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|. Introduction

Effects of transition metals and earth
alkaline metals in the ionic honeycomb
monolayer sodium bromide towards
spintronic applications

Vo Van On,? J. Guerrero-Sanchez® and D. M. Hoat (2 *<9

Chemical modification through doping is an efficient way to functionalize two-dimensional (2D) materials.
Using first-principles calculations, the electronic and magnetic properties of a sodium bromide (NaBr)
monolayer doped with transition metals (V, Cr, Mn, and Fe) and earth alkaline metals (Be, Mg, Ca, and Sr) are
investigated. The NaBr monolayer is dynamically and thermally stable, exhibiting insulator behavior with an
indirect gap of 4.52 eV. Its ionic character is also confirmed by the charge distribution and electron
localization function. Our calculations show that a single Na vacancy magnetizes significantly the monolayer,
where the magnetic properties are produced mainly by Br atoms closest to the defect site. High
magnetization of this 2D material can be also achieved by doping with transition metals, which is reflected
in large total magnetic moments between 3.66 and 5.00 ug. Herein, the half-metallicity is induced by doping
with V and Fe atoms, while Cr and Mn impurities lead to the emergence of the magnetic semiconductor
nature. The monolayer is metallized by doping with Be atoms, preserving its non magnetic nature. In
contrast, significant magnetism with total magnetic moment of 1.00 ug is obtained by doping with Mg, Ca,
and Sr atoms. In these cases, the magnetic semiconductor nature also emerges because of new middle-gap
electronic states. In all cases, impurities act as charge losers, transferring a certain charge quantity to the
host monolayer. Moreover, dopant atoms play a key role in originating the magnetism and determining the
electronic behavior of the doped systems. The results presented herein introduce prospects of the doped
NaBr monolayer to be applied in spintronic nano devices.

phosphorene with high carrier mobility and high on/off ratio
have also been fabricated.'®?° Moreover, the experimental

The experimental realization and development of graphene' has
inspired an explosive increase in research into two-dimensional
(2D) materials due to their exceptional and unique chemical,
physical, and mechanical properties that are generally superior in
comparison with those of their bulk counterparts.>™ 2D materials
exhibit promising applicability in diverse fields, such as electronics
and optoelectronics,™® photonics,”® environmental and energy
devices,”' catalysis,"""* and spintronics,">'* among others. After
graphene, 2D materials based on group-IVA have also been realized
including silicene,'”> germanene,'® and stanene,"” and binary hex-
agonal silicon carbide (SiC).'® For 2D pnictogens, few-layer black
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evidence of a hexagonal arsenene monolayer has also been
observed.*" Discussing 2D materials, it would be flawed not to
mention hexagonal boron nitride (h-BN) with insulator
nature’>*® and transition metal dichalcogenides (TMDs) with
a relatively large band gap,**° as well as their good carrier
mobility. Besides experimental realization, theoretical predic-
tion and design have been widely employed as an essential step
towards synthesizing new materials.””*® In this regard, a large
variety of 2D materials with different allotropes have been
predicted using first-principles calculations, such as those
based on II-VI group,*®*° II-V group,**> IV-IV group,’*”*?
IV-V group,*** V-V group,’®?” and so on. An interesting
feature of the developed 2D materials is that they possess an
intrinsic electronic band gap besides other feature-rich proper-
ties, which is expected to overcome the absence of graphene.
On the other hand, I-VII group compounds form an impor-
tant family that exhibits great technological applicability.*®>°
In the three-dimensional (3D) counterparts, these materials are
semiconductors with a wide range of band gap and a well

© 2024 The Author(s). Published by the Royal Society of Chemistry
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known ionic character due to the large difference in electro-
negativity of the constituent atoms. Although 2D materials
based on the I-VII group have not been experimentally inves-
tigated, some members of this family have been theoretically
predicted. For example, the LiCl monolayer with good dynami-
cal stability has been predicted by Hoat et al*® using first-
principles calculations. The results indicate a wide absorption
band in the ultraviolet region, suggesting its promising photo-
detector performance. Some graphene-like monolayer monox-
ides and monochlorides have been investigated by Luo et al.,*"
where the NaCl monolayer is an insulator with a band gap as
large as 6.302 eV. Recently, Ma et al.**> have explored the effects
of point defects in Agl monolayer. Herein, a single Ag vacancy
and Be doping are identified as the most promising p- and n-
doping candidates, which lead to a significant magnetization of
the monolayer. This work may suggest n-doping using IIA-group
(earth alkaline metals) atoms as an efficient approach to magne-
tize I-VII monolayers. Moreover, transition metals have been
frequently employed as impurities to functionalize 2D materials
for spintronic applications as a consequence of the emergence of
new feature-rich electromagnetic properties.**™*>

