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ABSTRACT: MoN2 and MoS2 sheets are representatives of two-dimensional transition
metal dinitrides and dichalcogenides, respectively. Their similarity in atomic ratios misled
people to make an incorrect assumption in previous studies that the former adopts the
geometry of the latter. However, compared with S, N is smaller and has fewer valence
electrons, and N is more effective in mediating magnetic couplings; therefore, a different
geometry and different properties can be expected for the MoN2 sheet. Here using a global
structure search, for the first time we have identified the ground state geometry of this
sheet named Tetra-MoN2 that is much more stable than the H phase proposed previously.
Different from the metallic nature of H-MoN2, Tetra-MoN2 is a semiconductor having an
indirect band gap of 1.41 eV with a flexible strain tunability. In particular, Tetra-MoN2 can
exhibit rich half-metallic behaviors mediated by the polarized p electron of N and induced
by low-concentration hole doping and small strains that are readily achievable
experimentally.

■ INTRODUCTION

Since the discovery of monolayer graphene,1 many other two-
dimensional (2D) crystals such as silicene,2,3 MoS2,

4,5 black
phosphorus,6,7 etc., have been synthesized, displaying novel
properties and promising applications. These advances greatly
stimulated researchers to explore other new 2D materials with
desirable properties. Among them, metal dinitride sheets have
attracted special attention.8 Recently, the bulk crystal of MoN2
was experimentally synthesized,9 based on this the MoN2
monolayer was expected to exist and was predicted theoretically
to exhibit a robust ferromagnetism with a Curie temperature of
>420 K,10 and the magnetic coupling [ferromagnetic (FM) vs
anti-ferromagnetic (AFM)] in the MoN2 sheet can be further
modulated through applied strain.11 Moreover, monolayer
MoN2 was also found to be a promising material for battery
electrodes with a high storage capacity.12 These findings
encouraged researchers to extend the study from the proposed
H phase to other phases such as the T and T′ phases13 or from
Mo to other metal elements.14,15 However, recent studies
questioned the stability of the MoN2 monolayer in the H-phase
configuration. A global structure search found a new non-
layered ground state for the bulk MoN2 system with N−N
bonding at pressures ranging from atmospheric pressure to 82
GPa, while layered MoS2-type MoN2 has a high positive
enthalpy of formation, a large imaginary frequency, and a
negative C44,

16 suggesting that it is unstable thermodynamically,
dynamically, and mechanically. Moreover, monolayer H-MoN2
was also predicted to be unstable, and surface hydrogenation is
required to maintain its stability.17 Hence, determining the

ground state geometry of the MoN2 sheet and its physical
properties is highly desirable.
Here we use a global structure search method18 and first-

principle calculations to answer these two questions. A new
structure with a tetragonal lattice (termed Tetra-MoN2) is
identified with an energy much lower than that of H- and T-
MoN2.

13 Its dynamical and thermal stabilities are confirmed by
calculated phonon spectra and by performing ab initio MD
simulations (1000 K). Moreover, Tetra-MoN2 is found to be an
intrinsic semiconductor with an indirect band gap of 1.41 eV
(at the HSE06 level). Because of flat top valence band and large
exchange interaction, doping-induced magnetic properties are
also investigated. It is found that the ferromagnetism in Tetra-
MoN2 can be induced at a carrier density of >1.25 × 1014 cm−2,
and when Tetra-MoN2 is slightly strained (ε = 2% and ε = 4%),
half-metallicity can be induced by hole doping where the spin
moments come mainly from the polarized p electrons of N.
These findings can be well understood using the following
arguments. (1) N has fewer valence electrons than S does, and
a structural transition can be expected due to Jahn−Teller-like
distortion. (2) The exchange interaction of nitrogen is larger
than that of sulfur, which is conducive for spontaneous spin
polarization. (3) Compared with sulfur, nitrogen is more
effective at mediating magnetic couplings. For example, Mn2 is
an antiferromagnetic dimer that becomes ferromagnetic when
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N is introduced,19 whereas Mn2 remains antiferromagnetic
when S is inserted;20 when S atoms are replaced with N in the
Ni3C12S12 sheet, the Curie temperature can be significantly
increased.21

