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Two-dimensional hexagonal CrN with promising
magnetic and optical properties: A theoretical
predictiont

Artem V. Kuklin,®® Alexander A. Kuzubov,**< Evgenia A. Kovaleva,®
Natalya S. Mikhaleva,? Felix N. Tomilin,*< Hyosun Lee® and Pavel V. Avramov®

Half-metallic ferromagnetic materials with planar forms are promising for spintronics applications. A wide
range of 2D lattices like graphene, h-BN, transition metal dichalcogenides, etc. are non-magnetic or
weakly magnetic. Using first principles calculations, the existence of graphene-like hexagonal chromium
nitride (h-CrN) with an almost flat atomically thin structure is predicted. We find that freestanding h-CrN
has a 100% spin-polarized half-metallic nature with possible ferromagnetic ordering and a high rate of
optical transparency. As a possible method for stabilization and synthesis, deposition of h-CrN on 2D
MoSe, or on MoS; is proposed. The formation of composites retains the half-metallic properties and
leads to the reduction of spin-down band gaps to 1.43 and 1.71 eV for energetically favorable h-CrN/
MoSe, and h-CrN/MoS, configurations, respectively. Calculation of the dielectric functions of h-CrN,
h-CrN/MoSe, and h-CrN/MoS, exhibit the high transparency of all three low-dimensional nanomaterials.
The honeycomb CrN may be considered as a promising fundamental 2D material for a variety of potential
applications of critical importance.

Introduction

Since the discovery of graphene, two-dimensional (2D)
materials have attracted much attention due to their unique
physical properties, which are very different from their bulk
crystal analogs. For example, graphene - one atomic thick hexa-
gonal layer of carbon - displays excellent thermal and electronic
conductivity and reveals a unique Dirac cone in its electronic
structure.”” In recent years many novel materials that were
originally considered to exist only in the framework of theory
have been synthesized. They include graphene analogues such
as silicene,>* germanene,” phosphorene,® and even un-layered
stanene’ and one-atom-thick boron (borophene).®
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During the last decade, researchers have discovered a
number of different methods for the synthesis and manipu-
lation of low-dimensional materials’ providing new two-
dimensional (2D) structures to be obtained and allowing their
properties to be managed through the creation of defects,
modification by adatoms and integration into composites for a
wide range of applications. Nanoelectronics, and in particular
spintronics, are probably the most important applications of
two-dimensional materials.

In the last few years, two-dimensional magnetism has
attracted much attention due to the possibility of the for-
mation of magnetic and spintronic devices using two-dimen-
sional layers.'> It was recently reported that oxidized few-
layer black phosphorous nanomeshes have a three-order-larger
edge ferromagnetism than of graphene nanomeshes.'?
However, most 2D lattices like graphene, h-BN, transition
metal dichalcogenides, etc. are non-magnetic or weakly mag-
netic. For this reason, various ferromagnetic substrates have
been used for spin injection to induce spin polarization of
low-dimensional non-magnetic fragments for spin-related
applications.”*™® Thin films of transition metal nitrides
(TMNs) may provide one more possibility to obtain low-dimen-
sional materials with unique spin-related properties because
unpaired d-electrons are responsible for the formation of spin-
ordered surface electronic states. Chromium nitride is a
typical example of the TMNs family. Its bulk phase has a
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simple NaCl-type structure with Fm3m symmetry (paramag-
netic under normal conditions) and an orthogonal phase with
Pnma symmetry (antiferromagnetic).”*® Miao and Lambrecht
have discovered that the cubic phase is energetically more
stable.’® It undergoes the first-order phase transition from the
paramagnetic to the antiferromagnetic state with layered
ordering of the magnetic moments when the temperature
drops below 273 K.?°">* This means that every individual layer
is a ferromagnet. Therefore, ferromagnetic ordering can be
expected in 2D lattices of CrN. The substrates based on MgO,
Pt or Al,O; are generally used to obtain TMNs films.***® CrN
thin films possess a different Néel temperature and have a
slight distortion in the (001) orientation, whereas the struc-
tural distortion of the CrN (111) film is not observed.*

