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In this work, the effects of transition metal (TM = V and Cr) adsorption on AIN monolayer electronic and
magnetic properties are investigated using first-principles density functional theory (DFT) calculations.
TMs prefer to be adsorbed on-top of a bridge position as indicated by the calculated adsorption
energy. V adatoms induce half-metallicity, while Cr adatoms metallize the monolayer. The magnetic
properties are produced mainly by the V and Cr adatoms with magnetic moments of 3.72 and 4.53 ug,
respectively. Further investigation indicates that antiferromagnetic (AFM) ordering is energetically more

favorable than ferromagnetic (FM) ordering. In both cases, the AFM state is stabilized upon increasing
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metallic nature is induced with 1.0 ML. Meanwhile, the degree of metallicity increases with increasing Cr

DOI: 10.1039/d2ra00849a adatoms. Results reported herein may provide a feasible new approach to functionalize AIN monolayers
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1 Introduction

Following the promising reports of graphene and its deriva-
tives,' two-dimensional (2D) materials have drawn increasing
attention because of their intriguing mechanical, physical and
chemical properties.*® So far, a large variety of 2D materials
have been explored for different applications including opto-
electronics and photonics,*® spintronics,>'® gas sensing,'>'*
and energy production and storage.'>'* Among these, we high-
light the family of nitrides with IIIA-group bases, as striking
representatives.’*™” The planar hexagonal AIN monolayer was
been predicted by Sahin et al'® Results indicated the good
dynamical stability and indirect gap insulator nature with an
energy gap of 3.08(5.57) (eV) calculated at the LDA(GW,,) theo-
retical level. Experimentally, epitaxial growth of ultrathin AIN
nanosheets (sub-monolayer to monolayers) on the Ag(111)
substrate was carried out by Tsipas et al." Experimental char-
acterization provided evidence of the hexagonal structure and
a smaller energy gap compared to that of the graphite-like AIN
bulk compound. Later, the formation of the graphene-like AIN
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layer on Si(111) substrate was realized successfully by Mansurov
et al.”® which consists of the deposition of Al atoms under
ammonia flux. A lattice parameter of 3.08 (A) is obtained, which
is in good agreement with theoretical ab initio calculations.
Using theoretical investigations on the AIN monolayer,
researchers have devoted effort to modify its fundamental
properties using different approaches. Almeida et al*' have
investigated the vacancies and antisite defects, and impurities
in the AIN monolayer using first-principles calculations. A
chemical bond length of 1.82 (A) and indirect energy gap of
2.81 eV were obtained for the bare single layer. The results
indicate that creating defects and doping may be efficient
methods for tuning the electronic properties. Shi et al*
demonstrated a significant magnetization of the AIN monolayer
induced by transition metal (TM) doping due to the strong p-
d hybridization. In addition, Mn- and Ni-doped systems may be
suitable for spintronic applications exhibiting a half-metal
character. Effects of thickness and external strain on the
hexagonal AIN optoelectronic properties have been explored by
Kecik et al.>® These results indicate important light absorption
in the ultraviolet (UV) regime due to the large band gap, and this
feature can be effectively tuned by varying the number of layers
and applying external strain to extend the absorption to the
visible (Vis) range. Using graphene-like AIN as an initial block,
calculations by Yang et al.>* have revealed the direct gap and
type-II band alignment of the AIN/BP heterobilayer. The fasci-
nating UV-Vis absorption endows the material with promising
applications in solar cell and photocatalytic water splitting. In
previous work, we have explored the chemical functionalization
of AIN monolayer using hydroxyl (-OH) group.* An indirect-
direct gap transition as well as energy gap reduction may be
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induced. Moreover, the pristine monolayer gap decreases when
switching the external strain from compressive to tensile, and
opposite behavior is obtained for the functionalized monolayer.

Previously, it has been proven that atom adsorption may be
an efficient approach to make novel multifunctional 2D mate-
rials.’® In this regard, 3d TMs have been widely employed to
induce magnetic properties due to their unpaired electrons. For
example, the adsorption of 3d TMs on a MoS, monolayer has
been investigated by Wang et al® Their results indicate
significant magnetization produced by Sc, V, Cr, Mn, Fe, Co and
Cu adsorption, meanwhile the non-magnetic nature of MoS, is
preserved upon Ti, Ni, and Cu adsorption. Similarly, magnetism
has been induced in InSe and g-C,N monolayers by TM adatoms
for TMs from Sc to Co.?®*° In this work, the electronic and
magnetic properties are probed to explore the effects of vana-
dium (V) and chromium (Cr) adsorption on the hexagonal AIN
monolayer. TMs induce significant magnetization, breaking the
spin symmetry of the bare monolayer. When more than one TM
atom is adsorbed, they show antiferromagnetic alignment that
is energetically more favorable than ferromagnetic ordering,
similar to the effect observed in the TMs-adsorbed germanene
monolayer.*® Results presented herein introduce new 2D anti-
ferromagnetic semiconductor materials that may have spin-
tronic applications as read-head devices and magnonic
transport-based devices;** while a small adatom concentration
may lead to the formation of highly spin-polarized 2D materials
to generate spin current.