■ COMPUTATIONAL METHODS
The atomic structure of the 2D Tetra-MoN2 sheet is predicted using
the PSO algorithm implemented in the CALYPSO package.18 The
population size and the number of generations are set to be 30 to
ensure convergence. The number of formula units per unit cell is set to
be 1−4, corresponding to 3, 6, 9, and 12 atoms. To accommodate the
buckling of the structure, the buffering thickness is set to 0.8 Å.
Structural relaxation, total energy, and electronic property calculations
are mainly performed by using Vienna Ab initio Simulation Package
(VASP) based on density functional theory (DFT).22 The projector
augmented wave (PAW) method is used to treat interactions between
ion cores and valence electrons.23 A kinetic energy cutoff of 450 eV

and dense k-point with a grid density of 2π × 0.02 Å−1 (Monkhorst−
Pack scheme)24 are used (an even denser grid of 50 × 50 × 1 is also
adopted to converge the magnetic moment when hole doping is
introduced). The exchange-correlation potential is incorporated using
the PBE25 functional in most cases, while the HSE06 hybrid functional
is used to obtain an accurate band gap.26,27 The atomic positions are
fully relaxed until the total energy converges to 10−4 eV and atomic
forces are <10−3 eV/Å. A large vacuum space of ∼15 Å in the
perpendicular direction is used to eliminate interaction between
periodic images. Phonon spectra are obtained using density functional
perturbation theory (DFPT)28 implemented in the Quantum
ESPRESSO suite (the energy cutoff for the wave function is 60
Ry).29 Ab Initio Molecular Dynamics (AIMD) simulations are also
performed to confirm the thermal stability. Hole doping is introduced
by removing electrons from the unit cell in a jellium background with
opposite charge added to maintain charge neutrality, and the atomic
positions are reoptimized at different hole densities (in the Supporting

Figure 1. (a) Atomic structure of the Tetra-MoN2 monolayer. (b) Comparison of the total energy per atom between MoN2 isomers (#1 and #6 are
bulk structures from ref 16) (top) and energy vs area per Mo atom for H-, T-, and Tetra-MoN2 (bottom).

Figure 2. (a) Calculated band structure: (solid lines) PBE and (dashed lines) HSE06. (b) Orbital-projected density of states for N and Mo. (c) Band
decomposed charge density distribution of the top valence band in panel a. (d) Band gap variation under biaxial and uniaxial strain (at the PBE
level).
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Information, we discuss the validity of our use of VASP to simulate
hole-doped Tetra-MoN2).

■ RESULTS AND DISCUSSION

Geometry and Stability. Instead of guessing the stable
geometry based on chemical knowledge, we resort to a global
structure search (CALYPSO) to unveil the ground structure.
To our surprise, a new highly stable MoN2 structure, Tetra-
MoN2, is found, which is much more stable than the previously
reported H-MoN2. As shown in Figure 1a, the new MoN2 sheet
belongs to space group P4 ̅M2 with point group D2d symmetry
adopting a highly buckled structure. The optimized lattice
constant is a = b = 3.22 Å, and the coordination number of Mo
in Tetra-MoN2 is 4 instead of 6 as in H- and T-MoN2;

10,13 the
Mo−N bond length is 1.88 Å, shorter than the value of 2.02 Å
in H- and T-MoN2.
Then we study the stability of Tetra-MoN2 with respect to

H- and T-MoN2. First, its dynamical stability is confirmed by
calculating the phonon spectra as plotted in panels c and d of
Figure S2. Second, the thermal stability of Tetra-MoN2 over H-
MoN2 is also verified by performing an AIMD simulation at
1000 K as presented in panels a and b of Figure S2, where
Tetra-MoN2 remains intact while the H-MoN2 sheet
disintegrates quickly. Finally, we compare the binding energy
per atom for three 2D MoN2 isomers (H-, T-, and Tetra-
MoN2) and two bulk phases (labeled #1 and #6 in ref 16) as
displayed in Figure 1b, from which one can see that bulk phases
with more chemical bonds are more energetically favorable (#1,
−9.48 eV; #6, −9.23 eV), the Tetra-sheet is next to them with a
binding energy of −8.95 eV, and the T and H configurations
have higher energies of −8.80 and −8.66 eV, respectively. In
Figure 1b, we also plot the energy−area curve for three 2D

