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Using first-principles calculations, a class of Janus two-dimensional materials, PA2As (A = Si, Ge, Sn, and Pb)
monolayers, is predicted to be dynamically and thermally stable. The band gap of PA2As can be linearly mod-
ulated by external strain and electric field. The presence of the peculiar sombrero-type band in strained PA2As
results in the intraband Lifshitz transition near the valence band top when including Rashba spin-orbit coupling.
The energy range of intraband Lifshitz transition is linearly dependent on electric field, indicating potential
electric control of the Fermi surface properties. In particular, hole doping leads to the ferromagnetic transition in
PA2As due to Van Hove singularity and a divergence with 1/

√
E of the density of states. This ferromagnetism

can be understood in terms of the Stoner criterion D(EF)IS > 1. A saturated magnetic moment of 1 μB/hole is
obtained in hole-doped PSn2As and PPb2As with a wide range of hole densities. The highest Curie transition
temperature Tc is estimated to be 93.5 K at the mean field level. We demonstrate that hole density and tensile
strain are two effective approaches to control the Stoner ferromagnetism in practical applications. Moreover,
various electronic transitions, such as semiconductor to half-metal, half-metal to metal, and semiconductor to
metal, are revealed in hole-doped PA2As. Finally, we explore the feasibility of realizing ferromagnetism by
introducing p-type dopants and defects. The experimentally controlled intraband Lifshitz transition and Stoner
ferromagnetism demonstrate that Janus PA2As monolayers have a wide application potential in future electronic
and spintronic devices.
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I. INTRODUCTION

Due to a cornucopia of intriguing properties in low-
dimensional materials, the study of two-dimensional (2D)
materials has become one of the most attractive fields in
condensed matter physics [1–3]. In view of potential applica-
tions in next-generation electronic and spintronic devices, 2D
materials with outstanding electronic and magnetic properties
are more favorable. Therefore, there has been a surge of effort
in exploring tunable electronic and magnetic properties in
certain 2D materials [4–8]. Although the electronic properties,
in general, are easy to modulate, the controlled magnetism
in nonmagnetic 2D materials has been a challenge [9]. To
achieve magnetism in nonmagnetic 2D materials, introduction
of external approaches such as doping atoms [4,10–12] and
defects [13–15] is the common strategy in theoretical study
so far. However, the magnetism achieved by these approaches
has been difficult to modulate and control in practical ex-
periment [9]. Thus, it is a significant issue to explore the
experimentally controlled magnetism in certain 2D materials.

Recently, a class of 2D materials with a peculiar valence
band top (VBT) has received tremendous interest in the ex-
ploration of inherent ferromagnetism [9,16–19]. Owing to the
presence of saddle points of energy dispersion in k space, the
sombrero-type band forms near the VBT, which gives rise to
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fascinating characteristics of the density of states (DOS), such
as a Van Hove singularity diverging with 1/

√
E [16,20]. The

sombrero-type band can be described analytically by E (k) =
Ak4 + Bk2 + E0, where E0 is defined as the sombrero depth.
At E = E0, DOS shows the second Van Hove singularity
with a step function discontinuity. When the sombrero-type
band is the valence band edge, the A and B constants are
A < 0 and B > 0 [16]. This unusual electronic structure often
results in electronic instability, emerging ferromagnetic tran-
sition [9,16], superconductivity [21], and density waves [20].
In particular, inherent ferromagnetism has been achieved by
injecting hole carriers [9,16], and thus it can be tuned effec-
tively through doping carrier density [9,16,22,23] and external
strain [24], as well as the number of layers [25]. Up to now,
many 2D materials have been predicted to host the sombrero-
type band near the VBT, such as metal monochalcogenide
(GaS, GaSe, GaO, and InO) [9,26], α-SnO [16,18], InP3 [27],
strained phosphorene [24], and others. All of these 2D mono-
layers exhibit tunable ferromagnetism and half-metallicity,
demonstrating that the ferromagnetic transition is general for
2D materials with the sombrero-type VBT. Due to the ul-
trathin character of 2D materials, high doping density has
been reported in graphene of the order of 1014 cm–2 [28] and
in transition metal dichalcogenide of the order of 1013 cm−2

[29] by gating techniques. Compared to introducing exter-
nal approaches, carrier doping via gating techniques is more
experimentally feasible. These studies strongly suggest that
2D materials with the sombrero-type band offer a possible
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opportunity to realize the experimentally controllable ferro-
magnetism.

On the other hand, the introduction of mirror symmetry
breaking in 2D materials can lead to some spin-related prop-
erties, especially with the sombrero-type band. For instance,
InSe bilayer and Janus XSn2Y monolayers (X and Y are
the group V elements) have been proposed theoretically as
potential candidates to probe spin-charge conversion (also re-
ferred to as the inverse Edelstein effect) and intraband Lifshitz
transition [30,31]. They are recognized to have predominant
promise for future electronic and spintronic devices. There
has not been much reported on simultaneous intraband Lif-
shitz transition and hole doping induced ferromagnetism in
certain 2D materials. With this in mind, it may be imperative
to discuss this issue. Very recently, AX (A and X are the
group IV and V elements, respectively) 2D monolayers with
metal monochalcogenide structure have been predicted to be
dynamically and thermally stable [32–34]. Among them, AP
and AAs monolayers have the sombrero-type band or a small
energy difference between the σ and π bonding levels near
the VBT, and the four-sublayer structure provides a possibility
for constructing Janus 2D materials. Therefore, AP and AAs
monolayers forming the Janus structure will be possible proto-
types to investigate intraband Lifshitz transition and inherent
ferromagnetism in 2D materials.