2 Computational details

All calculations are based on the generalized gradient approxi-
mation with Perdew-Burke-Ernzerhof parameterisation (GGA-
PBE)*? within the framework of density functional theory
(DFT).*® The projector augmented wave (PAW) method, as
implemented in the Vienna ab initio simulation package,*** is
adopted to expand the electronic wave functions. The plane-
wave expansion is carried out with an upper limit at 500 eV
set as a kinetic energy cut-off. In each calculation, self-
consistent iterations are set to converge to an energy criterion
of 107 eV. To explore the effects of transition metal adsorption,
a 2 x 2 x 1 supercell containing 4 Al atoms and 4 N atoms are
modeled. In all systems, a vacuum layer larger than 15 A is
generated in the perpendicular direction, which helps to avoid
inter-layer interactions. Structural relaxation is realized when
the forces acting on the constituent atoms is below 0.01 eV A",
A Monkhorst-Pack k-mesh size®*® of 10 x 10 x 1 is generated to
integrate the Brillouin zone. In order to provide a reasonable
treatment of the highly correlated TM-3d electrons, the GGA+U
approach is employed. Herein, values of 3.0 eV and 0.6 eV are
set for U and J parameters,**® respectively. It has been found
that the weak van der Waals interactions have an insignificant
effect on the electronic properties of the materials considered
herein (see Fig. S17).

We have considered four high-symmetry adsorption sites: (1)
on-top of the Al atom (T,)); (2) on-top of the N atom (7Ty); (3) on-
top of the bridge position (Tg); and (4) on-top of the hollow
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position (Ty). In all cases, the energy adsorption E, is calculated
using the following equation:
El — E(AIN) — NTMMTM

E, = 1
e (1)

where E, and E(AIN) refer to the energy of the adsorbed system
and bare monolayer, respectively; while the number of adsorbed
TM atoms and their chemical potential are denoted by nmy and
Wrm, Tespectively.

3 Results and discussion
3.1 Pristine AIN monolayer

Similar to the well known BN monolayer,* the AIN monolayer
may adopt a graphene-like hexagonal structure, in which Al
and N atoms alternate to form a honeycomb arrangement as
displayed in Fig. 1a. At equilibrium, the optimized geometry has
a lattice parameter of 3.16 A. In a planar structure characterized
by a negligible buckling height and interatomic angle of 120°,
the chemical bond length da_n takes value of 1.81 A. These
results are reasonable when compared with those of other VA-
group nitride monolayers. Specifically, they are larger than
those of BN and smaller than those of GaN and InN,*® according
to the increase in atomic size: B — Al — Ga — In. In addition,
good comparison with the results reported previously suggests
their reliability.*® With one Al and one N atom in the primitive
cell, six phonon modes (three acoustic and three optical) may
appear in the phonon dispersion curves of the AIN monolayer.
Results plotted in Fig. 1b indicate that the freestanding AIN
monolayer is dynamically stable considering the absence of
imaginary frequency in the spectrum.

We have calculated the electronic band structure (BS) of the
AIN monolayer along the I'-M-K-T" high symmetry direction,
which is displayed in Fig. 2a. The BS profile confirms the
semiconductor nature with a K-I" indirect band gap of 2.91 eV,
which compares well with previous calculations.'®* The valence
band maximum (VBM) energy curve is formed mainly by the N
atom, meanwhile both constituents contribute to the formation
of the conduction band minimum (CBM) energy curve. A deeper
insight into BS formation can be analyzed by the projected
density of states (PDOS) given in Fig. 2b. Note that in the energy
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Fig. 1 (a) A2 x 2 x 1 supercell (blue ball: Al atom; red ball: N atom)
and (b) phonon dispersion curves of the AIN monolayer.
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Fig. 2 (a) Electronic band structure, (b) projected density of states

(DOS), and (c) charge density difference (yellow surface: charge
accumulation; blue surface: charge depletion; iso-surface: 0.01) of the
AIN monolayer.

