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Electric-field tunable Dirac semimetal state in phosphorene thin films
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We study the electric-field tunable electronic properties of phosphorene thin films, using the framework of
density functional theory. We show that phosphorene thin films offer a versatile material platform to study
two-dimensional Dirac fermions on application of a transverse electric field. Increasing the strength of the
transverse electric field beyond a certain critical value in phosphorene thin films leads to the formation of two
symmetry protected gapless Dirac fermions states with anisotropic energy dispersion. The spin-orbit coupling
splits each of these Dirac states into two spin-polarized Dirac cones which are also protected by nonsymmorphic
crystal symmetries. Our study shows that the position as well as the carrier velocity of the spin-polarized Dirac
cone states can be controlled by the strength of the external electric field.
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I. INTRODUCTION

Following the successful exfoliation of graphene in 2004
[1,2], there has been a huge surge of interest in two-
dimensional (2D) materials, and a large variety of 2D mate-
rials have been proposed theoretically and also synthesized
experimentally, both in the compound as well as in the
elemental form. Few examples include, but are not limited
to, boron nitride (h-BN), transition metal dichalcogenide MX2

(where M = Mo or W and X = S, Se, or Te), silicene, and
germanene [2–16]. Phosphorene—the few layered structure
of black phosphorous, is another interesting 2D material,
which has attracted attention recently following the successful
fabrication of the field effect transistor using thin multilayered
phosphorene [17,18]. It is a direct band gap semiconductor,
and has high carrier mobility (∼103 cm2/V s) along with a
high on/off current ratio (∼105), in addition to very interesting
anisotropic thermal, optical, and electronic transport properties
[19–24]. The energy gap as well as the carrier properties of
phosphorene strongly depend on the external perturbations
such as strain, electric field, pressure, and dopants [14,25–28].
Due to the existence of these novel properties, phosphorene
offers a promising potential in electronics, optoelectronics, and
spintronic applications [29,30].

Meanwhile, the study of Dirac fermions and exploring their
various properties in 2D and 3D materials, is another exciting
field of research both from the perspective of the condensed
matter physics as well as the materials science community
[31–37]. The Dirac fermions state has been extensively studied
in graphene and on the surface of topological insulators in 2D
and in topological semimetals such as Dirac/Weyl semimetals
in 3D. Notably, the Dirac fermions state in topological
insulators and topological semimetals arises because of the
nontrivial topology and is protected either by the time-reversal
symmetry or other crystal symmetries. However, in the case
of graphene, while the Dirac fermion state is protected by
crystal symmetry in the absence of spin-orbit coupling (SOC),
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a small but finite band gap opens up at the Dirac points in the
presence of SOC [38]. More recently, the symmetry protected
2D Dirac semimetal states have been proposed in materials
with the nonsymmorphic crystal symmetries [37]. This was
followed by the theoretical prediction of 2D Dirac fermion
state in group-Va elements with phosphorene lattice structure
which has many nonsymmorphic symmetries, among others
[39]. Motivated by these studies, in this article we explore the
Dirac fermion states in phosphorene.

In a recent experimental study followed by first-principle
calculations, it has been shown that thin films of phosphorene
with potassium doping can support a 2D Dirac fermion state on
the surface of the thin films [40,41]. The theoretical study has
in fact shown that although spin-orbit coupling lifts the spin
degeneracy of states, it does not open a band gap at the Dirac
points on account of a unique form of the SOC Hamiltonian,
leading to the Dirac semimetal state [41]. Other studies have
shown that the band gap in the phosphorene thin films can be
modulated by an external electric field applied perpendicular
to the thin films. The electric field applied beyond a critical
value inverts the normal band order with the formation of two
Dirac cones in the absence of SOC. However, they proposed
that the SOC induced a band gap of ∼5 meV at the Dirac
points and thus phosphorene thin films realize a quantum spin-
Hall insulator state with Z2 = 1 [42]. Later, by analyzing the
behavior of the pseudorelativistic Dirac cones, Dolui et al.
claimed that the SOC opens up a band gap at the Dirac points
at some intermediate electric-field strength [43]. The SOC-
induced band gap decreases with an increase in electric field
and closes again to realize a Dirac semimetal state in the
presence of SOC.

