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ABSTRACT: We report a density functional theory (DFT) study regarding the effects of atomic
defects, such as vacancies and adatom adsorption, on the electronic and magnetic properties of
phosphorene (a two-dimensional monolayer of black phosphorus). A monovacancy in the
phosphorene creates an in-gap state in the band gap of pristine phosphorene and induces a
magnetic moment, even though pristine phosphorene is nonmagnetic. In contrast, both planar and
staggered divacancies do not change the magnetic properties of phosphorene, although a staggered
divacancy creates states in the gap. Our DFT calculations also show that adsorption of nonmetallic
elements (C, N, and O) and transition metal elements (Fe, Co, and Ni) can change the magnetic
properties of phosphorene with or without vacancies. For example, the nonmagnetic pristine
phosphorene becomes magnetic after the adsorption of N, Fe, or Co adatoms, and the magnetic
phosphorene with a monovacancy becomes nonmagnetic after the adsorption of C, N, or Co
atoms. We also demonstrate that for O- or Fe-adsorbed monovacancy structure the electronic and
magnetic properties are tunable via the control of charge on the phosphorene system. These
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results provide insight for achieving metal-free magnetism and a tunable band gap for various electronic and spintronic devices

based on phosphorene.

B INTRODUCTION

In the search for novel two-dimensional (2D) materials,
phosphorene has been synthesized by mechanical exfoliation
and nanodevices, such as p—n junction and field effect
transistors, have been successfully fabricated.'”> Theoretical
efforts have also been made to investigate single- and few-
layered phosphorene sheets"®™'" and nanoribbons.">™"* A
heterojunction of MoS, and phosphorene can lead to an
efficient solar cell with power conversion efficiency ~18%."
Strained phosphorene can be an efficient photocatalyst for
visible light water splitting."® Also, several studies reported that
black phosphorus can be a potential candidate for an anode
material of Li-/Na-ion is also quite impressive.'*>°

Other 2D materials, such as graphene, 4-BN, and MoS,, have
been widely studied in various contexts. Graphene is the only
material that is made up of a single element and remains flat,
while h-BN contains two different elements and also remains
flat. Although MoS, forms a monolayer, the geometrical
arrangements of Mo and S do not lie in the same layer. In this
regard, phosphorene is a new platform that consists of a single
element and does not remain flat. Instead, the phosphorus
atoms are evenly distributed between two half layers, forming a
corrugated monolayer, which leads to different properties
compared with graphene, h-BN, MoS,, etc.

The electronic band gap of phosphorene has been
investigated using several density functional theory (DFT)
calculations. According to those calculations, phosphorene is a
semiconductor with electronic band gaps in the range of 0.90
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eV (PBE level) to 1.53 eV (hybrid functional level)."® Its band
gap decreases, going from a monolayer to a few layers with
power law"”® ~ N* where N is the number of layers and 0 < &
< 2. In addition, a GW calculation predicts the quasiparticle
band gap of 2.0 eV for phosphorene.” Electron transport
measurements show that the field-effect mobility range is 205—
1000 cm?/(V s),"** and the on/off ratio ranges from 10* to
10%."7> We infer that the wide variation in the above values
might be due to differences in the layer thickness, which ranges
from 3 layers to 60 layers, and different external conditions
(e.g., temperature, pressure, and contact material). Moreover,
according to the Hall measurement,’ phosphorene has an
anisotropic transport nature, and the electron mobility differs in
the two in-plane orthogonal directions. Liu et al." attributed the
anisotropic current flow to the ridged structure of phosphorene.
Fei et al” showed that the anisotropy is due to the different
effective masses in the two directions, which can be tailored by
the application of strain. Peng et al.'> reported that with
compressive or tensile strain on phosphorene along an armchair
or zigzag direction the band gap can undergo a direct—indirect
transition.

As with other as-synthesized materials, phosphorene contains
defects such as vacancies, and these defects can affect the
properties of the material significantly. Zhang et al.*' directly
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observed vacancies on few-layered phosphorene with scanning
tunneling microscopy (STM). The defect-induced states can
also act as scattering centers*>*> and can affect the transport
properties of phosphorene. In an atomic force microscopy
(AFM) study performed under ambient conditions, few-layered
phosphorene was found to be seriously degraded after 1 h of
exfoliation.””* To prevent such degradation, a low oxygen and
low humidity environment is suggested.>*> Although black
phosphorus is itself very stable,”® phosphorene shows a variety
of activity within such an environment, an area of research that
is open to be explored. Therefore, an electronic structure study
of defective phosphorene is desirable for understanding the
fundamental properties of phosphorene and promoting its
successful application in electronic devices.

