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Abstract

Monolayer hexagonal arsenene (hAs), a typical two-dimensional semiconducting
material with a wide band gap and high stability, has attracted increasing research
interest due to its potential applications in optoelectronics. Using first-principles
calculations, we have investigated the electronic and magnetic properties of
x-substituted hAs (x =B, C, N, O, Ga, Ge, Se, and monovacancy) and x-adsorbed hAs
(x = As). Our results show that the B-, N-, and Ga-substituted hAs have
spin-unpolarized semiconducting characters like pristine hAs, and the indirect-direct
band gap transitions are induced in the B- and N-substituted systems. In contrast, the
O-, Se-, and monovacancy-substituted hAs are metallic, and the C- and Ge-substituted
hAs show spin-polarization semiconducting characters with the band gaps of 1.1 and
1.3 eV for the spin-up channels and 1.0 and 0.7 eV for the spin-down channels,
respectively. For the As-adsorbed hAs, the Fermi level crosses the spin-up states,
yielding metallic behavior, while the spin-down channel remains semiconducting
character. The detailed analysis of electronic structures for the C-substituted,
Ge-substituted, and As-adsorbed hAs shows that the strong hybridizations between
the doping atoms and As atoms lead to the energy splitting near Fermi level and
consequently induce magnetic moments. By selective doping, hAs can be transformed
from spin-nonpolarized semiconductor, to spin-polarized semiconductor, to half-metal,
and even to metal, which indicates that the doped hAs will have promising potential in

future electronics, spintronics, and optoelectronics.
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1. Introduction
Due to the integration limit of silicon-based devices, more and more attentions have
been paid to two-dimensional (2D) materials, such as graphene,? silicene,” * boron
nitride,”” transition metal dichalcogenides,®'® and black phosphorus,'"* due to their
rather unique properties. The atomic level thickness of these materials leads to
substantially novel performances in electronic structures. For example, a transition of
indirect-direct band gaps occurs when MoS, changes from multilayer or bulk to
monolayer one.” Furthermore, the devices based on these 2D materials show small
short channel effects and excellent electrostatic modulations because of their ultrathin
thickness. Therefore, in recent years, many high-performance electronic and
optoelectronic devices based on these 2D materials have been developed.'*"’
Recently, two studies on 2D arsenene sheet were performed by first-principles
calculations. Zhang et al. predicted two types of 2D materials, monolayer hexagonal
arsenene (hAs) and antimonene (hSb), which exhibit typical semiconducting
characteristics with high stability and wide indirect band gaps of 2.49 and 2.28 eV,

"~ Moreover, under small biaxial strain, these two materials were found

18

respectively.
to transform from indirect into direct band gap.” Kamal et al. systematically
investigated the stability and electronic properties of arsenic system, including
buckled and puckered honeycomb structures, both of which possess indirect gaps and
undergo an indirect-to-direct band gap transition by applying strain.'’ Such essential
changes in electronic structures will facilitate the fabrications of transistors with high
on/off ratio, optoelectronic devices, and mechanical sensors.'®

Due to the potential applications, more recently, several theoretical studies on hAs
and its analogs have been performed in an effort to tune their electronic

2024 For example, Kou et al studied the geometric structures, electronic

properties.
properties, and external strain deformation effect of hAs and antimony arsenide.” It
was revealed that both materials are indirect band semiconductors, and an
indirect-direct band gap transition can be achieved when small tensile strain is
applied.”” On the basis of first-principles calculations, Wang et al found that for hAs
and hSb sheet, the armchair nanoribbons are indirect semiconductors while the zigzag
nanoribbons are direct ones regardless of the ribbon width.'

It is noted that, despite of the huge progresses mentioned above, the means to tune
electronic structures of hAs and hSb are limited to exerting external strain on the
sheets or cutting them into nanoribbons, which are difficult in practice. As is known,

doping is a feasible method for modifying electronic and magnetic properties of

semiconducting materials, such as MoSz,zs'27 hBN,zS'30 germanium,“’ 32 and so on. It
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is recognized that practically stable doping requires substitution of host atoms, where
the doping is secured through covalent bonding. For hAs and hSb sheets, doping is
highly desirable as the tailoring of electrical property is paramount to their devices
application. Therefore, considering the larger band gap in hAs than that in hSb sheet,
we have theoretically investigated the possibility to tune electronic structures and
magnetic properties of hAs by substitutional doping with various atoms of B, C, N, O,
Ga, Ge, and Se. In addition, the doping of monovacancy and adsorption of As atom
have also been investigated because these two types of impurities may occur in the
preparation of hAs.