The preceding discussion made it clear that thin films of
phosphorene realize an electric-field (gating) induced topolog-
ical phase transition into a Dirac semimetal state. However, a
detailed study of the emergence of the Dirac semimetal state
and its symmetry protection is still lacking. Accordingly, in
this paper we have systematically investigated the electronic
properties of ultrathin N -layer (NL) phosphorene within
the density functional theory framework. We show that the
application of a transverse electric field to NL phosphorene
films causes a monotonic decrease in the band gap, eventually
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leading to the formation of two Dirac cones on the high
symmetry line beyond a critical field strength. Interestingly, we
find that the position, as well as the associated carrier velocity
of the Dirac cone states, can be uniquely controlled by an
external electric field. A symmetry analysis shows that these
Dirac cones are protected by nonsymmorphic symmetries of
the crystal lattice. The inclusion of the SOC in presence of the
transverse electric field, splits each Dirac cone into two spin-
polarized Dirac cones, which are located at generic k points of
the 2D Brillouin zone. These Dirac cones in phosphorene show
a unique spin texture where spins are aligned almost along the
x directions. We find that the unusual form of the effective
SOC Hamiltonian preserves the nonsymmorphic symmetry
and thus NL phosphorene realizes a symmetry protected Dirac
semimetal state under an external electric field.

The article is organized as follows: Sec. II gives the relevant
computational details and discusses the structural properties of
NL phosphorene. In Sec. III we discuss the effect of quantum
confinement and thickness dependent band structure of NL
phosphorene thin films. Section IV focuses on the emergence
of symmetry protected Dirac semimetal state in phosphorene
under an external electric field. Finally, we summarize our
findings in Sec. V.

II. STRUCTURAL PROPERTIES AND COMPUTATIONAL
DETAILS

Electronic structures were calculated within the framework
of the density functional theory (DFT) [44], using the VASP
(Vienna ab initio simulation package) suite of codes. We used
projector augmented wave (PAW) potentials with an energy
cutoff of 500 eV for the plane-wave basis set and a tolerance
of 10−6 eV for electronic energy minimization [45,46]. The
exchange-correlation effects were included using a generalized
gradient approximation (GGA) with the van der Waal’s cor-
rection (PBE + vdw-DF2) [47–50]. We used the conventional
bulk unit cell of black phosphorous with relaxed structural
parameters a = 3.39 Å, b = 4.73 Å, and c = 11.33 Å to
construct NL phosphorene thin films. A vacuum of 10 Å was
used on both sides of the slab to avoid interaction between
spurious replica images. The Brillouin zone sampling was
done using �-centered 12 × 12 × 8 and 12 × 10 × 1 k meshes
for the bulk and thin films of phosphorene, respectively. All the
atomic positions were relaxed until the residual forces on each
atom were less than 1.0 × 10−3 eV/Å. To simulate the effect
of the electric field, a sawtooth-type periodic potential was
applied perpendicular to the thin films. The spin-orbit coupling
(SOC) was added self-consistently to include relativistic
effects [51].

Phosphorene has a puckered honeycomb structure with
a nonsymmorphic D7

2h(Pbmn,53) space group which is
a subgroup of the bulk black phosphorus orthorhombic
D18

2h(Aema,64) space group. The few layers ball-stick model
of phosphorene is shown in Fig. 1(a) where phosphorene layers
are held together predominantly by weak van der Waals forces
[52,53]. Within a single phosphorene structure, each P atom
forms three bonds with its neighbors and since P atoms have
strong sp3 hybridization character, the three bonds have an
arrangement similar to that of a tetrahedral configuration. This
results in two atomic planes which are explicitly shown with