The diversity of compounds is reached by combining atoms
of different elements. Motivated by the recent investigations on
I-VII group 2D materials and the versatility of the honeycomb
structure for a wide range of 2D compounds,®>*> we carry out a
systematic first-principles study on the structural stability and
electronic properties of sodium bromide (NaBr) monolayer. On
the other hand, spintronics have emerged replacing rapidly the
traditional electronics.***” In this regard, researchers have
devoted great effort to developing new spintronic materials
with a special focus on 2D counterparts.*®*° Taking this
observation into account, efficient doping approaches are also
proposed to functionalize the NaBr monolayer for spintronic
applications. Due to the partial occupancy of their 3d orbital,
transition metals V, Cr, Mn, and Fe are selected as impurities to
magnetize the monolayer because they can induce a high
magnetization.”®' Besides, doping with earth alkaline metals
(Be, Mg, Ca, and Sr) is also explored, and herein magnetic
properties are also expected to appear in the NaBr monolayer
due to the difference in valence electronic configuration
between the group-IIA atom (ns”) and Na atom (3s'). It is
anticipated that the NaBr monolayer is a non magnetic insu-
lator 2D material. An effective functionalization of these 2D
materials for spintronic applications can be achieved by creat-
ing a single Na vacancy and doping, which is conducive to the
emergence of feature-rich electromagnetic properties including
half-metallicity and magnetic semiconducting.

ll. Computational details

All calculations are performed using the Vienna ab initio Simula-
tion Package (VASP)>**® working within the density functional
theory (DFT).>* The Perdew-Burke-Ernzerhof exchange-correlation
functional - within the generalized gradient approximation
(GGA-PBE)™ - is employed, while the core-valence state interactions
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are described through projector augmented wave (PAW) poten-
tials. In order to achieve a proper description of the highly
correlated 3d electrons of transition metals, effective Hubbard
parameters of 3.25, 3.70, 3.90, and 5.40 eV - within the frame-
work of the DFT+U method>® - are employed for V, Cr, Mn, and
Fe atoms, respectively, which have been successfully used by
various research groups.®” A kinetic energy cutoff of 500 eV is
set to truncate the plane wave basis set. An energy criterion of
107° eV is set to stop the self-consistent iterations. All the
considered systems are relaxed until the Hellmann-Feynman
forces converged up to 0.01 eV A~'. For Brillouin zone sam-
pling, the Monkhorst-Pack scheme®® is used with a k-mesh size
of 20 x 20 x 1 for the pristine monolayer and 4 x 4 x 1 for the
atom-adsorbed and doped systems. Structure models are gen-
erated including a vacuum gap wider than 14 A to simulate the
single layer, avoiding the interlayer interactions.

The effects of doping with transition metals and earth
alkaline metals are examined using a 4 x 4 x 1 supercell,
containing 32 atoms (16 Na atoms and 16 Br atoms). The
doping energy Eq is calculated as follows:

Eq = Ex NaBr — EnaBr T Na — Hx (1)

where Ex_napr and En,py are the total energy of the X-doped and
pristine NaBr monolayer, respectively. un, and px denote the
chemical potential of the Na atom and dopant X atom, respec-
tively, which are calculated from their stable bulk structure.
Furthermore, the cohesive energy E. of the atom-doped systems
is determined using the following expression:

E — Y mE(i)

E. =
C an
1

(2)

in this equation, E\ is the total energy of the considered system;
n; and E(i) refer to the number of atoms 7 in the system and its
energy (isolated atom), respectively. Note that a negative E.
value suggests good system structural-chemical stability and
vice verse.