In the present work, the structural stabilities, electronic structures, and magnetic
properties of x-substituted hAs (x = B, C, N, O, Ga, Ge, Se, and monovacancy) and
x-adsorbed hAs (x = As) have systematically been studied based on first-principle
calculations. The influences of doping on geometric structures are evaluated by
comparison of structural parameters for the systems before/after doping. On the basis
of the optimized geometric structures, formation energies, magnetic moments, and
charge transfers from doping atoms to hAs are obtained. For all doped systems, the
conducting characteristics are emphatically studied on the basis of the spin-polarized
band structures and partial density of states (PDOS). This work will explore the
possibility of tuning the electronic properties of arsenene sheets, as well as other 2D

systems, by proper atomic doping.

2. Computational methods

The first-principles calculations were performed based on density functional theory
(DFT) implemented in the Vienna ab initio simulation package (VASP).** The
exchange correlation potential was approximated by the generalized gradient
approximation (GGA) with PBE functional.®® Electronic wave functions were
expanded using a plane-wave basis set with a cutoff energy of 550 eV. A 4x4
supercell consisting of 16-fold unit cells of hAs was used with a vacuum space of 15
A to eliminate the cell-to-cell interactions. One B, C, O, Ga, Ge, and Se atom was
used to substitute one As atom in the supercell, respectively. Moreover, the
monovacancy and the adsorption of an isolated As atom were also considered in the
supercell, respectively. The impurity concentration is 1/32. The test calculation was
also carried out for 6x6 supercell with a smaller concentration, and the main results,
as shown in Fig. S1 in electronic supplementary information (ESI), keep unchanged.
Therefore, all the theoretical simulations were carried out with the 4x4 supercell. The

Monkhorst-Pack k-point samplings in Brillouin zone are 7x7x1 and 13x13%1 meshes
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in the optimization of geometrical structures and the calculation of electronic
structures, respectively. The full-relaxation of structures with spin-nonpolarization
and spin-polarization calculations were carried out until the force components were
smaller than 0.01 eV/A, and the convergence criteria is 10* eV for energy. Bader
analysis was used to calculate the charge transfer.”” To evaluate the stability of the
doped systems, the formation energy is defined as Ef = Ecompiex + Eas — (Enas + Ex),
where Ecompiex and Epas are the total energies of the doped and pristine hAs systems,
and Exs and Ey are the energies of the atoms in its bulk form except for the cases, in
which the energies of x atoms (x = N and O) in its molecular gas phase are employed.
By including the spin-orbit coupling effects in the calculations, we found that these
effects on band structures of the doped systems can be neglected, as shown in Fig. S2
and S3 (ESI). Therefore, the spin-orbit coupling effects are not included in the

following calculations.

Table 1 Typical geometrical parameters, formation energy (E;), charge transfer (Aqg), and magnetic
moment (M) for x-substituted hAs (x =B, C, N, O, Ga, Ge, Se, and monovacancy) and x-absorbed
hAs (x = As).

Ox-ast dast-asa h Es Aq M

A A) () (eV) (e) ()
B-substituted hAs 1.97 2.48 0.71 4.67 0.05 0.0
C-substituted hAs 1.99 2.49 0.82 6.46 0.99 1.0
N-substituted hAs 2.01 2.50 1.34 0.34 1.15 0.0
O-substituted hAs 2.02 2.47 1.11 0.64 0.98 0.0
Ga-substituted hAs 2.43 2.49 1.19 4.02 —-0.49 0.0
Ge-substituted hAs 2.48 2.46 1.22 4.64 -0.31 1.0
Pristine hAs 2.51 2.51 1.39 -- -- 0.0
Se-substituted hAs 2.52 2.46 1.38 4.07 0.27 0.0
Monovacancy-substituted
hAS -- 2.47 -- 5.04 -- 0.0
As-adsorbed hAs 2.69 2.61 1.82 2.64 0.09 3.0