In this work, we predict, through first-principles calcula-
tions, a class of stable Janus 2D materials, PA2As (A = Si, Ge,
Sn, and Pb) monolayers. Their electronic properties are lin-
early tunable via external strain and electric field. Particularly,
the semiconductor-metal transition is found in PPb2As under
both compressive and tensile strain. Due to the presence of the
peculiar sombrero-type VBT, an intriguing intraband Lifshitz
transition is revealed in the strained PA2As. The Rashba effect
leads to a perfect linear relation between the first Lifshitz
transition range and external electric field. Furthermore, the
sombrero-type band induced Van Hove singularity of the DOS
offers an opportunity to explore the Stoner ferromagnetic
transition in the hole-doped PA2As. It has been found that the
magnetism can be tuned effectively through hole density and
tensile strain. We unveil not only the ferromagnetic transition,
but also the electronic transition upon hole doping, such as
semiconductor to half-metal, half-metal to metal, and semi-
conductor to metal. Our results demonstrate that Janus PA2As
monolayers are promising candidates for the future electronic
and spintronic devices owing to the experimentally control-
lable intraband Lifshitz transition and Stoner ferromagnetism.

II. COMPUTATIONAL METHODS

All first-principles calculations were performed using the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional within the generalized gradient approximation (GGA)
as implemented in the Vienna ab initio simulation pack-
age (VASP) [35–37]. The electronic band structure was also
checked under the screened hybrid functional method in the
HSE06 level [38]. Both without and with spin-orbit cou-
pling (SOC) were included in the PBE and HSE06 levels for
the electronic band structure calculations. The kinetic energy
cutoff for the plane-wave basis was set to be 500 eV. All
atoms were relaxed until an energy convergence of 10–6 eV,

forcing convergence of 0.01 eV/Å. The first Brillouin-zone
integration was carried out using an 11 × 11 × 1�-point cen-
tered k-point grid for structure optimization; it was improved
to 17 × 17 × 1 for self-consistent calculations. In the car-
rier doping calculations, the hole doping was realized by
removing the total number of electrons in the unit cell and a
jellium background with the opposite charge was introduced.
To converge the magnetic state, we tested different k-point
grids of 17 × 17 × 1, 21 × 21 × 1, 31 × 31 × 1, 41 × 41 ×
1, and 50 × 50 × 1 in spin-polarization calculations. It found
that a k-point grid of 17 × 17 × 1 was enough to obtain a
stable magnetic state. The p-type dopants and vacancy defect
calculations were performed to check the predicted magnetic
state, which was within the 4 × 4 × 1 supercell geometry
model. A vacuum layer of 20 Å was used to eliminate the
interaction between adjacent slabs.

The dynamical stability of PA2As was confirmed by per-
forming the phonon dispersion calculation as implemented in
the QUANTUM ESPRESSO code [39]. The thermal stability was
tested by ab initio molecular dynamics (AIMD) simulations
within a 4 × 4 × 1 supercell at the temperature of 300 K. The
total simulation time was 3 ps with a time step of 3 fs. The
mechanical properties and effective masses were calculated
by the VASPKIT code [40]. Analysis of the charge transfers was
determined by the Bader techniques [41]. The Fermi surface
and Berry curvature properties were calculated by using the
WANNIERTOOLS code [42] based on the tight-binding (TB)
model with the maximally localized Wannier functions (ML-
WFs) [43]. MLWFs were constructed by using the software
package WANNIER90 [44] with interfacing VASP.

III. RESULTS AND DISCUSSION

A. Structure stability, mechanical properties,
and polarization effect

We begin by describing the structural properties to under-
stand the Janus construction. AX 2D monolayers have a D3h

symmetry group, similar to the metal monochalcogenide. The
mirror symmetry breaking can be introduced via replacing
group V atoms on the same side with different group V atoms.
Thus, both AP and AAs can form ternary Janus PA2As mono-
layers with a C3v symmetry group, as shown in Fig. 1(a). The
unit cell of Janus PA2As monolayers belongs to the hexagonal
symmetry and is composed of one P atom, one As atom, and
two A atoms, in which two A atomic layers are sandwiched
by P and As atomic layers. The optimized lattice constants are
listed in Table I and the total energies with the lattice constants
are plotted in Fig. S1 in the Supplemental Material [45]. The
lattice constants (a = b) of PA2As increase with the atomic
number of the A atoms as expected. Both the lattice constants
and layer thicknesses (d) are the average value of those of AP
and AAs monolayers. Compared to their binary counterparts
AP and AAs, the alteration of the lattice constants of PA2As
produces a lattice strain on two atomic surfaces. Using the
lattice constant of PA2As as a reference, the P atomic surface
is exposed to the tensile strain while the As atomic surface is
exposed to the compressive strain. As we will see later, this
inherent lattice strain plays an important role in determining
the difference of electronic structure between PA2As and their
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FIG. 1. (a) Side and top views of Janus PA2As monolayers; the
black balls represent the group IV elements Si, Ge, Sn, and Pb.
(b) The first Brillouin zone and high-symmetry points in the recipro-
cal space.

binary counterparts. In a similar manner, A-P bond length
(L1), A-As bond length (L2), A-A bond length (L3), and P-As
distance (d) also increase with the atomic number of the A
atoms, as summarized in Table I.

The energy feasibility of Janus PA2As monolayers can be
checked by calculating the formation enthalpy Efor with the
expression as follows:

Efor = [Etot − (n1EP + n2EAs + n3EA)]/(n1 + n2 + n3), (1)

where Etot is the total ground state energy of the unit cell;
EP, EAs, and EA are the chemical potential of isolated P, As,
and A atoms, respectively. n1, n2, and n3 are the number of P,
As, and A atoms in the unit cell, respectively. According to
the definition of Efor, the negative value confirms the energy
feasibility of PA2As. As compared to their binary counter-
parts, Janus PA2As becomes more energetically feasible, for
which forming the PSi2As is the most exothermic process
due to the strong electronegativity of Si. It should be men-
tioned that Efor of PSn2As predicted here is larger than that

of our previous work [31] due to include the spin polarization
in calculating the chemical potential of an isolated atom in
Ref. [31]. The dynamical stability of PA2As is checked by
calculating the phonon spectrum (see Fig. S2 [45]). No imag-
inary frequency of the phonon spectrum in all Janus PA2As
monolayers confirms their dynamical stabilities. Although the
phonon spectrum ensures the dynamical stability at the ground
state, they may be unstable at finite temperature. Thus, exam-
ining the thermal stability of PA2As at finite temperature is
needed. Our AIMD simulations demonstrate that the structure
of PA2As is hardly affected after the simulations (see Fig. S3
[45]), verifying the thermal stability at room temperature.

