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Intrinsic ferromagnetism and valley polarization in
hydrogenated group V transition-metal dinitride
(MN2H2, M = V/Nb/Ta) nanosheets: insights from
first-principles†

Yi Ding *a and Yanli Wang *b

Due to the extraordinary electronic and magnetic properties, transition-metal dinitrides (TMDNs) and

their derivatives are gaining importance in low-dimensional layered materials. In this work, through first-

principles calculations, we have comprehensively investigated the structural and electronic properties of

hydrogenated group V TMDN nanosheets. We find that surface hydrogenation can well stabilize the H-,

T- and M-phase structures of group V TMDNs, for which the formed MN2H2 nanosheets have robust

energetic, dynamical and thermal stabilities. Different from pristine MN2 systems, the H-phase system has

become the most favorable structure of MN2H2 nanosheets. Intrinsic ferromagnetism is present in these

H-MN2H2 nanosheets, which even exhibit bipolar magnetic semiconducting behaviors. More interestingly,

large spontaneous valley polarization occurs in the H-MN2H2 nanosheets, and is attributed to the coexis-

tence of remarkable spin–orbit coupling and magnetic exchange interactions according to the k·p model

analysis. Among them, the H-NbN2H2 nanosheets are found to be a promising ferrovalley material, whose

valley polarization value reaches as large as 0.11 eV and the Curie temperature is up to 225 K. Besides that,

versatile electronic properties are obtained in the T- and M-phase structures of the MN2H2 nanosheets,

which will be magnetic/nonmagnetic metals/semiconductors depending on the metal species and phase

structures. Our study demonstrates that the hydrogenation can bring robust structural stabilities and

unconventional electronic properties into the group V TMDN nanosheets, which enable many potential

applications in spintronics and valleytronics.

1 Introduction

The N-based nanostructures are an emerging family of two-
dimensional (2D) materials with diverse properties and
applications.1–4 Since the synthesis of a layered MoN2 com-
pound with a rhombohedral MoS2-like geometry,5 the tran-
sition-metal dinitride nanosheets have attracted increasing
attention due to their unconventional electronic and magnetic
properties.6–14 These TMDNs, which have a general chemical
formula of MN2 (M is a transition metal), are closely related to

the transition-metal dichalcogenides (TMDs). Compared to the
TMDs, the TMDN nanosheets usually exhibit distinctive elec-
tronic properties due to the fewer valence electrons of the N
element. Taking MoN2 as an example, different from the semi-
conducting behavior of an H-MoS2 nanosheet, the trigonal
prismatic (H-phase) MoN2 nanosheet is a ferromagnetic
metal.6 When a tensile strain is applied, this H-MoN2

nanosheet will undergo a structural transformation, forming
N2 dimers between the upper and lower N layers, which is
accompanied by a ferromagnetic-to-antiferromagnetic mag-
netic transition.7 The octagonal (T-phase) MoN2 nanosheet is
a nonmagnetic semiconductor, which is also different from
the metallic feature of T-MoS2.

15 Through first-principles cal-
culations, these H- and T-MoN2 nanosheets have been pre-
dicted to be promising high-capacity electrode materials for
alkali-ion batteries.8,16 With Fe doping, the H-MoN2 nanosheet
will become an efficient catalyst for the synthesis of ammonia
from water and air at room temperature.17 In addition to
MoN2, layered TaN2 crystals have also been synthesized in the
experiment.18 In contrast to the metallicity of a TaS2
nanosheet,19 the TaN2 nanosheet is a semiconductor.18 In our
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previous study, an M-phase structure, which is a mixture of H-
and T-phases, has been identified as the most stable structure
of group V TMDN nanosheets.20 These M-MN2 nanosheets are
nonmagnetic semiconductors, which can account for the
experimental observation on the TaN2 system.20

Considering the electron deficiency of TMDNs, surface N
atoms will be highly active and prone to form chemical bonds
with foreign atoms. The surface functionalization will not
only significantly enhance the structural stability but also
bring versatile electronic properties into the TMDN
nanosheets.13,21–24 It has been reported that the full hydrogen-
ation can cause a direct-gap semiconducting behavior in the
H-MoN2H2/WN2H2 nanosheets, while the hydrogenated
T-phase nanosheets are transformed to semimetals with an
anisotropic Dirac cone.21 For the graphenylene-like g-phase
MoN2 and WN2 nanosheets, the hydrogenation will eliminate
their phonon soft modes and convert the systems into
quantum spin Hall insulators.13 Considering that the d elec-
tron count of transition metals plays an important role in the
electronic properties of TMDNs,25,26 the group V TMDNs,
which have one less d electron than the Mo/W-based systems,
will exhibit distinctive behaviours after surface hydrogenation.
However, the derivatives of group V TMDNs have been rarely
studied. Therefore, a comprehensive study is required to
investigate the hydrogenated group V TMDN (MN2H2)
nanosheets. Which kind of stable structure will appear in
these hydrogenated systems? Do they possess peculiar mag-
netic and electronic properties? Will they exhibit unconven-
tional behaviours for practical applications? To solve these
issues, we conducted a first-principles study on the hydrogen-
ated group V TMDN nanosheets. We found that surface
functionalization can stabilize all the H-, T- and M-phases of
group V TMDNs and make the H-phase the most stable struc-
ture of these MN2H2 nanosheets. Large spontaneous valley
polarization is achieved in these H-MN2H2 nanosheets, which
will be promising ferrovalley materials for potential spintronic
and valleytronic applications.

