method within VASP code
and the projector augmented-wave (PAW) pseudopotential
with Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional [19-22] were adopted in our calculations. The
plane wave basis cutoff is 600 eV and the thresholds are
1075 eV and 0.001 eV/A for total energy and force conver-
gence. The interlayer distance was set to 20 A and a mesh of
24 x24x 1 k points was used for the Brillouin zone integration.
The phonon calculations are carried out with the super-
cell method in the PHONOPY program, and the real-space
force constants of supercells were calculated using density-
functional perturbation theory (DFPT) as implemented in
VASP [23]. The force convergence criterion 107 eV /A was
used in structural optimization of the primitive cell before
building the supercell. In the ab initio molecular dynamics
simulations, the 3x3x1 supercells were employed and the
temperature was kept at 1000 K for 5 ps with a time step of 1 fs
in the canonical ensemble (NVT) [24]. The phase transition
temperature is evaluated by the Monte Carlo method enclosed
in the software package developed by Zhang ef al. [25], and
the 100x 100x 1 lattice is used in the Monte Carlo simulation.
To get the more accurate the energies of s—CoN4 mono-
layer in several magnetic orders, the nonempirical strongly
constrained and appropriately normed (SCAN) meta-GGA
method is employed [26].

III. RESULTS AND DISCUSSION

A. Atomic structure

We design two kinds of MN, (M =V, Cr, Mn, Fe, Co)
lattices and call them r—~MN, and s—MN, in terms of the
rhombic and square shapes of crystal cell. The structures are
shown in Figs. 1(a) and 1(d) and both of them are made up of
MN,4 moiety marked with a dashed-line rectangle. When the
MN, moieties are linked together in the staggered and top-
and-bottom alignments, the r—MN4 and s—MN, are formed,
which are related to the rhombic lattice with the plane group
Cmm symmetry and the square lattice with the plane group
P4m symmetry, respectively. The primitive unit cells of two
lattices are displayed in Figs. 1(b) and 1(e), in which only
one formula unit cell is included. The structure of graphene is
shown in Fig. 1(c), which is the most famous two-dimensional
material. Another carbon allotrope, biphenylene network [27],
had been synthesized recently, and the atomic structure is
shown in Fig. 1(d). The lattices of graphene and biphenylene
network can be divided into the H-type units of six carbon
atoms presented by the dashed-line rectangles. By substituting

FIG. 1. [(a), (d)] Atomic structures of —M N, and s—MN, (M =
V, Cr, Mn, Fe, Co) monolayers. [(b), (e)] The primitive unit cells
of r—=MN, and s—MN,. [(c), (f)] The atomic structures of graphene
and biphenylene network that can be divided into H-type six-carbon
blocks.

MN,4 moiety for H-type unit in two carbon 2D compounds,
the r—MN, and s—MNjy structures are derived. The optimized
lattice parameters of r—MNy and s—M N, structures are listed
in Table I. We can see that from V, Cr, Mn, Fe, to Co the lattice
parameters decrease because of the decrease of their atomic
radius.

B. Structural stability

To inspect the structural stability of »—MN,4 and s—MNy4
(M =V, Cr, Mn, Fe, and Co), we perform the formation en-
ergy, phonon spectrum, and molecular dynamics calculations.
The formation energy Ef,, is defined as Efopy, = % * (Epor —
Epetal — 2Ey,), in which E;y, Ejeq, and Ey, are the total
energy, bulk metal energy per atom, and nitrogen molecule
energy, respectively. The formation energies for r—MNy, s—
MNy, and three reference compounds are listed in Table I, and
the energies of r—MN,4 and s—M Ny are comparable to the ones
of nitrides CuNj3 [28], PtN; [29], and g—C3N4 [30], which
have already been synthesized in experiments. Then, we per-
form phonon spectra calculations for —MN, and s—MNy (M
=V, Cr, Mn, Fe, and Co) structures using the primitive cell
in ferromagnetic phase or nonmagnetic phase. The phonon
spectra of r—MNy4 and s—M N4 (M =V, Cr, Mn, Fe, and Co) are
presented in Figs. 2(a)-2(j). There is no imaginary frequency

TABLE I. The optimized lattice parameters of MN4 (M =V, Cr,
Mn, Fe, Co) primitive cell and the formation energy per atom are
listed. The formation energy of nitrides CuNj [28], PtN, [29], and
g—C3Ny [30] are also calculated for comparison.

ad) a () Eppm (V) aA) Ejom (V)
r—VNy 4.85 134.08 0.40 s—VN; 4.24 0.52
r—CrNs  4.78 133.52 0.33 s—CrN, 4.22 0.45
r-MnN, 4.61 131.96 0.40 s—MnN,; 4.09 0.53
r-FeNy 4.51 131.31 0.46 s—FeN,; 4.02 0.63
r—CoNy 4.44 130.87 0.42 s—CoN; 3.95 0.63
PtN, 0.42 CuNj 0.55
g7C3N4 0.35

235402-2



TWO-DIMENSIONAL BINARY TRANSITION METAL ...