3. Results and discussion
3.1 x-substituted hAs (x =B, C, N, O, Ga, Ge, and Se atoms)

Relative energy of the electronic states with different magnetic moments for pristine
hAs and x-substituted hAs (x= B, C, N, O, Ga, Ge, and Se atoms) were listed in Table
S1 (ESI). From the table one can see that only the C- and Ge-substituted hAs in the
ground states have magnetic moment of 1.0 pg, while other doped systems, especially

the O- and Se-substituted hAs, possess the ground states with zero magnetic moment.
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For these ground states, typical geometric parameters, formation energy, and charge
transfer were calculated and summarized in Table 1. The positive values of formation
energies indicate that the formation process of the doped systems is endothermic.
Moreover, the values are determined not only by the doped systems, but also by
material states of the doping atoms. In particular, for the x-substituted hAs (x = N and
O atoms), the formation energies are obviously smaller than other systems due to the
small energies of x atoms in its molecular gas phase. For the pristine hAs, the As—As
bond length and the height of buckling layer are predicted to be ~ 2.51 and 1.39 A,
respectively, in agreement with the values of 2.55 and 1.35 A calculated by Zhang et
al. with the GGA/PBE functional.'® When one As atom in the pristine hAs is
substituted by x atoms, the x—As1 bonds (x = B, C, N, O, Ga, Ge, and Se), as shown
in Fig. 1, are predicted to be shorter than the As—As bonds of the pristine hAs. Notably,
much shorter x—As1 bonds occur in the x-substituted hAs (x = B, C, N, and O) due to
small atomic radius and strong electronegativity of substitutional atoms. Because of
the substitutional effect, the Asl—As4 bonds in all x-substituted hAs are a little bit
longer than that of the As—As bonds in hAs. Moreover, compared with that between
two layers of As atoms in the pristine hAs, the distances between the substitutional
atoms and the bottom layer of As atoms clearly become shorter in all x-substituted
hAs except for the N-substituted hAs, in which an equivalent distance to the pristine
hAs are observed. These equivalent distances should be attributed to the similar
hybridization characters between N and As atoms, which facilitate to form buckling

structures.

x-substituted hAs x-adsorbed hAs
Fig. 1 Top and side views of (a) x-substituted hAs (x = B, C, N, O, Ga, Ge, Se, and
monovacancy) and (b) x-absorbed hAs (x = As). For clarify, the near-neighbor As

atoms of the dopants x atoms are labeled, and other balls present As atoms in each
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graph.

Based on the Bader analysis, charge transfer from the substitutional atoms to the
monovacancy-hAs is also examined. Compared with the isolated atoms, the electron
accumulations about 0.05e, 0.99¢, 1.15e, 0.98e, and 0.27e occur at the B, C, N, O and
Se atoms, whereas the electron depletions are about 0.49e and 0.31e at the Ga and Ge
atoms of the doped hAs, respectively. The electron accumulations and depletions
reflect the relative differences in electronegativity of B, C, N, O, Ga, Ge, As, and Se
atoms from As atom. On the other hand, the obvious charge transfers indicate the
essential bonding between the substitutional atoms and the As atoms, showing the
stability of the doped hAs.

eV

Energy (eV)

(c) hr:\s U‘

p up (total atoms) |
-= s up (total atoms)

p up (total atoms)
- s up (total atoms) ;

txzassasswaz:l
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p down (total aton 3 -- s down (total atoms) |

- s down (total atoms) p o p down (N)
. : ‘ | _ .1 .
-2 0 2 -4 -2 0 2
Energy (eV) Energy (eV)

Fig. 2 Spin-polarized band structures and PDOS of the pristine and the N-substituted
hAs. Black solid and blue dashed lines in band structures denote spin-up and
spin-down channels, respectively. Red dash-dot lines indicate the Fermi level in band
structures and PDOS. To clearly show the delicate contributions from the
substitutional atoms near Fermi level, the range of ordinate in (¢) and (d) was set from