Recently, monolayers of TM carbides and nitrides are
actively investigated due to their potential wide application in
lithium-ion ~ batteries,”” >° electrocatalysts of hydrogen
decomposition®® and nanoelectronics.>” Practice prepa-
ration of two-dimensional titanium carbides with OH-termi-
nated surface demonstrated that some transition metal car-
bides (including mixed carbides) can also be synthesized by
dipping into hydrogen fluoride acid followed by sonication.*®
Subsequently two-dimensional vanadium (V,C) and niobium
(Nb,C) carbides were synthesized.*® The structures of TM
nitrides in most cases are similar to TM carbides due to the
similar bonding type.*® Using electronic structure calculations,
it was found that the one-atom-thick CrN (100) layer demon-
strates spontaneous half-metallic ferromagnetism.** The mag-
netic properties of the VN (111) monolayer and its composite
with MgO (111) were studied using a DFT approach and DOS
analysis.”® It was shown that the VN monolayer is spin-polar-
ized and retains its properties after contact with the MgO sub-
strate. In ref. 41, the slab thicknesses for spontaneous conver-
sion from cubic to layered graphitic structures were deter-
mined for a number of crystalline lattices. The layered honey-
comb structures are more favorable than the cubic ones for
ultrathin films, including diamond, boron nitride, silicon
carbide, boron phosphide and rock salt. Recently photo-
catalytic and piezoelectric properties with spontaneous polari-
zation were demonstrated in the tetragonal and hexagonal
forms of the NbN rocksalt structure.** Monolayers of some tran-
sition-metal carbides MC (M = Zr, Hf) demonstrate a quantum
spin Hall effect at the nanoscale.*® A short literature survey of
both experimental and theoretical publications reveals a very
promising possibility to develop honeycomb TMN monolayers
with unique electronic and magnetic properties that provide a
new perspective for spintronic applications.

In this work, the results of density functional theory
(DFT+U) with consideration of weak dispersion interactions
indicate directly the possibility to create a 2D chromium
nitride monolayer of (111) crystallographic orientation being a
100% spin-polarized half-metallic material with high degree of
optical transparency. The electronic structure calculations
reveal the good match of the A-CrN crystalline lattice with 2D
MoS, and MoSe, substrates, which opens a unique way for
experimental synthesis and stabilization of 2D CrN. The
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results can be used for the prediction of new stable 2D poly-
morphs of TMNs and discovering new properties at the
nanoscale.

Computational methods

All atomic and electronic structure calculations were per-
formed using density functional theory (DFT)**** in the gener-
alized gradient approximation with the Hubbard correction
(GGA+U),***” as implemented in the Vienna A4b initio
Simulation Package (VASP).*®*° The projector augmented wave
(PAW)*®  method and Perdew-Burke-Ernzerhof (PBE)>
exchange functional were employed. The parameter U* = U — |
equal to 3 eV was chosen based on the previous studies of
chromium nitride to take into account strong electron corre-
lations.**"?
actions™

D3 Grimme correction of weak dispersion inter-
and the Periodic Boundary Conditions (PBC)
approach were used to perform electronic structure calcu-
lations of all 2D structures. To evaluate the relevance of these
results, the long-corrected hybrid functional proposed by
Heyd, Scuseria, and Ernzerhof (HSE06) was employed.>* The
plane-wave energy cutoff was set to 500 eV. A vacuum region of
15 A was set to avoid artificial interaction between neighboring
images. The reciprocal space in the Brillouin zone was
sampled using the Monkhorst-Pack scheme®® with 15 x 15 x 1
and 21 x 21 x 1 k-points for the monolayer and composites,
respectively. The convergence tolerances for the force and elec-
tronic minimizations were 0.001 eV A™ and 107° eV, respect-
ively. The phonon frequency calculations were carried out in a
supercell (4 x 4 x 1) using the density functional perturbation
theory (DFPT)*® and the PHONOPY code.”’

Results and discussion

To design the initial structural model of the two-dimensional
one-atom thick CrN (111) film, an equilibrium geometry of the
rocksalt-structured unit cell of CrN was optimized using the
electronic structure calculations (see ESIt). Fig. 1 illustrates
the schematic representation of the hexagonal 2D CrN (A-CrN)

=
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»

Fig. 1 Schematic representation of h-CrN formation. Blue and grey
balls correspond to Cr and N atoms, respectively.