PHYSICAL REVIEW B 106, 235402 (2022)

(a) -VNy (b) r-CrNy4 (c) -MnNy
15 f><>v 7L15
10 NN 10 — 10 ™
§ ST ST 4IRS
A ]
N
L1 N DNy 2= RO N | i
5\ I XHCH Y ' I XHCH Y ' I XHC
c f) s-VN s-CrN h) s-MnN
g 15 () 4 s (8) 4 s (h) 4
g10 ( A
—
i >
5 }
0 o=" o=
r r I X M I r

FIG. 2. Phonon spectra of —MN, and s—MNy4 with M =V, Cr, Mn, Fe, and Co.

mode appearing in the spectra, which verifies that these struc-
tures are dynamically stable. Finally, the thermal stability is
confirmed by ab initio molecular dynamic simulations. The
fluctuations of the total potential energy of the r—MN4 and
s—MN,4 monolayers and the final configurations at the end of
the simulation are presented in Figs. 3(a)-3(j). For the above
structures, no distinct energy drop happens in the process
of the evolution of total energy with time and the structures
are well maintained after 5 ps at the temperature of 1000 K.
So, the single-atom-thick layers of —MNy4 and s—MN4 (M =
V, Cr, Mn, Fe, and Co) are energetically, dynamically, and
thermally stable.

C. Stability mechanism

Next, we analyze the stability mechanism. In r—MN, and
s—M Ny lattices, N atom is tricoordinated by two neighbored N
atoms and one metal atom. For the five valent electrons of N
atom, two of them occupy two sp® hybrid orbitals, combined
with the sp? orbitals of the neighbored N atoms to form the
N-N o bonds, while other two electrons occupy another sp>
orbital, which serve as lone pair electrons to form the N-metal
coordination bond. These N-N o bonds and N-metal coordi-

nation bonds make up the framework of the planar structures.
As for the remaining electron of N atom, it occupies the p,
orbital perpendicular to the lattice plane. The hybridization
of the N p, orbitals lead to the formation of = bonds, which
result in the planarity of the square N4 block and N-chain
block in s—M N4 and r—MNy lattices. Besides, transition metal
atom is situated at the center of four N atoms and is confined
in the lattice plane, where N p, orbital is combined with the
d../d,, orbital of transition metal atoms to form the 7 bonds.
The hybridized p,—p, and p,—d../d,, orbitals can extend over
the whole monolayer, which lowers the total energy of the
system and further increase the strength of N-N and N-metal
bonds. Notably, it is the delocalized 7 orbitals that play a
decisive role in the formation of the planar structure of the
two conjugated nitride monolayers. The r—CoN, and s—CoNy
monolayers are taken as examples to display the electronic
structures of r—MN,4 and s—MN4 (M = V, Cr, Mn, Fe, and
Co). Figures 4(a) and 4(b) show the charge density difference
of r—CoN, and s—CoNy relative to atomic charge density,
in which yellow and blue surfaces are related to the charge
accumulation and depletion. Yellow surfaces between N-N
atoms and N-Co atoms indicate the formation of N-N covalent
bond and N-Co coordination bond, while three yellow pockets
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FIG. 3. Total energy evolutions of —~MN, and s—MN, (M =V, Cr, Mn, Fe, and Co) monolayers with respect to time in molecular dynamics
simulations. The insets are the top and side views of final configurations for —MN, and s—MN,4 monolayers at 1000 K after 5 ps.
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FIG. 4. Charge density difference relative to the superposition of
atomic charge density for —CoNy (a) and s—CoN, (b) monolayers.
[(c), (d), (e)] Partial density of states of Co 3d and N 2p suborbitals
in r—CoNy sheet.