range —4 to 8 eV, the valence band originates mainly from the
O-p state, where p, states dominate in the higher energy region.
The lower part of the conduction band is derived mainly from
the outermost s orbital of both constituent atoms, meanwhile
their p, state is the main contributor in the middle. The charge
density difference Ap, has been frequently employed to analyze
the chemical bond of compounds. Herein, we have calculated
this parameter using the following formula: Ap = p(m) — p(Al) —
p(N), where the right-hand-side terms refer to the charge density
of the monolayer, Al atom and N atom, respectively. The results
are illustrated in Fig. 2c. One can see a large charge accumu-
lation at the N site generated by the charge transfer from the Al
atom to N atom (from the less electronegative to more electro-
negative atom), suggesting the ionic character. However, it
would be inaccurate to not mention the covalent character,
which is suggested by the electronic hybridization (as shown in
the PDOS spectra) and significant charge in the bridge posi-
tions. Therefore, one can conclude that a mix of ionic and
covalent characters may hold the Al and N atoms together to
form the monolayer.

3.2 V-adsorbed AIN monolayer

The results shown in Fig. 3 show that the V adatom prefers to be
adsorbed on-top of the bridge position, considering the lowest
adsorption energy with a value of 0.00 eV. From now on, only
the electronic and magnetic properties of this stable system are
studied, and it will be named V-AIN. V adsorption causes a low
buckle 44, of 0.38 (A) around the adsorption site. The inter-
atomic distance from the V adatom to its nearest Al and N
atoms is 2.59 and 2.24 (A), respectively. Fig. 4a shows its spin-
resolved band structure (BS). It can be noted that new elec-
tronic states appearing below the Fermi level in the spin-up

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Calculated adsorption energy of V and Cr adatoms on the AIN
monolayer (on-top of the Al atom (Ty); on-top of the N atom (Ty); on-
top of the bridge position (Tg); and on-top of the hollow position (Ty)).
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Fig. 4 (a) Spin-resolved band structure (black line: spin-up; red line:
spin-down), (b) projected density of states, (c) charge density differ-
ence (yellow surface: charge accumulation; blue surface: charge
depletion; iso-surface: 0.005), and (d) spin density (yellow surface:
spin-up; iso-surface 0.02) of the V-adsorbed AIN monolayer.

channel, reduce the electronic band gap to 1.11 eV. Mean-
while, the others are induced in the lower part of the spin-down
conduction band crossing the Fermi level. Consequently, the
spin-down state exhibits metallic nature. The BS profile indi-
cates the half-metallicity in the AIN monolayer induced by
adsorbing the V atom. To gain more insight into the V
adsorption effects, the projected density of states (PDOS)
spectra are displayed in Fig. 4b to analyze the BS formation. In
the considered energy range, the upper part of the valence band
and lower part of the conduction band originate mainly from
the host N-p, Al-s, and Al-p states. While the V atom contributes
mainly around the Fermi level, which regulates the electronic
properties of the system. The V-d orbital is split into the
following states (in order of increasing energy): d,~d,,, dy,—d,
and dp, which are induced mainly in the spin-up channel.
Clearly, two two-fold degenerated states emerge in the valence
band, and the last one takes place in the conduction band.
Meanwhile, the Al-s state appears to be responsible for the spin-

RSC Adv, 2022, 12, 16677-16683 | 16679
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down metallic behavior considering its overlap with the Fermi
level.

The electronic distribution in the V-AIN system is further
explored through charge density distribution (Ap), which is
calculated using the following function:

Ap = p(V-AIN) — p(AIN) — p(V) @)

where p(V-AIN), p(AIN), and p(V) denote the charge density of
the V-adsorbed monolayer, bare monolayer, and isolated V
atom, respectively. Results are illustrated in Fig. 4c. The most
remarkable charge distribution modification is noted mainly
around the V adatom, where both charge accumulation and loss
processes take place. Moreover, an increase of charge density
occurs in the V-Al bridge position, and a smaller accumulation
is also noted in the region between the V and N atoms. These
features suggest significant interactions between the V adatom
and host atoms. Mostly, a partial charge transfer process may
occur from the V adatom (spin-up d,: state) towards the Al atom
(spin-down s state), which is consistent with the PDOS spectra
analyzed above. The BS and PDOS spin-asymmetry profile may
suggest important magnetization of the AIN monolayer upon V
adsorption, which can be analyzed via the spin density distri-
bution illustrated in Fig. 4d. Note that the magnetic properties
are produced mainly by the V adatom, which is the main effect
responsible for breaking the AIN monolayer spin-symmetry.
This result is supported by a magnetic moment as large as
3.72 (up), meanwhile the Al and N atoms exhibit quite small
values between 0.01 and 0.03 (ug). The magnetic half-metallicity
feature suggests that the AIN monolayer may be functionalized
for spintronic applications upon adsorbing single V atoms.
Further study of the effects of V atom adsorption is carried
out with different monolayer coverage (ML); specifically,
different coverage of 0.5 ML and 1.0 ML (two and four V ada-
toms on a 2 x 2 x 1 supercell, respectively). Possible ferro-
magnetic (FM) and antiferromagnetic (AFM) spin alignments