This journal is © The Royal Society of Chemistry 2017
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formation and its atomic structure. The unit is simple in struc-
ture and can be described as a monolayer of respective surface.
The energy minimization of the corrugated (111)-oriented CrN
monolayer resulted in the formation of an almost flat hexago-
nal sheet with minor buckling due to the reduction of a
surface dipole moment. The value of buckling is +0.071 A
(from the perfect plane) along the vacuum direction for both
Cr and N atoms. The optimized A-CrN unit cell contains one
chromium and one nitrogen atom with a Cr-N bond length
equal to 1.884 A, which is noticeably shorter than in the bulk
(2.11 A). Formation of A-CrN leads to the elongation of the
translation vector from 2.989 A of the exfoliated CrN (111)
monolayer up to 3.258 A of the hexagonal 2D structure. The
CrN monolayer of the (110) surface also considered. During
atomic force relaxations one transforms into a CrN (100)
monolayer, which is discussed in ref. 33. To check the possi-
bility of global minimum finding, we created a perfectly flat
structure of CrN (111) which is an analog of graphene or 4-BN.
It was found that the fully relaxed structure of the flat CrN
sheet is 0.01 eV higher in energy.

The stability of low-dimensional (1D and 2D) systems has
been of key interest since the foundation of quantum and stat-
istical mechanics.”®”° The dynamic stability of the 2-CrN sheet
is confirmed from the phonon frequency calculations. The cal-
culated phonon dispersion (Fig. S11) contains a very small
imaginary acoustic frequency of 0.25 ecm™, which could be
caused by phonon-magnetic coupling or strong electron corre-
lations. Such a small value can be ignored and thus the struc-
ture can be considered as dynamically stable.®®®" Similar to
the phonon frequency of graphene,® there are three distinct
acoustic modes in the phonon spectra of 4-CrN, which are
caused by the acoustic summation rule insufficiency. In the
lattice dynamics calculations based on DFPT there is a persist-
ent problem of non-vanishing frequencies of acoustic
modes.®

Sometimes, due to the breakdown of translational sym-
metry for low-dimensional materials with non-equivalent sub-
lattices, phonon calculations in periodic boundary conditions
cannot be used to prove whether or not a low-dimensional
crystalline lattice is a local or global minimum.®* The force
constants also can be affected by phonon-magnetic coupling
or strong electron correlations and soft modes may take place
in magnetic and/or correlated low-dimensional systems.®>°
The newly proposed h-CrN is an example of a strongly corre-
lated low-dimensional magnetic material with non-equivalent
sublattices. Since the phonon dispersion calculations in peri-
odic boundary conditions may not provide the final proof of
h-CrN structural stability due to the presence of nonequivalent
sublattices, strong correlation effects and phonon-magnetic
coupling, the electronic structure calculations of extended
finite nanocluster consisted of 48 atoms performed at the
I-point (1 x 1 x 1 k-point mesh). To avoid artificial interactions
between the cluster images, the vacuum interval of 20.8 A and
9.6 A along the perpendicular and planar directions were used.
As the result of force minimization, the nanocluster becomes
flat and retains in general its original crystalline lattice (see
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Fig. S2t) with small distortions at the edge atoms due to the
edge effects. Therefore, no uncompensated mechanical stress
takes place in the nanocluster and #-CrN can be considered as
stable.

The structural stability under strain is very important for
h-CrN synthesis and further applications. The A-CrN sheet is
investigated by applying an equi-biaxial tensile strain (Fig. S37)
in accordance with formula (1) to estimate the mechanical
stability and properties under strain.

. a, —a
Strain, % =

x 100% (1)

where a and a, are lattice parameters before and after strain.

Fig. S3f shows that maximum stress occurs at 16%.
Therefore, the elastic limit of the 4-CrN sheet is at 0.16 strain
with a maximum stress of 6.51 GPa. The supercell approach
using 3 x 3 unit cells gives perfectly the same results in terms
of energy and a very close result in terms of stress (4 =
0.01 MPa). Therefore, no extra periodicity is found for the
h-CrN nanosheet.