-3 to 3 eV, and the DOS of total atoms lies partially outside the range.
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The spin-polarized band structures and PDOS of the pristine and the N-substituted
hAs were presented in Fig. 2. For the pristine hAs sheet, the band structures for up
and down spins are the same, as shown in Fig. 2(a), leading to zero magnetic moment.
The indirect band gap is estimated to be about 1.6 eV, which is generally consistent
with the one calculated by Zhang et al with the GGA/PBE functional.'®. It is clear that
the band gap calculated by the GGA/PBE functional is smaller than that calculated by
using HSEO06, as shown in Fig. S4 (ESI). This difference in band gap should be
attributed to the fact that GGA/PBE functional usually overestimates electron
delocalization, leading to smaller band gap, while HSE06 may correct this
overestimation by partially including Hartree-Fock (HF) functional, which is known
to localize electrons. Remarkably, when one As atom is substituted by one N atom, as
shown in Fig. 2(b), the indirect band gap will transform into a direct band gap of 1.3
eV at the I" point in Brillouin zone, remaining the spin-unpolarized characteristics. In
order to further understand the origin of the valence band (VB) and the conduction
band (CB), the spin-polarized PDOS of the pristine and N-substituted hAs sheets were
presented in Fig. 2(c) and (d), respectively. It is shown that the VB and CB of pristine
hAs have similar components, i.e., the 4p states coupled with small amounts of the 4s
states of As atoms. When one N atom is introduced to substitute an As atom in the
supercell of the pristine hAs, no dangling bond appears in the three nearest-neighbor
As atoms and no impurity gap states occur in the band gap, which is understandable
as the N and As atoms belong to the same family of V group in the Periodic Table and
have the similar hybridized characters.

When one As atoms in the pristine hAs is substituted by one x atom (x = B, C, O,
Ga, Ge, and Se), obvious impurity gap states occur in the band structures of the
x-substituted hAs, as shown in Fig. 3. One can clearly see that similar to the pristine
hAs, the B-, Ga-, O-, and Se-substituted hAs are all spin-unpolarized. Nevertheless,
when C and Ge atoms are introduced to substitute As atoms, the resultant hAs exhibit
typical spin-polarized character. In the B-substituted hAs, the substitutional effect can
induce three impurity gap states. One state is occupied appearing above the VB
maximum about 0.1 eV, while another two are unoccupied occurring below the CB
minimum about 0.40 eV. The direct band gap about 1.35 eV is observed. In the
Ga-substituted hAs, the similar electronic structures to the B-substituted system are
observed except for an indirect band gap about 1.25 eV. In the C-substituted hAs, two
impurity gap states appear above the VB maximum about 0.52 and 1.13 eV,

respectively, as shown in Fig. 3(c). Similar two impurity gap states occur above the



Journal of Materials Chemistry C

VB maximum about 0.45 eV and below the CB minimum about 1.15 eV in the
Ge-substituted hAs, as shown in Fig. 3(d). It should be noted that for both C- and
Ge-substituted systems, the two gap states belong to the up- and down-spin
components, respectively. One is occupied and the other is unoccupied, and the Fermi
level is located in the gap between these two gap states. The detailed conducting
characters of both C- and Ge-substituted hAs sheets will be analyzed according to the
PDOS in Fig. 4. Interestingly, when one As atom in the pristine hAs is respectively
substituted by one O or one Se atom, as shown in Fig. 3(e) and (f), obvious impurity
states crossing Fermi level are observed, indicative of the metallic characters for both

doped systems.

R

_L (a) B-substituted hAs (b) Ga-substituted hAs -.—aa.-_:

Energy (eV)

Energy (eV)

| (D Se-substituted hAs ===

Energy (eV)

B M

Fig. 3 Spin-polarized band structures of (a) B-substituted, (b) Ga-substituted, (c)
C-substituted, (d) Ge-substituted, (e) O-substituted, and (f) Se-substituted hAs. Black

solid and blue dashed lines denote spin-up and spin-down channels and red dash-dot

Page 8 of 17



Page 9 of 17

Journal of Materials Chemistry C

lines indicate the Fermi level, respectively.

The components of the VB, CB, and impurity gap states and the magnetic
properties of the x-substituted hAs (x = B, Ga, C, Ge, O, and Se) are uncovered by the
spin-polarized PDOS presented in Fig. 4. It is shown that the VB and CB of the doped
systems are primarily composed of the 4p states of As atoms, and the origin of the
corresponding impurity gap states are generally complicated. As shown in Fig. 4(a), in
the B-substituted hAs, the two occupied gap states consist of the 4p states of the three
nearest-neighbor atoms of Asl, As2, and As3, whereas the unoccupied gap states are
primarily contributed from the 2p states of B atom coupled with small amount of the
4p states of the three nearest-neighbor Asl, As2, and As3 atoms. These impurity
states decrease the band gaps. Similar cases are also observed in Fig. 4(b) for the
Ga-substituted hAs. Since the hybridizations between the substitutional atoms and the
As atoms are very weak, these two doped systems keep spin-unpolarized characters.

