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Quantum spin Hall (QSH) insulators exhibit spin-polarized conducting edge states that are topo-
logically protected from backscattering and offer unique opportunities for addressing fundamental
science questions and device applications. Finding viable materials that host such topological states,
however, remains a continuing challenge. Here, by using in-depth first-principles theoretical mod-
eling, we predict large bandgap QSH insulators in recently synthesized bottom-up two-dimensional
MSi2Z4 (M = Mo or W and Z = P or As) materials family with 1T ′ structure. A structural dis-
tortion in the 2H phase drives a band inversion between the metal (Mo/W) d and p states of P/As
to realize spinless Dirac states without spin-orbit coupling. When spin-orbit coupling is included,
a hybridization gap as large as ∼ 204 meV opens-up at the band crossing points, realizing spin-
polarized conducting edge states with nearly quantized spin Hall conductivity. We also show that
the inverted band gap can be tuned with a vertical electric field, which drives a topological phase
transition from the QSH to a trivial insulator with Rashba-like edge states. Our study identifies
2D MSi2Z4 materials family in the 1T ′ structure as large bandgap, tunable QSH insulators with
protected spin-polarized edge states and large spin-Hall conductivity.

I. INTRODUCTION

Following the early studies of two-dimensional (2D)
materials [1–4], Kane and Mele demonstrated the exis-
tence of a quantum spin Hall (QSH) state in graphene
in the presence of symmetry-allowed spin-orbit coupling
(SOC) [5, 6]. The QSH state features one-dimensional
(1D) conducting helical edge modes in insulating bulk
due to the nontrivial winding of their electronic states [5–
13]. The helical edge modes carry symmetry-protected
spin-polarized electronic states that hold immense po-
tential for designing high-efficiency quantum electronic
devices with low dissipation [14–16]. The QSH state has
been theoretically predicted in a variety of 2D materi-
als and quantum well structures. However, its exper-
imental realization has so far been demonstrated only
in HgTe/CdTe and InAs/GaSb quantum wells and thin-
films of 1T′−WTe2, HgPt2Se3, and Bi4Br4 at ultra-
low temperatures [17–23]. A common approach to re-
alize the QSH state is to reduce the thickness of three-
dimensional (3D) Z2 topological insulators to drive a 3D
to 2D crossover and a band inversion in the surface states.
This method has successfully predicted the QSH state in
thin films of Z2 topological insulators [12, 13, 24–27].
The process of fine-tuning quantum well structures or
manipulating film thickness to generate an inverted hy-
bridization gap in the surface spectrum [12, 13, 24–31],
however, can modify material properties, leading to com-
plicated electronic structures and quenching of the quan-

tized spin Hall conductance. It is important, therefore,
to look for new strategies for designing 2D materials with
large inverted bandgaps in which the QSH state can sur-
vive at room temperature.

Here, we present an in-depth first-principles analy-
sis with optimized crystal structures to demonstrate the
presence of the QSH state in the recently introduced
2D materials that can be realized via a bottom-up ap-
proach without parental analogues [32–34]. These syn-
thetic 2D materials provide a new paradigm for en-
gineering designer states with diverse functionalities.
Specifically, 2D MoSi2N4 materials were synthesized by
passivating high-energy surfaces of non-layered nitrides
with Si with remarkable stability under ambient con-
ditions [34]. They show semiconducting behavior with
high carrier mobility, and feature spin-valley locking,
gating and thickness-tunable spin polarization, and 2D
magnetism and correlation-driven quantum anomalous
Hall state, among other properties depending on their
compositions [35–38]. Theoretically predicted properties
of these materials are reported to be superior to those
of the widely used 2D transition metal dichalcogenides
(TMDs) [34, 35, 39, 40]. It is not clear, however, if these
materials can form polytypic structures and realize the
QSH state similar to the 2D TMDs. Here, based on our
molecular dynamics simulations and phonon calculations,
we predict that the 1T ′ phase of MSi2Z4 (M = Mo or W,
and Z = P or As) is stable and realizes a QSH state via
a structural distortion from the 2H to 1T ′ phase. Our
calculated inverted bandgap (∼ 204 meV) and spin Hall
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conductivity (SHC) [∼ 1.3e2/h] are higher than the top-
to-bottom grown 2D TMDs. We also show that the QSH
state of MSi2Z4 can be switched off by driving a topologi-
cal phase transition via an applied (vertical) electric field.
Our study indicates the robust presence of a switchable
QSH state in a new polytypic structure of bottom-up
grown 2D materials with excellent topological and spin-
tronics properties.

