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High-temperature ferromagnetism and strong 7-conjugation feature
in two-dimensional manganese tetranitride
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Two-dimensional (2D) magnetic materials have attracted tremendous research interest because of the promising ap-
plication in the next-generation microelectronic devices. Here, by the first-principles calculations, we propose a two-
dimensional ferromagnetic material with high Curie temperature, manganese tetranitride MnN, monolayer, which is a
square-planar lattice made up of only one layer of atoms. The structure is demonstrated to be stable by the phonon spectra
and the molecular dynamic simulations, and the stability is ascribed to the 7—d conjugation between 7 orbital of N=N bond
and d orbital of Mn. More interestingly, the MnN4 monolayer displays robust 2D ferromagnetism, which originates from
the strong exchange couplings between Mn atoms due to the 7—d conjugation. The high critical temperature of 247 K is
determined by solving the Heisenberg model using the Monte Carlo method.
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Because of the great application prospect in the fields of
electronics, information, energy, and chemical industry, two-
dimensional materials have attracted extensive research inter-
est. The quantum confinement effect due to the reduced di-
mension endows them exotic physical properties in compari-
son with their bulk counterparts. After graphene was discov-
ered, a variety of 2D materials have been reported in the theo-
retical and experimental studies,!!! including boron nitride, !
silicene,3! transition metal dichalcogenides,[4] MXenes, !
etc. Among them, only a small fraction are magnetic com-
pounds. The Mermin—Wagner theorem states that long-range
magnetic ordering is absent in an isotropic 2D Heisenberg sys-
tem. Based on the belief, such studies on magnetic 2D mate-
rials have been ignored or shunned, which limits the develop-
ment of the magnetic 2D material field. Until 2017, the intrin-
sic 2D ferromagnetism was found for the first time in Crl3 (%!
and Cr,Ge,Teg!”! atomic layers, in which the single-site mag-
netic anisotropy on Cr atoms breaks the isotropy due to the
spin—orbital coupling. Since then, the issues concerning 2D
magnetism are getting more and more attention.

In terms of the thickness of 2D materials, they can be
classified into two categories, one contains only one layer of
atoms and another is composed of a few layers of atoms, for
the examples of graphene and MoS,, respectively. We call
the first category single-atom-thick 2D materials, which is re-
lated to the thickness limit of film materials and all the atoms
are confined in a plane. The typical materials are graphene,
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[2.3.89] while the com-

borophene, boron nitride, and g-C3Ny
mon structural pattern is the honeycomb hexagonal lattice.
The combination of delocalized 7 bond and sp” orbital hy-
bridization is the main mechanism to stabilize the planar and
hexagonal geometry. And more importantly, there is the real
2D crystal field around each atom in the single-atom-thick 2D
materials. It is not only distinct to the crystal field in bulk com-
pound, but also different from that in other slab 2D materials
consisting of a few layers of atoms.

Manganese is a special magnetic element because of the
half-filled d shell in its electronic configuration of 3d34s2,
which is one of the main magnetic ingredients for the fer-
romagnetic compounds, especially for the ferromagnetic 2D
materials. For instance, MnO;, MnS,, and MnSe, monolay-
ers are intrinsic ferromagnetic semiconductors with the 7¢s
of 140 K, 225 K, and 250 K, respectively.['®!11 Mn3C,S;»
monolayer!'?! and Mn-phthalocyanine (MnPc) sheet!'3! are
ferromagnetic with T¢s of 212 K and 150 K, respectively.
Recently, hexagonal MnN and pentagonal MnN, monolayers
are also predicted to be ferromagnetic with T.s of 368 K and
913 K, respectively.[!*15] We note that these T.s are computed
according to the Ising model, and the values are usually over-
estimated compared to the Heisenberg model. Inspired by the
reported manganese compounds, our question is whether there
are some other 2D ferromagnetic manganese nitrides with high
Curie temperature?