The PDOS in Fig. 4(c) and (d) show that in the impurity gap state of the C- and
Ge-substituted hAs, there are almost equivalent contributions from the 2p states of the
C atom and the 4p states of the three nearest-neighbor atoms of Asl, As2, and As3,
indicating strong orbital hybridizations between the C atom and its nearest-neighbor
As atoms. Unlike the B-, N-, and Ga-substituted hAs, the strong hybridizations cause
the splitting of the bands between the spin-up and spin-down channels near Fermi
level in the impurity gap state of the C- and Ge-substituted hAs. Due to these splitting,
the C- and Ge-substituted hAs exhibits spin-polarized semiconducting characters with
the band gaps of 1.1 and 1.3 eV for the spin-up channels, and with the band gaps of
1.0 and 0.7 eV for the spin-down channels, respectively. Moreover, for these two
doped systems, the band gaps between the spin-up VB and spin-down CB are 0.35
and 0.25 eV, respectively. The splitting between spin-up and spin-down channels
induces magnetic moments of 1.0 ug in the C- and Ge-substituted hAs, as shown by
data in Table 1. To further understand the origin of the magnetic moments, the spin
densities were calculated for the C- and Ge-substituted hAs. For simplicity, only spin
density image for the C-substituted hAs is presented in Fig. 5(a). One can see that the
spin density is mainly localized at the substitutional C atom and their nearest-neighbor
As atoms, consistent to the observation in the PDOS presented in Fig. 4(c).

For the metallic O-substituted hAs with an impurity gap state crossing Fermi level,
its gap states are dominated by the 4p states of the three nearest-neighbor atoms of
Asl, As2, and As3, and the contribution from the substitutional O atom is too small to
be negligible, as shown in Fig. 4(e). Therefore, the O-substituted hAs exhibits

spin-unpolarized metallicity, different from the C- and Ge-substituted systems with
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net magnetic moment of 1.0 ps. Although no obvious impurity gap state occurs in the
Se-substituted hAs, the Fermi level crosses the CB minimum, and the doped system is
thus metallic as well with spin-unpolarized character, as shown in Fig. 4(f). To further
give some insight into the spin-unpolarized character of O- and Se-substituted hAs,
we compared their PDOS with those of the C- and Ge-substituted systems. It can be
seen from Fig. 4(c—f) that in the O- and Se-substituted hAs the p electrons of O and Se
atoms are more delocalized than those of the C- and Ge-substituted systems,
especially near the Fermi level. Therefore, in view of the poor hybridization between
the substituted atoms of O and Se and the three nearest-neighbor As atoms, the O- and

Se-substituted hAs should have zero magnetic moments.

(a) B-substituted hAs (b) Ga-substituted hAs
24 p up (total atoms) 7 p up (total atoms)
------ pup (Asl+As2+As3) s pup (Asl+AsS2+AS3)
s pup (B) weweeee poup (Ga)
O L
@]
A down (fotal atoms)
______ P dm .11 .AO ‘:_"Am:]:\ a9 ——p down (total atoms)
p 0“_“( sbtasaasily ML | | W p down (Asl+As2+As3) |
=2 “pA ) 4 VY- p down (Ga)
(¢) C-substituted hAs (d) Ge-substituted hAs
2 p up (total atoms) 1 p up (total atoms)
------ pup (Asl+As2+As3) pup (Asl+As2+As3)
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{1+ p down (As1+As2+As3) A o0 p down (Asl+As2+As3)
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: v
€ -Supstitute S
(e) O-substituted hA
21 U—p up (total atoms)
---- pup (Asl+As2+As3
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8 :
8 0
(s} i
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¥ rn
+ T T T Wa T T ™ T g T v T
-4 ] 0 2 -4 3 0 2
Energy (eV) Energy (eV)

Fig. 4 Spin-polarized PDOS of (a) B-substituted, (b) Ga-substituted, (c) C-substituted,

10
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(d) Ge-substituted, (e) O-substituted, and (f) Se-substituted hAs. Red dash-dot lines
indicate the Fermi level. To clearly show the delicate contributions from the
substitutional atoms near Fermi level, the ranges of ordinates were set from -3 to 3 eV,

and the DOS of total atoms lies partially outside the range.