For a predicted class of Janus monolayers, the mechanical
properties are essential for their practical applications. They
can be obtained from calculating the elastic constants Ci j

which are evaluated from the strain-energy curve [46]. The
calculated elastic constants Ci j are listed in Table II. First, we
check the Born-Huang stability criteria: C11 > |C12|, C22 >

0, C66 > 0, C11C22 − C2
12 > 0. It is clear that all PA2As

monolayers satisfy the Born-Huang stability criteria. Second,
on the basis of the calculated elastic constants, the mechanical
properties, such as the 2D layer modulus γ 2D = 1

2 [C11 + C12],
Young’s modulus Y2D = [C2

11−C2
12]/C11, and Poisson’s ratio

ν = C12/C11, are derived [47]. The 2D layer modulus and
Young’s modulus decrease with the atomic number of the A
atoms, suggesting that the elongation of the lattice constant
lowers the in-plane stiffness, as well as weakens the resistance
to stretching. In contrast to predicted GaS and GaSe monolay-
ers [48], PSi2As and PGe2As have larger in-plane stiffness,
whereas PSn2As and PPb2As have smaller in-plane stiffness.
Although the Poisson’s ratio increases with the atomic number
of the A atoms from PSi2As to PSn2As, it still is smaller than
1/3, indicating a brittle character based on the Frantsevich
rule [49]. Distinct from other types of PA2As, the ν of PPb2As
is larger than 1/3, which originates from the metallic character
of Pb. Besides, we notice that these mechanical quantities are
smaller than those of reported HfN2 and WSe2 monolayers
[47]. A recent study also predicted a class of Janus 2D ma-
terials [50], in which the evaluated mechanical properties of
PSi2As are comparable to our present results.

TABLE I. Calculated structural properties of Janus PA2As monolayers: lattice constant a = b, A-P bond length L1, A-As bond length L2,
A-A bond length L3, layer thickness (namely, the distance between P and As) d , formation enthalpy Efor , charge transfer of A-As atomic group
�q, work function difference between two sides �φ, and dipole moment μ. Among these, the structural parameters of the AX monolayer are
cited from Ref. [32].

Structure a = b (Å) L1 (Å) L2 (Å) L3 (Å) d (Å) Efor (eV/atom) �q (e) �φ (eV) μ (D)

PSi2As 3.61 2.30 2.37 2.37 4.49 –4.51 0.047 0.280 0.086
PGe2As 3.74 2.40 2.46 2.50 4.72 –3.94 0.034 0.297 0.104
PSn2As 4.02 2.58 2.65 2.88 5.29 –3.56 0.060 0.268 0.102
PPb2As 4.18 2.69 2.75 3.05 5.55 –3.16 0.023 0.274 0.115
SiP 3.53 2.28 – 2.37 4.41 –4.19 – – –
SiAs 3.70 – 2.40 2.36 4.57 –3.85 – – –
GeP 3.66 2.37 – 2.51 4.65 –3.60 – – –
GeAs 3.82 – 2.49 2.50 4.80 –3.36 – – –
SnP 3.95 2.56 – 2.89 5.22 –3.28 – – –
SnAs 4.09 – 2.67 2.88 5.37 –3.10 – – –
PbP 4.12 2.67 – 3.06 5.49 –2.83 – – –
PbAs 4.25 – 2.77 3.05 5.62 -2.72 – – –
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TABLE II. Calculated mechanical properties of Janus PA2As monolayers: elastic constants Ci j , 2D layer modulus γ 2D, Young’s modulus
Y2D, Poisson’s ratio ν.

Structure C11 = C22 (N/m) C12 (N/m) C66 (N/m) γ 2D (N/m) Y2D (N/m) ν (N/m)

PSi2As 121.73 23.35 49.19 72.54 117.25 0.19
PGe2As 101.65 21.13 40.26 61.39 97.25 0.21
PSn2As 77.11 18.70 29.20 47.90 72.57 0.24
PPb2As 54.13 18.04 18.04 36.08 48.12 0.33

In Janus structure, intrinsic mirror symmetry breaking is
responsible for the polarization effect. Generally, the polar-
ization effect of Janus 2D materials can result in internal
electric-field, dipole moment, and surface work function dif-
ference [51–53]. In order to more clearly present the origin of
the polarization effect, we divide the four-sublayer structure of
PA2As into two atomic groups, e.g., an A-P group and an A-As
group. These two atomic groups are covalently bonded by two
A atoms, as depicted by the electron localization function (see
Fig. S4 [45]). Because of the strong metallicity of the Pb atom,
the weakest covalent bond of two atomic groups is found in
PPb2As. Bader charge analysis suggests that for all PA2As
monolayers, the charge is transferred between two atomic
groups even though both P and As atoms receive charge from
the A atoms. The calculated total charge transfer �q of the A-
As atomic group is listed in Table I. Positive �q indicates the
charge denoted by the A-As atomic group, through which the
net internal electric field is formed with the direction pointing
from As to P. Moreover, the work function change is another
indicator of the presence of the internal electric field. This can
be seen from the planar average of the electrostatic potential
shown in Fig. S5 [45]. It is found that the work function of
the As side is lower than that of the P side in all PA2As
monolayers, agreeing with the charge transfer analysis above.
The calculated nonzero dipole μ further confirms the presence
of the polarization effect in Janus PA2As monolayers. These
dipoles are comparable to those of Janus XSn2Y monolayers
but are smaller than those of Janus transition metal dichalco-
genide [31,52].