e @ C} AFM
igufig
Speetiig

(b)

o5

Fig. 5 Energy of the magnetic state transitions of V-adsorbed AIN
monolayer with a coverage of (a) 0.5 ML and (b) 1.0 ML (yellow surface:
spin-up; blue surface: spin-down; iso-surface: 0.02).
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are shown in Fig. 5. As a first step, the stable magnetic state is
determined by the energy difference (AE) as follows:

AE = Epm — Earm 3)

Herein, the total energy of the FM and AFM states are denoted
by Eryv and Eapm, respectively. Fig. 5 indicates that the AFM state
is stable at both coverages, where the type-Il AFM state is
energetically more favorable in comparison with the type-I one
for the case of 1.0 ML. The more V adatoms adsorbed, the more
stable the AFM state. Applying eqn (1), we obtained adsorption
energies of —0.61 and —1.49 eV per atom, for 0.5 ML and 1.0
ML, respectively. Results indicate that the V-adsorbed AIN
monolayer becomes more stable upon increasing adatom
concentration. The AFM state is also confirmed considering
a larger supercell size of 4 x 4 x 1, where the energy for the
magnetic state transition is —40 meV (see Fig. S21). Through ab
initio molecular dynamics (AIMD) calculations, we observed no
structural destruction suggesting good thermal stability for all
V-adsorbed systems at the different coverages (see Fig. S3a-ct).
The spin-resolved BS and DOS of stable systems are given in
Fig. 6, which shows the complete spin-symmetry. A 0.5 ML
adatom coverage decreases the energy gap to 0.46 eV, which
corresponds to a reduction of the order of 84.19% as compared
to that of the bare monolayer. Meanwhile, the full coverage of
1.0 ML leads to the formation of a antiferromagnetic metallic
2D material since the lower part of the conduction band crosses
the Fermi level, which may be caused by large quantities of
charge transferred from the adatoms to Al atoms. According to
our calculations, V atoms have magnetic moments of +3.40 and
+3.20 (ug) in the V-adsorbed AIN monolayer at 0.5 ML and 1.0
ML, respectively.

3.3 Cr-adsorbed AIN monolayer

Now the adsorption of Cr atoms on the AIN monolayer is
explored. Similar to the previous case, Cr may be adsorbed on-

(b)

2 (a)

~ . . * x
A WA WA \ . \ .
Bo L AN AN
J MK I' MK I' T MK I MK T
6 6
0 3 3
Qo 0
Q3 3
-6 -6
9z 92 2

-1 0 1 -1 0 1
Energy (eV) Energy (eV)

Fig. 6 Spin-resolved band structure and density of states (black line:
spin-up; red line: spin-down) of V-adsorbed AIN monolayer with
coverage of (a) 0.5 ML and (b) 1.0 ML.
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top, the Ty position, with an adsorption energy of —1.10 (eV)
(see Fig. 1), suggesting chemisorption. Once adsorbed on the
AIN monolayer, the Cr adatom induces a wrinkle 4,y of 0.49
(1&] around the adsorption site. Besides, the bond lengths dc; 4
and dc,_x, take values of 2.48 and 2.03 (A), respectively. Note
that these values are smaller than their counterparts in the V-
adsorbed system. In combination with the calculated adsorp-
tion energy, one can conclude that Cr adsorption on the AIN
monolayer is stronger than V adsorption. The BS profile dis-
played in Fig. 7a indicate the metallization of the AIN monolayer
upon adsorbing a single Cr atom. Specifically, flat energy
branches cross the Fermi level in both spin channels, giving rise
to the metallic nature. Analyzing the PDOS spectra in Fig. 7b, we
observe the significant presence of spin-up Cr-d states around
the Fermi level. This feature is dissimilar to the case of V
adsorption, which may be due to the large number of valence
electrons of the Cr atom (3d*) in comparison with the V atom
(3d®), such that the Cr-d states shift to lower energies to
generate the spin-up metallic behavior with d,,, d,;, and d,
states the main contributors. Meanwhile, the spin-down met-
allicity is caused mainly by the Al-s state, suggesting a charge
transfer from the adatom to Al atom. The charge density
difference illustrated in Fig. 7c supports this feature, where
significant charge accumulation is noted in the bridge Cr-Al
position due to the electronic interactions. Magnetism in the
Cr-AlN system is generated mainly by the adatom as indicated
by the spin density illustration in Fig. 7d, which has a magnetic
moment of 4.53 (ug). In contrast, host atoms exhibit negligible
magnetization with small magnetic moments varying between
—0.01 and 0.03 (ug).