From above discussion one can see that, in general, the doped hAs, in which the
doping atoms belong to the same group in the Periodic Table, show virtually similar
electronic structures and magnetic property due to their similar electronic structures.
However, they can have different geometrical parameters, formation energies, charge
transfer mainly due to different atomic radiuses and electronegativity. What is more,
for the doped systems, in which the doping atoms belong to the different groups, the
obviously different properties were observed. For example, it is expected that the B-
and Ga-substituted hAs with even electrons are spin-unpolarized and the C- and
Ge-substituted hAs with odd electrons have typical spin-polarized characteristics with
magnetic moment of 1.0 ug. However, spin-unpolarized characteristics were observed
in the O- and Se-substituted systems with odd electrons due to the delocalizations of p

electrons in doping atoms of O and Se.

(a) C-substituted hAs (b) As-adsorbed hAs

i

® 0 _ o o
P - RN - R - N - I

0---0--0--0---~

Fig. 5 Spin density image for (a) C-substituted (b) As-adsorbed hAs. The
substitutional C, the adsorbed As, and their near-neighbor As atoms are labeled, and

other balls present As atoms without special label.

3.2 Monovacancy-substituted and As-adsorbed hAs

Besides the atom-substituted doping, the influence of vacancy and adsorption of As
atom on electronic structures of hAs was also investigated since these two types of
impurities may occur in the preparation of hAs. There is one configuration for the
monovacancy-substituted doping in the supercell. For the adsorption of As atom on

surface of the pristine hAs, two configurations are considered. One is the top

11
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configuration in which the adsorbed As atom is on top site of As atom, the other is the
hollow configuration in which the As atom is on hollow site of pristine hAs. The total
energy calculations indicate that the hollow configuration is more stable. Thus only
this configuration, as shown in Fig. 1(b), is further studied.

For the monovacancy-substituted and the As-absorbed hAs, the geometric
parameters, formation energy, and charge transfer were presented in Table 1. The
formation  energies calculated indicate that the formation of the
monovacancy-substituted and As-absorbed hAs is an endothermic process. In the
monovacancy-substituted hAs, the Asl—As4 bond becomes shorter than that in the
pristine hAs. To evaluate the strength of the bond between the adsorbed As atom and
hAs sheet, the adsorption energy was calculated by the formula E; = Ecomplex — (Enas +
Ex), where Ecompiex and Epag are the total energies of As-absorbed hAs and pristine hAs
sheets, and Ey is the energy of isolated As atom, respectively. The calculated
adsorption energy of —0.34 eV indicates that As atom can be chemically adsorbed on
the hAs sheet. What is more, the distance between the absorbed atom of As and the
top As layer of hAs is about 1.82 A, and the length of the As—As1 bond is about 2.69
A, further indicating chemical bonding interaction between the adsorbed As atom and
the Asl, As2, and As3 atoms, respectively. In fact, these chemical bonding was further
confirmed by Bader charge analysis, which reveals electron accumulation about 0.09¢e
at the absorbed As atom. Detailed discussion of the bonding interaction will be
entertained afterwards.

The spin-polarized band structures and the PDOS of the monovacancy-substituted
and As-adsorbed hAs are presented in Fig. 6. One can see from Fig. 6(a) that the band
structures of up- and down-spin components are virtually identical. Two impurity gap
states are induced by the monovacancy substitution. One is partially occupied and the
other is unoccupied, and the doped system is metallic. The symmetry of PDOS in the
spin-up and spin-down channels in Fig. 6(c) shows that the gap states are mainly
contributed from the 4p states of the three nearest-neighbor Asl, As2, and As3 atoms.
In view of the absence of one As atom, the nature of these gap states should be
associated with the dangling bonds of the As1, As2, and As3 atoms.

In contrast, the adsorption of an As atom on the surface of the pristine hAs causes
the formation of six impurity gap states, as shown in Fig. 6(b). One state is occupied,
two are partially occupied, and the other three are unoccupied. The former three states
belong to the spin-up components and the latter three are spin-down ones. The PDOS
in Fig. 6(d) indicates that on the one hand, the energy level splits near the Fermi level

between the spin-up and spin-down channels. The spin-up component crosses the
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Fermi level and yields metallic character while the spin-down channel remains
semiconducting. The energy splitting near the Fermi level induces a magnetic moment
about 3.0 ug, as listed in Table 1. In light of this, the As-adsorbed hAs is half-metallic.
On the other hand, the PDOS in Fig. 6(d) shows that the origin of these impurity gap
states is mainly the hybridization of the 4p states of the adsorbed As atoms and those
of the next-nearest-neighbor atoms of As4, As5, and As6, as labeled in Fig. 1(b). In
comparison, the contributions from the 4p states of three nearest-neighbor Asl, As2,
and As3 atoms are slight. Therefore, the magnetic moment can be attributed to the
contribution from the hybridization between the 4p states of the adsorbed As atoms
and its next-nearest-neighbor As atoms. These results are unexpected and interesting
because the adsorbed As atom are bonded not directly with the As4, As5, and As6
atoms, but with the three nearest-neighbor atoms of Asl, As2, and As3.

