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We carried out first-principles calculations to investigate the electronic properties of the
monolayer blue phosphorene (BlueP) decorated by the group-IVB transition-metal adatoms
(Cr, Mo and W), and found that the Cr-decorated BlueP is a magnetic half metal, while
the Mo- and W-decorated BlueP are semiconductors with band gaps smaller than 0.2 eV.
Compressive biaxial strains make the band gaps close and reopen, and band inversions occur
during this process, which induces topological transitions in the Mo-decorated BlueP (with
strain of −5.75%) and W-decorated BlueP (with strain of −4.25%) from normal insulators
to topological insulators (TIs). The TI gap is 94 meV for the Mo-decorated BlueP and
218 meV for the W-decorated BlueP. Such large TI gaps demonstrate the possibility to
engineer topological phases in the monolayer BlueP with transition-metal adatoms at high
temperature.
Key words: Topological transition, Monolayer Blue phosphorene, Biaxial strain,
Transition-metal adatom

difficult to obtain practical 2D TIs with sizable TI gaps
to frustrate thermal fluctuations at high temperature.
Recently, the family of 2D elemental phosphorus
(termed as phosphorene) has attracted great attention
[12], since semiconducting few-layer Black Phosphorene (BlackP) has been fabricated [13, 14]. The fieldeffect transistors made of few-layer BlackP exhibit high
charge-carrier mobilities up to 1000 cm2 ·V−1 ·S−1 [14–
16], which demonstrates the potential for applications
in nanoelectronics devices. Apart from the well-known
BlackP, other forms of 2D phosphorene such as the
monolayer Blue Phosphorene (BlueP), γ-phosphorene,
and δ-phosphorene have also been reported [17, 18].
In particular, the monolayer BlueP which crystallizes
buckled graphene-like hexagonal structure has been
grown on the Au(111) surface [19–22]. The band gap
(Eg ) of the free-standing monolayer BlueP was predicted to be ∼2 eV at the generalized gradient approximation (GGA) of the density functional theory
(DFT) level [17], while the measurement in experiment
for the monolayer BlueP grown on the Au(111) surface
yields a smaller band gap of 1.1 eV, partially due to the
interaction between the BlueP and metallic substrate
[20]. Nevertheless, the monolayer BlueP maintains its
semiconducting character, even though it is grown on a
metallic substrate, unlike the case of silicene on Ag(111)
[23]. Accordingly, the monolayer BlueP is expected to
be a promising candidate as a 2D channel material for
electronic and optoelectronic devices [24].
It is remarkable that a rich diversity of electronic and
magnetic properties may be achieved by decorating 2D

I. INTRODUCTION

Advances in modern technologies accelerate miniaturization of electronic devices, which drives the endeavors for exploring exotic materials in nano scale.
Ever since the discovery of graphene which was later
predicted to be a topological insulator (TI) [1–4], twodimensional (2D) crystals have received extensive research interest because their unique physical and chemical properties that are not found in their bulk counterparts are promising for applications in the future
electronics and spintronics devices. So far, various
types of 2D materials have been fabricated such as
graphene, hexagonal boron nitride, transition metal
dichalcogenide monolayers, and so on, with the electronic properties varying from semiconductors, half
metals, metals, TIs and so on [5–7]. Among them, the
2D TIs which are a new state of condensed matters inspire great interest in recent years, because they exhibit
intriguing quantum spin hall (QSH) states. Usually, a
QSH state is characterized by the combination of insulating bulk state and quantized helical conducting edge
state which provides intrinsic spin lock and is robust
against elastic backscattering and localization, so that
the ITs are ideal for various applications that require
dissipationless spin transport [3, 4, 8–11]. Although
QSH state was firstly predicted in graphene, it is still
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phosphorene with metal adatoms, especially for the
BlackP and BlueP [25–31]. For instance, metallic 2D
phosphorene may be obtained with alkali and alkalineearth adatoms, some transition-metal adatoms such
as Cr may result in half-metallicity, and most 3d
transition-metal adatoms are magnetic on 2D phosphorene. On the other hand, it was found that a variety of
ways could be used to turn monolayer 2D phosphorene
from normal insulator into TIs. A monolayer BlackP
undergoes topological transition via electric field, doping, hydrostatic pressure, uniaxial strain, or even polarized laser [32–37]. A monolayer BlueP may become TI,
even through its original electronic band gap is much
larger than that of the monolayer BlackP, through oxidization, hydrogenation, fluorination, or strain [38–40].
These investigations thus open a route toward the realization of topological phases in a monolayer 2D phosphorene. Clearly, it is interesting whether transitionmetal adatoms on a monolayer 2D phosphorene produce topological phases, as that was demonstrated in
graphene [41–43].
In this work, we chose the monolayer BlueP as
the prototype to explore the possibility of producing TI states in 2D phosphorene with transitionmetal adatoms. Based on first-principles calculations,
we found that the monolayer BlueP with either Mo
adatoms or W adatoms may become TI under certain
compressive strain. The TI gap of the Mo-adsorbed
BlueP is about 94 meV and that of W-adsorbed BlueP
is about 218 meV. Analysis of the electronic structures
reveals that the TI states originate from the band inversion between different components of the d orbital of
the adatoms.