FIG. 1. (a) Crystal structure of multilayer stack (five layers) of
phosphorene. Blue and brown balls represent the nonplanner P layers
and the black box identifies the bulk conventional orthorhombic unit
cell. A transverse electric-field Ez is applied along the z direction.
(b) Brillouin zone for bulk black phosphorous with the primitive
orthorhombic unit cell in which the high symmetry points are marked.
(c) Bulk band structure of black phosphorous along the high symmetry
directions in the primitive Brillouin zone. Sizes of blue and red
markers denote the weight of projections onto pxy (predominantly
py near the CBM) and pz orbitals of P, respectively.

blue and brown balls in Fig. 1(a). The bonding between the
atoms inside an atomic plane forms a zigzag chain [along the x

axis in Fig. 1(a)], whereas it has an armchair structure between
two atomic planes [along the y axis in Fig. 1(a)]. Due to such
a lattice structure, phosphorene has the following symmetry
elements: an inversion center i, a vertical mirror plane M̃x

perpendicular to x, twofold rotation axis along x-axis C2x ,
two glide-mirror planes {M̃y | 1

2
1
2 } and {M̃z| 1

2
1
2 }, and two screw

axes {C2y | 1
2

1
2 } and {C2z| 1

2
1
2 } [54].

III. ELECTRONIC STRUCTURE OF ULTRATHIN FILMS
OF BLACK PHOSPHORUS

Before discussing the electronic properties of phosphorene
thin films, we first calculate the electronic structure of bulk
black phosphorous which consists of an infinite number of
phosphorene layers. As shown in Fig. 1(c), bulk black phos-
phorous is a direct band gap semiconductor with valence band
maximum (VBM) and conduction band minimum (CBM)
located at the Z point of the bulk Brillouin zone. The valence
and conduction bands disperse anisotropically around the
Z point with a nearly parabolic (linear) dispersion along
Z-A′ (Z-�) direction. The calculated band gap with van der
Waals correction is 0.44 eV. Though this band gap value
is slightly higher than the experimentally reported value of
0.31–0.35 eV, it is in good agreement with the earlier DFT
calculations [21,43] incorporating van der Waals correction
[55]. The local density of states analysis shows that VBM
arises predominantly from the 3pz states, whereas CBM has a
large contribution from 3py and 3pz states of P.

Figure 2 shows the electronic structure of NL phosphorene.
There is a dramatic increase in the band gap from bulk to
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FIG. 2. Band structure of (a) 1L, (b) 3L, and (c) 6L thick films of
phosphorene along the high-symmetry directions in the 2D Brillouin
zone [see inset of (a)]. Sizes of various markers denote the weight
of projections onto various atomic orbitals of P. (d) Band gap as a
function of number of phosphorene layers (NL). The inset shows the
band gap vs NL fitting curve (blue solid line) using the fitting function
Eg = E0 + B/nx (see text for details).

1L phosphorene which has much higher band gap of 1.1 eV
[see Figs. 2(a) and 2(d)]. This is a well-known phenomenon in
low-dimensional systems and arises because of the quantum
confinement of the charge carriers. Furthermore, we find that
when the phosphorene monolayers are brought together to
form a NL phosphorene structure, the degeneracy of the
conduction and valence bands is lifted on account of the
interlayer interaction between the phosphorene layers. This
results in the appearance of more bands in the vicinity of the
Fermi level. Notably, with the addition of 1L phosphorene
into the NL structure, one extra band appears near the CBM
and VBM (see Fig. 2) such that the total number of valence
or conduction bands around VBM and CBM are equal to the
number of phosphorene layers NL. Since these bands repel
each other, a monotonic decrease in the band gap occurs from
1L phosphorene to the bulk. There is a large decrease in the
band gap from 1L to 3L (from 1.1 to 0.64 eV) beyond which
the band gap decreases slowly and converges to the bulk value.
Interestingly, the direct band gap nature at the � point remains
intact in NL phosphorene with increasing the thickness. This
is unlike the case of MoS2 where a direct to indirect band gap
transition occurs with increasing the number of layers [56].