isomers, where the eccentric double minimum of the energy−
area curve of H-MoN2 is ascribed to a strain-induced phase
transition.11 It is quite interesting to see that the Tetra
configuration not only is energetically favored but also has an
atom density (defined as the number of atoms per unit area)
lower than those of H- and T-MoN2.
To better understand the results presented above, let us

mention the fact that N has fewer valence electrons and a
smaller covalent radius than S does, and the geometry of H-
MoS2 would no longer fit the bonding between Mo and N.
Actually, in Tetra-MoN2, strong interactions exist between N px
and Mo dxz (polarized by Mo px) and between N py and Mo dyz
(polarized by Mo py), leading to a short Mo−N bond length of
1.88 Å and a lower total energy due to the strong hybridization
between N 2p and Mo 4d as seen in Figure 2b.

Electronic Properties. To study the electronic properties
of the Tetra-MoN2 sheet, we calculate the band structure along
high-symmetry lines of the first Brillouin zone (BZ). As
presented in Figure 2a, Tetra-MoN2 is found to be an indirect
band gap semiconductor (the VBM is at Γ, and the CBM lies
between K and Γ). The solid line shows the results of the
calculation using the PBE functional, while the dashed line
shows the results for the HSE06 calculation. The band gap is
0.77 eV at the PBE level and increases to 1.41 eV when HSE06
is used. In Figure 2b, the orbital-projected DOS is presented.
We can see, because of the difference in electronegativity, that
the states near the top of the valence bands are mainly
contributed by N p orbitals, while Mo 4d orbitals dominate
near the bottom of conduction bands. However, we also
observed some covalent bonding features, namely, the sizable
DOS of Mo 4d below the Fermi level and the strong 2p−4d
orbital hybridization in energy window (−5, −3) eV. This

Figure 3. Hole-induced magnetism. (a) Spin moment density vs hole density. (b) Spin polarization energy (PE) per carrier. (c and d) 3D profile and
2D projection of the VBM, respectively, when ε = 4%. (e) Total DOS of Tetra-MoN2.
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suggests the mixed covalent and ionic bonding features.30

Because of the localized nature of N p orbitals, the top valence
band is relatively flat with a large effective mass. The band-
decomposed charge density for the top valence band is plotted
in Figure 2c and exhibits exactly the p orbital character of N.
The band gap variations of Tetra-MoN2 with biaxial and
uniaxial strain (−5% to 15%) are shown in Figure 2d. The sheet
can be tuned either to a metal at 9% biaxial strain or to a
semiconductor with a different band gap in uniaxial strain,
demonstrating the flexibility in band engineering.
Moreover, the band structures can help us better understand

stability. We can see that the semiconducting features in Tetra-
MoN2 and T-MoN2 result in unoccupied nonbonding and
antibonding orbitals, leading to a stable configuration over the
metallic H-MoN2 (resembling the Jahn−Teller effect).
Tunable p-Electron Half-Metallicity and Magnetism.

In general, there are two mechanisms for explaining hole-
induced magnetism in 2D or three-dimensional (3D) materials.
The first is named the “intrinsic mechanism”, which can be
used to understand the intrinsic hole-induced magnetization in
some 3D oxides and nitrides.31 The requirements for realizing
“intrinsic-type” magnetism are (1) a large exchange interaction
J and (2) a high DOS near the Fermi level. The second is
termed the “DOS-divergent mechanism”, which can be used to
understand hole-induced spontaneous ferromagnetism as found
in Si1P3, PtSe2, and GaSe (GaS) monolayers where exchange
interactions of 3p or 4p orbitals are much weaker.32−35 The
prerequisite for this mechanism is divergent DOS near the
Fermi level. In fact, the two mechanisms mentioned above can
be interpreted as different ways of satisfying the “Stoner
criterion”: DfJ > 1 (Df is the density of states at the Fermi level,
and J is the strength of exchange interaction). We will show
that both mechanisms are responsible for hole-induced
magnetism in Tetra-MoN2, but in different doping concen-
tration regions.
On the basis of the relatively flat top valence band and the