II. COMPUTATIONAL METHODS

The structural and electronic properties were calculated with DFT as implemented in the Vienna ab initio
simulation package [44, 45]. The interaction between
valence electrons and ionic cores was described within
the framework of the projector augmented wave (PAW)
method [46, 47]. The spin-polarized GGA was used for
the exchange-correlation potentials and the spin-orbit
coupling (SOC) effect was invoked self-consistently [48].
The energy cutoff for the plane wave basis expansion
was set to 400 eV. The monolayer BlueP has a buckled
graphene-like hexagonal primitive cell with two phosphorous atoms per unit cell, as shown in FIG. 1(a). The
optimized lattice constant is 3.275 Å, and the buckling
height is 1.24 Å, in agreement with previous experimental measurement [20]. In this geometry, the P−P bond
length and P−P−P bond angle are 2.26 Å and 92.92◦ ,
respectively. To explore the electronic properties of
transition-metal adatoms on the monolayer BlueP, we
used a 2×2 supercell and the 2D Brillouin zone was
sampled by a 15×15 k-grid mesh. There are four high
symmetric adsorption sites: the top (T) and valley (V)
DOI:10.1063/1674-0068/cjcp2005061

FIG. 1 (a) Top (upper panel) and side (lower panel) views
of a monolayer BlueP. The coral and plum spheres stand
for the two sublayers of P atoms. The dark spheres stand
for adatoms at different adsorption sites: hollow (H), center (C), valley (V), and top (T). Note that the hollow site
is above the BlueP plane, while the center site is at the
middle point between the two sublayers. The parallelogram
indicates a 2×2 supercell. (b) PBE (black solid curves) and
HSE06 (blue dashed curves) band structure without SOC of
pure Blue phosphorene. The VBM is set to 0 eV.

sites over the top and bottom P atoms, respectively, the
hollow site (H) above the two P layers, the center site
(C) between the two P layers, as notated in FIG. 1(a).
With an adatom at each of these sites, a vacuum of 15 Å
is added to avoid fake interaction between neighboring
monolayers which is produced by the periodic boundary
condition. Both the lattice constant and atomic positions were fully relaxed with a criterion that requires
the forces on each atom smaller than 0.01 eV/Å. The
band topology is characterized by the topological invariant Z2 , with Z2 = 1 for TIs and Z2 = 0 for normal
insulators [49]. We adopted the so-called n-field scheme
to calculate Z2 [50–52].

III. RESULTS AND DISCUSSION

We first calculated the band structure of the monolayer BlueP, as shown in FIG. 1(b). It can be seen that
the monolayer BlueP is an indirect-band-gap semicondutor with the valence band maximum (VBM) and the
conduction band minimum (CBM) near the midpoint
along the path ΓK and ΓM, respectively. The band
gap at the GGA level is 2 eV, in accordance with the
previous calculations [17]. It is known that the regular
GGA calculations usually underestimate band gaps of
semiconductors, so we carried out further calculation
with the hybrid functional HSE06 [53] to obtain more
accurate band gap. As seen from FIG. 1(b), the dispersions of the bands from the HSE06 calculation are
similar to those from the GGA calculations, but the
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TABLE I Binding energy for an adatom at different adsorption sites: center (C), hollow (H), valley (V), and top
(T).
Aadatom
Cr
Mo
W