lll. Results and discussion
A. NaBr monolayer and effects of a single Na vacancy

Firstly, the stability of the NaBr monolayer in a hexagonal
structure is examined. Fig. 1a shows a 4 x 4 x 1 supercell,
where the unit cell contains one Na atom and one Br atom that
alternate to form a honeycomb arrangement. After a full
relaxation, the following parameters are obtained for the unit
cell of the NaBr monolayer: (1) lattice constant a = 4.78 A; (2)
interatomic distance or chemical bond length dy, g, = 2.78 A;
(3) interatomic angles / NaBrNa = / BrNaBr = 120°; and (4)
normal wrinkle Ay, g = 0 A. Herein, the last two parameters
imply the structural planarity of the studied 2D material.
Furthermore, the structure stability is evidenced by the phonon
dispersion curve and AIMD (ab initio molecular dynamic)
simulations. Specifically, the dispersion of phonon curves -
displayed in Fig. 1b - disclose that honeycomb monolayer
NaBr is dynamically stable, exhibiting no imaginary phonon
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Fig. 1 (a) A supercell of 4 x 4 x 1 size (Na atom: yellow ball; Br atom:
maroon ball), (b) phonon dispersion curve, and (c) AIMD simulations

recorded at 300 K (inset: atomic structure after simulations) of the NaBr
monolayer.

frequency in the whole Brillouin region. AIMD simulations are
performed using the NVT thermostat (Nosé-Hoover) method at
a temperature of 400 K during a time of 5 ps. The outcomes in
Fig. 1c imply good thermal stability of the NaBr monolayer,
such that the structure preserves the geometric configuration
after 5 ps without any bond breaking. In addition, the mechan-
ical stability of this 2D material is also examined through
elastic constant C,; and C,,, which characterizes the elastic
properties of the hexagonal monolayers.*® According to our calcula-
tions, these constants take values of 11.96 and 9.42 N m™',
respectively. Note that these values satisfy the Born’s stability
criteria. C;; > 0 and Cy; > |Cyo,”° indicating that the NaBr
monolayer is mechanically stable.

After confirming the stability, the electronic properties of
the NaBr monolayer were investigated. The band structure
displayed in Fig. 2a asserts the indirect gap character of the
NaBr monolayer, where the valence band maximum is located
at the K point and the conduction band minimum takes place
at the I point. The PBE functional yields an energy gap of
4.52 eV, suggesting the insulator nature of the NaBr monolayer.
It is well known that a material’s band gap is normally under-
estimated by the standard GGA functional, which can be over-
come by using the hybrid functional with a certain portion of
the exact Hartree-Fock exchange potential. Herein, the electro-
nic band structure of the NaBr monolayer is also calculated
using the HSE06 functional.®* From Fig. 2a, the band structure
profiles calculated by both functionals are quite similar, and
the difference is found in the width of the forbidden energy
region. Specifically, a band gap of 5.66 eV is obtained by the
HSEO06 functional, which is larger than that of the PBE func-
tional as expected. The projected density of states (PDOS)
spectra given in Fig. 2b show that the upper part of the valence
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Fig. 2 (a) Electronic band structure (the Fermi level is set to 0 eV),
(b) projected density of states, (c) valence charge distribution (iso-
surface value: 0.04 e A=), and (d) electron localization function of the
NaBr monolayer.

band is formed mainly by the dense Br-p, state, while the sparse
Na-s state constructs mainly the lower part of the conduction
band. This feature suggests the full occupancy of the Br-p, state
as well the empty Na-s state, which is a result of the charge
transfer from the Na-3s orbital to the Br-4p orbital following the
rule of electronegativity. This process is also confirmed by the
valence charge distribution in Fig. 2¢ and electron localization
function in Fig. 2d, where the charge accumulation is observed
mainly at the Br site. Further Bader charge analysis asserts that
the Br atom gains a charge quantity of 0.82 e from the Na atom.
Undoubtedly, the Na-Br chemical bond is predominantly ionic,
a character that is generated by charge movement.