Upon increasing the adatom concentration, the AFM state
may be energetically more stable than the FM state (see Fig. 8).
Specifically, AFM ordering exhibits an energy of 0.24 eV, smaller
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Fig. 7 (a) Spin-resolved band structure (black line: spin-up; red line:
spin-down), (b) projected density of states, (c) charge density differ-
ence (yellow surface: charge accumulation; blue surface: charge
depletion; iso-surface: 0.005), and (d) spin density (yellow surface:
spin-up; iso-surface 0.02) of the Cr-adsorbed AIN monolayer.
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Fig.8 Energy of the magnetic state transitions of the Cr-adsorbed AIN
monolayer with coverage of (a) 0.5 ML and (b) 1.0 ML (yellow surface:
spin-up; blue surface: spin-down; iso-surface: 0.02).

than the FM ordering with a coverage of 0.5 ML. The difference
is larger in the case of 1.0 ML (between 1.09 and 1.12 eV),
suggesting stabilization of the AFM state with increasing ada-
tom concentration. In this case, type-I AFM ordering is the most
stable with an energy 0.03 eV smaller than type-II. A smaller
adatom concentration is also considered in a 4 x 4 x 1 super-
cell, where the AFM state is energetically favorable with an
energy 70 meV smaller than the FM state (see Fig. S21). When
more Cr atoms are adsorbed on the AIN monolayer, the system
may exhibit higher stability since the adsorption energy takes
a more negative value for 1.0 ML (—2.63 eV per atom) than 0.5
ML (—1.80 eV atom). In addition, AIMD calculations show good

Energy (eV)
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0 -1 0 1
Energy (eV) Energy (eV)

Fig. 9 Spin-resolved band structure and density of states (black line:
spin-up; red line: spin-down) of V-adsorbed AIN monolayer with
coverage of (a) 0.5 ML and (b) 1.0 ML.
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thermal stability at different coverages of Cr adatoms since
constituent atoms vibrate around their sites without further
bond breaking (see Fig. S3d-ft). Our simulations yield magnetic
moments of +4.38 and +4.34 (up) in the Cr-adsorbed AIN
monolayer with adatom coverage of 0.5 ML and 1.0 ML.
respectively. In the AFM state with equal absolute magnetic
moments (a total value of 0 ug), the BS and DOS show
a complete spin-symmetry as displayed in Fig. 9. Note that both
systems are electrically metallic, and the degree of metallicity
increases when more Cr atoms are adsorbed, considering the
valence band maximum shifts to higher energy and opposite
behavior is noted for the conduction band minimum. These
features may be due to an increase of Cr-3d valence electrons,
leading to higher occupancy of the outermost orbitals.

4 Conclusions

In summary, the effect of V or Cr adsorption on AIN monolayer
electronic and magnetic properties, has been systematically
investigated using first-principles calculations. The pristine
monolayer exhibits good dynamical stability and has an indirect
band gap of 2.91 eV, whose band structure is formed mainly by
the Al-s, Al-p, and N-s states. Significant ionic character is also
confirmed by the charge density difference. Adsorption on-top
of the bridge position is demonstrated to be the favorable site
at which adatoms are chemically adsorbed. Electronic and
magnetic properties of the adsorbed systems are regulated
mainly by the TM-d orbital, which emerges in the AIN mono-
layer forbidden energy region. Half-metallicity, generated by
a semiconductor spin-up state and a metallic spin-down state, is
induced by adsorbing a single V atom. In contrast, metallization
takes place once a single Cr atom is adsorbed. The dissimilarity
can be attributed to the larger number of valence electrons in
a Cr atom compared with a V atom. Upon increasing the adatom
coverage, the systems become more stable and adatoms are
adsorbed more strongly. In addition, the antiferromagnetic
state is stabilized at high adatom concentrations. A V coverage
of 0.5 ML leads to the formation of an AFM semiconductor
material with an energy gap of 0.46 eV, meanwhile a higher
coverage of 1.0 ML induces the metallization. Under different Cr
coverage, the AIN monolayer is metallized and the metallicity
becomes stronger at high coverage. In all cases, the magnetic
properties are produced mainly by transition metals with
a strong spin-asymmetric d orbital. Results pave the way to
inducing new features in the AIN monolayer to make it suitable
for spintronic applications.
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