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First-principles computations are performed to investigate phosphorene monolayers doped with 30
metal and nonmetal atoms. The binding energies indicate the stability of all doped configurations.
Interestingly, the magnetic atom Co doping induces the absence of the magnetism while the magnetism
is realized in phosphorene with substitutional doping of nonmagnetic atoms (O, S, Se, Si, Br, and Cl).
The magnetic moment of transition metal (TM)-doped systems is suppressed in the range of 1.0-3.97
up- The electronic properties of the doped systems are modulated differently; O, S, Se, Ni, and Ti doped
systems become spin semiconductors, while V doping makes the system a half metal. These results
demonstrate potential applications of functionalized phosphorene with external atoms, in particular

to spintronics and dilute magnetic semiconductors.
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1 Introduction

Since the discovery of grapehene in 2004, two-dimensional
(2D) materials (such as graphene silicene, BN, and MoS3)
have attracted tremendous attention in exploring usual
condensed-matter physical phenomena [1, 2] and are ex-
pected to play a significant role in nanoscale devices [3].
Development of field-effect transistors (FETs) requires
candidates with both a reasonably high carrier mobil-
ity and a moderate electronic band gap. Massless Dirac
fermions endow graphene with high carrier mobility, but
its semimetallic characteristic makes it impossible in de-
vice applications [4, 5]. Although MoSs possesses a direct
band gap of 1.88 ¢V [6], the charge carrier mobility of
200 cm?-V~1.s71 is not enough for applications and it is
also lack of efficient methods to modulate its n-type con-
ductance and carrier concentration [5, 7], which are two
obstacles for its extensive applications.

Black phosphorus (BP) is the most stable phosphorus
allotrope at room temperature that was first synthesized
from white phosphorus under high pressure and high tem-
perature in 1914, and then its structure was confirmed by
experiments accurately [8]. Research in the 1960s disclosed
that BP combines high carrier mobility with a fundamen-
tal band gap, which becomes a most promising candi-

date material for post-silicon semiconductor applications
[9]. Phosphorene, an atom-thick-layer BP sheet arranged
in a 2D honeycomb lattice, is a new stable allotrope of
phosphorus, similar to graphene and MoSs. Recently, it
has been successfully exfoliated from bulk BP [5, 10, 11],
which consists of stacked puckered 2D honeycomb layers
coupled together via interlayer weak van der Waals in-
teractions [12]. The structural and physical properties of
phosphorene have been extensively studied both experi-
mentally [5, 10] and computationally [13, 14]. Inside the
phosphorene layer, each P atom forms sp® hybridization
with three neighboring P atoms, resulting in a puckered
honeycomb structure [13, 14].

In monolayer BP, translational symmetry in the z direc-
tion is broken, and its band structure has a direct energy
gap about 1.0 eV at the I' point, which is much larger than
that of bulk BP with the value about 0.31-0.36 €V [13, 15].
Phosphorene is a 2D p-type semiconductor complemen-
tary to n-type MoSs. Moreover, phosphorene-based FETs
have been fabricated and demonstrate good device perfor-
mance with an extremely high hole mobility of 300-1000
em?-V~ts™! and an I,, /I ratio of up to 10* at room
temperature [5, 10, 11, 15]. As a result, 2D phosphorene
possesses an intriguing application in future nanodevices.

Spintronic devices and dilute magnetic semiconductors
are widely used in transforming information and design-
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ing qubits for quantum computing, data storage, and cod-
ing or decoding, by taking advantage of different spin po-
larized electronic energy states in materials [22-27]. Half
metals and spin semiconductors are two kinds of typical
materials. Only one spin state in a half metal is conduct-
ing and the other spin state is insulating [23, 24]. Due to
an energy gap between two different spin states in spin
semiconductors, the carriers are fully spin polarized with
either electrons conducting one spin or holes conducting
the other one [23, 24].

It is a common way to create vacancies by high-
energy atom/ion bombardment and fill these vacancies
with desired dopants to realize half metal and spin-
semiconducting properties [28, 29]. Many experiments and
computations have been performed to find half metal
and spin-semiconducting properties in 2D nanostructures,
such as graphene, BN and its nanoribbons [23, 24, 29—
32]. The effects made by the dopants on the monolayer
phosphorene attract our interest.