2 Method

The first-principles calculations are performed using the VASP
code,27,28 which utilizes the plane-wave basis sets and projec-
tor augmented wave pseudopotentials. The generalized-gradi-
ent approximation (GGA) functional of Perdew–Burke–
Ernzerhof (PBE) is adopted to determine the exchange–corre-
lation energy, and the kinetic energy cut-off is set to 550 eV. To
simulate isolated nanosheets, a vacuum layer of about 15 Å is
used in the calculations. The k-meshes of 24 × 24 × 1 and 30 ×
30 × 1 are used in the relaxation and static calculations of H-
and T-phase structures, respectively, and are changed to 14 ×
24 × 1 and 18 × 30 × 1 for the M-phase. The structures are fully
optimized until the maximum residual force on each atom is
less than 0.005 eV Å−1. To account for the localization of 3d
electrons, GGA+U calculations are performed on the V-based
systems, which adopt an effective Hubbard U of 1 eV,29,30

while for the Nb- and Ta-based systems, such an on-site
Coulomb term is not taken into account as is usually done in
the literature. The dynamical stability of the system is deter-
mined by the phonon calculations, which are carried out
using the Phonopy code.31 The thermal stability is examined
by ab initio molecular dynamics (AIMD) simulations on a cano-
nical (NVT) ensemble with a Nosé thermostat of 500 K. The
step time is set to 1 fs and the total simulated time is 5 ps, i.e.
5000 steps. In addition to the GGA functional, the hybrid
Heyd–Scuseria–Ernzerhof (HSE) functional is also employed
for these dinitride systems. The HSE calculations are per-
formed using the FHI-aims code,32,33 which adopts an HSE06
form with a screening parameter of 0.25 bohr−1 and a mixing
parameter of 0.5 for the short-range exchange. The spin–orbit
coupling (soc) has also been considered in both GGA and HSE
calculations. The chemical bonding and atomic charge infor-
mation are obtained using the Lobster and Bader codes,34,35

and Monte Carlo simulations in this work make use of the
Vampire software package.36 All the pictures of geometric
structures are depicted using the Vesta code.37

3 Results and discussion
3.1 Geometric structures and structural stabilities of MN2H2

nanosheets

For the investigated MN2H2 nanosheets, based on their pris-
tine systems, three types of phase structures, i.e. H-, T- and
M-phase structures, are investigated as shown in Fig. 1. Taking
NbN2H2 as an example, the H- and T-NbN2H2 nanosheets
correspond to the MoS2-like trigonal prismatic and octagonal
geometries, respectively, while the M-NbN2H2 nanosheet is
constructed from the pristine M-NbN2 nanosheet.20 Detailed
structural parameters of these H-, T-, and M-phase structures
are listed in Table 1. Their formation energies (Eform) are calcu-
lated as Eform = EMN2H2

− EMN2
− EH2

, where EMN2H2
and EMN2

are the energies of hydrogenated and pristine TMDN
nanosheets with the same phase structure, and EH2

is the
energy of an isolated H2 molecule. The Eform values obtained

Fig. 1 [(a)–(c)] The top and lateral views for the H-, T- and M-NbN2H2

nanosheets, and [(d)–(f )] their phonon dispersions.
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are −2.66, −2.37 and −1.41 eV per formula unit (f.u.) for the
H-, T-, and M-NbN2H2 nanosheets, respectively. The negative
Eform values imply that the hydrogenation is an exothermic
process and the NbN2H2 nanosheets formed will be energeti-
cally stable against decomposition. In the experiment, layered
TaN2 has been synthesized by the chemical deintercalation of
a ternary NaTaN2 compound.18 Similar layered ANbN2 (A = Na,
Cu) compounds have also been experimentally obtained,38,39

which can be used to fabricate the NbN2 layer by an analogue
deintercalation approach. For the hydrogenation of 2D
nanosheets, there are several feasible approaches reported in
the experiments.40–42 For instance, the fully hydrogenated gra-
phene nanosheets have been synthesized by exposing the
sample to a hydrogen plasma and the hydrogenation of MoS2
has been realized by annealing the sample under a hydrogen
gas atmosphere.40,41 Since the formation energy calculations
indicate that the hydrogenation of MN2 nanosheets is an
exothermic process, it can be expected that the MN2H2

nanosheets would be synthesized by similar experimental
methods.

Besides that, the phonon dispersions in Fig. 1(d)–(f ) indi-
cate that all the investigated NbN2H2 nanosheets are dynami-
cally stable. There are no imaginary frequencies in the
Brillouin zone of the H-NbN2H2 nanosheet, while for the T-
and M-NbN2H2 nanosheets, only tiny imaginary frequencies of
less than −5 cm−1 appear near the Γ point, which are attribu-
ted to a numerical artifact for 2D systems.43 The Debye temp-
eratures of these H-, T- and M-NbN2H2 nanosheets are esti-
mated from the highest frequencies of acoustic phonon
branches,44 which are 261, 173, and 198 K, respectively, which
are intermediate between those of the VN2H2 and TaN2H2

systems as listed in Table S4 of the ESI.† Besides that, the
Raman and infrared active frequencies of NbN2H2 nanosheets
are also calculated from the phonon results with the symmetry
analysis as shown in Tables S1–S3 of ESI.† The thermal stabi-
lities of NbN2H2 nanosheets are further confirmed by the
AIMD simulations. As shown in Fig. 2, the energies and temp-
eratures fluctuate around their average values and there are no
phase transitions in the H-, T-, and M-NbN2H2 nanosheets
during the AIMD simulations. Some distortions occur in the
final configurations of AIMD simulations, especially in the
M-NbN2H2 nanosheet. However, the mean absolute displace-
ments are still small in the M-NbN2H2 system, which are 0.15,

0.18 and 0.36 Å for the Nb, N and H atoms, respectively. In the
final configuration, the Nb–N and N–H bond lengths are
1.92–2.56 and 0.98–1.07 Å, respectively, which are close to the
values in Table 1. This suggests that no bond breaking occurs
during the AIMD simulations and the whole structure still
remains integrated. Moreover, when a structural optimization
is further performed on this distorted structure, it can relax
back to the regular geometry. Similar AIMD results are also
obtained for the VN2H2 and TaN2H2 nanosheets as shown in
Fig. S1 and S2 of the ESI.† Since the statistics will be speeded
up by a high temperature, such AIMD results at 500 K can
guarantee that the investigated systems possess good stability
at a lower temperature.45 Thus, combining the phonon results
and AIMD simulations, it can be concluded that all the H-, T-,
and M-phases of MN2H2 nanosheets possess robust dynamic
and thermal stabilities, which can maintain the free-standing
form at room temperature. Compared to the pristine MN2

counterparts,20 these MN2H2 nanosheets possess better struc-
tural stabilities, indicating that the surface hydrogenation
could well stabilize all the H-, T- and M-phases of group V
TMDN nanosheets.