To evaluate the magnitude of exchange interactions and to
find whether the ferromagnetic (FM) state is energetically
favorable, the total energy spin-polarized calculations of ferro-
magnetic and antiferromagnetic (AFM) states of 2D #-CrN were
performed using the 2 x 2 supercell. At the PBE level of theory,
the ferromagnetic state is 0.715 eV lower in energy than the
AFM configuration (Fig. S47). Fig. 2(a) shows the spin density
distribution of the FM configuration. Most of the spin-up
density is localized on Cr** ions with a small portion of min-
ority spin density localized on the nitrogen ions. The Bader
analysis®” revealed an electron charge transfer of 1.52¢ from
the transition metal to nitrogen. It is found that the charge
density (Fig. 2(b)) is mainly distributed over N atoms and, in
particularly, along three Cr-N bonds making in-plane orbitals
responsible for the bond formation. To understand the
bonding characteristics, the electron localization function
(ELF)®* is calculated and plotted in Fig. 2(c). The ELF map is
presented in values between 0.0 and 1.0. The value of 1.0
corresponds to the total of localized electrons. The electrons
are localized at N atoms in the plane of the sheet, indicating
that the atomic orbitals of nitrogen are characterized by sp*
hybridization. The electron density responsible for the for-
mation of bonds is shifted towards nitrogen atoms. The N p,-
orbitals correspond to the green part of ELF, revealing deloca-
lized features. The blue distribution localized around Cr atoms
indicates the electron deficiency of Cr atoms, which is in good
agreement with the Bader charge analysis.

At the PBE level of theory, the total and partial densities of
states and spin-separated band structure of A-CrN are pre-
sented in Fig. 2(d) and (e). The top spin-up valence band
touches the Fermi level in the I'-M and K-T" intervals and the
bottom of the #-CrN conductivity band crosses the Fermi level
in the vicinity of the K-point. The minimum of the conduc-
tivity band is localized exactly at the K-point of the Brillouin
zone with an energy of —0.2 eV. Partial filling of the spin-up
conduction band provides a non-zero density of states at the
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Fig. 2 The electronic structure of h-CrN. (a) Isosurface (0.04 e A=) of spatial spin density distribution. The blue and green spheres correspond to
majority and minority spin density, respectively. (b) Isosurface (0.1 e A=) of the total electronic charge density. (c) ELF map renormalized to values
between 0.0 and 1.0. (d) Spin-separated band structures. Spin-up and spin-down are presented in black and pink, respectively. (e) Total and partial
densities of states. TDOS, Cr PDOS and N PDOS are in black, blue and red, respectively.

Fermi level which, in combination with the spin-down band
gap of 3.9 eV width, results in the 100% spin-polarized half-
metallic properties of 4-CrN.

Spin polarization at the Fermi level is calculated as:

= (2)

mt+n
where n; and n; are the spin-up and spin-down electron den-
sities at the Fermi level, respectively. The work constitutes the
first report of freestanding one-atom thick inorganic analogues
of graphene with half-metallic properties.

The HSEO06 hybrid functional is used to compare the result
with a higher level of theory and evaluate corrections to the
spin-down band gap, which is important in optical properties
evidence. In 2D systems the results of HSE06 bandgaps some-
times can be compared to the quasi-particle GW bandgaps
due to the cancelling of the neglecting excitons effect.”®”! The
results of HSE06 calculations demonstrate perfectly the same
band gap of spin-down (3.9 eV). Bader analysis based on both
PBE and HSE06 spin densities, revealing the same 3up total
magnetic moment on the Cr** ions, which is comparable with
experimental data (3.17ug (ref. 21)) for crystalline CrN.

624 | Nanoscale, 2017, 9, 621-630

Cr d-, Cr p-, Cr s-, N p-, N s-orbital-projected atomic den-
sities of states and spatial distributions of spin density in
certain energy regions of the A-CrN sheet are presented in
Fig. 3(a) and (b), respectively. The distribution of peaks exhi-
bits separation of the nitrogen valence orbitals into two
groups: N sp,p, (a set of peaks in the [-5.73: —3.60] and
[-4.85: —3.00] eV energy regions for spin-up and spin-down
states, respectively); and N p, (a single peak localized in the
[-4.44: —4.31] and [-3.36: —3.07] eV energy regions for spin-up
and spin-down channels, respectively). Such separation of the
peaks suggests sp” hybridization of nitrogen ions. At the same
time, partial peaks of Cr s, d,, and d,._. states are localized in
the same energy range as N s, p, and p, hybrid orbitals and
demonstrate the exact same electronic resonance, revealing a
strong overlap between them and the formation of sigma
bonds lying in the #-CrN plane. Since the intensity of Cr p
PDOSes is very low (in Fig. 3(a) all Cr p PDOSes are multiplied
by 5 or 10), the involvement of p-orbitals in bond formation
and therefore hybridization processes is minor. Spatial distri-
bution of electronic density (Fig. 3(b)) in the range [—5.73:
—5.55] eV unambiguously demonstrates the formation of
o-type Cr-N bonds caused by overlap of Cr sd®> and N sp>
hybrid orbitals.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) Orbital-projected atomic densities of states of the h-CrN sheet. From top to bottom in braces: Cr and N orbitals, respectively. Spin-up