In this work, we systematically investigated the struc-
tural, energetic, electronic, and magnetic properties of
phosphorene doped by 30 different metal and non metal
atoms from periods two, three, and four. The binding en-
ergies for all doped systems are larger than zero. The spin
polarized semiconducting state is realized in phosphorene
by substitutional doping of O, S, Se, Ni, and Ti, while
a half-metallic state is obtained by V doping. The mag-

netic moments of transition metal (TM) doped phospho-
rene monolayers stem from the valence electrons of the TM
3d orbitals while the magnetic moments of the nonmetal
atoms doping originate from the structural distortion.

2 Computational details

Our doped systems, as shown in Fig. 1(a), were simulated
by using Vienna ab initio simulation package (VASP) code
[33], which uses the plane wave basis and is based on
the spin-polarized density functional theory (DFT). We
adopted projector augmented-wave (PAW) potentials [34]
to deal with the interaction between the ion cores and va-
lence electrons with the kinetic energy cutoff of 400 eV.
The valence electron exchange and correlation potentials
are described by the generalized gradient approximation
with the Perdew—Burke—Ernzerhof (PBE) functional [35].
A 3 x 4 x 1 phosphorene supercell including 47 atoms and
1 doped atom is employed and the impurity concentration
is 2.08%. The vacuum space along the periodic directions
is larger than 15 A to avoid any interaction between the
slabs. The energy convergence criterion for electronic iter-
ation is 107° eV. All the geometries and lattice parameters
are fully optimized by using the conjugate gradient algo-
rithm until the Hellmann—Feynman forces on each atom
are less than 10 meV/A. For a 3 x 4 x 1 doped phos-
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(a) Top and side view of the 3 x 4 puckered hexagonal structure of monolayer phosphorene with one doped atom.

(b) Electronic band structure (left) and DOS (right) for monolayer phosphorene with the inset of the associated Brillouin zone
path. (c) Crystal structure and Brillouin zone path of bulk BP primitive cell. (d) Electronic band structure (left) and DOS

(right) for bulk BP. The Fermi level is set to be zero.
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phorene supercell, the Brillouin zone (BZ) is sampled by
a Monkhorst—Pack [36] k-point mesh of 3 x 3 x 1 for the
structure optimizations, while a 9 x 9 x 1 k-grid is adopted
for static and density of state (DOS) calculations.

3 Results and discussion

3.1 Pristine monolayer phosphorene

Bulk BP is the graphite counterpart of phosphorene
(Fig. 1(a)), where the phosphorene layers are held together
through van der Waals interactions, as seen in Fig. 1(c).
Our computed lattice constants for bulk BP are a = 3.31
A, b =456 A and ¢ = 11.20 A, which are in good agree-
ment with experimental and computational values [37].
Unlike the flat structure of graphene, monolayer phospho-
rene has four P atoms arranged in a puckered honeycomb
lattice with each phosphorus atom forming sp? hybridiza-
tion with three adjacent atoms, as shown in Fig. 1(a).
The optimized lattice parameters for monolayer phospho-
rene are a = 3.30 A and b = 4.63 A, consistent with the
previous computational results [38]. The electronic band
structure and density of states (DOS) for phosphorene and
bulk BP are presented in Figs. 1(b) and (d), respectively.
Bulk BP is a direct semiconductor with a band gap of 0.12
eV. Phosphorene also has a direct band gap of 0.91 eV at
the T" point, which is close to the recently measured band
gap of 1.0-1.5 eV for monolayer phosphorene in experi-
ments [5, 39]. The conduction band minimum (CBM) and
the valence band maximum (VBM) located at the I" point
are mainly contributed by p. orbitals of the P atoms.

A hexagonal supercell consisting of the 3 x 4 x 1 phos-
phorene unit cells with 13.37 x 13.74 A2 lateral dimensions
is constructed for the doped system, as shown in Fig. 1(a).
The distance of the neighboring doped atoms is about 13.0
A and the doping concentration is approximately 2.08%.
Thus the coupling interaction between the doped atoms is
rather weak so that the doped phosphorene systems can
be considered to be an approximation of the interaction
between an isolated atom and the phosphorene. We define
the binding energy of atoms doped in phosphorene as:

Ey(M)=E(M)+E(Vacancy) — E(M-Phosphorene), (1)

where E(M), E(Vacancy), and E(M-Phosphorene) are
the total energies of an isolated atom, the phosphorene
layer with vacancy, and the doped atom-phosphorene sys-
tem, respectively. The larger E} represents the stronger
binding of the atom to the phosphorene sheet.