To highlight the quantum confinement effects in NL phos-
phorene, we investigate the relationship between the band gap
and the number of layers NL, as shown in Fig. 2(d). A fitting
to the layer dependent band gap (Eg) yields a power-law fit of
the form Eg = E0 + B/nx , where Eg is the band gap of NL
phosphorene, E0 is the band gap of bulk black phosphorous,
and n are the number of layers. The fitting parameters B

and x are found to be 0.66 eV and 1.09, respectively. This
clearly shows that band gap decreases slowly as compared to
the inverse square decay of the form 1/n2 as expected from
the quantum confinement. The weak quantum confinement
is a consequence of interlayer interactions (including van der
Waals interaction) between the phosphorene layers [53], which
delocalizes the electrons in a given layer over the adjacent
layers [20].

The energy dispersion in NL phosphorene in the vicinity of
the � point remains anisotropic with different band curvature
along the �-X and the �-Y directions. This is similar to the
case of bulk phosphorous bands and it reflects the anisotropy
of underlying crystal structure. Note that the bulk Z point folds
back to � point and thus the �-X and �-Y in NL phosphorene
Brillouin zone lie along the zigzag and armchair directions,
respectively, of the crystal structure [see Fig. 1(a)]. In partic-
ular, the valence and conduction bands have a “Schrödinger”
like parabolic dispersion along the �-X (zigzag) direction,
whereas they have a “Dirac” like linear dispersion along the
�-Y (armchair) direction. Such an anisotropic band dispersion
leads to anisotropic carrier effective masses. The estimated
electron (hole) masses are m∗

e = 1.2 me (m∗
h = 8.64 me) and

m∗
e = 0.17 me (m∗

h = 0.16 me), respectively, along �-X and
�-Y directions for 1L phosphorene. As we increase the number
of phosphorene layers, the effective electron masses remain
almost invariant along both �-X and �-Y directions, whereas
the effective hole masses show strong layer dependence along
�-X direction [21].

IV. EFFECT OF A TRANSVERSE ELECTRIC FIELD AND
THE DIRAC SEMIMETAL STATE

We now discuss the effect of a transverse electric-field
Ez on a phosphorene multilayer structure and the resulting
Dirac semimetal state. The existence of the potential difference
between the two atomic layers in the puckered honeycomb
structure of phosphorene naturally provides an advantage in
controlling the band gap via an out-of-plane electric field.
In addition the external electric field interacts strongly with
localized atomic orbitals in phosphorene, changing the on-site
energies as well as the hopping parameters which in turn have a
significant impact on the resulting band structure [57]. Figure 3
shows the evolution of 5L phosphorene band structure with the
strength of the external transverse electric-field Ez (see Fig. 1).
With an increase in Ez, the band gap decreases gradually
while maintaining its direct nature at the � point and closes
at a critical electric-field Ec, for which the VBM and CBM
become degenerate at the � point. The decrease in the band gap
of multilayered phosphorene with Ez arises mainly because
of the stark effect. The applied electric field increases the
potential difference across the layers and affects the real space
distribution of valence and conduction states. Specifically, the
real space distribution of valence and conduction states shifts in
opposite direction to each other on account of the electrostatic
interaction, leading to a reduced band gap. Note that although
we have used 5L phosphorene to explicitly show the evolution
of band structure with Ez [in Figs. 3(a)–3(c)], our main findings
remain independent of the number of layers. Indeed we find
that the band gap of NL phosphorene decreases with increase in
Ez and closes at a critical field Ez = Ec. This is highlighted in
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FIG. 3. Electronic structure of 5L phosphorene film for various
external electric-field Ez values: (a) Ez = 0.00 eV/Å, (b) Ez = 0.34
eV/Å, and (c) Ez = 0.60 eV/Å. There is a phase transition from
normal insulator to Dirac semimetal state at Ez = 0.34 eV/Å, beyond
which an electric-field tunable Dirac fermions state appears along the
�-X line in 2D BZ. (d) Variation of band gap of phophorene thin
films as a function of external electric-field Ez. Various colors refer
to different number of phosphorene layers (see legends).