and spin-down channels are from left to right. The densities of Cr p and N s-orbitals are multiplied by appropriate values 5, 10 or 30, respectively.
The Femi level is set to zero. (b) Spatial charge distribution in [-5.73; —5.55], [-4.44; —4.31], [-2.38; —2.25] eV energy regions. (c) Qualitative Cr

d-orbital diagram of h-CrN.

Cr dy; and d,-orbitals form another group of peaks distrib-
uted in the energy range of [—4.44: —4.31] eV (Fig. 3(a)) overlap-
ping with p,-orbitals in the same energy region, resulting in
p-d overlap with the formation of n-dative bonds delocalized
out-of-the-plane of CrzN; hexagons (Fig. 3(b)). The energy
region of [-2.38: —2.25] eV (Fig. 3(b)) is characterized by
chromium non-binding electronic levels where the states are
localized only on the Cr ions keeping N ions naked. The
electronic states are constituted by all types of Cr d-orbitals,
with the main contribution from the Cr d.-orbital.

The Cr d-orbital diagram of 4-CrN is presented in Fig. 3(c).
The non-degenerate non-bonding Cr dp-orbital has the
highest energy and is localized on the top of valence band
(energy range [—2.38: —2.25] eV). The next in energy ([—4.44:
—4.31] eV) are the double-degenerate Cr d,, and Cr d,, orbitals

This journal is © The Royal Society of Chemistry 2017

which overlap with N p, states and form bonding n-dative orbi-
tals localized above and below the sheet. The lowest in energy
([-5.73; —5.55] eV) doubly degenerate Cr d,, and Cr d,_y.
states hybridize with Cr s-orbitals forming three Cr sd* hybrid
states. These orbitals overlap with N sp® hybrid states and
form o-type bonding which forms the hexagonal sheet. The
Cr d-orbital diagram of A-CrN is a typical example of the
crystalline orbitals of trigonal-type complexes in terms of
crystal field theory.

In practice, a synthesis of thin films is performed on sub-
strates, which in many cases may stabilize the structure as well
as affect the main structural features and properties of films.
Growth of the two-dimensional CrN sheet on the appropriate
substrate can be provided by CVD or PVD methods. The
symmetry and lattice parameters of MoSe, and MoS, almost

Nanoscale, 2017, 9, 621-630 | 625
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perfectly match the structural parameters of #-CrN with minor
differences in the lateral translation vector of about 1-2.8%
(see ESIt) and can be regarded as perfect substrates for 4A-CrN
synthesis. We propose that this is a relevant value to grow a
structure. For example, graphene can be grown on different
substrates like Ni, Cu, Pt etc. that have different lattice para-
meters.”>”? Despite the fact that the mismatch between SiC
(3.073 A) and graphene (2.46 A) is very large, the growth of gra-
phene on SiC has been successfully produced.”” In addition,
MoSe, and MoS, are nonpolar materials. Their surfaces are
rather chemically inert and can easily adopt 2D modification,
which is extremely important for use in nanoelectronics.

Based on the equilibrium geometry of MoSe, and MoS,
monolayers (see ESIf), the A-CrN/MoSe, and h-CrN/MoS,
bilayered heterostructures were simulated using the 21 x 21
k-point mesh along the periodical directions. Since the lattices
of dichalcogenides have a minor mismatch with 4-CrN, single
unit cells were adapted to DFT+U PBE calculations. Only the
most probable mutual configurations of A-CrN on
MoSe,(MoS,) monolayers were considered, specifically with
Cr ions coordinated either atop S(Se) ions or hollow sites, and
N ions were coordinated atop Mo ions or hollow sites. The
least favorable configurations, with transition metal ions
(Mo and Cr) located above each other, as well as N arranged
over Se(S) were not considered due to having the same sign of
atomic charges of the partners.