II. METHODOLOGY

Electronic structure calculations were performed
within the framework of the density functional theory
(DFT) based on the projector augmented wave method
using the VASP [41, 42] code. The self-consistent rel-
ativistic calculations were performed with a plane wave
cut-off energy of 500 eV and a Γ centered 6 × 12 × 1
k−mesh for Brillouin zone (BZ) sampling. We used the
generalized gradient approximation (GGA) to include
exchange-correlation effects [43]. The structural parame-
ters were fully optimized until the residual forces on each
atom were less than 0.001 eV/Å and the total energy is
converged to 10−8 eV. For a more accurate treatment
of electronic correlations, we also employed the Heyd-
Scuseria-Ernzerhof (HSE) hybrid functional with 25%
exact Hartree-Fock exchange [44]. Phonon dispersions
were calculated with the density functional perturbation
theory (DFPT) using the PHONOPY code [45] with a
2×4×1 supercell. The ab-initio molecular dynamics sim-
ulations were performed through the Nose-Hoover ther-
mostat at a constant temperature of 300 K with a time
step of 2fs [46]. We generated material-specific tight-
binding Hamiltonians with M-d, Si-s and p, and Z-p or-
bitals using the VASP2WANNIER interface [47], which
was also used to elucidate topological properties using
the Wanniertools package [48, 49].

III. RESULTS AND DISCUSSION

A. Structural properties

The pristine phase of monolayer MSi2Z4 belongs to the
1H crystal structure family of 2D materials with space
group D1

3h (P6̄m2, No. 187) [34, 35]. Figure 1(a) shows
the crystal lattice of MoSi2P4 as an exemplar system.
The structure is layered along the hexagonal c axis and
consists of MoP2 layers sandwiched between two SiP lay-
ers. The Mo atoms are located at the center of the trig-
onal prismatic building block with six P atoms and the
MoP2 layer bonded vertically with the SiP layer [34]. In
the 1T ′ phase of MoSi2P4 [Fig. 1(b)], the three atomic
layers are locked in such a way that the position of Mo
atoms is at the center of 60o twisted trigonal prismatic
building block with six P atoms. This creates the oc-
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FIG. 1. Crystal structure of a MoSi2P4 monolayer in (a) 1H
and (b) 1T ′ phase. The unit cell of the 1H phase is indicated
by the red rhombus in (a) and that of the 1T ′ phase is shown
as a blue rectangle in (b). The Mo atoms are distorted from
their original hexagonal positions to form 1D zigzag chains
along the y axis in the 1T ′ phase, shown with dashed-black
lines in (b). (c) The associated 2D Brillouin zones (BZs) with
high-symmetry points marked. TheK points of the hexagonal
BZ (red color) fold onto the Γ−Y line of 1T ′ rectangular BZ
(blue color). (d) Phonon dispersion in 1T ′ MoSi2P4. (e) Total
free energy of monolayer 1T ′ MoSi2P4 as a function of time
step during the molecular dynamics simulation at T = 300 K.

tahedral local coordination of Mo atoms with the six
P atoms in the MoP2 layer but with different Mo-Mo
bond lengths to form zig-zag atomic chains along the y
axis and period-doubling along the x axis. This struc-
tural distortion lowers the hexagonal 1H symmetry to
1T ′ monoclinic symmetry with space group P21/m (No.
11) and forms a rectangular primitive unit cell as shown
in Fig. 1(b). Importantly, the 1T ′ structure possesses the
inversion symmetry I in contrast to the 1H phase. Fig-
ure 1(c) illustrates the BZs associated with both the 1H
and 1T ′ phases where high-symmetry points are marked
in both the pristine hexagonal and reduced rectangular
BZs.

To determine the stability of polytypic structures, we
present the calculated phonon dispersion of monolayer
1T ′ MoSi2P4 in Fig. 1(d). The absence of imaginary
frequency modes throughout the BZ indicates dynami-
cal stability of the 1T ′ phase. The structural stability is
further substantiated by performing ab-initio molecular
dynamics simulations at 300 K. Variation of the free en-
ergy as a function of the simulation time is presented in
Fig. 1(e). The energy oscillates near a mean value of 6.40
eV/atom. However, the monolayer structure remains in-
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FIG. 2. Band structure of 1T′−MoSi2P4 (a) without and (b) with spin-orbit coupling using the HSE hybrid functional. The
horizontal dashed line marks the Fermi level. Orbital compositions of bands are shown using different colors. Insets show
closeups of bands near the Γ point at the Fermi level. Inverted bandgap (δ) and global bandgap (Eg) are marked. (c) Closeups
of bands obtained with HSE and GGA functionals along the Y − Γ − Y line. (d) Location of valence and conduction band
crossings at the Fermi level without spin-orbit coupling in the 2D Brillouin zone. (e) E − kx − ky space rendition of spin-orbit
-coupling-driven electronic structure crossover in monolayer 1T′−MoSi2P4 with the HSE functional.