The relative stabilities of different phases are determined
by their cohesive energies (Ecoh), which are defined as Ecoh =
−(E2D − ∑niEi). Here E2D is the total energy of the MN2H2

nanosheet, ni is the number of i atoms in the system and Ei is
the energy of an isolated i atom in the spin-polarized state.
According to this definition, the more positive the Ecoh value,
the more stable the corresponding structure. For the NbN2H2

nanosheet, the Ecoh values of H-, T- and M-phases are 24.44,
24.05, and 24.08 eV per f.u., respectively. This indicates that
the H-phase is the most stable structure of the NbN2H2

nanosheet, which is different from the pristine NbN2 system.
To understand the energetic preference of the H-phase, a
crystal orbital Hamilton population (COHP) bonding analysis
is performed on the Nb–N bonds of NbN2H2 nanosheets. A
negative (positive) COHP value represents the bonding (anti-
bonding) state, and the –COHP data are shown in Fig. 3(a) for
convenience. It can be seen that the Nb–N bonding states are
fully filled in these NbN2H2 nanosheets. Populated antibond-
ing states appear around the Fermi level, and weaken the ener-
getic stabilities. For the H-NbN2H2 nanosheet, a spontaneous
spin-polarization, which will be discussed below, causes a
splitting in the antibonding states that further reduces the

Table 1 Structural parameters for the H-, T- and M-phases of MN2H2 nanosheets. L is the lattice constant, lM–N and lN–H are the lengths of M–N
and N–H bonds, and θM–N–M is the angle between the M–N bonds in the MN2H2 nanosheets. The Eform and Ecoh are the formation energies and
cohesive energies of MN2H2 nanosheets, respectively

VN2H2 NbN2H2 TaN2H2

H T M H T M H T M

L (Å) 2.90 2.97 5.15, 2.85 3.14 3.15 5.51, 3.08 3.11 3.14 5.48, 3.07
lM–N (Å) 2.02 2.02 1.84–2.26 2.17 2.17 1.98–2.34 2.15 2.15 1.99–2.34
lN–H (Å) 1.03 1.02 1.02–1.03 1.02 1.02 1.02–1.03 1.02 1.02 1.02–1.03
θM–N–M (°) 91.7 94.5 81.8–96.2 92.7 93.5 83.6–97.7 92.4 93.9 84.8–99.6
Eform (eV per f.u.) −2.24 −2.85 −1.43 −2.66 −2.37 −1.41 −3.01 −2.11 −1.38
Ecoh (eV per f.u.) 22.41 22.18 21.87 24.44 24.05 24.08 26.30 25.99 25.99
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negative –COHP area. As a result, the integral of –COHP
(–ICOHP) up to the Fermi level is 3.39, 3.36 and 3.31 a.u. for
the H-, T-, and M-NbN2H2 nanosheets, respectively. It implies
that the H-NbN2H2 nanosheet has the strongest Nb–N bonds,
which account for the energetic preference of the H-phase.
Likewise, the H-VN2H2/TaN2H2 nanosheet also has a larger
–ICOHP than those of T- and M-phases as shown in Fig. 3(b).
In the literature, two types of stable TaN2 bulks, i.e. TaN2-12-I
and TaN2-64, have been reported, whose –ICOHP values are
4.000 and 3.368–2.415 a.u., respectively.46 Here, the –ICOHP
value for the H-TaN2H2 nanosheet is 3.52 a.u., which is compar-
able to that of the TaN2 nanosheets. It is worth noting that in
these TaN2 structures, there are no or few N–N dimers formed.
Thus, the Ta–N bonds are still strong with large –ICOHP values.
On the other hand, when the MN2 bulks have lots of N–N
dimers, such as the Cc-NbN2 and Cmca-TaN2 ones,

47 the corres-
ponding M–N bonds are weakened, and exhibit small –COHP
curves. Regarding the MN2H2 nanosheets, since the hydrogen-
ation hinders the formation of N–N dimers, the strength of

M–N bonds will determine the energetic stability of the system.
Among different phases, H-MN2H2 has the strongest M–N
bonds with the largest –ICOHP values, which are responsible
for its energetic preference to the T- and M-ones.

This result is also consistent with the d electron rule of
TMD systems.48,49 Taking the NbN2H2 nanosheet as an
example, due to the surface hydrogenation, the NbN2H2

system can be assigned a Nb+4[(NH)−2]2 formula. The Nb ions
will have a valence state of +4 with a d1 electron configuration.
This is confirmed by the charge population analysis on the
NbN2H2 nanosheets, which shows that the Mulliken (Loewdin)
charges of Nb atoms are about 1.30 (1.04), 1.33 (1.07) and
1.20–1.31 (0.95–1.04) e in the H-, T-, and M-phases, respect-
ively. The d electron rule has shown that a d0 electron con-
figuration of metal atoms will favor the octahedral coordi-
nation, while the d1 and d2 electron configurations will prefer
the trigonal-prismatic coordination instead.49 In the MN2H2

nanosheets, the group V transition metals have the d1 electron
configuration, which makes the H-phase the most stable struc-
ture of the system. For these H-MN2H2 nanosheets, their n-layer
exfoliation energies (Eexf(n)) are further calculated as shown in
Fig. S3 of the ESI.† 50,51 It can be seen that for the H-VN2H2 and
H-NbN2H2 nanosheets, their Eexf(n) are 31 and 38 meV Å−2,
respectively, which are comparable to the values of typical van
der Waals 2D systems (18–32 meV Å−2).51 Meanwhile the
H-TaN2H2 nanosheet has a higher Eexf(n) of 75 meVÅ−2,
suggesting that it will be hard to mechanically exfoliate.