effective mediation for magnetic coupling of N, we next
investigate the possible hole-induced magnetism and relevant
applications of Tetra-MoN2. Because a high carrier density can
be achieved experimentally via applying a gate voltage as shown
in graphene (4.0 × 1014 cm−2) and MoS2 (2.0 × 1014

cm−2),36,37 the carrier concentration studied in our case is
confined to <3.0 × 1014 cm−2. The SOC effect is also negligible
and is not included because the top valence bands are mainly
composed of N 2p orbitals (Figure S7). Here to quantitatively
depict the hole-induced magnetic properties, we calculate the
spin moment density and spin polarization energy (PE) per
carrier defined as the total energy difference between spin-
polarized and unpolarized phases per unit cell normalized by
carrier number (the reliability of using this relative energy is
discussed in the Supporting Information). The results are
shown in panels a and b of Figure 3, respectively, from which
one can see that upon continuous injection of more and more
holes into relaxed Tetra-MoN2 (ε = 0%), spin polarization can
be induced when the hole density is >1.25 × 1014 cm−2, and the
spin-polarized state becomes the ground state. This phenom-
enon can be understood via the “intrinsic mechanism”
mentioned above. When we increase the hole concentration,
the Fermi level moves into the valence band, and the Df

increases accordingly in proportion to −E EVBM f , where
EVBM and Ef are the energy of VBM and the Fermi level,
respectively. When the hole density becomes higher than a

critical value (in our case, 1.25 × 1014 cm−2), the Stoner
relation satisfies, namely, DfJ > 1, so the sheet turns into a spin-
polarized ferromagnetic ground state.
When going further, we can ask the following two questions:

Can we reduce the threshold carrier density needed for
spontaneous spin polarization? Can we induce the half-
metallicity in Tetra-MoN2? The answers can be based on the
tunability of Df. Although a relatively flat top valence band
renders appreciable Df, only in some extreme cases like van
Hove singularity can the DOS be large enough to realize DOS-
divergent-type spin polarization. Such a stringent condition was
reported in monolayer GaSe and GaS due to the Mexican hat-
like dispersion38 in the vicinity of VBM. Fortunately indeed, we
find a similar band dispersion near the VBM when the lattice of
Tetra-MoN2 is slightly dilated at the PBE and HSE06 level
(Figures S6 and S4), and the biaxial strains needed are lower
than the critical strain (ε = 7%) when Tetra-MoN2 is broken
(see Figure S3). In panels c and d of Figure 3, the 3D profile
and 2D projection of VBM (ε = 4%) near K (0.5, 0.5) are
presented. Shifting from K along different in-plane directions,
we would always observe an up and down shaped band
dispersion. Because of the lower symmetry, the Mexican hat-
like energy surface near the VBM of the strained Tetra-MoN2
sheet is more anisotropic than that of GaSe or GaS.33,34 The
underlying mechanism is discussed in Figure S5. The DOS of
relaxed and strained Tetra-MoN2 are plotted in the same figure
for comparison in Figure 3e. The divergent behavior of DOS
(for ε = 2% and ε = 4%) that originated from saddle points on
the Mexican hat-like energy surface distinguishes itself from the
featureless DOS of the relaxed structure.
When the Tetra-MoN2 sheet is dilated, we find that the

spontaneous magnetization is dramatically enhanced with a
larger spin moment density and a larger polarization energy per
carrier compared to those of relaxed Tetra-MoN2. As presented
in panels a and b of Figure 3, for both ε = 2% and ε = 4%,
Tetra-MoN2 becomes spin polarized with a large polarization
energy; while it becomes half-metallic (straight line in Figure
3a) at both low and high hole concentrations, an attenuated
tendency of spin polarization (abrupt dip in the spin moment
density) in an intermediate range is observed. This strain-
enhanced magnetism can be simply ascribed to a larger DOS
with increased strain (largely p orbital-like) near the VBM as
presented in Figure 3e. However, the emergence of bizarre
dampened magnetism in the intermediate range (off-line curve
in Figure 3a of strained cases) needs some explanation. The
discussions below are based on ε = 4% (the ε = 2% case is
similar). As shown in Figure 3a, the strained Tetra-MoN2 sheet
with ε = 4% becomes half-metallic in both the low-
concentration range (1.0−5.0 × 1013 cm−2) and the high-
concentration range (1.0−3.0 × 1014 cm−2). Interestingly, the
spin moment density for ε = 4% undergoes an abrupt dip
within the intermediate concentration range (5.0−10.0 × 1013