C
0.09
1.84
3.10

Binding energy/eV
H
V
1.24
1.48
1.71
2.61
2.84
3.38

T
0.75
0.94
1.41

band gap increases significantly to 2.8 eV, which indicates that the monolayer BlueP is a wide-band-gap
semiconductor.
The group-VI B transition-metal elements (Cr, Mo
and W) were chosen to be the adatoms. To find the
most stable adsorption configure, we calculated the
binding energy (Eb ) with one adatom at each of the
four different adsorption sites as indicated in FIG. 1(a)
in a 2×2 supercell. Eb is calculated as
Eb = EBlueP + EAdatom − EAdatom/BlueP
where EBlueP , E Adatom and E Adatom/BlueP are the total energies of the pure monolayer BlueP, isolated
transition-metal atom and the BlueP with adatom, respectively. As listed in Table I, all the adatoms prefer the V site, in line with the previous calculations
[25, 27, 29]. In this configuration, the adatom mainly
bonds to the P atom underneath and the bonding between the adatom and the three neighboring P atoms
which form the upper bound of the valley is weaker.
For all adatoms, the amplitudes of Eb at the V site are
large, which implies strong hybridization between the
BlueP and adatoms. In addition, Eb increases from 3d
to 5d adatom, because of the increasing chemical activity for large adatom. Moreover, the Cr adatom at the
V site is magnetic, with magnetic moment of 4.1 µB ,
while both Mo and W adatoms are nonmagnetic.
FIG. 2 shows the element-resolved band structure for
the monolayer BlueP with a Cr adatom at the V site.
Attractively, the system is half-metallic, the same as
the previous reports [25, 27, 29]. The bands in the energy range of −2.5 to −2.0 eV are comprised of pure P
states. In the majority spin channel FIG. 2(a), a few
bands (from −1.7 eV to −0.7 eV) appear in the band
gap of the BlueP (−2.2 eV to 0 eV), and they are contributed almost completely from the 3d orbitals of the
Cr adatom. In the minority spin channel (FIG. 2(a)),
two bands cross the Fermi level, and they are from the
hybridization between the P and Cr atoms as indicated
by the color bar. Clearly, there is a pseudo band gap in
the energy range from −2.1 to −0.3 eV, corresponding
to the original band gap of the BlueP. Therefore, the
Cr adatom donates electron charge to the BlueP, which
pushes the Fermi level to the conduction band of the
BlueP. Along with the hybridization between the BlueP
and Cr adatom, the whole system becomes a magnetic
DOI:10.1063/1674-0068/cjcp2005061

FIG. 2 (a) Spin-up and (b) spin-down band structures of the
monolayer BlueP with a Cr adatom adsorbed at a valley site.
The color bar indicates the weights from the host P atoms
and Cr adatom. The Fermi energy is set to 0 eV.

half metal which may be used in nano-spintronics devices.
The monolayer BlueP with either Mo or W adatom is
nonmagnetic and semiconducting. However, the band
gap decreases strikingly down to 0.16 eV for the Moadsorbed BlueP and 0.11 for the W-adsorbed BlueP,
as shown in FIG. 3 (a) and (d). In both cases, the
bands near −2.0 eV are contributed from the P atoms,
similar to the case with the Cr adatom. The bands
around the Fermi level (−1.0 to 1.0 eV) mainly originate from the adatoms, slightly hybridized with the P
atom, as indicated by the color bar. To further identify the atomic characteristics of these bands in details,
we calculated the weights of each atomic orbital for
all the bands, as plotted in FIG. 3. Due to the local symmetry, the d orbitals of the adatoms split into
three groups: in-plane orbitals with degenerate dxy and
dx2 −y2 , cross orbitals with degenerate dxz and dyz , and
perpendicular orbital with dz2 . From FIG. 3, it can be
seen that the hybridization in the energy range from
−1.0 eV to 1.0 eV mainly occurs between dxz/yz of the
adatom and px/y of the P atom underneath, while the
other orbitals do not hybridize notably. Moreover, the
three neighboring P atoms surrounding the adatom do
not contribute to these bands. Interestingly, there are
obvious intra-atomic hybridizations between the d orbitals of the adatoms, which produce three local band
gaps around the Fermi level. The two gaps near the
midpoints along the paths ΓM and ΓK (denoted as
gap-1 and gap-2) are derived from the hybridization between dxz/yz and dz2 , while the gap at K point (denoted
as gap-3) is mainly from dxy/x2 −y2 and dxz/yz . This
feature offers the opportunity to engineer topological
phases, because band inversion could be induced by biaxial strain for small-band-gap semiconductors [54, 55].
By applying tensile or compressive strain, the small gap
may close at certain strength of strain and then reopen
as the strain further increases. This closing-reopening
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FIG. 3 Band structures of the monolayer BlueP with (a–c) Mo or (d–f) W adatom adsorbed at a valley site. The Fermi
energy is set to 0 eV. (a) and (d) The complete band structures with the weights of the host P atoms and Mo or W adatom
indicated by the color bar. (b) and (e) Bands between −1.0 eV and 1.0 eV with the weights of the d orbitals of the Mo or
W adatom. (c) and (f) Bands between −1.0 eV and 1.0 eV with the weights of the p orbitals of the host P atom underneath
the adatom.