B. Strain and electric-field effects on the electronic properties

The orbital projected band structures of Janus PA2As
monolayers without SOC are shown in Fig. 2. Both PSi2As
and PGe2As are the indirect band gaps with the conduction
band bottom (CBB) locating at the M point and the VBT
locating at the � point. Particularly, both the CBB and VBT
of PSn2As reside at the � point, exhibiting the direct band
gap feature. PPb2As is also the indirect band gap, but its VBT
is along the �-K line owing to the sombrero-type band. The
peculiar dispersion of PPb2As yields the highly localized DOS
near the VBT showing a sharp Van Hove singularity (see Fig.
S6 [45]). The calculated band gaps of PA2As are summarized
in Table III. The inherent lattice strain significantly affects the
band gaps of PA2As, as compared to their binary counterparts.
For example, the band gap of PSi2As is smaller than that of
SiP and SiAs since the P atomic surface is stretched and the As
atomic surface is compressed. The calculated carrier effective
masses of PA2As along two different k directions are summa-
rized in Table III. When the CBB locates at the M point, the

electron effective mass m∗
CBB shows evident anisotropy, but

it shows isotropy when the CBB locates at the � point. The
hole effective mass m∗

VBT has a slight difference between two
high-symmetry directions.

Orbital projection analyses reveal that for PSi2As, PGe2As,
and PSn2As, the VBT is contributed by the hybridized As- and
A-pxy orbitals, but for PPb2As the VBT is composed of the
hybridized P-, As-, and A-pz orbitals. In addition, the charac-
teristics of the frontier states are used to gain insight into the
electronic properties near the VBT, which can be captured by
calculating the partial charge density (see Fig. S7 [45]). The
frontier states of PSi2As and PGe2As are controlled by As and
A atoms, displaying the σ -type bond. However, P, As, and A
atoms contribute the frontier states in PSn2As and PPb2As,
displaying the π -type bond. This π -type bonding charac-
ter is associated with the sombrero-type band. Although the
sombrero-type VBT is not observed in PSi2As, PGe2As, and
PSn2As, the presence of a small energy difference between
the σ -type and π -type levels provides a potential advantage
to change the characteristics of the frontier states via external
strain, particularly for PSn2As. In the subsequent discussion,
we will show how the changes of frontier states effectively

FIG. 2. Orbital projected band structures of Janus PA2As mono-
layers without SOC; the size of the circle is proportional to the orbital
weight. The Fermi level is set at the zero energy.
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TABLE III. Calculated electronic properties of Janus PA2As monolayers. PBE band gap without and with SOC: Eg-PBE and Eg-PBE+SOC.
HSE06 band gap without and with SOC: Eg-HSE and Eg-HSE+SOC. Carrier effective mass of CBB along two high-symmetry directions: m∗

CBB1

and m∗
CBB2. Carrier effective mass of VBT along two high-symmetry directions: m∗

VBT1 and m∗
VBT1. Among these, the band gaps of the AX

monolayer are cited from Ref. [32].

Eg-PBE Eg-PBE+SOC Eg-HSE Eg-HSE+SOC m∗
CBB1 m∗

CBB2 m∗
VBT1 m∗

VBT2

Structure (eV) (eV) (eV) (eV) (|m∗/m0|) (|m∗/m0|) (|m∗/m0|) (|m∗/m0|)
PSi2As 1.29 1.21 1.95 1.85 0.146 1.759 0.505 0.521
PGe2As 1.11 1.00 1.76 1.65 0.251 0.626 0.527 0.549
PSn2As 1.19 1.06 1.78 1.65 0.155 0.155 1.411 1.437
PPb2As 0.38 0.28 0.72 0.56 0.251 0.626 3.182 3.379
SiP 1.52 1.51 2.22 – – – – –
SiAs 1.63 1.54 2.27 – – – – –
GeP 1.35 1.34 2.05 – – – – –
GeAs 1.20 1.08 1.81 – – – – –
SnP 1.29 1.28 1.91 – – – – –
SnAs 1.14 1.05 1.72 – – – – –
PbP 0.40 0.38 0.76 – – – – –
PbAs 0.36 0.25 0.67 – – – – –

modulate intraband Lifshitz transition and hole doping in-
duced ferromagnetism.

Moreover, an important issue of why only PPb2As has
the sombrero-type VBT can be explained on the basis of
the inherent lattice strain. For AP and AAs monolayers, SiP
has the sombrero-type VBT, whereas SiAs has the parabolic-
type VBT. Upon formation of PSi2As, the energy difference
between the σ -type and π -type levels is enlarged because
of the As atomic surface compressed by the lattice strain.
As a result, PSi2As cannot form the sombrero-type VBT.
A similar situation is found in PGe2As. Although SnAs has
the sombrero-type VBT, forming the PSn2As results in the
σ -type level being higher than the π -type level since the
As atomic surface is compressed by the lattice strain. Thus,
the sombrero-type VBT disappears in PSn2As. For PbAs, a
large energy difference between the σ -type and π -type levels
enables the sombrero-type VBT to remain in PPb2As. Similar
analyses have also been clarified in the Janus In2SSe mono-
layer [54], in which the inherent lattice strain removed the
sombrero-type VBT of InS and InSe.

In the presence of SOC, as seen in Table III, the band gaps
of PA2As decrease by ∼0.1 eV. The dramatic effect of SOC on
the band structure is noticed in PPb2As (see Fig. S8 [45]). For
instance, the Rashba-type spin splitting is found at the CBB,
which is caused by the intrinsic mirror symmetry breaking
of the Janus structure. The estimated Rashba parameter αR

is 7.53 eV Å obtained by using the expression αR = 2ER/kR

based on the linear Rashba model [31]. This value is larger
than that of the predicted Rashba 2D materials [52]. Interest-
ingly, an additional Rashba-type spin splitting emerges from
the second CBB at the � point. That is to say, PPb2As shows
the double Rashba effects at the � point. The second Rashba
parameter αR is estimated to be 3.23 eV Å. This interesting
result is also reported in the Janus XSn2Y monolayers [31]. For
PSn2As, weak SOC gives rise to a small Rashba parameter
αR of 0.8 eV Å. However, the Rashba-type spin splitting is
absent in PSi2As and PGe2As. In addition, all Janus PA2As
monolayers have a circle-type Fermi surface (see Fig. S9
[45]). We notice that the Fermi surface topology of PSn2As
and PPb2As is different from that of PGe2As and PSi2As since

the sombrero-type band of PSn2As and PPb2As is close to the
Fermi level. Considering a small energy difference between
the σ -type and π -type levels, the Fermi surface topology of
PA2As can be modified by external modulation.