cm−2). We attribute this phenomenon to the different origins of
the spontaneous polarization at different doping ranges. The
DOS curve for ε = 4% displayed in Figure 3e shows an
apparent peak right below the VBM. Therefore, at low carrier
concentrations, the Fermi level becomes slightly lower and
moves right into the peak in the DOS curve. Then we have a
divergent Df leading to a spin-polarized state via a “DOS-
divergent-type” mechanism. If we increase the doping level
further, the Fermi level moves out of the peak in the DOS
curve, and Df would drop dramatically. This is why we observe
a dampened magnetism in Tetra-MoN2 (ε = 4%) in the
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intermediate doping range. However, at a high carrier
concentration, Tetra-MoN2 (ε = 4%) becomes half-metallic
as the DfJ > 1 relation is satisfied as in the case of 3D oxides
(“intrinsic-type” mechanism). Consequently, the “DOS-diver-
gent-type” magnetization is in effect at low doping densities,
while “intrinsic-type” magnetism of strained Tetra-MoN2 plays
a role at high doping concentrations. In the intermediate
doping level, where both mechanisms fail, Tetra-MoN2 (ε =
4%) tends to be nonmagnetic.
We summarize the main results in Table 1 by categorizing

the spontaneous magnetization under hole doping into “DOS-

divergent-type” and “intrinsic-type”. For Tetra-MoN2 under 4%
strain, we further confirmed that a hole concentration as low as
2.0 × 1012 cm−2 is sufficient for complete spin polarization. To
visualize the hole-induced half-metallicity in strained Tetra-
MoN2, we plot the spin-resolved band structure and spin
charge density distribution in Figure 4 (ε = 4% and a hole

density of 1.0 × 1014 cm−2). The splitting of the top valence
band, in Figure 4a, is around 100−150 meV. The consequence
of this strong exchange splitting is that the Fermi energy
intersects with only the minority-spin band, and thus fully
polarized spin transport. The spin charge density distribution in
Figure 4b shows that spin moments mainly come from
polarized p electrons of N with some contributions from d
orbitals of Mo. The localized moments on N and Mo are 0.06
and −0.048 μB, respectively, while the remaining 0.038 μB is
distributed in the interstitial space (total moment of 0.11 μB).
It is worth noting that this is the first example of hole-

induced “DOS-divergent-type” and “intrinsic-type” magnetism
in a single material but at different carrier densities, and
importantly, the applied strain and doping level that are
required (as low as ∼1012 cm−2) are experimentally feasible.
While other 2D materials with only “DOS-divergent-type”
magnetism generally become spin-polarized at a lower doping
level (∼1013 cm−2), their magnetism is quenched by surplus
carriers (∼1014 cm−2).32−34 Therefore, the studied Tetra-MoN2
sheet is quite special in terms of magnetism.

■ SUMMARY

Motivated by the controversies about the stability of the H-
MoN2 sheet, we have performed a global structure search and
identified the ground state geometry, Tetra-MoN2, which is
energetically more stable than the previously proposed H- and
T-MoN2 structures, exhibiting a semiconducting nature instead
of metallicity as found in the H-MoN2 phase. This can be easily
understood. Because N has one fewer electron than S does, in
the stable H-MoS2 phase when all S atoms are replaced with N,
due to the unfilled electronic orbitals, the resulting Jahn−Teller
distortion may cause a structural transition from the H phase to
the other, as we found the metallic H phase changes to the
semiconducting Tetra phase. Intriguingly, p-electron half-
metallicity can be induced readily by synergistically using strain
and uniform p-type doping, even at a hole concentration as low
as 1012 cm−2 at ε = 4%. This kind of half-metallicity is absent in
the pristine H-MoS2 sheet without vacancies or impurities. Our
study clearly indicates that the MoN2 sheet has a geometry and
properties that are different from those of the MoS2 sheet and
that caution is needed for other metal dinitride sheets, and
further studies are highly desirable as these sheets have been
explored much less vigorously than transition metal dichalco-
genides sheets have been.
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