In the present work, we use first-principles calculations
systematically to investigate the effects of vacancies and
adsorption of various nonmetallic and transition metal (TM)
elements on the electronic and magnetic properties of pristine
and defective phosphorene. We find that the vacancies and
adatoms can change the electronic and magnetic properties of
phosphorene significantly. Indeed, we find that a magnetic
moment of adatom-adsorbed phosphorene can be tuned by
controlling the Fermi level, which can be achieved by applying
an electric field vertically or by choosing the appropriate
substrate.

B COMPUTATIONAL DETAILS

To investigate the electronic structure and magnetic properties
of phosphorene, we performed ab initio density functional
theory (DFT) calculations implemented in the Vienna ab initio
simulation package (VASP)*”*® within the generalized gradient
approximation proposed by Perdew, Burke, and Ernzerhof
(PBE).” The electronic wave functions were expanded in a
plane-wave basis set using a kinetic energy cutoff of 500 eV.
The effects of the core electrons and nuclei were replaced by
projector augmented wave (PAW) potentials.** To include the
effect of van der Waals interactions, we adopt Grimme’s DFT-
D2 approach® implemented in the VASP software. Addition-
ally, to examine the stability of the phosphorene with a vacancy,
we performed a Born—Oppenheimer ab initio molecular
dynamics (ABMD) simulation at 300 K, where the temperature
was adjusted via a Nosé thermostat®>~>* with an MD time step
of 1 fs. The ABMD was carried out with the VASP software.
Phosphorene was represented by a repeated-layer geometry.
We examine the convergence of calculated values as well as a
finite size effect using 4 X 3 (48 P atoms), 6 X 4 (96 P atoms),
and 8 X 6 supercells (192 P atoms) and considered one defect
in the supercell, which corresponds to defect concentrations of
2.0%, 1.0%, and 0.5%, respectively. Three supercells are
presented in the Supporting Information (Figure S1).
Adsorption energies are converged with less than 0.1 eV of
error at a middle-sized 6 X 4 supercell as well as magnetic
moments. Thus, defects and adatoms at the 6 X 4 supercell are
well separated and can be considered isolated defects. To avoid
any interaction between successive layers, the layers were
separated by an 18 A vacuum. For structure optimization,
reciprocal space sampling was performed with a 3 X 3 X 1
Monkhorst—Pack®® k-point mesh for a 4 X 3 X 1 supercell and
was equally dense for other sized supercells. We considered the
structure to be converged when all of the force components
were smaller than 0.01 eV/A. Our PBE calculation for pristine
phosphorene yields lattice parameters along the armchair (x)
and zigzag (y) directions of a = 3.31 A and b = 4.57 A,
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respectively, which are similar to the previous theoretical
studies.”®' In addition, our PBE calculation including van der
Waals interactions for black phosphorus (BP) shows lattice
parameters of a = 3.32 A, b = 4.44 A, and ¢ = 10.49 A, which are
close to the experimental observations.*>%*”

According to our band structure calculation for pristine
phosphorene (Figure le), both the valence band maximum
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Figure 1. Optimized structures of (a) pristine, (b) MV—, (c) DV,—,
and (d) DVg—phosphorene. (e) Electronic band structures and DOS
of pristine phosphorene and (f) DOS of MV, DV, and DV from left
to right. P atoms in the upper and lower half layer are represented by
black and gray balls for clarity. Spin density plot for MV—phosphorene
is shown in (b).