3.2 Electronic and magnetic properties of H-MN2H2 nanosheets

Now, we focus on the electronic structure of H-MN2H2

nanosheets. The non-spin-polarized band structure of the
H-NbN2H2 nanosheet is depicted in Fig. 4, which shows that

Fig. 2 [(a)–(c)] The total energy and temperature versus time steps for the H-, T-, and M-NbN2H2 nanosheets during the AIMD simulations. The
dotted lines represent the average values of adjacent data in 1 ps. [(d)–(f )] The snapshots for the final configurations after AIMD simulations.

Fig. 3 (a) The –COHP curves of Nb–N bonds in H-, T- and M-phases
of NbN2H2 nanosheets. (b) The –ICOHP value of M–N bonds at the
Fermi level for the different phases of MN2H2 nanosheets.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2020 Nanoscale, 2020, 12, 1002–1012 | 1005



there is a half-filled band across the Fermi level. The partial
density of states (PDOSs) analysis indicates that this band is
mainly composed of the Nb d orbitals. The N p orbitals domi-
nate the valence bands below −2 eV, while the H s orbitals are
far away from the Fermi level. In order to gain more insights
into the band compositions of the H-MN2H2 nanosheet, an
orbital-resolved band structure is depicted in Fig. 4(c) and (d).
Due to the trigonal prismatic coordination, the Nb d orbitals
are split into one a1 (dz2), two e (dxy and dx2−y2) and e’ (dyz and
dxz) groups. It can be seen that the dxy and dx2−y2 orbitals make
an important contribution to the half-filled band around the K
point, while the dz2 orbital dominates the other parts of this
half-filled band, especially around the Γ point. For the bottom
conduction band, the dz2 orbital also makes a remarkable con-
tribution around the K point. The Nb dyz, dxz and N px, py orbi-
tals dominate lower valence bands between [−2, −3] eV, where
the noticeable overlap between them indicates the strong
bonding state between Nb and N atoms.

Note that the half-filled band has a narrow bandwidth of
0.64 eV, which results in a large DOS peak shown in Fig. 4(b).
This suggests that a spontaneous magnetism will occur in the
H-NbN2H2 nanosheet due to the Stoner instability.52 To test
this speculation, a spin-polarized calculation is performed. It
is found that the H-NbN2H2 nanosheet has a total magnetic
moment of 1μB, and the magnetic state is more stable than the
nonmagnetic state by 0.089 eV per f.u. The spin charge den-
sities are displayed in Fig. 5(a), which shows that the magnet-
ism is mainly contributed to by the Nb atoms. This is consist-
ent with the Bader analysis that each Nb atom carries an
atomic magnetic moment (m) of 0.83μB, and the N and H
atoms only have small m values of 0.06 and 0.02μB, respect-
ively. Accompanied by the magnetism, the H-NbN2H2

nanosheet exhibits a bipolar magnetic semiconducting (BMS)
characteristic as shown in Fig. 5(b). A prominent spin splitting
is present for the bands around the Fermi level. The spin up

band is fully occupied while the spin down band becomes
completely empty. The top valence and bottom conduction
bands belong to different spins, which leads to a spin–flip
band gap (Δ1) of 0.29 eV. As denoted in Fig. 5(c), the spin up
state has an energy window (Δ2) of 1.85 eV in the valence
region, and the spin down state has an energy window (Δ3) of
1.11 eV in the conduction region. Consequently, big spin-con-
served band gaps, Δ1 + Δ2 = 2.14 and Δ1 + Δ3 = 1.40 eV, are
observed in the spin down and up channels. Such small Δ1

and large Δ2, Δ3 data will facilitate the manipulation of spin
polarization and the creation of 100% spin polarized currents
in the BMS systems.53 Similar BMS behaviour is also present
in the H-TaN2H2 nanosheet, which has a Δ1/Δ2/Δ3 of 0.15/2.26/
1.55 eV, but the BMS feature is not evident in the H-VN2H2

system, whose Δ1/Δ2/Δ3 is only 0.73/1.30/0.02 eV, respectively.
To explore the magnetic ground state, in addition to the

ferromagnetic (FM) alignment, an antiferromagnetic (AFM)
alignment is constructed on the 2 × 2 supercell of the
H-NbN2H2 nanosheet. Such a stripe AFM configuration is
0.076 eV per f.u. less stable than the FM configuration. The
preference of the FM state is related to the geometric structure
of the H-NbN2H2 nanosheet, in which the Nb–N–Nb bond
angle is 92.7°. According to the Goodenough–Kanamori–
Anderson (GKA) rule of superexchange theory, a 90° metal–
ligand–metal bond angle will favor FM coupling between the
neighboring metal ions.54–56 Thus, the FM state in the
H-NbN2H2 nanosheet is driven by the superexchange inter-
actions between the magnetic ions. Using the energy differ-
ence between the FM and AFM states, the Curie temperature
can be estimated from the mean-field method as

Tc ¼ 2
3
ðEAFM � EFMÞ=kB,57 where EAFM and EFM are the total

energies of the AFM and FM states, and kB is the Boltzmann
constant. Thus, the Tc is estimated to be 585 K for the
H-NbN2H2 nanosheet.

Fig. 5 (a) The distribution of spin charge densities in the H-NbN2H2

nanosheet. The isosurface is set to 0.01 e Å−3. (b) The band structure
and (c) DOSs of the H-NbN2H2 nanosheet at the FM state. (d) The Monte
Carlo simulation for the magnetization as a function of temperature.