Three possible configurations of 7-CrN/MoSe, and #-CrN/
MoS, heterostructures were revealed (Fig. 4), namely: (a) Cr_
[S]-N_[Mo] or Cr_[S]-N_[Mo]; (b) Cr_[Se]-N_[hex] or Cr_[S]-N_
[hex]; (c) Cr_[hex]-N_[Mo]. Here the coordination partners of
h-CrN atoms (either Cr or N) are presented in square brackets
and the coordination pairs are separated by dashes. The
symbol [hex] denotes the location of the Cr or N ions above the
centers of either MoSe, or MoS, hexagons.

The cohesive energies of the composites (CrN/MoS, and
CrN/MoSe,) were evaluated according to the following
formula:

Ec = Er — Er [CrN] — Ey [sub] (3)

where Er is the total energy of either 2-CrN/MoSe, or h-CrN/
MoS, composites; Er [CrN] is the energy of freestanding 2D
CrN and Ep [sub] is the energy of the MoSe, or MoS,
substrates.

The lowest-energy configuration of h-CrN/MoSe,, with a
cohesive energy of —0.402 eV, is Cr_[Se]-N_[Mo]. However, the
Cr_[Se]-N_[hex] configuration is only 0.004 eV higher in
energy (Ec = —0.398 eV). The energy difference (0.053 eV)
between the lowest and the highest in energy configurations
(Cr_[hex]-N_[Mo], Ec = —0.349 eV) is also considerably low.
Since all localized configurations have only minor differences
in energy, all three types of interfaces may be discovered
experimentally. For the A-CrN/MoS, heterostructure, the same
Cr_[S]-N_[Mo] and Cr_[S]-N_[hex] configurations with very
close cohesive energies of —0.485 eV and —0.483 eV, respect-
ively, were localized. The energy difference (0.002 eV) between

626 | Nanoscale, 2017, 9, 621-630
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Fig. 4 Configurations of both h-CrN/MoSe;, and h-CrN/MoS, hetero-
structures. (a) Cr_[Se]-N_[Mo] and Cr_[S]-N_[Mo]. (b) Cr_[Se]-N_[hex]
and Cr_[S]-N_[hex]. (c) Cr_[hex]-N_[Mo]. Blue, beige, green-yellow and
light purple balls correspond to Cr, N, Se (or S) and Mo atoms, respect-
ively. (d) Equilibrium geometries and spatial spin density distributions
of h-CrN/MoSe, and h-CrN/MoS, composites (isosurface level is
0.03 e A=) in the lowest in energy configuration. The blue and green
spheres correspond to the minority and majority spin densities.

configurations is minor, so either the first or the second con-
figuration cannot be assigned as the energetically preferable
one. The cohesive energy of the third Cr_[hex]-N_[Mo] con-
figuration is 0.114 eV higher the lowest one.

The cohesive energies and interplanar distances reveal the
weak binding between the 4-CrN and MoSe,(MoS,) fragments
with 2.812 A and 2.514 A measured as Cr-Se and Cr-S dis-
tances. Short interlayer distances between 4-CrN and dichalco-
genides sheets can be explained by the orbital overlap, which
will be presented in a later section and electrostatic inter-
actions between positive (Cr and Mo atoms) and negative (N
and Se or S) atomic charges of the fragments. The stronger
binding in A-CrN/MoS, composites is caused by the higher
electronegativity and smaller atomic radius of sulfur ions. All
configurations have their equilibrium geometry characterized
by the location of nitrogen atoms slightly above the plane of
h-CrN (Fig. 4(d)).

Despite the fact that energy difference between configur-
ations is minor, different positions of atoms may affect the
electronic structure of the whole composite. To find this out,
band structures and spin-polarized DOSes of ~A-CrN/MoSe, and
h-CrN/MoS, heterostructures (Fig. 5, S5 and S6t) were calcu-
lated. The interactions of #-CrN and MoSe, lead to the spin-
polarization of the MoSe, fragment and cause the formation of

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Band structures (spin-up and spin-down are black and pink, respectively) and densities of states of (a) Cr_[Se]-N_[Mo] and (b) Cr_[S]-N_
[Mol] configurations. DOSes of freestanding MoSe,, MoS, and h-CrN sheets are presented in red and corresponding PDOSes are plotted in blue.