Before considering the effects of doping at the Na sublattice,
a single Na vacancy is examined. Our calculations yield a
formation energy of 4.38 eV that should be supplied to create
a single Na vacancy in the NaBr monolayer. Moreover, a
negative cohesive value of —2.64 eV per atom suggests good
structural stability of the vacancy-defected system. In compar-
ison with that of the perfect monolayer (—2.72 eV per atom),
this value is slightly less negative, indicating a slight reduction
of the structural stability under a single cation vacancy. A
significant magnetization of the NaBr monolayer is found upon
creating a single Na vacancy, which is reflected in a total
magnetic moment of 1.00 up obtained from the spin-
polarized calculations. This result is derived from the defi-
ciency of one valence electron, which is a consequence of the
absence of one Na charge donor that transfers theoretically one
electron to the Br atom. The illustration of the spin density in
Fig. 3a implies a key role of the Br atoms closest to the vacancy
site on producing magnetic properties since the unbalanced
charge distribution in two spin channels is observed mainly at
their locations.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Spin density (iso-value surface: 0.002 e A~3), (b) spin-polarized
band structure (the Fermi level is set to 0 eV), and (c) total density of state
and projected density of state of the magnetizing Br atom of the NaBr
monolayer with a single Na vacancy.

The induced magnetism is also confirmed by the spin-
polarized band structure and total density of states, which are
displayed in Fig. 3b and c. Note that the spin polarization takes
place mainly at the valence band; meanwhile, the conduction
band is quite spin-symmetric. In this case, both spin states
preserve their original semiconductor nature with energy gaps
of 4.60 eV of the spin-up state and 4.52 eV of the spin-down
state. Such that the magnetic semiconductor nature is
obtained, suggesting a single Na vacancy as an effective
approach to make spintronic 2D materials from a non-
magnetic NaBr monolayer.®> To get more understanding on
the contribution of magnetizing Br atoms, their total and
projected density of states are also given. Note that in the
considered energy range, these atoms only contribute to the
formation of the valence band, exhibiting significant spin
polarization of the p orbital. Consequently, their p,, p,, and
p: states originate mainly the magnetism of the defected
system.

B. Effects of doping with transition metals

In this part, the effects of doping with transition metals on the
NaBr monolayer electronic and magnetic properties are inves-
tigated. Applying eqn (1), doping energy E4 values of 3.18, 0.49,
2.55, and 3.05 eV are obtained for V, Cr, Mn, and Fe doping,
respectively. Note that V doping requires supplying the largest
additional energy; meanwhile, Cr doping is thermodynamically
most favorable due to its lowest E4 value. This result can be
attributed to the stability of the 3d orbital when interacting
with the host monolayer. Specifically, this orbital is half-filled
for Cr impurities after transferring one e to the host monolayer
(valence configuration from 3d’4s' to 3d°). Moreover, the
obtained cohesive energy E. values of the V-, Cr-, Mn-, and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Spin density (iso-value surface: 0.01e A=%)in (a) V-, (b) Cr-, (c) Mn-,
and (d) Fe-doped NaBr monolayer.

Fe-doped NaBr monolayer are —2.71, —2.70, —2.67, and —2.72 eV
per atom, respectively. These values are quite similar to that of the
pristine monolayer (—2.72 €V per atom), suggesting good stability
of the NaBr monolayer upon doping with transition metals. Our
calculations demonstrate a doping-induced high magnetization of
the NaBr monolayer, reflecting large total magnetic moments.
Specifically, values of 4.00, 5.00, 4.00, and 3.66 uy are obtained by
doping with V, Cr, Mn, and Fe atoms, respectively. Further
investigating the origin of magnetism, the spin density is illu-
strated in Fig. 4. Note that spin surfaces are centered mainly at
transition metal impurities, indicating their key role in determin-
ing the magnetic properties of the doped systems.

Fig. 5 shows the spin-polarized band structures of the NaBr
monolayer doped with transition metals. From the figures, one
can see new flat energy branches in the forbidden energy of the
NaBr monolayer (also known as middle-gap branches), which
consequently determine the ground state electronic nature of
the doped systems. Specifically, the V- and Fe-doped NaBr
monolayers are half-metallic 2D materials considering their
metallic spin-up state with electronic states crossing the Fermi
level and semiconductor spin-down state. In these cases, the
spin-down energy gaps are 4.49 and 3.51 eV, respectively.
Unexpectedly, magnetic semiconductor behavior is obtained
by doping with Cr and Mn, where new middle-gap states lead to
different spin-dependent energy gaps: the spin-up band gap of
Cr- and Mn-doped NaBr monolayer is 1.95 and 3.71 eV, respec-
tively, while the spin-down state exhibits values of 4.50 and
0.35 eV, respectively (see the values summarized in Table 1).
Remembering that spin current can be generated using

Mater. Adv,, 2024, 5, 584-592 | 587
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Fig. 5 Spin-polarized band structure (the Fermi level is set to 0 eV) of
(@) V-, (b) Cr-, (c) Mn-, and (d) Fe-doped NaBr monolayer.