(VBM) and conduction band minimum (CBM) are located at
the I' point of the reciprocal space and are separated by a gap of
0.88 eV, revealing a direct semiconducting band gap in the
system. The VBM is due to the 3p, states, and CBM is the
mixture of the 3p,, 3p,, and 3s states. The electronic bands are
more dispersive along the I" to Y (armchair) direction than the
I" to X (zigzag) direction. This directionally dispersive nature
leads to anisotropic electrical conductance, which has been
observed experimentally.' ™

To confirm the reliability of our PBE calculations, we also
considered the Heyd—Scuseria—Ernzerhof (HSE06)*® hybrid
exchange correlation (XC)-functional. The HSE06 calculation
for pristine phosphorene leads to lattice parameters of a = 3.29
A and b = 4.54 A, which are similar to the PBE calculation (a =
331 A and b = 4.57 A). Our HSE06 calculation provides a
direct band gap of 0.30 eV for the black phosphorus, which is in
excellent agreement with the previous HSE06 result® and the
experimental value of ~0.30 eV.***' For pristine phosphorene,
our HSEO6 calculation shows a band gap of 1.5 eV, which is
similar to previous studies."”” We find that electronic
dispersions within both HSE06 and PBE are similar, although
the PBE functional leads to a lower band gap (0.88 eV) than
that of the HSE06 functional. As already mentioned, because
the PBE and HSEO6 calculations for pristine phosphorene
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Table 1. Adsorption Energy (E,4,), Formation Energy (AE), and Magnetic Moment of Adatom-Absorbed Pristine/MV/DV—

Phosphorene”
Eq (eV) AE (eV) mag moment (i)
adatom pristine MV DV pristine MV DV pristine MV DV
C —4.82 —7.92 -5.29 3.14 0.04 2.67 0.0 (0.0) 1.0 (1.0) 0.0
N -3.30 —6.28 —4.96 1.89 —1.09 0.23 1.0 (1.0) 0.0 1.0
O —-5.32 —5.83 —5.80 -1.92 —2.44 —2.42 0.0 (0.0) 1.0 (1.0) 0.0
Fe -3.82 —5.76 —5.38 1.47 —0.45 —0.07 2.0 1.0 2.0
Co —4.45 —6.48 —-5.34 0.92 —0.88 0.26 1.0 0.0 1.0
Ni —4.51 —5.86 -5.30 0.36 —0.99 —-0.43 0.0 1.0 0.0

“Magnetic moment from the calculations with the HSE06 XC-functional are given in parentheses. All values were calculated with an 8 X 6 supercell
but with a 4 X 3 supercell for HSE06 calculations. E g, = Ejp,x — (B, + EX*™), AE = Eppix — (Eph + Ey), where each term is the energy of adatom-
adsorbed phosphorene (Eph +x), pristine or defective phosphorene Eph), and element X in atomic (Ex"™) and bulk or gas molecule (Ey) states.

predict similar atomic structures and lattice parameters, the
HSEQ6 calculations based on geometries optimized with the
HSE06 (self-consistent HSE06; sc-HSE) and PBE methods (1-
shot HSE) provide similar total energies (only ~5 meV/atom)
and electronic structure (e.g.,, band gap difference of only 0.02
eV). We also confirmed that both of the sc-HSE06 and PBE
provide similar internal structure and magnetic moment of the
phosphorene with monovacancy (Figure S8). Because of high
computational demand of sc-HSE calculations, we did not
perform the sc-HSE calculation for all the phosphorene systems
considered in this study. Therefore, 1-shot HSE (henceforth
HSE) calculations are done to verify the electronic and
magnetic properties of pristine and defective phosphorene
(with/without nonmetallic adatom), and we found that these
are qualitatively same at both the PBE and HSE levels.

For transition metal elements, the electron correlation effect
is very important due to the localized d-orbital. Thus, we
additionally considered the DFT+U method for the TM-
adsorbed phosphorene systems, where the Hubbard parameter
U is added at the GGA level. We used the rotationally invariant
DFT+U formalism proposed by Dudarev et al,** where U, =
U — ] was used instead of individual U and ] values. One can
calculate U and ] by treating these as em3pirical parameters and
fitting them to experimental values.*’** However, as no
experimental value of U or exchange parameter | is available
for TM adatom-adsorbed phosphorene, we considered different
values of U, ranging from weak to intermediate coupling
regime (U = 2, 4, and 6 eV) to understand the effect of U.
The properties of TM-adsorbed phosphorene may be quite
sensitive to the value of U,g** therefore, our results should be
taken as a qualitative indication rather than a quantitative
indication of the correlation effect. Consideration of the HSE
method can provide accurate results for the TM-adsorbed
phosphorene systems. However, the PBE+U calculation is less
time-consuming than the HSE calculation, and PBE+U
calculation can also provide better band gaps and magnetic
moments for the systems including transition metals than the
PBE calculation;**™° therefore, we have considered PBE+U
methods for the TM—phosphorene systems.