3.2 Structural properties and binding energies

First, we computed the structural, energetic, electronic,
magnetic properties for the monolayer phosphorene su-
percell doped with the single dopants. To check the stabil-
ity of different dopants, we compare the binding energies,
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Fig. 2 Binding energies of phosphorene doped with 30 atoms
from the periods two, three, and four. The doped systems are
classified into four classes: non-magnetic semiconductors, non-
magnetic metals, magnetic metals and magnetic semiconduc-
tors, which are distinguished with different colors.

as summarized in Fig. 2. The values of F} for different
dopants vary strongly from 0.25 to 6.65 eV. The binding
energy decreases with the period for the IITA, VA, VA,
VIA, and VIIA groups. The values of E} for 30 doped
systems are larger than zero, which indicate that the sub-
stitutional doping of 30 atoms from the periods two, three,
and four is energetically favorable.

According to our computed magnetic and electronic
properties, we classify all the doped systems into four
classes: non-magnetic semiconductors, non-magnetic met-
als, magnetic metals, and magnetic semiconductors, as
shown in Fig. 2. The substitutional dopants from the
VIA group induce the non-magnetic phosphorene to be
a magnetic semiconductor, while the non-magnetic metal
can be realized by the dopants from the ITA group. The
phosphorene doped with the non-metal atoms of the TA,
ITA, and VIA groups keeps a non-magnetic semiconduc-
tor. The situation becomes more complicated under the
TM atoms doping. The origin and absence of magnetism
for the doped systems will be discussed later.

Among the 30 doped phosphorene monolayers, we find
the appearance of the magnetism for the O, S, Se, CI,
Br, Si, Ti, V, Fe, Ni, and Mn doping and the absence
of the magnetism in other cases. The magnetic structures
of nonmagnetic and magnetic atom doped phosphorene
monolayers are investigated in detail. Table 1 lists the
results of bond distances, binding energy, magnetic mo-
ment, and band gap of the single atom-doped phospho-
rene monolayers. We measure the interlayer and intralayer
bond distances between the doping atom and the near-
est phosphorus atoms which are denoted as dj;-p; and
dy-p2 = dpg-p3, respectively. Compared with the inter-
layer and intralayer P-P bond lengths of 2.27 A and 2.22
A in the pristine phosphorene, djy;-p1 changes more obvi-
ous than dps-ps2 = dy-p3. The difference between dys-p1
or dps-ps = dp-p3 and the pristine bond length induced
by the non-metal dopant atoms is larger than that in-
duced by the TM atoms. In addition, the binding energy
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Table 1 Structural, magnetic and electronic properties for O, S, Se, Cl, Br, Si, Ti, V, Fe, Ni, Cr and Mn doped in the
3 x 4 phosphorene supercell. da-p1 and dar-p2 = dup-p3 are the distance between the dopant atom and the nearest neighboring
phosphorus atom, respectively. Ad; and Ads are the difference between the das-p1 or da-p2 = da-ps and the pristine P-P
bonds, respectively. E and Ejpg represent the binding energy of the corresponding dopant atom doped in phosphorene and
graphene [40], respectively. p;so is the magnetic moment of the isolated atom in the unit of Bohr magneton (up) and por is
the total magnetic moment. Fgqp is the energy gap of the system. For energy gap (Egaqp), metallic and half-metallic structures

are denoted as “m” and “hm”, respectively.

Doped-atom  dp-p1 (A)  Ady (A)  dar-pa = dar-ps (A)  Ada (A)  Ep (eV) E;g) (eV)  piso (uB) ot (BB) Egap (eV)