The band structures of PA2As are checked using the HSE06
hybrid functional (see Fig. S10 [45]), and the obtained band
gaps are summarized in Table III. Although the band gaps
with SOC increase by 0.64 and 0.65 eV for PSi2As and
PSn2As respectively, the band structure profiles are nearly in
line with the PBE functional results. For PSn2As and PPb2As,
the HSE06 level not only widens the band gap but also slightly
modifies the band structure. For instance, the VBT of PSn2As
becomes the sombrero-type band and the CBB shifts to the M
point in the absence of SOC.

Because of the ultrathin character of 2D materials, their
physical properties are easily tuned by external modulation.
Before investigating the intraband Lifshitz transition and hole
doping induced ferromagnetism, it is instructive to consider
strain and electric-field effects on the electronic structure. For
Janus PA2As monolayers, the intrinsic buckling structure and
mirror symmetry breaking provide potential advantages to
modulate the electronic properties via strain and electric field.
These approaches are not only experimentally feasible but
also essential to the application of Janus PA2As monolayers.
In terms of the mechanical properties discussed before, here
we consider a small strain range (from −5% to +5%). The bi-
axial strain ε that can be denoted by ε = (a − a0)/a0 × 100%
is realized by altering the equilibrium lattice constant a0. The
electric field is simulated by means of the dipole correction
method.

As seen in Fig. 3(a), the band gaps of PA2As are very
sensitive to both compressive and tensile strain. A linear
reduction of the band gap with compressive strain is ob-
served in PGe2As, PSn2As, and PPb2As. In particular, the
semiconductor-metal transition is found in PPb2As when
ε > −3%. For tensile strain, the band gap maximum is ob-
served at ε = + 1% in PSi2As and PGe2As but at ε = 0% in
PSn2As and PPb2As, which arises from different band disper-
sions near the VBT (see Figs. S11–S14 [45]). As expected
the sombrero-type VBT emerges in PSi2As and PGe2As
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FIG. 3. Band gaps of Janus PA2As monolayers as a function of
(a) external strain and (b) external electric field.

when ε � +2%. Also, the sombrero depth E0 of PSn2As
and PPb2As increases with tensile strain. These variations
would strongly affect the intraband Lifshitz transition and
hole-doping effect. For PSn2As and PPb2As, the band gap de-
creases linearly with tensile strain. The semiconductor-metal
transition is found in PPb2As again when ε > +3%.

As discussed before, the presence of intrinsic mirror sym-
metry breaking produces an internal electric field. Here, the
direction of the external electric field is set along the internal
electric field. The electric-field dependence of the band gap
is plotted in Fig. 3(b). Unlike the strain, the influence of the
electric field on the band gap is relatively weak. It is clear that
the band gaps of PSi2As, PGe2As, and PSn2As display a linear
reduction within the electric field considered, and the ratios
are in accordance with the atomic number of the A atoms.

Nevertheless, the band gap of PPb2As is less influenced. Thus,
we can conclude that the smaller the atomic number of the A
atoms, the more tunable the band gap in the external electric
field. The reason can be understood qualitatively from the
planar average of the electrostatic potential (see Fig. S5 [45]).
Because of a large potential difference between the As atomic
surface and the P atomic surface in PSi2As, its band gap
hence is more sensitive to the external electric-field effect.
In contrary, a small potential difference leads to the weak
electric-field effect on the band gap of PPb2As.

C. Tunable intraband Lifshitz transition of PA2As

The Fermi surface properties are important for the electric
transport, nontrivial topology, and superconducting transition
[55–58]. The sombrero-type VBT combined with Rashba
SOC can result in the intraband Lifshitz transition and in-
verse Edelstein effect [30]. The Lifshitz transition changes
the topology of the Fermi surface, which is crucial for un-
derstanding the electronic properties near the Fermi surface.
The previous band structure calculations imply the possi-
bility of probing the intraband Lifshitz transition in Janus
PA2As monolayers. The 2D and 3D band structures of the
sombrero-type VBT with SOC are shown in Figs. 4(a) and
4(b). For PSi2As, PGe2As, and PSn2As, a small energy differ-
ence between the V2 and V1 energy levels (two valence band
maxima) can be ignored in discussing the intraband Lifshitz
transition. For PPb2As, however, a relative large energy differ-
ence between the V1 and V2 energy levels gives rise to more
complicated band dispersion. The intraband Lifshitz transition
of PPb2As will be discussed separately.

FIG. 4. (a) The sombrero-type band with SOC, in which V1 is the energy level of the VBT, V4 is the first Lifshitz transition point, Q is
the second Lifshitz transition point, and μ is the chemical potential. The green and purple arrows denote the spin-up and spin-down channels,
respectively. (b) 3D plot of the sombrero band dispersion with SOC. (c) Energy difference EV1–V4 and (d) energy difference EV4–Q of PSi2As,
PGe2As, and PSn2As as a function of tensile strain. (e)–(g) Fermi surface properties of chemical potential μ locates in EV1–V4 (V4 < μ < V1),
EV4−Q (Q < μ < V4), and μ < Q, respectively. The color scales represent the weight of the electronic states.
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FIG. 5. Energy difference EV1–V4 and EV4–Q of PSi2As, PGe2As, and PSn2As under different tensile strains as a function of external electric
field.

In Fig. 4(a), an unexpected spin splitting is observed near
the VBT, as a result of the combination between the Rashba
SOC and the sombrero-type band. It should be mentioned
that this spin splitting is different from the general Rashba
effect, because there are three different spin textures in the
energy ranges V1 < E < V4(EV1–V4), V4 < E < Q(EV4–Q),
and E < Q [30]. We find that EV1–V4 and EV4–Q can be
tuned by tensile strain. As seen in Figs. 4(c) and 4(d), both
EV1–V4 and EV4–Q increase with tensile strain; in particular
EV4–Q is more sensitive to the variation of tensile strain. We
then calculate the Fermi surface properties in three energy
ranges to unveil the intraband Lifshitz transition. As shown in
Figs. 4(e)–4(g), different Fermi surface topologies indeed are
observed when the chemical potential μ lies in three energy
ranges. According to the calculated Fermi surface properties,
the energy level V4 is referred to as the first Lifshitz transition
point and the energy level Q is referred to as the second
Lifshitz transition point. Considering strain-tunable EV1–V4

and EV4–Q, the intraband Lifshitz transition also should be
modulated by external strain. Moreover, the previous study
has demonstrated that if the chemical potential μ is higher

than the first Lifshitz transition point, the system will have the
largest spin-charge conversion conductivity [30].