e B j ===
L ®

2 (a) Monovacancy-substituted hAs =—
- e

o

[
(R}

Energy (eV)

1
5

(c) Monovacancy-s;hbstitutcd hAs

p up (total atomsy

(d) As-adsorbed hAs
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“f === p up (adsorbed As)
e poup (AslH+AsS24AS3
p up (Asd+As5+As6

—p down (total atomg) |

24 N

Py |

4 2
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Fig. 6 Spin-polarized band structures and PDOS of the monovacancy-substituted and
As-adsorbed hAs. Black solid and blue dashed lines in band structures denote spin-up
and spin-down channels, respectively. Red dash-dot lines indicate the Fermi level in
band structures and PDOS. To clearly show the delicate contributions from the

substitutional atoms near Fermi level, the ranges of ordinates were all set from -3 to 3
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eV, and the DOS of total atoms lies partially outside the range.

To further understand the above unexpected results in the As-adsorbed hAs, the
bonding characters are analyzed on the basis of the spin density image, as shown in
Fig. 5(b). According to the PDOS in Fig. 6(d), the spin polarization only occurs near
the Fermi level, thus the spin electron density distributions can reflect the
contributions of different atoms to the impurity gap states. It can be seen from Fig. 5(b)
that the spin density is mainly localized at the adsorbed As atom and its
next-nearest-neighboring atoms of As4, As5 and A6, whereas those at the three
nearest-neighbor atoms of Asl, As2 and As3 are too small. This observation is
consistent with the results observed in the PDOS. On the other hand, the distance of
2.69 A and the electron accumulations about 0.09e on the adsorbed As atom indicate
the essential bonding between the adsorbed As atom and the three nearest-neighbor
atoms of Asl, As2, and As3, as listed in Table 1. Because the bonding between the
adsorbed As atom and its nearest-neighbor Asl, As2, and As3 atoms lie on the same
lines with the Asl—As4, As2—-As5, and As3—As6 bonds, these bonding interactions
consequentially weaken the latter three bonds. As a result, the corresponding bond
lengths consequently become larger than the one in the pristine hAs, as indicated by
data in Table 1. Understandably, due to the weakened Asl-As4, As2—As5, and
As3—As6 bonds, the charge distributions in the As4, AsS5, and As6 atoms become
localized toward Fermi level, leading to the metallic behavior of the As-adsorbed
hAs.'®

4. CONCLUSSIONS

In summary, we have theoretically investigated on the electronic and magnetic
properties of x-substituted hAs (x = B, C, N, O, Ga, Ge, Se, and monovacancy) and
x-adsorbed hAs (x = As) have been reported. The B-, N-, and Ga-substituted hAs keep
similar semiconducting characters to pristine hA except for the transition from indirect
to direct band gaps in the former two doped systems due to the influences of the
impurity gap states. In contrast, the O-, Se-, and monovacancy-substituted hAs sheets
exhibits typical metallic behavior, and the C- and Ge-substituted hAs show
spin-polarization semiconducting character with the band gaps of 1.1 and 1.3 eV for
the spin-up channels and 1.0 and 0.7 eV for the spin-down channels, respectively. For
the As-adsorbed hAs, the Fermi level crosses the spin-up states, yielding metallic
character, while the spin-down channel remains semiconducting. For the

spin-polarized systems, the further analysis of electronic structures indicates that the
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hybridization between the doping atoms and the As atoms results in the energy
splitting near the Fermi level and consequently induces magnetic moments. We have
explicitly demonstrated that the conducting characters of hAs can be easily tuned
from spin-nonpolarized semiconductor, to spin-polarized semiconductor, to metal, and
to half-metal by selective impurity doping, suggesting its promising applications in

future electronics, spintronics, and optoelectronics.
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In this study, by using density functional theory, we have theoretically investigated on
the electronic and magnetic properties of x-substituted hAs (x = B, C, N, O, Ga, Ge,
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