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Black Arsenic-phosphorus (AsP) monolayer is a novel two-dimensional nanomaterial with the
characteristics of modest direct bandgap and superhigh carrier mobility. However, little is
known about how the surface adsorption affects the property of AsP monolayer. Motivated
by this, we researched systematically the geometry, adsorption energy, magnetic moment
and electronic structure of 11 different adatoms adsorbed on AsP monolayer using firstprinciples calculations. The adatoms used in this study include light nonmetallic (C, N,
O) adatoms, period-3 metal (Na, Mg, Al) adatoms, and transition-metal (Ti, V, Cr, Mn,
and Fe) adatoms. The adatoms cause an abundant variety of structural, magnetic and
electronic properties. This study shows that AsP binds strongly with all adatoms under
study and the adsorption energies in all systems are much stronger than that on graphene,
SiC, BN, or MoS2 . The semiconductor property of AsP is affected by the introduction of
adsorbed atoms, which can induce mid-gap states or cause n-type doping. Moreover, the
adatom adsorptions cause various spintronic characteristics: N-, Ti-, and Fe-adsorbed AsP
become bipolar semiconductors, while the Mn-decorated AsP becomes a bipolar spin-gapless
semiconductor. Our results suggest that atomic adsorption on AsP monolayers has potential
application in the field of nanoelectronics and spintronics.
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tiple potential applications, including field-effect transistors [16–21], Li- and Na-ion batteries [22–24], spintronics [25], supercapacitors [26], and gas sensors [27–
29]. With further research, a novel phosphorene-like
material, arsenic phosphide (AsP) monolayer is discovered by a new synthetic approach adopting the alloying
strategy [30]. The bandgap of AsP monolayer can be
adjusted by the chemical compositions (Asx P1−x with
x in the range of 0−0.83) [31]. As0.5 P0.5 monolayer has
a modest direct bandgap, and a high carrier mobility
of ∼14380 cm2 ·V−1 ·s−1 [32, 33], which makes it be an
electron donor materials in excitonic solar cells. This
fully shows that AsP monolayer has broad prospects in
the application of photovoltaic devices.
For 2D materials, the defects and impurities which
are introduced in the exfoliation or growth processes,
can observably change the thermal, electronic, and mechanical properties. As a result, intentional introduction of specific defects should be a feasible way to
change the features of the initial material. In a previous report, vacancies are observed in phosphorene
by scanning tunneling microscopy (STM) [34]. The
defect-induced states can also serve as scattering centers, which affect the transport properties of 2D materials. Surface adsorption is another possible approach
of chemical functionalization of nanomaterials. Atomic

I. INTRODUCTION

Since graphene is discovered in 2004 [1], two dimensional (2D) layer materials such as h-BN [2, 3]
and transition metal dichalcogenides [4, 5] have attracted great interest because of their particular structure, novel electronic properties, rich physics, and potential applications. However, there are many different kinds of inherent weakness in these materials. For
instance, the electronic structure of graphene presents
a zero bandgap which limits its application in semiconductor. MoS2 has a relatively low mobility which
impedes its use in electronic devices. This further
stimulates the motivation to pursue more novel twodimensional materials with better performance. In recent years, single-layer phosphorene, a new 2D nanomaterial has been fabricated [6–9]. Phosphorene has
a variety of excellent properties, such as a modest direct bandgap semiconducting nature [10], high carrier
mobilities (300−1000 cm2 ·V−1 ·s−1 ) [11, 12], and characteristic thermoelectric performance [13–15]. These
properties make phosphorene be a material with mul-
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adsorption on 2D materials results in versatile structural, magnetic and electronic properties. For instance, the adsorption of transition-metal (TM) atoms
on graphene remarkably introduces magnetism into the
electronic structure of graphenes [35], while light nonmetallic adatoms can increase the bandgap of graphene
with various p- or n-type doping features [36]. Similar
phenomena have already appeared in germanene and
silicene [37–42].
So far, little is known about how the surface adsorption affects the property of AsP monolayer. Motivated
by this, we researched synthetically the structural, electronic and magnetic properties of 11 kinds of adatom
adsorbed on AsP monolayer. The 11 different adatoms
include light nonmetallic (C, N, O) adatoms, period3 metal (Na, Mg, Al) adatoms, and transition-metal
(Ti−Fe) adatoms. By using first principles calculations,
in this work, we investigated the influence of adatoms on
the geometry, adsorption energy, charge density difference, band structure, magnetic moment, and electronic
density of states (DOS) of single-layer AsP. It is noteworthy that the adsorption of adatoms causes diverse
structural, electronic and magnetic properties. The results of our research should be useful in fundamental
studies of AsP monolayer, and they can also expand its
potential application in many significant fields. For example, adsorption of N and O on single-layer AsP can
reveal its surface reactivity and then reflect whether
AsP can exist stably in the air. The reaction with Na
atom is related with the potential application of AsP in
Na-ion battery.