Fig. 4 (a) The non-spin-polarized band structure and (b) the density of
states (DOSs) of the H-NbN2H2 nanosheet, and [(c) and (d)] the corres-
ponding orbital-resolved band structures, where the radii of dots are
proportional to the weight of different Nb d and N p orbitals.
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It is worth mentioning that the mean-field method usually
overestimates the magnetic transition temperature. Thus, a
Monte Carlo (MC) simulation, which is based on the spin
Heisenberg model, is performed on the H-NbN2H2 nanosheet.
The spin Hamiltonian is defined as H ¼ �P

i;j
JijSi � Sj ,29,58

where Jij is the nearest-neighboring exchange parameter and
Si(Sj) is the unit vector representing the direction of the local
magnetic moment at site i ( j ). For the H-NbN2H2 nanosheet,
the magnitude of Si is set to 1μB, and the exchange parameter
Jij is evaluated as Jij = (EAFM − EFM)/4 = 0.019 eV. During the
MC simulation, a large 80 × 80 × 1 supercell is adopted and
the spin of each magnetic site can be randomly flipped. The
simulated temperature-dependent magnetization of the
H-NbN2H2 nanosheet is displayed in Fig. 5(d). Through fitting
the magnetization by the Curie–Bloch equation as m(T ) = (1 −
T/Tc)

β, where T is the temperature, Tc is the Curie temperature
and β is the critical exponent,59 we obtain the Curie tempera-
ture of the H-NbN2H2 nanosheet of up to 225 K.

Analogous to the H-NbN2H2 system, the H-VN2H2 and
H-TaN2H2 nanosheets also favor the FM state. As shown in
Table 2, they both have a total magnetic moment of 1μB. The V
atom has the largest atomic magnetic moment of 1.01μB, while
the Ta atom has the smallest value of 0.75μB. Correspondingly,
the H-VN2H2 nanosheet has the strongest magnetic stability,
whose Curie temperature reaches up to 925 K by the mean-field
method and 364 K by the MC simulation. On the other hand,
the magnetic stability of the H-TaN2H2 nanosheet is weak with
a small Tc of 321 (130) K by the mean-field (MC) method.
However, compared to their isoelectronic TMD counterparts,
the Tc values are still high in the H-MN2H2 nanosheets. It has
been reported that the H-VS2 nanosheet has a lower Tc of 291 K
from the MC simiulation,29 while no magnetism is found in the
H-NbS2 and H-TaS2 nanosheets by the PBE calculations.60,61

This indicates that the H-MN2H2 nanosheets will be intriguing
2D magnetic materials for practical applications in spintronics.

In addition to the monolayer structure, the H-NbN2H2 mul-
tilayers with a layer number of 2–5 are also investigated. It is
found that the intralayer magnetic coupling is nearly
unchanged by the layer number of multilayers. The Nb atoms

always prefer a parallel alignment in the same layer, which is
∼0.07 eV per f.u. more stable than the antiparallel alignment.
On the other hand, for the interlayer magnetic coupling, the
parallel and antiparallel alignments between neighboring
layers are energetically degenerate due to the large van der
Waals gap. Thus a small external magnetic field can easily
stabilize the ferromagnetism in H-NbN2H2 multilayers. The
PBE and HSE band structures of these H-NbN2H2 multilayers
are depicted in Fig. S4 and S5 of the ESI.† It can be seen that
the bipolar magnetic features are well maintained in the
H-NbN2H2 multilayers, whose band gaps are monotonically
reduced by the increasing layer number. Such a phenomenon
is common for the 2D nanomaterials, where the monolayer
structure would have the largest gap size due to the strongest
quantum confinement effect.

3.3 Valley polarization in the H-MN2H2 nanosheets

As a hexagonal system, the valley degree of freedom will be
present in these H-MN2H2 nanosheets when their band
extrema appear at the K point. Two inequivalent valleys, K+

and K− points, are located at the vertices of the hexagonal
Brillouin zone. Owing to the breaking of inversion symmetry
by the D3h crystal symmetry, the soc will induce a remarkable
spin splitting at the two valleys. This can be clearly visualized
from the PBE + soc band structure of the H-NbN2H2 nanosheet
at the nonmagnetic state in Fig. 6(a). The spin up component
of Nb dxy and dx2−y2 orbitals is above the spin down component
at the K+ valley, while the reverse spin order appears at the K−

valley. The spin splitting energies, Δspin
τ = E↓

τ − E↑
τ (τ = ± for

the K+/− point), have the same magnitude of 0.11 eV at the two
valleys but the signs are opposite for the K+ and K− points.
Despite that, two valleys are still degenerate at the nonmag-
netic state due to the time reversal symmetry (E↓

τ = E↑
−τ). Such

Table 2 The magnetic properties of H-MN2H2 nanosheets. mtot, mM,
mN and mH are the total and atomic magnetic moments for the M, N,
and H atoms. ENM − EFM and EAFM − EFM are the energy differences
between the NM and FM as well as AFM and FM states. Tm�f

c and TMC
c are

the Curie temperatures estimated by the mean-field method and MC
simulation

H-VN2H2 H-NbN2H2 H-TaN2H2

mtot (μB) 1.00 1.00 1.00
mM (μB) 1.01 0.83 0.75
mN (μB) −0.02 0.06 0.09
mH (μB) 0.01 0.02 0.03
ENM − EFM (eV per f.u.) 0.247 0.089 0.045
EAFM − EFM (eV per f.u.) 0.120 0.076 0.041
Tm�f
c (K) 925 585 321

TMC
c (K) 364 225 130

Fig. 6 The soc band structure of the H-NbN2H2 nanosheet (a) without
and (b) with magnetism. The radii of dots are proportional to the spin-
up and spin-down components of Nb dz2 and dxy + dx2−y2 orbitals. (c)
The schematic diagrams of the bands around the valleys from the k·p
model. (d) The circular dichroism of the H-NbN2H2 nanosheet. Here +1
(−1) indicates that the optical transition is 100% excited by left-handed
(right-handed) light.
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a situation is changed when magnetism is considered. As
shown in Fig. 6(b), the spin down component is uplifted above
the spin up component at both valleys, which leads to E↓