around N atom represent three sp? orbitals. Figure 4(c) shows
the projected density of states of Y—~CoNy on atomic orbitals.
The states of s, p,, and p,, orbitals distribute in the almost same
energy range, which is consistent with the sp? hybridization of
s, Dx, and py orbitals. Furthermore, the Co d,, orbital also has
the similar distribution in energy space, which indicates one
sp? orbital of N atom links to the Co dy, orbital to form a
o -type coordination bond. Figure 4(d) shows the N p, and Co
dy;/d,; orbitals distributed in the same energy scope, which
corresponds the formation of 7w bond from the hybridization of
p. and d,./d,, orbitals. For N atom, the summary of charges in
s, px, and p, orbitals are 3.81 electron, which is in agreement
with the picture of sp* hybridization and lone pair electrons
filled in one sp2 orbital. In addition, the length of N-N and
Co-N bonds in s—MNy and r—MN, are 1.34 ~ 1.36 A, which
is between single N-N bond (1.45 A) and double N-N bond
(1.25 A). The length of Co-N bond is 1.82 A, less than the
length of Co-N ionic bond (about 1.86 Aor more). The short-
ening of N-N and Co-N bonds is ascribed to the conjugated
effect, similar to the short C-C bond in graphene due to the
large m bond.

D. Structural compatibility with different metals

The r—M N, and s—M Ny lattices have broad structural com-
patibility. Namely, no matter, which metal of V, Cr, Mn, Fe,
or Co is adopted, the r—MN4 and s—MN, lattices can main-
tain the planar structure. The compatibility is tightly related
to the N-M coordination bond, which is dominated by lone
pair electrons of N atom. In a planar square crystal field, 3d
orbitals split into d, dxz_yz, dy;/d,,, and d,, orbitals [31],

Moment (pg)
S = N W B

Vv Cr Mn Fe Co

FIG. 5. The variation of magnetic moments of M atoms in
r—MN, and s—M N, monolayers from V, Cr, Mn, Fe, to Co.

while in a rectangle field, the degenerated d,, and d,, are
further split because of the unquivalence of x and y axes. The
dy, orbital of V, Cr, Mn, Fe, and Co atoms has the highest
energy and is empty, which provides a favorable condition to
the formation of coordination bond between N atom and V,
Cr, Mn, Fe, or Co atom. Another factor is the 7-d conjugation
between d,. /d,, of transition metal and N-N 7 bond belonging
to N-square and N-chain blocks. The extended r bond has a
good capacity to accommodate electrons, and allows that the
electron number in d,; /d,, orbitals of metal atom is different.
The third factor is the charge transfer from 3d metal atom to
four N atom, and the transferred charge is about one electron
and only from 4s electrons of metal atom. The coordination
bond, large 7 bond, and the loss of 4s electron is suitable
for V, Cr, Mn, Fe, Co, and not exclusive to a special kind
of 3d metal. Consequently, the r—MN, and s—MN, lattices
have good comparability for different 3d metal atoms. The
compatibility and stability mechanism are similar to that in
Ni3(HITP), and phthalocyanine compounds [32].

E. Continuous adjustability of electronic
and magnetic properties

The continuous adjustability of electronic structure is a
notable feature of —MN,4 and s—M N, lattices. With transition
metal atom varying from V, Cr, Mn, Fe, to Co, the total
charges of r—MN, and s—MN, systems increase one electron
in turn. Meanwhile, because the charge loss of metal atom is
from their 4s electrons and about one electron, the d electrons
of metal ions in —M N, and s—M N, lattices also increase one
electron gradually, resulting in the easy tunability of the elec-
tronic and magnetic properties. In ~—M N4 monolayer, from V,
Cr, Mn to Fe, the moment changes from 2.85 g, 3.54 wg,
2.43 up to 1.48 pp with the variation of electronic occupation
in spin-up and spin-down states of d orbitals. The moment of
Co atom in r—CoNy lattice is zero because the electronic states
are unpolarized. For the s—MN, lattice, the moments of V, Cr,
Mn, Fe, and Co atoms are 3.0 ug, 4.0 ug, 3.0 ug, 2.0 ug,
and 1.0 pup, respectively. The magnitude of these moments is
an integer multiple of Bohr magneton, which is very rare in
previous studies. The variation of magnetic moment in r—MNy
and s—MN,4 monolayer from V, Cr, Mn, Fe to Co is shown in
Fig. 5. Figure 6 shows the projected DOS on d orbitals of
M atoms in r—-M N, and s—M N4 monolayers with M =V, Cr,
Mn, Fe, and Co. From V to Cr in —MN,4 monolayer, more
spin-up states of d orbitals are filled while spin-down states
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FIG. 6. Projected DOS on d orbitals of M atom in r—MN, and s—M N, monolayers with M =V, Cr, Mn, Fe, or Co. The Fermi energy is set

to zero. From V, Cr, Mn, Fe to Co, more and more d states are occupied.

still keep empty, which leads to the magnetic moment increase
from 2.85 wp to 3.54 wp. From Cr, Mn to Fe, the electron pop-
ulation in spin-up states of d orbitals remain unchanged, but
more and more spin-down states are occupied by electrons,
which results in the moment decrease from 3.54 g, 2.43
up to 1.48 up. The r—CoNy monolayer is nonmagnetic, the
spin-up and spin-down states of Co d orbitals are degenerate
and the moment of Co atom is zero. For V, Cr, Mn, Fe, and Co
atoms in the s—M N, monolayers, the electron occupations of
d orbitals are similar to the scenarios in r—M N4 monolayers.
The gradual change in the number of electrons occupied in
the d orbitals demonstrates the uniqueness of these r—MNy
and s—M N4 monolayers.