O 3.15 0.88 1.71 —0.51 2.60 2.06 2.82 1.00 0.36
S 2.92 0.65 2.16 —0.06 2.85 - 2.85 1.00 0.16
Se 3.06 0.79 2.32 0.1 2.46 - 1.50 1.00 0.16
Cl 3.71 1.44 2.35 0.13 1.40 - 1.86 0.45 m
Br 3.80 1.53 2.48 0.26 1.22 - 2.40 0.28 m
Si 2.29 0.02 2.28 0.06 4.63 2.66 2.13 0.12 m
Ti 2.37 0.1 2.50 0.28 4.85 3.41 4.00 1.00 0.40
A% 2.31 0.04 2.42 0.2 5.31 2.39 5.00 2.00 hm
Fe 2.18 —0.09 2.21 —0.01 4.28 2.70 3.00 1.00 0.16
Ni 2.17 —0.1 2.17 —0.05 4.44 4.09 2.00 1.00 0.16
Cr 2.25 —0.02 2.32 0.1 4.10 1.66 6.00 1.00 hm
Mn 2.31 0.04 2.38 0.16 2.92 1.78 5.00 3.97 0.12

DData from Ref. [40].

for the doping TM atoms is also larger than that of the
non-metal doping atoms except for Si. We can conclude
that the substitutional doping of TM atoms is more sta-
ble and induces smaller local structural distortion in the
surface of the monolayer phosphorene than the nonmetal
dopants.

3.3 Magnetic properties

Due to the sp® covalent bond between the neighboring P
atoms, the pristine phosphorene is nonmagnetic. However,
when doped with some non-magnetic nonmetal and mag-
netic TM atoms, monolayer phosphorene becomes mag-
netic, while some magnetic TM atoms doped systems have
no magnetic state. For example, Sc-, Cu-, and Co-doped
systems have no magnetic moment. Especially, the Co
bulk structure is ferromagnetic and the isolated Co atom
owns 3-up magnetic moment, but the Co atom doped
in the monolayer phosphorene causes the disappearance
of magnetism. The configuration of Co valence shell is
3d"4s%. When the Co atom is embedded in the monolayer
phosphorene, it is covalently bonded with the 3 neighbor-
ing P atoms by sharing its three valence electrons. Conse-
quently, five valence electrons of each P atom are all paired
and the remaining 6 electrons in the outmost valence shells
of Co atom also form three electron pairs. Hence the phos-
phorene monolayer and Co atom are both nonmagnetic.
Similarly, the pair and unpair of valence electrons can
be used to explain the magnetism in the other cases of
TM doping. Because of the tiny structural distortion, the
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magnetic moments of TM-doped phosphorene monolay-
ers stem from the valence electrons of the TM 3d orbitals.
Compared with the magnetic moments of the isolated TM
atom, the magnetic moment of the TM-doped systems are
suppressed in the range of 1.0-3.97 up. For Ti, V, Fe, Ni,
Cr, and Mn doped phosphorene monolayers, the systems
are magnetic with the magnetic moment of 1.0 ug, 2.0
up, 1.0 up, 1.0 pp, 1.0 up, and 3.97 up.

3.4 Magnetization density

To investigate charge transfer and distribution between
the substitutional doped atom and phosphorene mono-
layer, spin-polarized difference charge density of the mag-
netic structure is plotted in Fig. 3. The substitutional
doped atoms are labeled with different colors. The local
structures display that the upper and lower phosphorus
atoms are displaced from their original positions after the
nonmetal atom doping except for Si. Consequently, a no-
ticeable local distortion around the dopants in phospho-
rene layer is observed and the local buckling feature of
the phosphorene monolayer is destroyed, and this results
in the change of bond length and electronic property.
The red color represents spin up density, while the green
color represents spin down density. Spin density suggests
that the magnetism originates mostly from the spin-up
charge density of the TM atom and a little significant
spin-down charge density is induced in the neighboring
phosphorus atoms. In Cr, Fe, V, and Mn, the interaction
between the TM atom and phosphorene seems a mixture

Jing-Hua Feng, et al., Front. Phys. 14(4), 43604 (2019)
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Fig. 3 Top and side view of the magnetization density
for the nonmagnetic and magnetic atom doped phosphorene
monolayers. The red color and green color have iso-values of
0.025 e/A3.
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of covalent and ionic interaction. The spin polarization in
each substitutional doped atom originates from different d
orbitals. Especially for the nonmetal Si-doped system, the
magnetic moment is entirely contributed from the spin-
up charge density of Si atom. The O, S, and Se substitu-
tional doping induces the spin polarization of the neigh-
boring P atoms, and hence most spin-up charge density
distributed around the neighboring P atoms is contributed
to the magnetic moment. Different from the above cases,
the magnetism of Cl- and Br-doped systems comes from
both spin-down charge density located around the upper P
atoms and spin-up charge density located around the lower
P atoms instead of the dopants. This is mainly because of
the strong structural distortion due to the substitutional
doped atom.