II. THEORETICAL METHODS

Our studies are performed by using first-principles
method within spin-polarized density functional theory
(DFT), as implemented in the Vienna ab initio simulation package (VASP) code [43, 44]. Generalized gradient approximation (GGA) in combination with PerdewBurke-Ernzerhof (PBE) function is used to describe the
exchange-correlation interaction [45]. Ion cores are described by projector augmented wave (PAW) potentials
[46]. The Grimme’s DFT-D2 approach is used to further describe van der Waals (vdW) interactions [47].
A plane-wave basis set with a maximum plane-wave energy of 550 eV is used for the valence electron wave functions. Gaussian smearing with a width of δ=0.05 eV
is used for the occupation of the electronic levels, the
Brillouin zone is sampled with a 7×7×1 Γ-centered kpoint grid for structure optimization, and a more dense
17×17×1 Γ-centered k-point grid is used for electronic
structure calculations. The optimized structures are obtained by relaxing all atomic positions using the conjugate gradient algorithm until all forces are smaller
than 0.005 eV/Å, when the convergence of electronic
self-consistent energy is less than 1.0×10−5 eV. Periodic boundary condition and vacuum space of ∼20 Å
DOI:10.1063/1674-0068/cjcp1907136

FIG. 1 (a) Illustration of top and side view of AsP monolayer. (b) Electronic band structure of pristine AsP.

FIG. 2 Typical adatom adsorption sites on AsP monolayer:
(a) H, (b) B, (c) TP , and (d) TAs .

along z-directions are set in order to avoid interactions
between two layers.
To simulate the adsorption of isolated atoms, a 2×3
supercell of AsP monolayer is selected. The optimized
geometry of AsP monolayer is illustrated in FIG. 1(a).
The calculated lattice parameters for AsP monolayer
are a=4.60 Å and b=3.51 Å, which are highly consistent
with the previous theoretical results [30, 32, 33].
The calculated band structure of AsP monolayer is
illustrated in FIG. 1(b). Both the valence band maximum (VBM) and conduction band minimum (CBM)
are located at the Γ point with a band gap of 0.86 eV,
showing a direct bandgap in this system.
The adsorption energy (Ead ) of adsorption systems is
defined as
Ead = EA+AsP − EA − EAsP

(1)

where EA+AsP , EA , and EAsP are the total energies of
AsP with adatom, the single adatom, and pristine AsP,
respectively. As illustrated in FIG. 2, there are four
highly symmetric adsorption positions for adatom: the
H site at the center of the AsP hexagon, the B site above
the middle-point of the lower P−As bond, the TP site
on the top of the upper P atom, and the TAs site on the
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FIG. 3 The charge density diﬀerence of single (a) C, (b) N, and (c) O adsorbed on the AsP monolayer; the band structure
of (d) C-, (e) N-, and (f) O-adsorbed AsP; the PDOS of (g) C-, (h) N-, and (i) O-adsorbed AsP.

top of the upper As atom. The negative value of Ead
reveals that the calculated adatom-AsP system is stable
and the absolute value of Ead indicates the strength of
the interaction between AsP and the adatoms.