Fig. 3(d) which explicitly shows the direct band gap evolution
for 2L − 10L as a function of Ez. The band gap reduces rapidly
with Ez as we increase the number of phosphorene layers.
Specifically, Ec reduces from 0.75 eV/Å for 2L to 0.19 eV/Å
for 10L. This is mainly because the potential drop across the
layers increases rapidly with increasing the number of layers.

A. Emergence of Dirac cones

Interestingly, as we increase Ez beyond Ec, a band gap
starts opening at the � point which increases monotonically
with increasing Ez [for example, see Fig. 3(c)]. The evolution
of valence and conduction bands around the � point with
Ez is a reminiscent feature of band inversion observed in
topological insulators. Indeed, by tracking the orbital character
of VBM and CBM with the electric field, one confirms that
the pz (pz + py) states of phosphorous which constitute VBM
(CBM) for Ez < Ec invert their order and form CBM (VBM)
for Ez > Ec [see Fig. 3(c)]. Furthermore, we find that although
an inverted band gap opens at the � point for Ez > Ec,
the system remains gapless with a Dirac-type band crossing
along the �-X line at k = ±kD, where we have defined
kD ≡ (kD,0) [see Figs. 3(c) and 4(c)]. The asymptotic band
dispersion in the vicinity of this point is linear and anisotropic
as shown in Fig. 4(f). A symmetry analysis suggests that this
crossing point is indeed a Dirac point which is protected
by the glide-mirror plane {M̃y | 1

2
1
2 }. Note that a transverse

FIG. 4. Evolution of valence band (VB) and conduction band
(CB) of 5L phosphorene film with electric field in 2D BZ for
(a) Ez < Ec, (b) Ez = Ec, and (c) Ez > Ec. (d) and (e) Energy
dispersions of VB and CB along �-X (orange color) and �-Y (green
color) directions for Ez < Ec and Ez = Ec, respectively, near � point.
(f) Band dispersions along �-kD-X (orange color) and kD-Y ′ (green
color) directions near the Dirac point (kD) for Ez > Ec [see (c) for
kD].

electric-field Ez preserves this symmetry and since M̃y sends
y → −y, it leaves the �-X line invariant under reflection.
As shown explicitly in Ref. [37], any crossing point on this
invariant line should switch the eigenstates of nonsymmorphic
symmetry {M̃y | 1

2
1
2 } and therefore remain gapless.

Figure 4 illustrates the evolution of the valence and the
conduction bands across the critical electric field near the
� point. For Ez < Ec, the valence and conduction band
dispersion is linear along �-Y direction and quadratic along
�-X direction. However, for Ec > Ez, there is a band inversion
with the valence and conduction bands switching positions at
the � point, followed by the formation of a pair of Dirac points
at ±kD. The band dispersion around the Dirac points is linear
along both the �-kD-X and the kD-Y ′ (line passing through kD

and parallel to the y axis) direction. Note that while the bands
remain linear along �-kD-X and kD-Y ′ direction, an anisotropy
in the carriers velocity is evident [see Fig. 4(f)] because of the
structural anisotropy of phosphorene. Furthermore, the Dirac
points move continuously over the �-X line towards zone
boundary X with increasing electric-field strength.