τ ≠
E↑

−τ. Thus the time reversal symmetry is broken by the pres-
ence of magnetism, which lifts the valley degeneracy of the
H-NbN2H2 nanosheet. The magnitude of Δspin becomes
different for the two valleys, and are 0.64 and 0.87 eV at the K+

and K− points, respectively. Such a difference is attributed to
the fact that the spin splitting originates from two factors: one
is the soc and the other is the magnetic exchange coupling. The
soc-induced splitting (Δsoc) is valley-dependent, and has the
same magnitude but opposite signs at the K+ and K− valleys, i.e.
Δsoc

+ = −Δsoc−. While the magnetic exchange coupling causes
the movement of the whole band with the same spin, the resul-
tant splitting (Δex) has the same magnitude and sign at the two
valleys. Hence the overall spin splitting Δspin

τ can be expressed
as Δspin

τ = Δex − τ|Δsoc|. This indicates that the difference
between the two valleys will be 2Δsoc. Here, for the H-NbN2H2

nanosheet, the Δspin
− − Δspin

+ equals 0.23 eV, which is close to
the double value of pure soc-induced data (0.11 × 2 = 0.22 eV)
and consistent with the above theoretical analysis.

It is worth noting that in Fig. 6(b), the spin up component
at the K+ and K− valleys is fully occupied, which becomes the
valence band maximum (VBM) of the H-NbN2H2 nanosheet.
The different energies of VBMs at the two valleys indicate the
occurrence of valley polarization. The valley polarization value,
which is defined as Δval = E↑

v, + − E↑
v, −, where E↑

v, + and E↑
v, −

are the energies of the VBMs at the K+ and K− valleys, respect-
ively, is about 0.11 eV in the H-NbN2H2 nanosheet. This value
is larger than those in the N/C-doped Tl2O (0.023–0.044 eV),62

WS2/MnO2 bilayer (0.043 eV),63 VS2 (0.054 eV),64 VSe2 (0.078
eV),65 and VSSe (0.083 eV) nanosheets,66 and is also compar-
able to the case of strained MoS2 on a CoO substrate
(0.11–0.16 eV)67 and WTe2 on a Fe3O4 substrate (0.072–0.139
eV).68 Experimentally, the external magnetic field is usually
adopted to induce valley polarization in the group-VI TMDs
with a polarization value of 0.1–0.2 meV T−1.69,70 Regarding
the H-NbN2H2 nanosheet, the obtained Δval is equivalent to a
valley splitting under a magnetic field of about 600–900
T. Further HSE + soc calculations are also performed to
examine the valley polarization of the H-NbN2H2 nanosheet. It
is found that the HSE + soc results give larger Δspin values of
1.39 and 1.49 eV at the K+ and K− valleys. However, the corres-
ponding Δval is still 0.10 eV for the H-NbN2H2 nanosheet, con-
sistent with the PBE + soc result. Similarly, the valley polariz-
ation is also found in the H-VN2H2 and H-TaN2H2 nanosheets,
whose Δval values are 0.053 and 0.35 eV by the PBE + soc calcu-
lations, respectively.

For the H-NbN2H2 multilayers, when the layer number is
even, the inversion symmetry is restored in the geometry,
which eliminates the valley polarization. Thus the Δval is zero
in the H-NbN2H2 bilayer and four-layer structures, while for
the H-NbN2H2 trilayer and five-layer structures, although the
valley polarization phenomena are still preserved, their Δval
values are diminished to 0.02 and 0.018 eV, respectively. Such
reduction is attributed to the staggered stacking order of
H-NbN2H2 multilayers. When the top valence band from one
layer has a higher energy at the K+ valley than that at the K−

valley, the bands from the neighboring layers will have a higher
energy at the K− valley instead. These local valence band
maxima at the two valleys are close in energy, which results in a
very small valley polarization in the multilayers. This suggests
that the monolayer form will be the best candidate for practical
valleytronic applications of H-MN2H2 nanomaterials.

To understand the valley polarization in these H-MN2HN2

nanosheets, a k·p model analysis,71,72 which takes the soc and
magnetic exchange coupling into account, is performed.
Considering that the band gaps at the two valleys are opened
between the e (dx2−y2 and dxy) and a1 (dz2) orbitals, a two-band
k·p model is employed and the basis functions are chosen as
|Ψτ

c〉 = |dz2〉 and Ψτ
v

�� � ¼ dx2�y2
�� �þ iτ dxy

�� �� �
=

ffiffiffi
2

p
, where the sub-

script c (v) denotes the conduction (valence) band and τ = ±1 is
the valley index for K±. The low-energy effective Hamiltonian
around the valleys can be written as H = H0 + Hsoc + Hex.

72 The
first term H0 corresponds to the orbital interactions, which
can be expressed as H0 ¼ atðτkxσx þ kyσyÞ þ Δ

2 σz þ ε, where a is
the lattice constant, t is the effective hopping integral, σ

denotes the Pauli matrices for the two basis functions, k is the
momentum vector, Δ is the energy gap of system, and ε is a
correction energy related to the Fermi energy. The second term
Hsoc corresponds to the soc-induced spin splitting.
Considering that the soc-induced splitting mainly occurs at
the valence band edge but becomes negligible at the conduc-
tion band edge in the H-MN2H2 systems, the Hsoc is written as

Hsoc ¼ �λτ
σz � 1

2
sz, where 2λ = E↑

v, τ − E↓
v, τ represents the

soc-induced spin splitting in the top valence band at
the valleys, and sz is the Pauli matrices for spin. The third
term Hex arises from the intrinsic exchange interactions
of the group V metals in the MN2H2 systems:

Hex ¼ �sz mc
1þ σz

2
þmv

1� σz
2

� �
, where mc(mv) = E↓

c(v), τ −

E↑
c(v), τ is the effective exchange splitting in the conduction

(valence) band edge. Using the |Ψc, ↑〉, |Ψvτ, ↑〉, |Ψc,↓〉, and
|Ψv

τ, ↓〉 electronic states as the bases, a 4 × 4 matrix can be
obtained for the low-energy effective Hamiltonian:

Δ

2
þ ε�mc atðτkx � ikyÞ 0 0

atðτkx þ ikyÞ �Δ

2
þ εþ τλ�mv 0 0

0 0
Δ

2
þ εþmc atðτkx � ikyÞ

0 0 atðτkx þ ikyÞ �Δ

2
þ ε� τλþmv

2
666666664

3
777777775
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According to this Hamiltonian, the band dispersion of
eigen energies around the valleys can be derived as

E"c=v;τðkÞ ¼ 1
2
ð2ε�mc �mv þ τλÞ

+
1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔ�mc þmv � τλÞ2 þ 4a2t2k2

q

E#c=v;τðkÞ ¼ 1
2
ð2εþmc þmv � τλÞ

+
1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔþmc �mv þ τλÞ2 þ 4a2t2k2

q

Through fitting the first-principles data, the used para-
meters for the k·p model of H-MN2HN2 nanosheets are
obtained as listed in Table 3. The bands around the valleys
from the k·p model are displayed in Fig. 6(c), which can well
capture the band feature from the PBE + soc calculations. For
the spin up electrons, the valence band at the K+ and K−

valleys can be expressed as E↑
v, τ = − 1

2Δ + ε − mv + τλ. Thus, the
valley polarization value equals Δval = E↑

v, + − E↑
v, − = 2λ. Since

a heavier M element has a higher soc strength, the Δval follows
the order of H-TaN2H2 > H-NbN2H2 > H-VN2H2. Due to the
valley polarization, the optical band gaps, which are the smal-
lest energies for the optical transition between the valence and
conduction band edges without spin flip, will be different at
the two valleys. According to the eigenvalues obtained, the
optical gap at the K+ valley is Δg

+(↑) = E↑
c, + − E↑

v, + = Δ − mc +
mv − λ. The gap value becomes Δg

−(↑) = E↑
c, − − E↑

v, − = Δ − mc +
mv + λ at the K− valley, which is bigger than Δg

+(↑). This suggests
that the electron–hole pairs from different valleys will be excited
by different optical frequencies. However, the valley-contrasting
optical selection rule is still preserved in the H-MN2HN2

nanosheets. As shown in Fig. 6(d), the optical transition at the
K+ (K−) valley can only be excited by the left-handed (right-
handed) light.72,73 Considering the valley polarization, the right-
handed light will be blue-shifted compared to the left-handed
light. This suggests that the valley polarization in H-MN2HN2

nanosheets can be detected by the different adsorption beha-
viors of circular light.

For the H-NbN2H2 nanosheet, the Berry curvature along the
out-of-plane direction (Ωz) for the occupied bands is also
calculated using the Wannier approach.74 As shown in
Fig. 7(a), the Ωz is positive around the K+ valley while it
becomes negative around the K− valley. As a feature of valley
polarization, the magnitudes of Ω(k) are not identical for the
two valleys, and are 13.9 and −11.7 Å2 at the K+ and K− points,
respectively. Because of the opposite signs of Berry curvatures,
the Bloch electrons from different valleys will have opposite

transverse velocities νa ≈ E × Ω(k) under a longitudinal in-
plane electric field E. Thus, the carriers from different valleys
will move to opposite sides of the sample, which results in the
valley Hall effect. Here, for the H-NbN2H2 nanosheet, due to
the valley polarization, the VBMs of the two valleys are
different. A careful hole doping that adjusts the Fermi level
between E↑

v,+ and E↑
v,− would make the doped holes concen-

trate at one valley. Therefore, under a longitudinal electric
field, the hole carriers will be accumulated at one side of the
sample, achieving an anomalous valley Hall (AVH) effect.72

Such an AVH effect indicates that the H-NbN2H2 nanosheet
is a ferrovalley material, where the charge, valley and spin
degrees are strongly coupled. As shown in Fig. 7(c), when the
spin orientation of the Nb atom is changed from the +z to −z
direction, the valley polarization value Δval will be altered from
+0.11 eV to −0.11 eV, which means the VBM at the K− valley
will be higher than that at the K+ valley. Meanwhile, the mag-
nitudes of Ωz at the two valleys are exchanged but their signs
stay intact. As shown in Fig. 7(b), the Ωz is still positive (nega-
tive) at the K+ (K−) valley but becomes 11.7 (−13.9) Å2 when the
magnetic moment is reversed. Thus, a ferrovalley behavior can
be achieved in the p-type H-NbN2H2 nanosheet with appropri-
ate hole doping concentrations.72 As displayed in Fig. 7(d),
when the magnetic moment is along the +z direction, the
p-type H-NbN2H2 nanosheet has a positive valley polarization.
Thus the majority carriers are the spin-down holes from the K+

valley, which have a positive Ωz that leads to a transverse move-
ment to the right side of the sample under a longitudinal elec-
tric field. Once the magnetic moment is reversed, a negative
valley polarization is achieved and the spin-up holes from
the K− valley become the net carriers. Owing to the negative

Table 3 The fitted parameters of H-MN2H2 nanosheets for the k·p
model

a t Δ λ mv mc

VN2H2 2.90 0.72 1.24 0.026 0.51 1.00
NbN2H2 3.14 1.02 1.69 0.057 0.38 0.54
TaN2H2 3.11 1.03 1.98 0.18 0.41 0.50

Fig. 7 (a) The contour map for the Berry curvatures in the Brillouin
zone of the H-NbN2H2 nanosheet. (b) The corresponding Berry curva-
tures along the symmetry lines. (c) The valley splitting energy as a func-
tion of the magnetization direction. θ is the angle between the magnetic
quantization axis and the monolayer plane, i.e. the x–y plane. (d) The
schematic diagram of the anomalous valley Hall effect and ferrovalley
behavior.
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Ωz, these spin-up holes will be accumulated at the left side of
the sample, and the resultant Hall voltage will be opposite to
that from the K+ valley. Such a change in the Hall voltage will
be measured in the experiment, and can be used for the non-
volatile data storage and other promising valleytronic
applications.