In this work, on the basis of the first-principles calcula-
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tions and Monte Carlo simulation, we demonstrate that the
single-atom-thick MnN4 monolayer with a square lattice is
a high-temperature ferromagneton with 7; of 247 K. The 7-
conjugation effect plays an important role both in the forma-
tion of planar geometry and in the ferromagnetic exchange
coupling between two Mn atoms.

The structural and electronic properties are computed
with the plane wave pseudopotential method enclosed in
the VASP package, and the projector augmented-wave
(PAW) pseudopotential with Perdew—Burke—Ernzerhof (PBE)
exchange—correlation functional'®'°! is used. The conver-
gence criteria for total energy and forces are set to be 107> eV
and 1073 eV/A, respectively. Plane waves with a kinetic en-
ergy cutoff of 600 eV are used to expand the valence electron
wave functions. Considering the strong correlation of Mn d
electrons, the GGA 4 U method is applied to compute the elec-
tronic and magnetic properties. The Hubbard U is determined
to be 6.3 eV through self-consistent calculations with linear
response method.>"! The interlayer distance is 16 A and a k-
point mesh is 24 x 24 x 1 for the Brillouin zone integration.
To examine the stability, the density-functional perturbation
theory (DFPT) and the supercell method in the PHONOPY
program are used to calculate the phonon spectra.l?!! In the ab
initio molecular dynamics simulations, the 3 x 3 x 1 supercells
are employed and the temperature is kept at 1000 K for 5 ps
with a time step of 1 fs in the canonical ensemble (NVT). [22]

The top view and side view of MnNy structure are dis-
played in Fig. 1(a). The structure has a square lattice with
the symmetry of plane group P4m. The lattice parameters are
a=>b=4.83 A. The lengths of Mn—-N bond and N=N bond are
1.83 A and 1.16 A, as shown in Fig. 1(b). Its unit cell consists
of only one MnN,4 moiety, as marked by a dashed line square.
These moieties are connected together by the N=N bonds to
make up of a planar MnN, layer, which is a porous monolayer
with large square pores. The Mn atom is located at the center

of the square of four N atoms.

fi-o-oo-o-oo-o-o O Mn o N
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Fig. 1. (a) Top view and side view of square-MnN4 monolayer. The unit
cell is marked by a dashed line square. (b) The bond lengths of N=N and
Mn-N bonds are labeled.

To ascertain the structural stability of the MnN4 mono-
layer, we first compute the formation energy, and the metal
manganese and Nj gas are taken as the reference. The forma-
tion energy is defined as

Etot - EMn - 2EN2
Eform = ;

ey

n

where Eo, Emn, and EN, are the total energy, bulk manganese
energy per atom, and nitrogen molecule energy, respectively.
For comparison, we also compute the formation energies of
a few single-layer nitrides including hexagonal MnN, pen-
tagonal MnN,, rhombus-MnNy, square-MnNy, g-C3Ny4, and
BeN,; monolayers, [>141523:241 which have already been syn-
thesized experimentally or investigated theoretically. The for-
mation energy of MnN4 monolayer is 0.09 eV/atom, lower
than the ones of other nitrides in Table 1, which indicates that
the MnNy structure is energetically stable.

Table 1. The formation energies of five 2D nitride monolayers. The unit is
eV/atom.

Hex- Pen- g- BeN, Rhombus-  Square- MnN,
MnN MnNz C3 N MHN4 MnN4
0.28 0.21 0.35 0.12 0.40 0.53 0.09

To examine the dynamic stability of MnN4 monolayer,
we perform the phonon calculations. The phonon bands are
shown in Fig. 2(a), and there is no imaginary frequency for
their phonon modes, indicating that MnN4 monolayer is dy-
namically stable. Then, we perform the first-principles molec-
ular dynamic simulations to examine the thermal stability. The
variation of total potential with respect to time is presented in
Fig. 2(b), where the energy only fluctuates slightly around a
constant and no distinct drop of energy emerges. The insets
are the top and side views of the final structure of MnN4 mono-
layer after 10 ps simulation at the temperature of 1000 K. It can
maintain the framework and no breaking of the bonds is found,
which confirm the good thermal stability of MnN4 monolayer.