B RESULTS AND DISCUSSION

Mono- and Divacancy Defects. We created vacancy
defects by removing P atoms from the upper and/or lower half
layers in pristine phosphorene (Figure la). In particular, we
considered monovacancy (MV) (Figure 1b) and two different
types of divacancies: planar divacancy (DVp) (Figure 1c) and
staggered divacancy (DVg) (Figure 1d). In a DVy, two
neighboring P atoms (i.e, a P dimer) are removed from the

6532

same half layer, while in a DVj, two neighboring P atoms are
removed from adjacent upper and lower half layers (Figure 1a).
The vacancy formation energy (AE,,.) is defined as

AEvac = (Eph+v + nEP) - Eph

where E,,,, and E;, are the total energies of phosphorene with
and without vacancies, respectively. E;, is the per-atom energy
of bulk black phosphorus, and n denotes the number of missing
atoms with a vacancy in the phosphorene.

The AE,  depends critically on the strengths of bond
breaking and formation during the vacancy creation. Our
calculations show that AE,,. for an MV is 1.71 eV. Formation
of the MV defect in the phosphorene initially creates three
dangling bonds around the MV, but Jahn—Teller distortion
saturates two of the three, which are at different half-layers, by
bond formation between two (Figure 1b). The system then
leads to a magnetic moment of 1.0 yp at the remaining dangling
bond (Figure 1b and Table 1).

Moreover, the MV leads to an in-gap down-spin state
approximately 0.3 eV above the VBM. The main contribution
to the in-gap state comes from the 3p, and 3p, states of the P
atom with a dangling bond. The existence and position of the
in-gap state are quite robust under the change in concentration
of the MV defect; the energy positions of in-gap states in three
different supercells are the same. Additionally, there is no
qualitative difference between our results for MV at both PBE
and HSE levels, except that the band gap has increased and the
in-gap states are close to the center of the band gap of MV—
phosphorene at the HSE level (Figure S2) or the energy
distance from CBM to the in-gap state is almost the same, while
only that from VBM to the in-gap state is changed. The spin
density of the phosphorene sheet with an MV is mainly
concentrated at the P atoms with broken bonds (Figure 1b).
We have found from our ABMD test that the MV structure
does not change and does not move to the other half-layer or
jump to the other site, which proves the structural stability of
our MV structure (Figure S3).

For the DVp—phosphorene, the AE, . is 1.57 eV. After
structural relaxation, P atoms around DV, form four hexagons,
two pentagons, and one octagon—a structure that is similar to
the 5—8—5 defect in graphene. The rearrangement of atoms
and saturation of all dangling bonds lowers the AE,,. and,
surprisingly, leading to AE,,. for the DVp—phosphorene that is
~0.14 eV lower than that of the MV—phosphorene. This result
indicates that knocking out a phosphorus dimer (DVp)
compared with a single P atom from pristine phosphorene is
energetically easier. We cross checked formation energies and
defective geometry using LDA,** but the optimized structure of
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MV is qualitatively different from HSE-relaxed geometry, while
PBE-relaxed MV structure agrees very well (Figure S8) with the
HSE-relaxed geometry. Thus, we use PBE-relaxed structures
throughout this paper. The DV creates dangling bonds at four
P atoms, two in each half layer. After relaxations, P atoms (in
each layer) with dangling bonds come slightly close to each
other (shown by the dotted line in Figure 1d) and form weak
bonds, which lead to 3.14 €V of high AE,,. The methodology
used to describe the dangling bond is explained in detail in the
Supporting Information (Figure S9). Our DFT calculations
indicate that both DVp— and DVg—phosphorene are non-
magnetic; however, there are in-gap states close to the VBM in
the DVs—phosphorene, whereas the DVp,—phosphorene has no
in-gap state (Figure 1f).

Adatom on Pristine Phosphorene. In addition to
vacancies, we also investigated the effects of adsorbed adatoms
on the electronic structure of phosphorene. We considered an
omnipresent nonmagnetic adatom X (X = C, N, O) and a
magnetic adatom (X = Fe, Co, Ni) on phosphorene. We
considered various adsorption sites, atom top, in-plane bridge
and hollow (shown as 3, 4 in Figure 1c), on phosphorene
(Figure la). The optimized structures for each adatom are
shown in Figure S4. The C adatom displaces a P atom away
from its original site and occupies the hollow site. N and O
adatoms also prefer the hollow site. However, the C adatom is
within the phosphorene plane, while the N and O adatoms are
out of the plane in which C, N, and O adatoms are bonded with
three, two, and one P atom(s), respectively. Additionally, the
TM adatoms stay over the hollow site. Table S1 shows the
shortest and longest distances between the TM adatom and the
surrounding P atoms.