Table1 Doping energy Eq4 (eV), cohesive energy E. (eV per atom), energy
gap Eq (eV; spin-up/spin-down; M = metallic), charge amount transferred
from impurity AQ (e), and total magnetic moment M, (ug) of the atom-
doped NaBr monolayer

Eq E, Eg AQ M,
V-Doped 3.18 —2.71 M/4.49 0.76 4.00
Cr-Doped 0.49 —2.70 1.95/4.50 0.69 5.00
Mn-Doped 2.55 —2.67 3.71/0.35 0.71 4.00
Fe-Doped 3.02 —2.72 M/3.51 0.75 3.66
Be-Doped 3.87 —2.68 M/M 1.58 0.00
Mg-Doped 2.17 —2.67 0.84/4.23 1.21 1.00
Ca-Doped 0.92 —2.72 0.50/4.43 1.10 1.00
Sr-Doped 0.71 —2.72 0.56/4.39 1.10 1.00

half-metallic and magnetic semiconductor materials,*>** dop-
ing the NaBr monolayer with transition metals can be recom-
mended to develop new prospective 2D spintronic materials.
To get more insights into the interactions between the
transition metal dopants and host monolayer, Bader charge
analysis was carried out. The results indicate that V, Cr, Mn,
and Fe impurities lose charge, transferring amounts of 0.76,
0.69, 0.71, and 0.75 e to the host monolayer, respectively. Note
that these magnitudes are smaller than that from the Na atom
in the host monolayer, which are a result of the larger electro-
negativity of the transition metals as compared to a Na
atom.®*®> After transferring charge, 3d is the outermost orbital
of transition metals that is partially occupied, such that they
determine mainly the electronic and magnetic properties of the
doped systems. This feature is confirmed through the projected
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Fig. 6 Total density of state and projected density of state of magnetic
impurities of (a) V-, (b) Cr-, (c) Mn-, and (d) Fe-doped NaBr monolayer.

density of states of impurities given in Fig. 6. As expected, the
middle-gap states are formed mainly by the d orbital, where all
five electronic states exhibit their important presence in the
considered energy range with a strong spin polarization to
induce the magnetization.

C. Effects of doping with earth alkaline metals

Now, the electronic and magnetic properties of the NaBr
monolayer upon doping with earth alkaline metals are
explored. Firstly, the doping energy and cohesive energy are
calculated to examine the doping process as well as structural
stability of the doped systems. According to our calculations,
the Eq4 values for Be, Mg, Ca, and Sr dopants are 3.87, 2.17, 0.92,
and 0.71 eV, respectively. These results suggest that the doping
becomes easier in order to increase the atomic number of IIA-
group impurities since the doping energy decreases in this
direction. In other words, less additional energy is needed to
realize the doping process. Large doping energies for Be and
Mg are derived from their large difference in atomic size in
comparison with that of the host Na atom; meanwhile, the
difference is smaller for Ca and Sr atoms.®® Compared to those
of transition metals (with the exception of Cr), one can see that
doping with earth alkaline metals requires smaller energy.
Once formed, the Be-, Mg-, Ca-, and Sr-doped systems exhibit
good structural-chemical stability as suggested by negative E.
values of —2.68, —2.67, —2.72, and —2.72 eV per atom, respec-
tively. These values are quite comparable with that of the
pristine monolayer, indicating that the structural stability of
the NaBr monolayer is negligibly altered by doping. It is found
that the non-magnetic nature of the NaBr monolayer is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(b) Mg-,

preserved upon doping with Be atom, which is confirmed by
the zero total magnetic moment and non spin surface in
Fig. 7a. In contrast, the monolayer is significantly magnetized
by doping with Mg, Ca, and Sr atoms as demonstrated by the
total magnetic moment of 1.00 up. Herein, the magnetization is
derived mainly from impurities as asserted by the spin density
illustration in Fig. 7c and d, where spin surfaces are centered
mainly at their sites.