FIG. 4 (a) Charge states and (b) nonrelativistic band gaps at K point (gap-3) for the Mo- and W-deposited BlueP (adatom
at the valley site) under different biaxial strains. The insets in (a) show the electron charge redistribution caused by the
interaction between the host P atoms and adatoms. The yellow and blue regions indicate electron charge gain and loss,
respectively.

process results in band inversion beside the gap, which
is a typical characteristic for TIs.
To investigate the effect of biaxial strain on the electronic property, we applied biaxial strain (ε) from −7%
to 5% where negative and positive values denote compressive and tensile strains, respectively. Intuitively, the
strain might alter the hybridization between the adatom
DOI:10.1063/1674-0068/cjcp2005061

and BlueP, which ought to cause change of charge state
of the adatoms. As shown in FIG. 4(a), compressive
strain makes the charge state of the Mo adatom increase
from +1.05e at zero strain to maximum value of +1.17e
at strain of −6%. On the contrary, tensile strain does
not lead visible change of the charge states of the Mo
adatom up to strain of 5%. For the W adatom, the overc
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all charge states (+0.57e to +0.61e) are much smaller
than those of the Mo adatom (+1.04e to +1.17e). In
addition, both compressive and tensile strains reduce
the charge state of the W adatom slightly. The inset
in FIG. 4(a) shows the details of the charge redistribution caused by the hybridization between the adatom
and BlueP. It can be seen that the charge transfer happens not only between the adatom and its neighboring P
atoms but also between different orbitals of the adatom.
Nevertheless, the charge transfer from the adatoms to
the BlueP dominates, which results in positive charge
state of the adatoms.
Then we calculated the band structures of BlueP with
Mo and W adatoms under strains. For both Mo and
W adatoms, gap-3 undergoes closing-reopening process
under compressive strain, while this happens for gap1 and gap-2 under tensile strain. Since gap-3 locates
at highly symmetric K point, it may be more interesting than the other two gaps. Hence, we focus on gap-3
in the following. FIG. 4(b) shows the nonrelativistic
values of gap-3 as a function of strains. It can be seen
that as the strain varies from −7% to 5%, gap-3 of both
Mo- and W-adsorbed BlueP decreases linearly first and
then increases linearly. The amplitude of gap-3 reaches
zero at −5.75% and −4.25% for Mo- and W-adsorbed
BlueP, respectively, which indicates the critical point of
the closing-reopening process. Obviously, normal insulator to topological insulator transition is expected at
these critical strains. So it is worth investigating the
corresponding band structures in detail, as plotted in
FIG. 5 and FIG. 6.
From FIG. 5(a), it can be seen that two bands cross
the Fermi level at K point and they are linearly dispersive near the Fermi level. This attribute implies that the
low-energy electrons behave as massless Dirac Fermions
as in graphene [3, 4]. Moreover, these bands are mainly
from the dxy/x2 −y2 and dxz/yz orbitals of Mo, mixed
slightly with the px/y orbital of the P atom underneath,
as presented in FIG. 5 (b) and (c). Including the SOC
effect, the degeneracy of the linear bands is lifted due
to the Rashba effect and a gap of 32.5 meV opens at K
point (FIG. 5(d)). The atomic-orbital resolved bands
in FIG. 5(d) shows that the highest occupied and lowest unoccupied levels at K point are contributed completely from dxz/yz and dxy/x2 −y2 , respectively, which
indicates band inversion induced by the SOC effect. To
confirm that the band inversion indeed results in topological phase in the Mo-adsorbed BlueP, we calculated
Z2 with the n-field method [50–52]. By summing the
positive and negative n-field numbers over half of the
torus as indicated in the inset in FIG. 5(d), we obtained
Z2 =1 for the Mo-adsorbed BlueP, clearly demonstrating the nontrivial band topology. For the W-adsorbed
BlueP, the linear dispersion also appears for the two
bands crossing the Fermi level at K point if the SOC
effect is ignored, as shown in FIG. 6(a). When the SOC
effect is considered, a gap of 76.1 meV is induced around
the crossing point. However, the SOC effect makes the
DOI:10.1063/1674-0068/cjcp2005061
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FIG. 5 Band structures of the monolayer BlueP with a Mo
adatom adsorbed at a valley site under compressive strain
of −5.75% (a, b) without and (c, d) with the spin-orbit
coupling. The Fermi energy is set to 0 eV. The blue dashed
curves in (a) and (c) are bands calculated by the HSE06
method. The insets in (a) and (c) show low-energy bands
near the Fermi energy. (b) and (d) Bands with the weights
of the d orbitals of the Mo adatom. The inset in (d) shows
the n-field configuration. The nonzero points are denoted
by red (n=1) and blue (n=−1) dots, respectively. The Z2
invariant is obtained by summing all the n in half Brillouin
zone marked by the shadow.