Aiming to probe the synergic effect of strain and electric
field on the intraband Lifshitz transition, the electric-field
effect on EV1–V4 and EV4–Q under four tensile strains is fur-
ther investigated. As seen in Fig. 5, a perfect linear relation
between EV1–V4 and electric field is always observed in all
systems no matter how the tensile strain is applied. EV1–V4

decreases linearly with the positive electric field but increases
linearly with the negative electric field. The reason why
EV1–V4 is linearly dependent on the external electric field can
be well explained from the fact that EV1–V4 is original from
the Rashba-type spin splitting. It is known that Rashba effect
is induced by the symmetry breaking coupling with spin-orbit
interaction. Generally speaking, Rashba effect can be tuned
linearly by electric field, which has been reported in many 2D
Rashba materials [52,59–61]. This brings a linear variation of
EV1–V4 with electric field. In contrast, the response of EV4–Q is
different from EV1–V4. For PSi2As, EV4–Q gradually decreases
within the electric field considered under +2% and +3%
tensile strains, but it has a minimum under +4% and +5%
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tensile strains. For PGe2As and PSn2As, EV4–Q has a mini-
mum under +2% and +3% tensile strains, but it gradually
increases within the electric field considered under +4% and
+5% tensile strains. These results clearly suggest the presence
of the synergic effect of strain and electric field.

For PPb2As, a large energy difference between the V1 and
V2 energy levels induces the anisotropic sombrero-type VBT
and produces multiple intraband Lifshitz transition points (see
Fig. S15 [45]). When the chemical potential μ shifts from μ1

to μ6, the Fermi surface topology changes six times, implying
five Lifshitz transition points near the VBT. The remarkable
difference between PPb2As and other systems is attributed to
the strong SOC and large atomic radius of the Pb atom. Here,
the synergic effect of strain and electric field is not considered
since the semiconductor-metal transition is found in PPb2As
by applying small tensile strain.

D. Magnetic and electronic transitions of hole-doped PA2As

Another important characteristic of the sombrero-type
band is the introduction of ferromagnetism and half-
metallicity when the hole is injected [9]. Next, we intensively
investigate the hole-doping effect on Janus PA2As monolay-
ers. Although intrinsic Janus PA2As monolayers are nonmag-
netic, they spontaneously become the ferromagnetic state by
introducing hole doping. To verify the magnetic properties,
we calculate the magnetic moment per hole and magnetic
energy per hole based on the spin-polarized density functional
theory. The magnetic moment per hole is calculated using
the expression [9]

∑
nk∈hole −〈nk|m|nk〉/∑

nk∈hole〈nk|nk〉,
where m and |nk〉 are the spin magnetic moment operator and
Bloch states, respectively. The magnetic energy per hole �EM

is the total energy difference between the spin-polarization
and nonspin-polarization calculations normalized by the num-
ber of holes, i.e., �EM = (Espin − Enonspin )/N , where Espin

and Enonspin are the total energy of the spin-polarization and
nonspin-polarization calculations, respectively, and N is the
number of holes. A negative value of �EM indicates the pref-
erence of ferromagnetic ground state. In our spin-polarization
calculations, the direction of magnetic moment is set along the
z direction.

Figure 6(a) shows the calculated �EM as a function of
hole carrier density p. One can find that all Janus PA2As
monolayers produce the ferromagnetic ground state upon
hole doping, but �EM fluctuates with hole density p. All
systems return to the nonmagnetic ground state once hole
density exceeds the critical value. For PSi2As and PGe2As,
the magnetic ground state only remains in a narrow doping
range, i.e., 9 × 1013 < p < 15 × 1013 cm–2 and 6 × 1013 <

p < 9 × 1013 cm–2, respectively. The most stable magnetic
ground state emerges at p = 12 × 1013 cm–2 for PSi2As and
8 × 1013 cm–2 for PGe2As. Correspondingly, the largest �EM

is calculated to be 2.55 and 3.02 meV/hole for PSi2As and
PGe2As, respectively. At the mean field level, the Curie tran-
sition temperature Tc can be approximately estimated through
Tc = 2�EM/3kB [62], where kB is the Boltzmann constant.
The estimated Tc of PSi2As and PGe2As under the most sta-
ble magnetic ground state is 19.8 and 23.5 K, respectively.
For PSn2As and PPb2As, the magnetic ground state emerges
in a wide doping range, i.e., 1 × 1013 < p < 8 × 1013 cm–2

FIG. 6. (a) Magnetic energy per hole and (b) magnetic moment
per hole of hope-doped Janus PA2As monolayers as a function of
hole carrier density.

and 0 < p < 7 × 1013 cm–2, respectively. We notice that a
relatively low hole density can lead to the nonmagnetic to fer-
romagnetic transition. The most stable magnetic ground state
is verified at p = 5 × 1013 cm–2 of PSn2As and 3 × 1013 cm–2

of PPb2As, respectively. Correspondingly, the estimated Tc

is 93.5 and 39.5 K, respectively. We notice that the Curie
transition temperature Tc of PSn2As is comparable to that of
hole-doped GaSe [9].