It is worth noting that although the valley polarization
value Δval is not determined by the magnetic exchange para-
meters, the large mv/mc values guarantee the prominent separ-
ation of bands in different spin channels. This breaks the time
reversal symmetry, i.e. E↑(k) ≠ E↓(−k), and leads to the valley
polarization. Among these H-MN2H2 systems, although the
H-TaN2H2 nanosheet has the largest Δval value, its magnetic
stability is the weakest as shown in Table 2. On the other
hand, the H-VN2H2 nanosheet has the strongest magnetic
stability, but its Δval value is the smallest. Comparatively, the
H-NbN2H2 nanosheet possesses a moderate magnetic stability
and a relatively large Δval value, and will be a promising ferro-
valley material for practical applications in valleytronics.

3.4 Electronic structures of T- and M-MN2H2 nanosheets

Finally, we will briefly discuss the electronic properties of
T-MN2H2 and M-MN2H2 nanosheets, which are closely related
to the metal species and phase structures. It should be noted
that all the investigated group-V MN2H2 nanosheets are trivial
systems, where the nontrivial topological insulating behaviour
is absent. Fig. 8 displays the band structures of T-NbN2H2 and
M-NbN2H2 nanosheets by the PBE and HSE calculations. The
PBE calculations show that the T-NbN2H2 nanosheet is a non-
magnetic metal, while in the HSE calculations, the system pos-
sesses a spontaneous ferromagnetism and becomes a bipolar
semiconductor akin to the H-NbN2H2 nanosheet. Similar
results have also been reported for the NbS2 nanosheet, for
which the PBE result predicts a nonmagnetic and metallic

state while the HSE result gives a BMS feature.58 Detailed infor-
mation about the band gaps of these MN2H2 nanosheets by
the PBE, HSE, PBE + soc and HSE + soc calculations can be
found in Table S5 of the ESI.† For the T-VN2H2 nanosheet,
both the PBE+U and HSE calculations indicate that it is an FM
semiconductor. Its top valence band and bottom conduction
band have the same spin; thus the T-VN2H2 nanosheet is not a
bipolar system. On the other hand, the T-TaN2H2 nanosheet is
a nonmagnetic metal in the PBE and HSE calculations, and its
band structure is quite similar to the T-NbN2H2 nanosheet
from the PBE result. It is worth mentioning that unlike the
H-phase, there is no valley polarization in the T-MN2H2

nanosheets, which is attributed to the existence of inversion
symmetry that strongly suppresses the soc effect.75

With regard to the M-MN2H2 nanosheet, although it can be
viewed as a hybrid structure of the H-phase and T-phase, the
M-phase system exhibits distinct electronic properties from
the H- and T-phase systems. As shown in Fig. 8(b), the
M-NbN2H2 nanosheet is a nonmagnetic indirect-gap semi-
conductor with a gap of 0.12 eV. The VBM is located along the
Γ–Y line while the conduction band minimum (CBM) is at the
X point. The HSE band structure resembles the PBE band
structure as shown in Fig. 8(d), whose gap is enlarged to 0.91
eV by the hybrid calculations. When the soc is considered,
there is a small spin splitting around the VBM, which reduces
the band gap by about 0.03 eV. The M-TaN2H2 nanosheet has a
quite similar electronic band structure to the M-NbN2H2

nanosheet, whose indirect band gap is 0.21/0.97 eV from the
PBE/HSE calculations and is reduced to 0.13/0.87 eV with the
inclusion of soc. While for the M-VN2H2 nanosheet, it
becomes a ferromagnetic metal with a total magnetic moment
of 0.51μB per f.u. by both PBE+U and HSE calculations.

4 Conclusion

In summary, we have performed a comprehensive first-prin-
ciples study on the hydrogenated group V TMDNs. It is found
that (1) the surface hydrogenation could well stabilize the H-,
T- and M-phases of group V TMDNs, and all these MN2H2 (M =
V/Nb/Ta) nanosheets have robust energetic, dynamical and
thermal stabilities. Unlike pristine MN2 systems, the H-phase
system has become the favorable structure of MN2H2

nanosheets due to the change of the d electron count caused
by hydrogenation. (2) Intrinsic ferromagnetism is achieved in
these group V H-MN2H2 nanosheets, whose Curie tempera-
tures are up to 364, 225, and 130 K for the V-, Nb-, and Ta-
based systems, determined by the MC simulations. With the
magnetism, these H-MN2H2 nanosheets become bipolar mag-
netic semiconductors. (3) More importantly, spontaneous
valley polarization is present in these H-MN2H2 nanosheets,
whose valley polarization values are as large as 0.053, 0.11, and
0.35 eV for V-, Nb-, and Ta-cases, respectively. Thus, these
H-MN2H2 nanosheets are promising ferrovalley materials,
which exhibit an anomalous valley Hall effect owing to the
strong coupling among the charge, spin and valley degrees.

Fig. 8 The PBE and HSE band structures of [(a) and (c)] T-NbN2H2 and
[(b) and (d)] M-NbN2H2 nanosheets.
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(4) Versatile electronic properties are obtained in the T- and
M-MN2H2 nanosheets, which can be nonmagnetic/ferro-
magnetic metals/semiconductors depending on the metal
species and phase structures. Our studies demonstrate that
the surface hydrogenation could not only enhance the
structural stabilities of group V TMDN nanosheets but also
give rise to intriguing electronic properties, which enable
many potential applications of these MN2H2 nanosheets in
nanoelectronics and nanodevices.
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