The 7 conjugation is the overlap of one p orbital with
another p orbital (or d orbital of transition metals) across an
adjacent o bond. We first look at the Mn—-N=N-Mn chain
in the MnN4 monolayer. The bonding distance of the nitro-
gen dimer is 1.16 A and it is close to the N=N bond length
of 1.2 A-1.3 A, indicating that there is a N=N double bond
between two N atoms. The sketches of N 2p orbitals in a Mn—
N=N-Mn chain along x axis are exhibited in Fig. 3(a), where
two py orbitals are aligned side by side to form a 7 bond and
two p; orbitals form another 7 bond. Along the Mn—N=N-Mn
chain, the two p, orbitals form a ¢ bond between two N atoms.
Therefore, there exists strong 7 conjugation originating from
two py orbitals and two p, orbitals because of the uncommon
geometry of Mn—N=N-Mn chain.
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Fig. 2. (a) Phonon energy bands of MnN4 monolayer. (b) Evolution of MnNj total energy with time at 1000 K.
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Fig. 3. Density of states projected on 2s and 2p orbitals of N atom. The
Fermi energy is marked by the vertical dashed line.

In Fig. 3(b), the DOS of N 2s and 2p; states is distributed
in the same energy scope and there is no energetic separation
between the 2s and 2p, orbitals, which is related to the occur-
rence of very strong orbital hybridization, quite similar to the
typical sp> hybridization of C atoms in graphene. The N 2s
and 2p, orbitals (along the Mn—N-N-Mn chain) are mixed to
form two hybridized orbitals, one extends to adjacent N atom
to form the o bond and another extends to Mn atom to form
the Mn—N coordination bond. The N element has five va-
lence electrons, the three electrons occupy the py, p;, and one
sp, hybridized orbital, and the remaining two electrons (lone
electron pair) fill the others sp, hybridized orbital. For the
Mn atom coordinated by four N atoms, the 4s, 4py, 4py, and
3d,2_,» orbitals are coupled each other to give rise to four dsp?
hybridized orbitals. All the four orbitals lie in the xy plane. Itis
just the four dsp? orbitals that are coupled to the sp, hybridized
orbitals from the coordinated N atoms to form the coordination

bonds. This is a common situation in phthalocyanine com-

pounds and some 2D metal-organic frameworks. [23-26]

Apart from the 7 bond of N-N dimer and dsp? hybridiza-
tion of Mn atom, the & bond from two p, orbitals is further
mixed to the d,, orbital of Mn atom (see Fig. 3), resulting in
the first 7—d conjugation. On the other hand, there is a con-
siderable overlap between the 7 bond from two py orbitals and
the dy, orbital of Mn atom in the xy plane, which leads to the
second 7—d conjugation. It is the special configuration of lin-
ear Mn-N=N-Mn chain that causes the occurrence of dou-
ble 7—d conjugation, which does not happen in the hexagonal
and pentagonal networks of MnN and MnN, monolayers men-
tioned above. The double 7—d conjugations further elevate the
strength of Mn—N bond and lowers the total energy, greatly
enhancing the robustness of the MnNy planar structure.

Consequently, strong m—d conjugation is not only the
most distinctive feature of MnN4 monolayer but also the main
mechanism for the structural stability of this square-planar lat-

tice.
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Fig. 4. Density of states projected on 3d partial orbitals of Mn atom. The
Fermi energy is set to zero.

Figure 4 shows the partial DOS of Mn five 3d orbitals.
The 3d electronic states of Mn atom have a complete spin
splitting, and there is almost no overlap between the energy re-
gions of spin-up and spin-down states. Furthermore, the spin-
up states are almost entirely occupied and spin-down states
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are completely empty, which results in the large moment of
4.4 ug.