Figure 2a shows the total and projected DOSs of C-, N-, and
O-adsorbed phosphorene. For C-adsorbed phosphorene, in-gap
states appear in both up- and down-spin states approximately
0.5 eV above the highest occupied state, which is a mixture of
the 2p, of the C adatom and 3p, of the P atoms around the C-
adatom. For N-adsorbed phosphorene, a very narrow in-gap
up-spin state appears approximately 0.4 eV above the highest
occupied state, which is the 3s, 3p,, and 3p, states of the P atom
bonded to the adatom, and the down-spin state is directly on
the VBM. Interestingly, for the N-adsorbed phosphorene, the
in-gap state and the state at the up-spin VBM are very narrow,
indicating a strong confinement of the state. The O-adatom
does not induce any in-gap states or spin-polarized states,
although it increases the band gap by 0.12 eV. This clearly
shows that O-adsorbed phosphorene hardly changes the
magnetic properties of phosphorene. The HSE calculation
also predicts the presence of the in-gap states for C-/N-
adsorbed pristine phosphorene (Figure 2b), although their
positions within the forbidden gap of pristine phosphorene are
different from those obtained from the PBE calculations.

We find that the TM adatoms stay over the hollow region,
making three nonequivalent bonds with three P atoms (Table
S1 and Figure S4d). P atoms around the TM adatoms approach
each other, distorting the sheet mainly in the planar direction.
For Fe- or Co-adsorbed phosphorene (Figure 2a), the up/
down-spin states primarily coming from the 3d orbitals of the
TM become the highest occupied states and are well localized,
similar to the case of N-adsorbed phosphorene. In particular,
Co 3d states appear as in-gap states in down-spin states for Co-
adsorbed phosphorene. However, for Ni-adsorbed phosphor-
ene, the Ni 3d states contribute to both the VBM and CBM,
showing that no in-gap state or dispersionless state appears.
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Figure 2. Adatom adsorption on pristine phosphorene. (a) DOS, (b)
band structures, and (c, d) geometric structures and spin density. (b)
Band structures from PBE (left) and HSE (right) calculations were
compared. In (a), red and blue lines indicate spin-up and -down of
total DOS, while green and magenta lines indicate PDOS of C/N/O
2p and TM 3d, respectively. (b) Spin-up and -down bands for C and
O are the same, while they are different for N. The highest occupied
state was set to zero.

After Fe, Co, and Ni adsorption, the band gap decreases by
approximately 0.2, 0.6, and 0.1 eV, respectively.

Adatoms at Defected Phosphorene with the MV or
DV. For 2D systems such as graphene>* or h-BN,> vacancy
defects provide an effective way to enhance the stability of
adsorbed adatoms. Because of structural distortions and
unsaturated bonds, a vacancy can increase the chemical
activities of the 2D systems toward adatom adsorption. DVs—
phosphorene was not considered in this study because it is less
favorable than the DV,—phosphorene (“P” is omitted hence-
forth). The adsorption energy (E,q) and formation energy
(AE) values for adatoms adsorbed on the MV— and DV—
phosphorene are presented in Table 1. Indeed, the more
negative E,4 and AE values of adatoms from the adatom-
adsorbed MV—phosphorene system indicate increased stability
compared to pristine phosphorene. We find that all of the
adatoms form stable chemical bonds with unsaturated P atoms,
and such a structure can be considered as a “substitutional
impurity” or “substitutional doping”, as shown in Figure S4e. The
bond distances between the P and TM atoms are slightly
shorter (approximately $S%) than the sum of their covalent
radii, indicating that the adatoms are slightly displaced toward
the inner side of the half layer, which leads to the negative
values of elevation above the phosphorene.
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The DOS of adatom-adsorbed MV—phosphorene is shown
in Figure 3a. The 2p, state of the C adatom interacts with the
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Figure 3. Adatom adsorption on MV—phosphorene. (a) DOS and
(b—d) spin density. Red and blue lines in DOS plots indicate spin-up
and -down of total DOS, while green and magenta lines indicate
PDOS of the 2p of C/N/O and 3d of TM adatoms, respectively. The
highest occupied state was set to zero.