Spin-up and spin-down DOS channels are demonstrated from left to right.

small-intensity peaks near the Fermi level in the spin-up
channel, whereas PDOSes of 4-CrN are decreased at the Fermi
level and shifted to the higher energy interval (Fig. 5(a)). The
band structures at the top of the valence band and bottom of
the conductivity band of Cr_[Se]-N_[Mo] and Cr_[Se]-N_[hex]
configurations are changed with decreasing the density of
states at the Fermi level, however, the main features of 4-CrN
are retained. All configurations are 100% spin polarized with a
1.43 eV spin-down band gap of the lowest-energy Cr_[Se]-N_
[Mo] configuration. The third in energy configuration
(Fig. S51) demonstrates the higher spin-up density of states at
the Fermi level among all three ~2-CrN/MoSe, configurations. It
can be concluded that the difference (in energy and electronic
structure) in the final location of a nitrogen atom ([Mo] or
[hex]) is negligible due to the similar distance and electrostatic
interaction between the nitrogen and nearest substrate Se
atoms. The minor difference between [Mo] and [hex] nitrogen
configurations rises from the distance and interaction with the
second substrate layer (Mo). All three #-CrN/MoSe, configur-
ations are similar in electronic structure and may be of interest
for spin-related applications.

The band structures and partial densities of state of the
lowest in energy Cr_[S]-N_[Mo] and two other configurations
of h-CrN/MoS, are presented in Fig. 5(b) and S6,t respectively.
The first two configurations clearly demonstrate the
100% spin-polarized half-metallic nature of A-CrN and
MosS, fragments with 1.71 eV spin-down band gaps, whereas

This journal is © The Royal Society of Chemistry 2017

Cr_[hex]-N_[Mo] exhibits a magnetic semiconducting nature
with a narrow indirect band gap (0.17 eV) in the spin-up state
and direct band gap (1.79 eV) in the spin-down state. The
interactions between the fragments lead to a significant
increase of the densities of state at the Fermi level in compari-
son with freestanding #-CrN (Fig. 2(e)), and convert MoS, to
the half-metallic state.

The Bader analysis of electronic density distribution reveals
small and almost identical charge transfers of 0.07 and 0.08
electrons from 4-CrN to the MoSe, sheet for two energetically
preferable configurations ([Mo] and [hex] nitrogen positions),
respectively. The total charge transfers from 4-CrN to the MoS,
monolayer for the [Mo] and [hex] nitrogen positions are 0.19e
and 0.18e, which may be caused by stronger bonding between
h-CrN and MoS, in comparison with the #-CrN/MoSe, compo-
site. The higher charge transfer and lower cohesive energy are
primarily caused by the higher sulfur electronegativity in com-
parison with selenium and the small atomic radius resulting
in relatively shorter interlayer distances between MoS, and
h-CrN. The magnetic moments localized on the Cr
(2.85-2.86u3) and Mo (0.10-0.11u3) ions were detected as well.
The first selenium ion, which is directly bonded with Cr, has
0.027up, whereas an almost magnetic moment
(0.005-0.007ug for different configurations) was detected for the
second Se ion, which is only bound to Mo. The Bader analysis
also revealed the 2.74up and 2.77up magnetic moments of Cr**
ions and 0.15up and 0.18ug for Mo ions in the Cr_[S]-N_[Mo]

ZEro
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and Cr_[S]-N_[hex] configurations, respectively. The sulfur
ions have 0.027-0.035u5 in positions directly bound to Cr and
0.015-0.017up in positions which are only bound to Mo ions,
respectively. In general, the visible reduction of Cr magnetic
moments in #-CrN/MoSe, and h-CrN/MoS, heterostructures is
caused by redistribution of the charge during the formation of
weak bonds with the substrate and therefore reduction of
number of unpaired electrons in the system.