III. RESULTS AND DISCUSSION
A. Light nonmetallic (C, N, O) adatoms

First, we research the adsorptions of C, N and O
atoms on AsP monolayer. These adatoms produce various adsorption structures on AsP, as shown in FIG. 3.
The C adatom pushes As atom away from its primitive
position and holds the H site with an adsorption energy (Ead ) of −4.92 eV, while N adatom favors the B
site and its adsorption energy (Ead ) is −3.71 eV. The O
adatom prefers the Tp site with the adsorption energy
(Ead ) of −5.75 eV. The C adatom is embedded in the
AsP monolayer plane, however the N and O adatoms
are adsorbed at the top of the plane, and C, N, and O
DOI:10.1063/1674-0068/cjcp1907136

adatoms form bond(s) with three, two, and one atom(s)
of AsP monolayer, respectively.
In order to make sense of the charges redistribution
of the decorated system, the charge density difference
is calculated. When C atom is adsorbed on AsP, these
sp2 -like bonds are almost on the same plane, in which
the charge density accumulates in region of adatom and
P(As). The electronegativity of C atom is nearly equal
to that of P atom, then it destroies the original sp3
bonds of the pristine AsP, and forms new sp2 bonds
with the P(As) atoms. N and O adatoms combined
with two or one P(As) atom(s). The increase of the
charge density around the adatom shows that N and O
adatoms obtain electrons from atoms (P or As) of the
AsP monolayer. Since the electronegativities of N and
O atoms are stronger than that of P(As) atoms, electrons are attracted to these adatoms from the P(As)
atoms. It is worth noting that O atom with s2 p4 configuration obtains the lone pair from P atom, forming
a bond with a bond length of 1.52 Å. The bond length
is much shorter than the sum of the P (1.07 Å) and
c
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O (0.66 Å) covalent radii [48], which indicates a P=O
double bond. Furthermore, the bond length in O−AsP
system is in good agreement with the P=O double bond
length of 1.51 Å in phosphoric acid [49]. Judging from
the number of bonding atoms, the adsorption energies
are supposed to follow the order of C>N>O. However,
because of the formation of P=O double bond, the adsorption energy of O−AsP system increases greatly, the
order of adsorption energy is changed to O>C>N.
FIG. 3 depicts the band structures and the density of
states (DOS) of C, N, and O adsorption on AsP monolayer. The spin polarized band structures appeared in
C and N adsorbed systems. The total magnetic moments of C and N adsorption on AsP are 1.37 µB and
0.99 µB , respectively. We think that the magnetism
is mainly from the distorted P(As) atoms surrounding
the adatom. For the C-adsorbed AsP, the defect state
crosses the Fermi level, resulting in a metallic behavior. For the N adsorbed AsP, mid-gap down-spin state
apears near the Fermi level and the bandgap is reduced
to 0.12 eV. The adsorption of O atom causes several
small peaks in the deep of valence bands between −3
and −2 eV, as illustrated in FIG. 3(i). Therefore, the Oadatom does not lead to any spin-polarized states, even
though it merely widens the bandgap by 0.18 eV. This
suggests that O atom do not change magnetic propertiy
of AsP.

B. Period-3 metal (Na, Mg, Al) adatoms

Next, we considered the adsorption of period-3 metal
atoms (Na, Mg, Al) on the AsP monolayer. The corresponding adsorption energies and geometrical parameters are shown in Table I. Through full geometry optimization, all of these adatoms favor the H site of AsP.
Such a phenomenon is representative for the metal adsorbates, which generally favors high coordination adsorption sites on materials surfaces. The adsorption
energies (Ead ) are 1.57 eV, 0.94 eV, and 2.33 eV for
Na, Mg, and Al adatoms, respectively. The shortest
bond length is 2.89 Å, 2.81 Å, and 2.59 Å for Na, Mg
and Al adatoms, and the Bader charge analysis displays
that 0.80 |e| , 0.83 |e|, and 0.91 |e| is transferred from
Na, Mg, and Al to AsP, respectively. If the adsorption
energy strength is analyzed only from bond length and
charge transfer, the result is inconsistent with the calculation result. In order to further analyze the adsorption energy, we studied the charge density difference for
Na, Mg, and Al adatoms adsorbed on AsP monolayer,
as shown in FIG. 4. For Na and Mg (FIG. 4 (a) and
(b)), the charge is mainly transferred from the adatoms
to P(As) to form ionic bonds. At the same time, it
can be seen that Na adatom has relatively strong interaction with four atoms of AsP monolayer, while Mg
atoms interact strongly with only three atoms. FIG.
4(c) depicts that there is remarkably charge accumulation between the Al and P(As) atoms, which sugDOI:10.1063/1674-0068/cjcp1907136
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TABLE I Calculated structural and magnetic properties for
single atoms adsorbed on (2×3 supercell) AsP at the most
favorable adsorption sites.
Adatom Site Ead /eV µ/µB ∆Q/e
d/Å
C
H
−4.92
1.37
−1.47 1.77 (A−P)
N
B
−3.71
0.99
−1.54 1.60 (A−P)
O
TP
−5.75
NM
−1.32 1.52 (A−P)
Na
H
−1.57
NM
0.80 2.89 (A−P)
Mg
H
−0.94
NM
0.83 2.81 (A−As)
Al
H
−2.33
NM
0.91 2.59 (A−P)
Ti
H
−3.70
2.00
0.97 2.44 (A−P)
V
H
−3.11
4.07
0.79 2.36 (A−P)
Cr
H
−1.95
4.98
0.67 2.42 (A−P)
Mn
H
−2.04
4.99
0.56 2.43 (A−P)
Fe
H
−3.14
2.00
0.36 2.22 (A−P)
Ead : adsorption energies; µ: the net magnetic moments,
where NM refers to non-magnetic system; ∆Q: Bader
charge transferred from adatom to AsP; d: minimum
adatom-AsP (A−P or A−As) distances.