3p, and 3p, states of the P atom (with a dangling bond), and
defect states with a long tail in the armchair direction are
induced. Because of this long tail, defect states for different C
atoms can interact with each other even in low concentrations,
which is evidenced by the observation that the magnetic
moment from a C adatom disappears at a 4 X 3 supercell (2%
concentration), while it is preserved for all other adatoms and
defects at the same size of supercells. Because the N atom has
the same outer shell structure as the P atom for N-adsorbed
MV—phosphorene, the electronic structure is very similar to
pristine phosphorene. O-adsorbed MV—phosphorene has in-
gap down-spin states located 0.35 eV above the highest
occupied defect state, which is a mixture of the 3p,, 3p,, and 3s
states of the P atom (in the other half layer) bonded to the O
atom. This characteristic is similar to the case of the N-
adsorbed pristine phosphorene with interchanged up-spin and
down-spin states.

As the concentration changes from 0.5% to 2%, adsorption
energies decrease very slightly within a range of 0.02—0.2 eV
(Table S3), which indicates that up to 2% of the defects and
adatoms can be considered isolated. Electronic structures and
magnetic moments are also qualitatively same for all the
concentrations, except for the C-adsorbed MV—phosphorene
described in the previous paragraph.56

The strong interaction between MV—phosphorene and TM
adatoms substantially modifies the electronic structure of
defective phosphorene: conduction band states come down in
energy, and the DOS spreads over a large region within the
band gap. Compared to the bare MV—phosphorene, the band
gap is reduced to 0.45 eV in Fe-adsorbed phosphorene. TM 3d
states appear as in-gap states in the up-spin channel of Fe-

adsorbed phosphorene and for both up- and down-spin

channels in Co-/Ni-adsorbed MV—phosphorene (Figure 3a).
We also find that the induced magnetic moment and position
of in-gap states remain unchanged even though the supercell
size is increased.

For the adatom adsorption on DV—phosphorene, we
considered four different positions (Figure 1lc). The mini-
mum-energy structures of adatom-adsorbed DV—phosphorene
are shown in Figure S4f—h. While the C adatom prefers to
adsorb over site “2” in Figure 1c, N/Fe/Co/Ni adatoms prefer
site “1” and O adatoms stay over the top of a P atom (Figure
S4h). DV-phosphorene has no dangling bond, and due to the
large hollow area at the DV, adatoms are less strongly bonded
to phosphorene compared with MV—phosphorene, which leads
to E 4 and AE values similar to those of pristine phosphorene.
However, it was energetically favorable for O adatoms to
adsorb over the P atom forming a S-atom ring near DV. Weak
bonding of the adatom with the P atoms around the DV
produces longer bond lengths between them and a higher
elevation of the adatom over the DV—phosphorene (Table S1).
With decreasing concentrations of defects due to the relaxation
of DV, the adatoms (except C and O) move closer to DV and
eventually go inside the hollow region at DV at a 0.5%
concentration of the defect. For Fe/Ni adatoms, the resulting
structures become energetically favorable for 1% and 0.5%
concentrations of the defects (Table 1 and Table S4). Although
adsorption energies decrease considerably for all of the adatoms
when the concentration of defects is reduced, the magnetic
moment of the adatom-adsorbed DV—phosphorene remained
same.

The DOS of adatom-adsorbed DV—phosphorene is similar
to that of adatom-adsorbed pristine phosphorene (Figure 4a) in
terms of the in-gap states or spin-polarized states that appear.
However, for N- or Fe-adsorbed DV—phosphorene, additional
in-gap states are produced due to their interaction with the N-
2p and Fe-3d states.

Whether phosphorene adsorbed with a nonmetallic adatom
has a magnetic moment is determined by a simple rule: if the
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Figure 4. Adatom adsorption on DV-phosphorene. (a) DOS and (b—
d) spin density for DV—phosphorene with adsorbed adatom.
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adatom-adsorbed phosphorene (pristine/MV/DV) system has
an odd number of electrons (e.g, N-adsorbed pristine (Figure
2c), O-/C-adsorbed MV (Figures 3b,c), and N-adsorbed DV
(Figure 4b)), the system has a magnetic moment of 1.0 yg;
otherwise, the system is nonmagnetic. To support this rule, we
additionally investigated the magnetic properties of pristine
phosphorene when two N adatoms are adsorbed. Because the
system has an even number of electrons, our simple rule
predicts that it would show a nonmagnetic property. Our DFT
calculation (Figure SS) reveals that the system has, indeed, a
nonmagnetic property.