This continuous adjustability of electronic structures is
tightly related to the planar crystal field, which is another
feature of —M N, and s—M Ny lattices. The planar crystal field
in s—MN, or r—MN4 has a square or rectangle symmetry,
which drives five suborbitals of 3d metal to split in a special
mode and then bring about distinctive electronic and magnetic
phenomenons. For 3d metal atom in »—MN,; and s—MNy,
because of no atom in their extension directions of d,. and
d,>_,» orbitals, there is no or little hybridization between the
two suborbitals and N 2p orbitals. In particular, the d,. orbital
is an almost isolated orbital. We take r—CoNy as an example
to address this. In Fig. 4(e), the energy ranges of Co d,» and
d,>_,» states have small overlap to the range of N 2p states,
and the density of state of d,» orbital is localized in a narrow
energy scope and takes on a sharp peak.

F. Ferromagnetism in the s—CoN, monolayer

In 2017, the 2D ferromagnetism was first discovered ex-
perimentally in Crl; monolayer [33]. Since then, the research
on the ferromagnetic 2D materials have attracted great interest
due to their potential application in the next-generation spin-
tronic devices including giant magnetoresistance, spin valve,
magnetic random-access memory and other spin logic devices
[3,4,34,35]. In the following content, we compute the energies
of r—MN, and s—MN,4 monolayers in the several magnetic
orders to screen out the ferromagnetic s—CoNs monolayer.

Figures 7(a) and 7(e) display the 2x2 supercells of r—MNy
and s—MN4 monolayers, respectively. The sketches of ferro-
magnetic (FM) order and two antiferromagnetic (AFM) orders
(AFM-I and AFM-II) in r—MN4 and s—M N, lattices are dis-
played separately in Figs. 7(b)-7(d) and 7(f)-7(h), in which
the red and blue arrows represent two kinds of magnetic mo-
ments in opposite directions. To clarify the magnetism in the
ground state of ¥—MN, and s—MN, systems, we compute the
energies of the three magnetic orders with the PBE functional
method and SCAN meta-GGA functional method, and the
data are listed in Table II and Table III. SCAN functional is a
nonempirical strongly constrained and appropriately normed
meta-GGA functional, recently developed by Sun et al., which
satisfies 17 known possible exact constraints [26]. It has been
successfully used to study structural, magnetic, and electronic
properties of transition metal compounds containing 3d elec-
trons, such as LiNiO,, LiCoO,, LiMnO, [36], BiFeO; and
BaTiOj3 [37], as well as CoO and FeO [38]. Due to the good
performance and no requirement of empirical parameters, the
SCAN method is also adopted in our calculations. The PBE

TABLE II. The energies of —MN, and s—MN, in FM, AFM-1,
and AFM-II orders from the PBE calculations. The FM energy is set
to zero. The units of energy is meV. The dashed line means that the
initial magnetic phase would evolve into the nonmagnetic phase in
the spin-polarized calculations.

PBE EFM EAFM—I IEAFM—II
r-VN4 0 -97.50 -11.06
r-CrN4 0 52.02 -68.56
r-MnN4 0 90.95 -28.24
r-FeN4 0 17.36 1.01
r-CoN4

s-VN4 0 57.04 -52.28
s-CrN4 0 -128.15 -34.67
s-MnN4 0 -81.54 54.58
s-FeN4 0 -25.43 27.42
s-CoN4 0 18.56

235402-5



SHUO ZHANG et al.

PHYSICAL REVIEW B 106, 235402 (2022)

(c) (d)

(2) N (h) ’

L4

FIG. 7. [(a), (e)] The 2x2 supercell of r—-MN, and s—MN, lattices and the exchange interactions (J; and J,) between two neighbored
magnetic atoms. [(b)—(d), (f)—(h)] The sketches of FM, AFM-I, and AFM-II orders for r—M N, and s—M N, lattices, in which the red and blue

arrows represent two kinds of magnetic moments in opposite directions.

calculations manifest that r—FeNy4 and s—CoNy are ferromag-
netic in the ground states and »—CoNy is nonmagnetic, while
others are antiferromagnetic. The results from the SCAN cal-
culations are slightly different from the PBE results, which
indicates that s—FeN, and s—CoNy are ferromagnetic and the
others are antiferromagnetic. Considering the results from
the PBE and SCAN calculations together, we screen out the
s—CoN4 monolayer to investigate its ferromagnetism.