gests the covalent bonding feature of the Al-AsP system. Therefore, the adsorption energy should follow
the order of Al>Na>Mg, which is consistent with the
calculated results. The adsorption energy of Na atoms
adsorption on AsP is greater than that on graphene,
which is also an advantage of AsP over graphene. The
Na-graphene adsorption energy is smaller than the experimental cohesive energy per atom of the bulk Na
metal. The battery performance can be improved by
introducing edges, defects, or nitrogen/boron doping in
graphene [50–52]. On the contrary, Na atom can easily bind to single-layer AsP without any doping/defect
treatment. The adsorption energy of Na-AsP system
is larger than its bulk cohesive energy, indicating that
Na atoms are more likely to form a two-dimensional
layered structure on the AsP than clustering together.
Then single-layer AsP is an extremely promising anode
material for sodium ion batteries.
To illustrate the electronic structure of metal (Na,
Mg, Al) adatoms adsorbed AsP monolayer, the band
structures and the total and projected densities of states
(DOS) are also presented in FIG. 4. All of these adsorptions do not cause any magnetic changes. As a result
of Na and Al adatoms adsorption, the semi-conductive
AsP becomes metallic, while the Mg adsorption maintains the semiconductor property of AsP. The adsorption of Na atom does not substantially change the entire DOS of the AsP, however it just moves the Fermi
level into conduction bands, causing an n-type doping
in AsP. Mg adatom brings mid-gap defect states into
AsP, which cuts down the bandgap to 0.49 eV. The Al
3p orbits induce several small defect peaks between 0
and −1.5 eV in the DOS and cause the conduction band
through the Fermi level.
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FIG. 4 The charge density diﬀerence of single (a) Na, (b) Mg, and (c) Al adsorbed on the AsP monolayer; the band structure
of (d) Na-, (e) Mg-, and (f) Al-adsorbed AsP; the PDOS of (g) Na-, (h) Mg-, and (i) Al-adsorbed AsP.

C. Transition-metal (Ti, Vi, Cr, Mn, and Fe) adatoms

Afterwards, we investigated the adsorptions of 3d
transition-metal atoms (Ti, V, Cr, Mn, and Fe) on
AsP. The 3d transition metals (Ti, Vi, Cr, Mn, and Fe)
cause diverse adsorption energies and electronic properties on AsP. All these adatoms favor the H site, forming
fairly strong covalent bonds with AsP. Their adsorption energies (Ead ) are −3.70, −3.11, −1.95, −2.04, and
−3.14 eV for Ti, V, Cr, Mn, and Fe, respectively, which
are much larger than that of TM adatoms adsorbed
on graphene. The largest adsorption energy of all the
adatoms is Ti atom, which has d2 electronic configuration. The weakest interaction appears in Cr and Mn
adatoms which have half-filled d-shells. Such a unique
trend has also been found in TMs adsorbed carbon nanotubes [53]. To understand the charge redistribution of
TMs adsorbed on AsP, the Bader charge analysis and
charge density difference are made. The Bader charge
DOI:10.1063/1674-0068/cjcp1907136