In the absence of SOC, the effective Hamiltonian in the
vicinity of the Dirac point ±kD can be expressed as

H ≈ [�vx(kx ∓ kD)τx + �vykyτy] ⊗ s0, (1)

where τx/y denotes the 2 × 2 Pauli spin matrices for the
pseudospin degree of freedom, s0 denotes the 2 × 2 identity
matrix in the actual spin space, ⊗ represents the direct
product, and vx (vy) denotes the Dirac velocity in the x (y)
direction. Using the band dispersion resulting from Eq. (1),
the inverted band gap at the � point can be approximated as
Eg = 2�vxkD. Based on our first-principles results, we find
that Eg ∝ (Ez − Ec), vx ∝ √

Ez − Ec, and kD ∝ √
Ez − Ec
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FIG. 5. (a) Band structure including the SOC of 5L phosphorene
film with Ez = 0.60 eV/Å along high symmetry directions in a 2D
Brillouin zone. (b) and (c) Zoomed-in band structure along �-kD-X
and kD-Y ′ directions, respectively. Each Dirac cone without SOC
splits into two spin-polarized Dirac cones in presence of SOC with
spins aligned almost along +x (red color) and −x (blue color)
directions. Blue color stripe in (b) shows the SOC-induced band
gap. Note that in (c) the central line corresponds to the mirror plane
of the {My | 1

2
1
2 } symmetry, and the reflection of the spins (which are

almost aligned along the x axis) about this mirror plane, is evident.
(d) Schematic band dispersions of four spin-polarized Dirac cones in
phosphorene with SOC for Ez > Ec. Red and blue colors represent
spin orientated along +x and −x, respectively.

for Ez > Ec [see Fig. 6(a) for kD]. These results clearly show
that the Dirac points as well as the associated carrier velocities
can be modulated by an external electric field.

B. Effect of spin-orbit coupling and appearance of
spin-polarized Dirac cones

Since P is a lighter atom (Z = 15), it has weak spin-orbit
interaction, which in turn has a very small effect on the
electronic properties of NL phosphorene. However it plays a
very significant role in presence of an external electric-field Ez,
leading to the emergence of four Dirac points. The application
of Ez breaks the inversion symmetry of NL phosphorene as
the two sides of NL phosphorene (along the external field)
become inequivalent. As a result, the spin degeneracy of states
away from the time-reversal invariant points is lifted. In this
way, the electric field provides a way to realize spin-polarized
states in NL phosphorene.

Figure 5 shows the band structure of 5L phosphorene with
SOC for Ez = 0.60 eV/Å. It is evident from the zoomed-in
band structure around the two Dirac points ±kD [see Figs. 5(b)
and 5(c)], the spin degeneracy of the bands is lifted and a
band gap (of ∼3 meV) appears at point kD along �-kD-X

directions. This is consistent with earlier findings where a
SOC-induced band gap is seen at the position of Dirac point
without SOC [42,43]. However, fine k-mesh calculations near
±kD reveals that although a SOC-induced gap opens at ±kD,
each of the previous Dirac points (without SOC) split into two,
and the system still remains gapless along kD-Y ′ directions.
Thus a total of four spin-polarized Dirac cones appear at k =
(±kD, ± kSOC), where 2kSOC gives the splitting between the
two Dirac cones at k = (kD, ± kSOC) [see Figs. 5(c) and 5(d)].
A spin-texture analysis shows that the carrier spins for the two
Dirac cones located at k = (±kD, + kSOC) are aligned almost
along the +x direction, while for the other two Dirac cones
located at k = (±kD, − kSOC), the spins are nearly aligned
along the −x direction. Specifically, the x component of spin
is found to be 0.95–0.99 times �/2, whereas y component of
spin is 0.00–0.20 times �/2. A similar spin orientation of Dirac
cones has been reported recently in 4L phosphorene under K
doping [41].