3.5 Electronic properties

The substitutional doped phosphorene monolayers exhibit
rich electronic properties. Figures 4(a)—(f) display the
computed projected band structure and DOS of the single-
atom O, S, Se, Ni, Ti, and V doped systems. Red lines im-
ply the majority spin bands while black lines indicate the
minority spin bands and the contribution of VBM and
CBM from the different orbitals are distinguished with
different colors. For the cases of O, S, and Se doping, the
doped phosphorene monolayers become a spin semicon-
ductor. The VBM and CBM are derived from the spin-up
and spin-down states, respectively, while they are all con-
tributed by the p, orbital of the non-metal atom. The
substitution of the three atoms gives rise to a magnetic
moment of 1.0 up.

The TM Ni-doped phosphorene turns the system into
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a narrow-band gap spin-semiconductor, and the spin-up
and spin-down states form a 0.16 eV band gap. The system
has a magnetic moment of 1.0 pp. The states at the Fermi
surface mainly come from the d,, state and the d? state
of the TM Ni. For Ti-doped phosphorene monolayer, the
system is also a spin-semiconductor with a narrow band
gap of 0.40 eV and a total magnetic moment of 1.0 up.
But the state around the Fermi surface comes from the
dyz, dy-, and d? orbitals. The up and down spin splitting
of the d? orbital of Ti atom forms its CBM and VBM.
The V-doped phosphorene has a half-metal feature and
the total magnetic moment is 2.0 pup. The spin-up and
spin-down orbitals overlap at the Fermi surface and they
are contributed by the d. and d, ., orbitals of V atom, re-
spectively. We also calculated the band structure of the V-
doped phosphorene based on the HSEO06, as plotted with
the dashed lines in the Fig. 4(f). It is also supported that
the V-doped system is half-metallic.

3.6 Discussion

Several experimental methods, such as pulsed laser deposi-
tion, intercalation, chemical modification, low-energy ion
implantation and defect-assisted doping by electron beam
irradiation, have proved possible to introduce dopants into
nanosheet materials [41, 42]. For instance, it has been re-
ported experimentally that pulsed laser deposition can be
used to dope graphene with single TM atoms, such as Pt,
Co, and In [28]. As listed in the Table 1, our computed
binding energy for the O, Si, Ti, V, Fe, Ni, Cr, and Mn
doping in the monolayer phosphorene is larger than that
of the corresponding dopant in graphene, which indicates
that the experimental realization of the substitution of the
impurities in monolayer phosphorene is possible and sta-
ble. We expect that similar experimental method can be
applied to monolayer phosphorene to realize single atom
doping. Thus, potential applications in spintronic devices
and dilute magnetic semiconductors, and the possibility
of half metallicity induced by the substitutional doping in
the phosphorene sheets will be explored and realized.

4 Conclusion

In conclusion, we have explored structural, magnetic, and
electronic properties of 30 metal- and nonmetal-doped
phosphorene monolayers by using density functional the-
ory computations. The magnetic moment of the TM-
doped system is suppressed from its bulk value, which
can be explained with the pair and unpair of the 3d va-
lence electrons of TM. The nonmetal O, S, Se, Si, Br
and Cl doping induces strong lattice distortion, which
modulates the magnetism and electronic property of the
doped systems. Our computations demonstrated that 2D
diluted magnetic semiconducting and spin semiconducting
systems can be realized by the dopants in the monolayer

Jing-Hua Feng, et al., Front. Phys. 14(4), 43604 (2019)
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Fig. 4 Spin polarized projected electronic band structure (left) and DOS (right) for the doped monolayer phosphorene. (a)
O-doped system. (b) S-doped system. (c) Se-doped system. (d) Ni-doped system. (e) Ti-doped system. (f) V-doped system.
The Fermi energy is shifted to zero energy as indicated by the horizontal dashed black line.

phosphorene; particularly it is promising for doping mono-
layer phosphorene by O, S, Se, Ti, V, and Ni. The value
of E} for these doping is larger than that of the corre-
sponding dopants in the graphene, which indicates that
the doped systems can be realized in experiments.
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