We build a 2 x 2 supercell to study the magnetism of
the CoN4 monolayer in the ground state. Three magnetic or-
ders, including ferromagnetic order (FM) and two antiferro-
magnetic orders (AFM-I and AFM-II), are displayed in Fig. 5.
The energies of AFM-I and AFM-II orders are all higher than
that of FM order, revealing that the ferromagnetic order is the
magnetic ground state. According to the energies, the neigh-
boring exchange couplings can be figured out from the follow-
ing expressions:

1
Ji= Z(EFM — Eapm-1),

1
b=

g (Erm + EapM-11 — 2EARM-1),

2

where the nearest and next-nearest neighboring coupling J;
and J, are —24.0 meV/S? and —5.6 meV/S?, respectively. In
addition, the magnetic anisotropy energy, the energy differ-

ence of Mn moment pointing to z and x (or y) axis, is computed
to be 0.024 meV.
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Fig. 5. (a) The nearest and next-nearest neighboring exchange interac-
tions, J; and J;. (b)—(d) The sketches of FM, AFM-I, and AFM-II orders.
What is the mechanism of ferromagnetic exchange in-
teraction between two Mn atoms? Along the Mn—-N=N-Mn
chain, the d,;, p;, p;, and d,; orbitals are mixed together to
form the large 7 orbitals. At first, the two d,, are half-filled,
and to make sure the electron can freely move from one d,,
orbital to another without spin flipping, the electrons in two
d,, orbitals must keep the same spin state. Then, because the
d electron number of Mn atom is less than five, the spins are
aligned in parallel according the Hund’s rule. Therefore, the
Mn moments in the Mn—N=N-Mn chain are parallel, and the
ferromagnetic coupling stems from the delocalized electrons
associated with the 7—d conjugation effect.
Ising model and Heisenberg model are usually used to

describe the magnetic interactions of 2D magnetic materials.

Ising model is the limit of Heisenberg model with magnetic
anisotropy going to infinity. Because of the small magnetic
anisotropy in real 2D ferromagnetic materials, Curie tempera-
ture is overestimated by the Ising model. So, the Heisenberg
model is more precise, which has been successfully applied in
Crl3 and other synthesized ferromagnetic 2D materials.?’-%°]
We adopt the Heisenberg model to evaluate the Curie temper-
ature of MnN4 monolayer. The Hamiltonian is defined as

H= leS S+JZZSS+AZ zz>
(ij) (i

3

where the symbols j and j’ represent the neighboring sites of
i site in the square lattice, and A is the single-site magnetic
anisotropic energy. To solve the Heisenberg Hamiltonian, the
Monte Carlo method with a 60 x 60 lattice is used. The mag-
netization M and susceptibility (y = ((M?) — (M)?)/kgT)
with respect to temperature are presented in Fig. 6. Both of
them show a clear ferromagnetic phase transition at 247 K.
So, the Curie temperature (7;) of MnN4 monolayer is 247 K,
which is a relatively high Curie temperature compared to the
reported 2D ferromagnetic materials. > We also perform hy-
brid HSEO6 functional calculations to check the above re-
sults. The FM order has the lowest energy, and the parame-
ters in Eq. (3) are J; = —88.7 meV/S?, J» = 32.0 meV/S?, and
A=—141 meV/Sf. The Curie temperature is determined to

be 280 K, confirming the robust ferromagnetism in the MnNy4
monolayer.
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Fig. 6. Susceptibility y and average magnetic moment M as functions
of temperature on a square-planar lattice for the MnN4 monolayer.

In summary, based on the first-principles calculations,
we design a single-atom-thick manganese nitride MnNy4 with
a porous square-planar network. Along the Mn—N=N-Mn
chain in the MnN4 monolayer, the d,,, p;, p;, and dy; orbitals
are hybridized together to form the large 7 orbitals. The 7—d
conjugation is the remarkable feature of the predicted MnN4
monolayer, which is the origins of both structural stability
and ferromagnetic couplings between two Mn atoms. The ro-
bust ferromagnetism with the Curie temperature of 247 K is
demonstrated by solving the Heisenberg Hamiltonian with the
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Monte Carlo method. Therefore, our results not only predict a
new high-temperature ferromagnetic 2D material but also pro-

pose a new mechanism of ferromagnetic exchange coupling.
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