analysis displays the charge of −0.97, −0.79, −0.67,
−0.56, and −0.36 |e| on Ti, V, Cr, Mn, and Fe adatoms,
respectively. The charge density difference of TMs adsorbed on AsP shows that the charge is accumulated
in the middle region of A−P(As) bonds, as shown in
FIG. 5.
FIG. 6 presents the band structures and the projected densities of states (PDOS) of TMs adsorbed system. The TM atoms tune the electronic structure of
AsP thoroughly. The spin-polarized band structures
appear in Ti, V, Cr, Mn and Fe adatoms adsorbed system. Therefore, all of the transition metals adsorbed on
AsP under study have a magnetic moment. The total
magnetic moments of TMs adsorbed systems are 2.00,
4.07, 4.98, 4.99, and 2.00 µB , respectively, as shown in
Table I. V and Cr adsorbed on AsP present metallic behavior because that impurity bands crossed the Fermi
level. While Ti, Mn and Fe adsorbed systems maintain
the semiconductor property.
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FIG. 5 The charge density diﬀerence of single (a) Ti, (b) V, (c) Cr, (d) Mn, (e) Fe adsorbed on the AsP monolayer.

FIG. 6 The band structure of (a) Ti-, (b) V-, (c) Cr-, (d) Mn-, (e) Fe- adsorbed AsP; the PDOS of (f) Ti-, (g) V-, (h) Cr-,
(i) Mn-, and (j) Fe-adsorbed AsP.
DOI:10.1063/1674-0068/cjcp1907136
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The 3d states of Ti atom are mainly located in the
conduction band, and mid-gap. The mid-gap of Ti
peaks reduce the bandgap of Ti−AsP from 0.86 eV to
0.27 eV and 0.17 eV for spin-up and spin-down states,
respectively. The 3d states of V and Cr are divided into
different groups of spin states as illustrated in FIG. 6
(h) and (i), respectively. The spin-up V states are divided into four peaks and one of them dominates the
region near the Fermi level. The spin-up 3d states of
Cr are also divided into four peaks: two peaks appear
in the valence band, and the other two peaks are in the
mid-gap. For spin-down, the 3d states of V and Cr are
all located in the conduction band. The 3d states of Mn
and Fe are also divided into several peaks which are not
across the Fermi level. The 3d states of Mn also induce
mid-gap states in AsP. It is important that the up-spin
top valence state exactly comes into contact with downspin bottom conduction state at the Fermi level, as illustrated in FIG. 6(j). Thus, the Mn-adsorbed AsP
changes to a bipolar spin-gapless-semiconductor [54].
The up-spin 3d states of Fe are located in the valence
band and reduce bandgap to 0.56 eV. The down-spin
3d states of Fe are located in the conduction band, as
well as in the mid-gap and reduce bandgap to 0.56 eV.
Because of its considerable bandgap, the Fe adsorption
on AsP system may be applicable in the spintronic materials.

IV. CONCLUSION

In this work, a systematic research is present on
the geometry, adsorption energy, electronic and magnetic properties of 11 different adatoms adsorbed on
AsP monolayer. By using spin polarized density functional theory calculations, we find that a wide variety of adsorption geometries are emerge on AsP monolayer. Most adatoms occupy the H site above the AsP
monolayer except for nonmetallic adatoms. Specifically, C adatom is within the AsP monolayer plane.
Electronic structures of AsP are modified by adatoms.
On the AsP monolayer, Na and Al adatoms cause ntype doping without any change of the bandgap. The
O atom has almost no effect on the electronic structure, while the others introduce several mid-gap states,
which obviously reduce the bandgap of AsP. Among
the investigated adatoms, the adsorptions of C, N,
and TMs adatoms can induce relatively large magnetism in AsP monolayer. Particularly, N-, Ti- and Fedecorated AsP become bipolar-semiconductors, while
the Mn-decorated AsP becomes a bipolar spin-gaplesssemiconductor. The adsorption energies of AsP are
much stronger than that of graphene, BN, SiC and
MoS2 . Importantly, AsP can form strong bonds with
most adatoms under study while it still maintains the
integrity of its structure. This research may facilitate
further theoretical and experimental studies on AsP
monolayer in the fields of electricity storage, nanoelecDOI:10.1063/1674-0068/cjcp1907136
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tronics, as well as spintronics.
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Aroonyadet, M. Köpf, T. Nilges, and C. Zhou, ACS
Nano 9, 5618 (2015).
[29] S. Cui, H. Pu, S. A. Wells, Z. Wen, S. Mao, J. Chang,
M. C. Hersam, and J. Chen, Nat. Commun. 6, 8632
(2015).
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