The calculated band structures are displayed in Fig. 8. Note
that the Be-doped NaBr monolayer exhibits no spin-polarized
feature, corresponding to its no magnetic nature. In this case,
the monolayer is metallized due to the appearance of new
middle-gap states. In contrast, the spin polarization is observed
clearly in the remaining cases, mostly at the vicinity of the
Fermi level and conduction band. New middle-gap states can
be observed clearly around the Fermi level, which leads to the
induction of the magnetic semiconductor to functionalize
the NaBr monolayer for spintronic applications. The spin-
dependent energy gaps are listed in Table 1. Note that the
spin-up values are considerably smaller than the spin-down
counterparts, which is a result of the spin-up middle-gap
states below the Fermi level; meanwhile the spin-down state
emerges above the Fermi level and is located away from the
valence band.

Due to their less electronegative nature in comparison with
the neighbor Br atoms, it can be expected that earth alkaline
metals act as charge losers in the doped systems. This feature is
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Fig. 8 Spin-polarized band structure (the Fermi level is set to O eV) of
(a) Be-, (b) Mg-, (c) Ca-, and (d) Sr-doped NaBr monolayer.

further confirmed by the Bader charge analysis. Specifically, Be,
Mg, Ca, and Sr impurities transfer charge quantities of 1.58,
1.21, 1.10, and 1.10 e to the host monolayer, respectively.
Remembering that earth alkaline metals have two valence
electrons (ns®), the charge transferred from these impurities
is larger than that from the Na atom (with one valence electron:
3s"). In addition, the projected density of states of magnetizing
impurities of the doped systems is displayed in Fig. 9 to
investigate their contribution. Note that the metallic nature of
the Be-doped NaBr monolayer is originated from the Be-s state
that spreads over the Fermi level. Meanwhile, the unoccupied
p. state is submerged into the conduction band. Similarly,
s and p, states regulate the ground state properties of the
Mg-doped systems due to their important presence around
the Fermi level. Herein, the former originates flat energy
branches around the Fermi level, producing magnetic semi-
conductor behavior. In contrast, Ca-3d and Sr-4d orbitals play a
key role in the Ca- and Sr-doped systems, where the d,. state
builds mainly the band structure in the vicinity of the Fermi
level that is responsible for the magnetic semiconducting.
From the analyzed density of state, it can be concluded that
the magnetism is originated mainly from Mg-3s, Ca-3d, and
Sr-4d orbitals.

IV. Conclusions

In conclusion, the electronic and magnetic properties of pris-
tine and doped NaBr monolayers have been systematically
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Fig. 9 Total density of state and projected density of state of impurities of
(a) Be-, (b) Mg-, (c) Ca-, and (d) Sr-doped NaBr monolayer.

investigated using a first-principles study. In order to induce
magnetism, transition metals (V, Cr, Mn, and Fe) and earth alkaline
metals (Be, Mg, Ca, Sr) have been selected as dopants. The pristine
monolayer is dynamically stable without any imaginary phonon
frequency, while AIMD simulations imply its thermal stability
without any bond breaking after 5 ps. Besides, our calculations
show the ionic character of the NaBr monolayer, which is generated
by the charge transfer from the Na-s orbital to the Br-p orbital.
Except for Be impurities, the monolayer is magnetized by a single
Na vacancy and doping. In the first case, magnetic properties are
produced mainly by the partially occupied p orbital of the Br atoms
closest to the vacancy site, which is a consequence of the absence of
one charge loser atom. The 3d orbital of the transition metals and
Ca atom, 3s orbital of the Mg atom, and 4d orbital of the Sr atom
originate new middle-gap electronic states around the Fermi level
with a strong spin polarization. Consequently, they regulate mainly
the electronic and magnetic properties of the doped systems. Half
metallicity has been found for the V- and Fe-doped systems, while
the magnetic semiconducting nature is induced in the remaining
cases. These feature-rich magnetic electronic properties may recom-
mend the creation of a single Na vacancy as well as doping with
transition metals and earth alkaline metals as solid and effective
ways to make new 2D spintronic materials from a non magnetic
NaBr monolayer.
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