As both N and O atoms are smaller but more electronegative
than a P atom, bonding of P with N or O stretches the nearby
P—P bond, leaving one P atom with a broken bond. Figures 2¢
and 3b show the spin density of N-adsorbed pristine and O-
adsorbed MV-phosphorene. While the magnetic moment
mainly comes from the P atoms with broken bonds, a small
moment also appears on the adatoms and nearby P atoms.

Our calculated values for the magnetic moments of Fe-, Co-,
and Ni-adsorbed phosphorene are 2.0, 1.0, and 0.0 ug,
respectively.”” MV—phosphorene has an odd number of
electrons and has a magnetic moment of 1.0 pg; therefore,
after adsorption of TM adatoms, the magnetic moment further
decreases to 1.0 pp. In contrast, DV—phosphorene has an even
number of electrons, giving it the same value of an induced
magnetic moment as pristine phosphorene. For TM-adsorbed
phosphorene systems, the magnetic moment is mainly localized
on the TM adatom (Figures 2d, 3d, and 4c,d).

We also considered O, adsorption on pristine and MV— and
DV—phosphorene. The O, molecule is spontaneously dis-
sociated into two O atoms over pristine/defected phosphorene,
which is similar to previous reports.**>® In the present study,
we concentrate on the O, adsorption over the defective
phosphorene. After the dissociation, the O atoms bind to P
atoms close to vacancy that are not the nearest neighbors and
lie out of the phosphorene plane (Figure Sb,c). The AE for the
chemisorbed (dissociated) O, molecule is more stable by 4.5
eV relative to an isolated O, molecule, which is almost 2 times
higher than the AE of an O atom on pristine phosphorene. We
also considered adsorption of a second O adatom when one O
adatom is already adsorbed on the MV— or DV—phosphorene.
Our calculation shows that both of the O atoms prefer binding
with two different P atoms in the phosphorene rather than
forming an O, molecule, which is consistent with the
spontaneous dissociation reaction of the O, molecule on
vacancies of phosphorene.

It is interesting that the electronic structures of defective
phosphorene with an MV or DV are maintained even after O,
adsorption, as shown in Figure Se,(f. Their magnetic moments
also remain the same before and after O, adsorption. In other
words, O,-adsorbed MV—phosphorene has a magnetic moment
of 1.0 p3, where the magnetic moment is mainly located on P
atoms near the MV of phosphorene (Figure Sb), similar to the
case of MV—phosphorene without adatoms. These results
indicate that the defective phosphorene with an MV can be
easily oxidized and stabilized, but its electronic and magnetic
properties are unchanged after the O, adsorption. Therefore, a
metal-free magnetic material can be developed by the oxidation
of defective phosphorene.

As several structures of phosphorene with vacancies or
adatoms have spin-polarized states in the gap or near the
valence band maximum, it is possible to tune the magnetic
moment by controlling the Fermi level or by charging the
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Figure S. O, adsorption on (a, d) pristine, (b, €) MV—, and (c, f)
DV—phosphorene. Red and blue lines indicate spin-up and spin-down
of total DOS, while green, cyan, magenta, and yellow represent the
PDOS of two oxygen atoms. A spin density plot for the MV—
phosphorene after O, adsorption is shown in (b). The highest
occupied state was set to zero.

phosphorene. In general, this can be achieved by, for example, a
vertically applied electric field in back §ate structure, similar to
the recent suggestion by Huang et al,> or by using appropriate
supporting substrate that can induce the desired electron
transfer from/to phosphorene. In this study, we mimic general
situation by changing total number of electrons in the system.
N-adsorbed pristine/DV—phosphorene have fully polarized
states located just below and above the Fermi level. Depending
on the electron filling configurations, it can be magnetic or
nonmagnetic, as shown in Table 2. Similar behavior is also