As seen in Fig. 6(b), the trend of the magnetic moment
with hole density is evidently distinct from that of the mag-
netic energy. The nonzero magnetic moment emerges when
hole density p is higher than 9 × 1013 and 6 × 1013 cm–2

for PSi2As and PGe2As, respectively. The magnetic moment
increases with hole density and reaches the maximum of
0.51 and 0.64 μB/hole at p = 12 × 1013 and 8 × 1013 cm–2

for PSi2As and PGe2As, respectively, and then rapidly re-
turns to zero. Interestingly, a saturated magnetic moment
of 1 μB/hole is reached at p = 1 × 1013 and 4 × 1013 cm–2

for PSn2As and PPb2As, respectively, which maintains in
a relative wide doping range for PPb2As. The critical hole
density to induce ferromagnetic-nonmagnetic transition is at
p = 9 × 1013 and 7 × 1013 cm–2 for PSn2As and PPb2As,
respectively. We find that for PSn2As the magnetic moment
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monotonically increases with hole density before the satura-
tion value 1 μB/hole, whereas for PPb2As it rapidly reaches
the saturation value of 1 μB/hole even at very low hole den-
sity. Similar results were also reported in other hole-doped 2D
sombrero-type band materials, such as GaO [26], InO [26],
GaSe [9], SnO [16,18], blue phosphorene [24], InP3 [27] and
others.

Apart from presenting the hole density dependence of mag-
netic moment per hole, we also plot the magnetic moment
per cell as a function of hole density (see Fig. S16(a) [45]).
An almost linear increment of the magnetic moment with
hole density is observed, and then, further increment of hole
density leads to ferromagnetic-nonmagnetic transition. These
findings are in accordance with the hole-doped multilayer GaS
and GaSe monolayers [25]. Under the most stable magnetic
ground state, the spin density of PA2As is calculated (see
Fig. S16(b) [45]). It is found that most of the magnetic states
originate from the out of plane orbital, which is in agreement
with the previous electronic structure analysis.

The physical origin of magnetism for the hope-doped Janus
PA2As monolayers can be understood from the Stoner crite-
rion [63], i.e., D(EF)IS > 1, where D(EF) is the DOS at the
Fermi level with the nonmagnetic state and IS is the Stoner
parameter. When the Stoner criterion is satisfied, the sys-
tem would be unstable at the nonmagnetic state. The Stoner
ferromagnetic transition can reduce the total energy, and
thus the spontaneous magnetization. The Stoner parame-
ter IS is calculated through IS = �ExcμB/Mcell [64], where
�Exc is the exchange splitting energy near the Fermi level
and Mcell is the magnetic moment per unit cell. Herein we
only discuss the Stoner criterion under the most stable mag-
netic ground state, and the corresponding hole density is
at p = 12 × 1013, 8 × 1013, 5 × 1013, and 3 × 1013 cm–2 for
PSi2As, PGe2As, PSn2As, and PPb2As, respectively. Under
the most stable magnetic ground state, the calculated D(EF)
is 4.37, 4.36, 6.21, and 7.66 state/eV, respectively, and the
calculated IS is 0.74, 0.66, 0.64, and 0.69 eV, respectively.
Obviously, the Stoner criterion D(EF)IS > 1 is satisfied; thus
the spontaneous magnetization happens in the hole-doped
Janus PA2As monolayers. For all reported 2D sombrero-type
materials, the physical origin of magnetism upon hole doping
has been attributed to the Stoner instability. Because of the
experimentally controlled ferromagnetism, we believe that the
hole-doped Janus PA2As monolayers are promising candi-
dates for applying in spintronic devices.

Hole doping not only gives rise to the electronic transition,
but also to the nonmagnetic-magnetic transition. Although
PSi2As and PGe2As are intrinsic semiconductors, they un-
dergo the semiconductor-metal transition upon hole doping
(see Fig. S17 [45]). Specifically, PSn2As undergoes multi-
ple electronic transitions, i.e., semiconductor to metal, metal
to half-metal, and half-metal to metal (see Fig. S18 [45]).
For p < 2 × 1013 cm–2, the VBT is fully occupied and the
system is a nonmagnetic semiconductor. For 2 × 1013 � p �
4 × 1013 cm–2, PSn2As becomes a magnetic metal. At p =
5 × 1013 cm–2, the valence band is half filled and the Fermi
level only crosses the spin-down channel, rendering the half-
metallicity. The electronic spin in this situation allows 100%
polarization at the Fermi level, which is an ideal characteristic
for spintronic applications. The Fermi level crosses both spin

FIG. 7. (a) Magnetic energy and (b) magnetic moment of PSi2As
under different tensile strains as a function of hole density.

channels as a further increment of hole density, rendering the
magnetic metallicity. When the hole density is high enough,
PSn2As becomes a nonmagnetic metal. In the case of PPb2As,
a nonmagnetic-magnetic semiconductor transition is induced
at low hole density while a semiconductor-metal transition is
realized at high hole density (see Fig. S18 [45]).

E. Strain effect on the electronic and magnetic
properties of hole-doped PA2As

In order to understand how strain will affect the hole
doping induced ferromagnetism, we investigate the strained
PA2As upon hole doping. As suggested in the discussion
of the electronic properties, tensile strain modifies the band
dispersion near the VBT, which is a key factor in influencing
the hole-doping effect. For the sake of brevity, we only discuss
the strained PSi2As monolayer in detail. The results of other
monolayers can be found in the Supplemental Material [45].
Figure 7(a) shows the magnetic energy per hole as a function
of hole density under four tensile strains. Under the most
stable magnetic state, +2%, +3%, and +4% tensile strains
enlarge the magnetic energy while +5% tensile strain lowers
the magnetic energy, as compared to the strain-free situation
[see Fig. 6(a)]. At a certain hole density, the magnetic energy
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decreases with tensile strain. This result is contrary to the
hole-doped α-In2Se3 [65], for which the magnetic energy
increases with tensile strain. Furthermore, the estimated Tc

under the most stable magnetic state is 30.2, 21.6, 20.1, and
16.2 K for four tensile strains, respectively.