In principle the SOC can break the nonsymmorphic
symmetries and consequently the Dirac cones in a 2D lattice
can be gapped out in presence of SOC. However, based on
our first-principles results, an effective SOC Hamiltonian of
phosphorene has the form

HSOC = λ
�

2
τy ⊗ sx, (2)

where λ is the spin-orbit coupling constant [41]. It turns out
that this HSOC term commutes with the glide-mirror operator
{M̃y | 1

2
1
2 } = iτx ⊗ sy and thus does not break glide-mirror

symmetry. This can be further verified from the first-principles
results, as shown in Figs. 5(b) and 5(c), where the spin
degeneracy remains almost intact along �-X direction due
to the mirror symmetry. The spin degeneracy is however lifted
away from this line (for example along �-Y ′ direction) because
of SOC and therefore the Dirac points shift their position
along the kD-Y ′ direction to lie onto generic k points. Since
the nonsymmorphic symmetry {M̃y | 1

2
1
2 } which is respected

by the form of the the SOC in Eq. (2) forbids the presence
of mass term, the Dirac cones in presence of SOC are still
symmetry protected [37,41,57]. Based on Eqs. (1) and (2),
it can be easily shown that kSOC = λ/(2vy). While λ is a
constant, we find that vy ∝ (Ez − Ec)−1, and as a consequence
kSOC ∝ (Ez − Ec) [see Fig. 6(b)]. Thus we find that the
location as well as the Fermi velocities of the four Dirac cones
can be tuned by changing the strength of the external electric
field.

Based on the analysis above, we emphasize that NL
phosphorene remains in its semimetal state in presence of
SOC and an external electric field, in contrast to earlier
studies [42,43]. Furthermore, the spin resolved Dirac cones
in phosphorene in presence of SOC and a transverse electric
field are located at the generic k points, showing the realization
of the unpinned type-II Dirac cones proposed recently by Lu
et al. [39].

We have discussed that in 5L phosphorene a critical electric
field of ∼0.34 eV/Å is sufficient to induce the phase transition.
This critical electric field could be large to achieve in normal
experimental conditions and thus it is important to discuss
the ways of reducing the critical electric field. As shown in
Fig. 3(d), the critical electric field decreases with increasing
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FIG. 6. (a) kD as a function of Ez − Ec. The red dots are based
on DFT calculation, and the solid line is the fit kD = α

√
Ez − Ec,

where α = 0.31 (eV Å)−1/2 based on GGA calculations. (b) kSOC as
a function of Ez − Ec. The blue dots are based on DFT calculation,
and the solid blue line is the fit kSOC = k0 + β(Ez − Ec), where k0 =
0.013 Å−1 and β = 0.014 eV−1 based on GGA calculations. Note
that to accurately locate the Dirac point, we have used the increased
SOC strength of 500%.

the number of phosphorene layers. Experimentally, the high
quality phosphorene sample lies in the range of of 5–10 nm,
which corresponds to 10–20 phosphorene layers [17,18,42].
Therefore one could use 10–20 phosphorene layers to realize
phase transition at smaller critical electric fields. An alternative

way to emulate the large transverse electric field is via giant
Stark effect using the chemical doping [41]. This method has
been recently demonstrated experimentally as an effective way
to tune band gap and drive few layers phosphorene into a
semimetallic state with Dirac fermions [40].

V. SUMMARY AND CONCLUSIONS

We have investigated the electronic properties of NL
phosphorene within the ab initio density-functional theory
framework. Phosphorene is found to be a versatile material
in which the electronic properties can be tuned by varying
the thickness as well as by applying a transverse electric
field. More importantly, we have shown that increasing the
electric field beyond its critical value induces a band inversion
at the Brillouin zone center. However, the inverted valence
and conduction bands cross at only two points in the Brillouin
zone along �-X directions forming a pair of Dirac cones,
which are protected by the glide-mirror plane symmetry of
the phosphorene lattice. The SOC splits these two Dirac cones
into four fully spin-polarized Dirac cones which lie on generic
k points on the 2D Brillouin zone. The new Dirac cones have
unique spin textures where spins are aligned almost along x

directions. We find that the position of the four Dirac cones,
as well as the associated carrier velocities, are electrically
tunable. Our results establish that NL phosphorene realizes an
electric-field-induced phase transition from normal insulator
to the Dirac semimetal state.
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