The shapes of all TDOSes do not appear as a superposition
of particular components (dichalcogenides and A-CrN) reveal-
ing the interaction between the monolayers. The most obvious
resonance peaks are in the [-0.19: 0] eV energy interval for
MoSe, and the [-0.31: —0.21], [-1.21: —1.15], [-1.73: —1.68] eV
energy intervals for MoS,. To understand the nature of the
interaction between the monolayers, the spatial charge density
distributions were analyzed (Fig. S71). The peak at the Fermi
level exhibits a non-binding electronic state. The formation of
the 7-CrN/MoSe, composite shifts the peak to the lower energy
level. This fact demonstrates weak bonding between MoSe,
and A-CrN which can be proved by the overlap in charge
density distribution as well as by DOS resonance in the
[-0.19: 0] eV energy interval. Partial peaks of the Cr and S
states are localized in the same energy range of [-1.21: —1.15]
eV and demonstrate the exact same electronic resonance,
revealing a strong overlap between them. The other peaks
show a more complex interaction character revealing the
appearance of electron density at the Mo atoms, which can be
explained as a polarization effect of the composite. It can be
concluded that the interaction between the fragments leads to
the orbital overlap due to the coincident peaks of 4-CrN and
MoSe, or MoS, at the Fermi level. The joint effect of electro-
static forces and orbital overlapping results in the formation of
bonds between monolayers. These results indicate that the
choice of a correct substrate can play a crucial role in A-CrN
synthesis. In this way, both MoSe, and MoS, substrates keep
the half-metallic properties of 2D A-CrN. The difference gener-
ally lies in the amplitude of the densities of state at the Fermi
level. The MoSe, substrate has a low electron density at the
Fermi level whereas MoS, has much higher one. It is apparent
that the different S and Se electronegativity caused by the
different charge transfers leads to electron density redistribu-
tion, altering the final properties of the composites.

To investigate the optical properties of 4-CrN -based nano-
composites, the frequency-dependent dielectric matrix was cal-
culated and refractive indexes () and extinction coefficients (k)
were determined as:

k= Lo 8 (5)

where ¢ and &" are the real and imaginary parts of the
complex dielectric function.
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The refractive indexes and extinction coefficients of free-
standing A-CrN, h-CrN/MoSe, and h-CrN/MoS, composites,
calculated for perpendicular light polarization are presented in
Fig. 6. The intensities of A-CrN absorption and refractive
spectra rapidly increase from the ultraviolet (UV) to the infra-
red (IR) spectral regions with a maximum in the IR region. In
the UV and visible light regions one-atom-thick #-CrN exhibits
high transparency and enhanced light refraction compared
with graphene.”® The high transparency of 4-CrN is caused by
the low probabilities of averaged electronic transitions
with appropriate transition energies between the valence and
conduction bands.

The extinction coefficients of both 4-CrN/MoSe, and 4-CrN/
MoS, composites become lower than those of 4-CrN in the UV
and visible regions. The increase of transparency of the hetero-
structures in comparison with freestanding 4-CrN is caused by
the decreased probability of averaged electronic transitions in
the UV-visible light energy regions caused by the overlap of the
electronic states of the #1-CrN and MoSe, or MoS, fragments.

It is important to note that the synthesis of 2D hexagonal
gallium nitride, which is similar in structure to #-CrN, was per-
formed very recently via a migration-enhanced encapsulated
growth (MEEG) technique utilizing epitaxial graphene.”® This
provides new capabilities to further the synthesis of many
novel 2D materials that are considered as existing only in the
framework of theory for now.

TD\ 0 L 1 ! '
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Fig. 6 The refractive indexes n (in blue) and extinction coefficients k (in
red) of freestanding h-CrN, h-CrN/MoSe, and h-CrN/MoS, composites
(from top to bottom).
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Conclusions

In conclusion, a novel one-atom thick two-dimensional hexa-
gonal CrN (h-CrN) with unique electronic properties was pro-
posed using DFT+U electronic structure calculations. It was
found that #-CrN is a 100% polarized half-metal with possible
ferromagnetic ordering, which may be optimal for key spin-
related applications; therefore no magnetic substrates or
doping with atoms would be necessary to induce spin injec-
tion to bear spin currents, as in typical 2D materials (e.g. gra-
phene, A-BN). The crystalline lattice of 4-CrN has a 1-2.8%
mismatch with the lattices of MoSe, and MoS,, which can be
used as substrates to synthesize h-CrN/MoSe, or h-CrN/MoS,
heterostructures and finally, freestanding A#-CrN. Both A-CrN/
MoSe, and #-CrN/MoS, heterostructures retain the 100% spin-
polarized half-metallic nature of 4-CrN with the reduction of
the A-CrN spin-down band gap from 3.9 eV to 1.43 eV and
1.71 eV, respectively. Calculations of dielectric functions of
h-CrN, h-CrN/MoSe, and h-CrN/MoS, show the high transpa-
rency of all three low-dimensional nanomaterials.
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