For strained PSi2As, a very low hole density can be suffi-
ciently engaged to realize the saturated magnetic moment of
1 μB/hole, as seen in Fig. 7(b), indicating a strong coupling
between tensile strain and magnetism. However, such magni-
tude of the magnetic moment cannot be obtained in strain-free
PSi2As at all hole densities considered. A dramatic strain ef-
fect of the magnetic state provides the possibility of tuning the
magnetism in practical applications. In particular, the plateau
region of the 1 μB/hole is tunable through altering the tensile
strain. We find the widest plateau region of 1 × 1013 � p �
7 × 1013 cm–2 under +2% tensile strain and the narrowest
plateau region of 1 × 1013 � p � 5 × 1013 cm–2 under +5%
tensile strain, respectively. These results are correlated to the
strain-induced modification of the VBT. As shown in Fig. S19
[45], the sombrero strength E0/k0 displays a gradual increment
with tensile strain, resulting in a reduction of the localization
of the DOS. In terms of D(EF) ∝ m∗3/2

√
EVBT − EF [66],

ferromagnetism only is maintained with a large effective mass
m∗, which requires a small value of E0/k0. Thus, a wide
plateau region is found under small tensile strain. A similar
finding was also revealed in GaS and GaSe multilayers [25],
in which the magnetic moment decreased with the weakness
of the sombrero size.

On the other hand, tensile strain pronouncedly modifies the
electronic properties. For strain-free PSi2As, it only exhibits
the magnetic metallicity during hole doping. For strained
PSi2As, however, three electronic properties, magnetic semi-
conductor, half-metallicity, and nonmagnetic metallicity, are
revealed with changing the hole density. We can clearly ob-
serve these changes from the calculated band structures (see
Fig. S20 [45]). At low hole density, the VBT is fully occupied,
rendering the semiconducting feature. Further increment of
hole density makes the VBT entirely spin polarized. Since the
Fermi level only crosses the spin-down channel, the system
exhibits half-metallicity. As hole density exceeds the criti-
cal value, the Fermi level crosses both spin channels owing
to the Rashba effect, rendering the nonmagnetic metallicity.
Although both the electronic and magnetic properties are
modulated by tensile strain, the magnetic states are still con-
tributed by the out of plane orbital.

Figure 8 plots the hole density dependence of the spin-
splitting energy �Espin = E↑(k) − E↓(k) under four tensile
strains. One can observe that both with and without SOC
the “�” type variation is presented, implying the existence
of the maximum of the spin-splitting energy. For all strained
systems, �Espin without SOC is perfectly in line with the
magnetic moment per cell as expected. This was also reported
in the hole-doped first-row d0 semiconductors [66]. After the
maximum, it sharply descends to zero. In contrast to �Espin

without SOC, �Espin with SOC displays a slight variation at
low hole density and a rapid increment at moderate hole den-
sity, and finally it returns to a stable value at high hole density.
Because of the Rashba effect, �Espin with SOC has the same
value between the undoped and heavily doped situations. It
is interesting that �Espin with SOC is nearly unaffected by

FIG. 8. Spin-splitting energy without and with SOC and mag-
netic moment of PSi2As as a function of hole density under tensile
strain (a) +2%, (b) +3%, (c) +4%, and (d) +5%, respectively. SM,
HM, and M denote the semiconducting, half-metallic, and metallic
features, respectively.

the resultant magnetism at low hole density. These interesting
observations can be understood from a competition between
the Rashba SOC and the hole doping induced magnetism.
Both in the undoped and heavily doped situations, the system
is in the nonmagnetic state, and thus the �Espin entirely comes
from the Rashba SOC. When the hole is at low density, the
resultant magnetism is relatively weak and the �Espin mainly
comes from the Rashba SOC rather than the spin polarization.
We can see from Fig. 7(a) that although low hole density
(below 2 × 1013 cm–2) induces the magnetism, the ground
state of the doped system still is nonmagnetic. This also
confirms the weak magnetic effect. When the hole density is
high enough, the strong magnetic effect dramatically affects
the Rashba SOC and the �Espin mainly comes from the spin
polarization. For the electronic properties, all systems undergo
semiconductor to half-metal and half-metal to metal transi-
tions. Moreover, a wide half-metal region is found under four
tensile strains considered.

Finally, the feasibility to realize ferromagnetism through
introducing p-type dopants and defects is explored, as seen in
the Supplemental Material [45]. The P and As atoms substi-
tuted by the A atoms in a supercell model are used to realize
the p-type doping, and removing one P, As, or A atom is
used to realize the monovacancy defect. We find that a stable
magnetic moment of 1 μB/hole is obtained through substi-
tutional doping, the P atoms being replaced by the A atoms.
The calculated magnetic energies of p-type doped PSi2As to
PPb2As are 164.8, 39.6, 13.1, and 5.9 meV/hole, respectively,
which are larger than those of the hole doping. Analysis of
the spin density indicates that the magnetic states are mainly
localized around the dopants in PSi2As, PGe2As, and PSn2As,
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but show obvious delocalization in PPb2As. The p-type doped
PPb2As and PSn2As exhibit the half-metallicity, whereas the
p-type doped PGe2As and PSi2As exhibit the semiconducting
feature. In contrast, the monovacancy defect cannot give rise
to ferromagnetism except for the PPb2As. When forming the
P monovacancy in PPb2As, the system becomes a half-metal
with the magnetic moment of 1 μB. Overall, substitutional
doping of the P atoms by the A atoms is a more effective way
to introduce the ferromagnetism in Janus PA2As monolayers.

IV. CONCLUSION

In summary, we have predicted a class of Janus 2D materi-
als, PA2As (A = Si, Ge, Sn, and Pb) monolayers, with strain-
and electric field tunable electronic properties. Among them,
the external strain can lead to semiconductor-metal transition
in PPb2As. There is an intriguing intraband Lifshitz transition
in strained PA2As, which is caused by the sombrero-type VBT
coupling with SOC. This intraband Lifshitz transition can be
linearly modulated by an electric field. Because of the Van
Hove singularity of the DOS, PA2As monolayers indicate the

Stoner ferromagnetic transition when a hole is injected. We
propose that hole density and tensile strain are two effective
methods of controlling the Stoner ferromagnetism. Moreover,
various electronic transitions are unveiled as introducing hole
doping. Our results provide a class of Janus 2D materials for
the future electronic and spintronic devices owing to their
experimentally controlled intraband Lifshitz transition and
Stoner ferromagnetism.
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