upper bands of gap-1 and gap-2 decrease down to the
Fermi level, so it seems that the W-adsorbed BlueP is a
semimetal. However, the W-adsorbed BlueP is actually
a TI because the topological invariant Z2 is 1 as calculated with the n-field method (see the inset in FIG. 6).
It should be pointed out that the topological transition is size-dependent. In fact, we calculated the
band structures of BlueP with one adatom in a 3×3
or 4×4 supercell. However, the systems are only normal insulators. This is because the adatoms interact
with each other mediated by the Bloch wavefunctions of
BlueP. In a 2×2 supercell, the distance between neighboring adatoms is small, so the interaction between the
adatoms is strong. Therefore the impurity bands cross
each other in the original band gap of BlueP, which
results in the nontrivial topological phase induced by
the spin-orbit coupling. However, if the supercell size
is large (3×3 and 4×4), the interaction between the
adatoms is weak. Then, the impurity bands keep separate from each other, which makes the system as a
normal insulator. Fortunately, the high-density deposic
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adatom generates a few bands in the original band gap
of the monolayer BlueP, leading the reduction of the
band gaps of the Mo- and W-adsorbed BlueP. Intriguingly, compressive strains turn the Mo- and W-adsorbed
BlueP into TIs with large TI gaps. The TI gap of the
Mo-adsorbed BlueP is 94.3 meV and that of the Wadsorbed BlueP can be as large as 217.5 meV. Investigation of the band structures reveals that the band inversion between different components of the d orbital of
the adatoms is responsible for the topological transition.
Our findings manifest that the Mo- and W-adsorbed
BlueP may be good platforms to investigate the QSH
effect in 2D TIs at high temperature and hence promising for practical applications in spintronics devices.
FIG. 6 Band structures of the monolayer BlueP with a W
adatom adsorbed at valley site under compressive strain of
−4.25% (a) without and (b) with the spin-orbit coupling.
The blue dashed curves are bands calculated by the HSE06
method. The Fermi energy is set to 0 eV. The inset shows
the n-field configuration.

tion of adatoms could be achieved under delicate growth
conditions, which means that the topological phase predicted in this work may be realizable.
As mentioned above, the GGA calculations usually
underestimate band gaps of semiconductors. Therefore,
it is necessary to verify the Dirac states in the Moadsorbed BlueP and W-adsorbed BlueP at the HSE06
level. To save computational resources, we only calculated the band structure of the path Γ-M-K which
is good enough to capture the feature of the bands
near the Fermi level. Interestingly, the linearly dispersive Dirac bands maintain in the HSE06 calculations for both cases, and the SOC effect induces gaps of
94.3 and 217.5 meV near K point respectively for the
Mo-adsorbed BlueP and W-adsorbed BlueP, as seen in
FIG. 5 and FIG. 6. Most importantly, the topological invariant Z2 is still 1, which demonstrates that
the Mo-adsorbed BlueP and W-adsorbed BlueP is a
TI at the HSE06 level. Furthermore, it can be seen
that W-adsorbed BlueP has an indirect global band
gap of 146.1 meV (see FIG. 6(b)), which implies that
the W-adsorbed BlueP is a semiconductor rather than
a semimetal one which is predicted by the GGA calculations.

IV. CONCLUSION

Based on first-principles calculations, we studied
the electronic properties of the monolayer BlueP with
group-IV B transition-metal adatoms (Cr, Mo and W).
We found that the Cr-adsorbed BlueP is magnetic
half metal, while the Mo- and W-adsorbed BlueP are
semiconductors with band gap smaller than 0.2 eV.
The hybridization between the host P atoms and the
DOI:10.1063/1674-0068/cjcp2005061
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