Curie temperature is a crucial parameter of ferromagnetic
2D materials, which determines the application prospects in
electronic devices. Next, we evaluate the Curie temperature
of the s—CoN4 monolayer with the following method. Firstly,
as is the case with many previous studies [39-41], Heisenberg
model is adopted to describe the magnetic interactions in the
s—CoN4 monolayer, and the exchange couplings are obtained
from the first-principles calculations. Then, the Hamiltonian is
solved by the Monte Carlo method and the Curie temperature
is determined. The expressions of Heisenberg model is [25]

H=1Y 8-Si+h> 8 Sp+AY S ()
(ij) () i

where j and j’ denote the nearest and next-nearest neighbors
of i site, and J; and J, are the nearest and next-nearest-
neighbor couplings. Because of the good performance of the

TABLE III. The energies of r—MN, and s—MN, in FM, AFM-I,
and AFM-II orders from the SCAN calculations. The FM energy is

SCAN meta-GGA method in simulating the electronic struc-
ture of 3d metal compounds [26], the energies from the SCAN
calculations are adopted. In terms of the energies of s—CoNy in
Table III, the nearest-neighbor coupling J; and next-nearest-
neighbor coupling J, in the 2D magnetic lattice can be derived
[11], which are —7.09 meV/S? and —27.19 meV/S?, respec-
tively. The coupling over longer distance J3 is —0.73 meV/S?
when a ferrimagnetic order is taken into account (not shown).
For ferromagnetic s—CoN4 monolayer, the Curie temperature
is determined to be 321 K. The spontaneous magnetization
(M) and susceptibility (x) of s—CoN4 monolayer with respect
to temperature are plotted in Fig. 8. So, the s—CoN4 mono-
layer is a room-temperature ferromagnetic two-dimensional
material.

We also use the GGA+U method to compute the mag-
netic properties of s-CoN4. When Hubbard U is less than
3.3 eV in combination with the fixed J = 0.8 eV [42], the
ferromagnetic phase is the ground state of s-CoNy. With
U =2.0¢eV and J = 0.8 eV, the exchange parameters J, =
~7.53 meV/S?, J, = -25.12 meV/S?, and A = 0.10 meV/Sg
are derived and thereby the Curie temperature is determined to
be 329 K, which is close to 321 K in the SCAN calculations.

set to zero. The units of energy is meV.

SCAN Eruy Earm—1 Earm-nr
r-VN4 0 —-118.98 -33.46
r-CrN4 0 45.35 -67.41
r-MnN4 0 107.09 -61.99
r-FeN4 0 36.59 -50.43
r-CoN4 0 -88.48 -28.13
s-VN4 0 76.10 —47.49
s-CrN4 0 -94.78 -20.43
s-MnN4 0 -95.03 10.82
s-FeN4 0 44.76 23.02
s-CoN4 0 122.93 28.35
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FIG. 8. The variation of the magnetic moment (M) and suscep-
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IV. CONCLUSIONS

In summary, by the first-principles calculations, we predict
two kinds of MNy (M = metal) two-dimensional lattices,
which are single-atom-thick transition metal nitride sheets
with a planar structure. The formation energy and phonon
dispersion calculations as well as molecular dynamics simula-
tions are carried out, and the —MNy and s—MNy (M =V, Cr,
Mn, Fe, and Co) sheets are demonstrated to be dynamically
and thermally stable. The mechanism of structural stability
is ascribed to the sp? hybridization and coordination bond
between N and metal atoms. Apart from this, the conjuga-
tion effect of w—m interaction and the w-d coupling further
stabilize the two lattices, and the extended m bond plays
a key role in keeping a planar configuration. On the other
hand, the two lattices have a good structural compatibility
for different transition metals, resulting in the easy tunability
and designability of electronic structure. The planar ligand

field is another feature of the two lattices, which brings about
the special splitting of five suborbitals of 3d metal atom and
gives rise to large local moment and strong magnetism. The
s—CoN, monolayer is a room-temperature ferromagnetic two-
dimensional material and the Curie temperature of 321 K is
evaluated by solving the Heisenberg Hamiltonian with the
Monte Carlo method.
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