Table 2. Magnetic Moment of Adatom-Adsorbed
Phosphorene with an Extra Electron (—1le: Removing One
Electron; +1e: Adding One Electron)®

magnetic moment (ug)

adatom (phosphorene) =lle 0 +1e
MV 0.0 1.0 0.0
N (pristine) 0.0 1.0 0.0
Fe (pristine) 3.0 2.0 3.0
Co (pristine) 2.0 1.0 0.0
0 (MV) 0.0 1.0 0.0
C (MV) 0.0 1.0 0.0
Fe (MV) 2.0 (3.1) 1.0 (1.0) 0.0 (0.0)
N (DV) 0.0 1.0 0.0
Co (DV) 2.0 1.0 0.0

“For an Fe-adsorbed MV—phosphorene system, magnetic moments
from PBE+U calculations (Usy = 6 eV) are given in the parentheses.

found in the O-adsorbed MV—phosphorene (Figure 6a). In the
TM-adsorbed structures (Figure 6b), both the on/off transition
of the magnetic moment and its strength can be tuned. Co-
adsorbed pristine phosphorene has a magnetic moment of 1.0
Hp, and its spin-minority states are at just above and below the
Fermi level. Consequently, the magnetic moment can be tuned
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Figure 6. Change in magnetic moments of (a) O- and (b) Fe-
adsorbed MV—phosphorene with different filling configurations. (—1le:
removing an electron; +1e: adding an electron) The magnetic moment
for an O adatom can be switched ON/OFF, while it can be varied
from 2.0 to 1.0 and then to 0.0 yg (left to right) for an Fe adatom.

to 2.0 ug by lowering the Fermi level and to 0.0 y5 by elevating
the Fermi level.

For Fe-adatom MV—phosphorene, we also performed PBE
+U calculations to investigate the effects of electron correlation
on the electronic and magnetic properties of the system
including a transition metal element, where U = 2, 4, and 6 eV
were considered. Using the 6 X 4 supercell for phos,phorene,60
we found that an induced magnetic moment of the system is
1.0 py irrespective of the U values and that spins of Fe and P
atoms are antiparallel to each other, as shown in Figure S6. In
Table 2, the PBE+U calculations also show that the addition of
an electron makes the system a nonmagnetic semiconductor,
while the removal of an electron makes the system a magnetic
metal. Thus, we can confirm that the PBE and PBE+U
calculations provide similar magnetic properties for the
phosphorene system including a TM adatom.

B CONCLUSIONS

In conclusion, we have systematically studied the effects of
vacancy defects and the adsorption of nonmetallic C/N/O and
Fe/Co/Ni TMs on the electronic and magnetic properties of
phosphorene using DFT calculations. Our calculations show
that the vacancies and adatoms can tune the electronic and
magnetic properties of phosphorene. Because as-synthesized
phosphorene can include defects or impurities, we can readily
tune the electronic and magnetic properties of phosphorene by
means of these defects or impurities. Moreover, we find that a
metal-free magnetic material that exhibits good stability can be
developed by oxidation of the defective phosphorene. Our
results provide a novel pathway for achieving metal-free and
tunable magnetism as well as a tunable band gap for various
possible applications of phosphorene.
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Table S1 shows the geometrical parameters for a 2%
concentration of adatoms; in Tables S2, S3, and S4, adsorption
energies and formation energies at different concentrations of
adatoms adsorbed over pristine, MV—, and DV—phosphorene,
respectively, are presented; various sizes of supercells taken in
this study, comparison of electronic structures of pristine, bare,
and C-adsorbed MV—phosphorene obtained from PBE and
HSE06 methods, time evolution of MV-—phosphorene,
optimized structures of defected phosphorene with adatoms
(C, N, O, Fe, Co, and Ni), magnetic coupling between two N-
adsorbed pristine phosphorene as a function of distance
between them and electronic structure and spin-density plots
for Fe-adsorbed MV—phosphorene with included correlation
effects are displayed in Figures S1, S2, S3, S4, S5, and S6,
respectively; DOS and PDOS of different adatom adsorbed
pristine/defective phosphorene for 2% concentration of defect
and internal structure of MV at HSE, PBE, and LDA level and
of DV}, and DV at PBE level are shown in Figures S7 and S8,
respectively; a discussion regarding the convergence of stress
tensor with system size is provided. Figure S9 shows our
methodology to define broken bonds. This material is available
free of charge via the Internet at http://pubs.acs.org.
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