tact at the end of the simulations without any new re-
construction of the lattice, indicating thermal stability of
the monolayer. We have also checked the thermodynamic
stability of other members of the 1T ′ MSi2Z4 family and
found them to be stable, see Supplemental Material[50].
Like the experimentally realized 1T ′ TMDs, these results
indicate that the 1T ′-MSi2Z4 is stable and should be
possible to synthesize experimentally under appropriate
chemical, thermal, or mechanical conditions [51, 52]. On
comparing the total energies of 1T ′, 1H, and 1T phases
of MSi2Z4, we find that the 1H phase is the most sta-
ble, followed by the 1T ′ phase. The 1T phase is unstable
and relaxes to the 1T ′ phase. The calculated energy dif-
ference between the 1H and 1T ′ phases is 55, 24, 47,
and 11 meV/atom for MoSi2P4, MoSi2As4, WSi2P4, and
WSi2As4, respectively. These results indicate that the
1T ′ phase can be realized under selective growth condi-
tions as has been done, for example, for the realization
of the 1T ′ phase of MoS2 [51, 52].

B. Bulk electronic structure and band inversion

We now discuss the orbital-resolved electronic struc-
tures computed with GGA and HSE functionals to de-
lineate the topological state of various 1T ′-MSi2Z4 com-
pounds. Figures 2(a)-(b) show representative HSE band
structures of 1T ′-MSi2Z4 taking MoSi2P4 as an example.
The band structure is semimetallic with isolated spin-
less Dirac-type crossings on the Γ−Y directions without
SOC [Fig. 2(a)]. Adding relativistic effects opens a hy-
bridization gap at these band crossings, thereby realizing
a semiconducting state with a global bandgap, EHSE

g ,
of 86 meV. The valence and conduction band extrema
are located away from time-reversal invariant momentum
(TRIM) points at Λ = ±0.103Å−1 [red dots in 2(c)] on
the Γ-Y line, forming a camel-back-like band structure
near the Γ point [53, 54]. Such a band structure gener-
ally points to a nontrivial topology. We find that the p
states of P lie below the Mo d states with a clear band
inversion at the Γ point, strong hybridization between
the P and Mo states notwithstanding. This unusual or-
bital ordering is driven by a structural transition from 1H
to 1T ′, which lowers the energy of the transition-metal
states and results in a large inverted bandgap δHSE of
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TABLE I. Calculated structural and electronic parameters of 2D 1T ′-MSi2Z4 (M = Mo or W and Z = P or As). The structural
parameters include in-plane lattice constants a and b, and the interatomic separations d1 and d2 in the transition-metal zigzag
chain. The electronic parameters presented are the global bandgap obtained with GGA (EGGA

g ) and HSE (EHSE
g ), and the

inverted bandgap at the Γ point calculated with GGA (δGGA) and HSE (δHSE). Topological state is indicated: QSH denotes
quantum spin Hall state. See text for details.

Material a (Å) b (Å) d1 (Å) d2 (Å) Band gap (meV) Inverted Gap (meV) Topological Topological
invariant state

EGGA
g EHSE

g δGGA δHSE Z2

MoSi2P4 6.141 3.430 2.945 4.194 -10.4 86.2 398 842 1 QSH
MoSi2As4 6.388 3.579 3.012 4.362 -39.5 109.2 391 800 1 QSH
WSi2P4 6.129 3.441 2.939 4.133 -23.2 198.5 712 1079 1 QSH
WSi2As4 6.364 3.589 2.993 4.368 -0.07 204.3 675 1058 1 QSH

842 meV at the Γ point that is larger than the exist-
ing 1T ′ QSH materials [The inverted bandgap δ refers
to the energy gap between the highest occupied P p and
the lowest unoccupied Mo d states at the Γ point, see
Fig. 2]. The calculated electronic and structural param-
eters of our investigated 1T ′-MSi2Z4 materials are listed
in Table I with band structures shown in the SM. Since
monolayer 1T ′-MSi2Z4 respects inversion symmetry, we
calculated the Z2 invariant from the parity eigenvalues of
the occupied states at the TRIM points and found Z2 = 1
(nontrivial) in all investigated materials. We thus predict
the 2D 1T ′-MSi2Z4 monolayers to be QSH insulators.

We present the band structures obtained using HSE06
(red curves) and GGA (blue curves) along the Y-Γ-Y di-
rections in Fig. 2(b) to estimate the bandgap corrections
in 1T ′-MSi2Z4 monolayers. The hybrid functionals are
generally considered more accurate in estimating band
bending, band order, and bandgap in comparison to the
GGA. While the HSE06 is seen to correct the inverted
bandgap at the Γ point in comparison to the GGA, the
overall band structures obtained with the two function-
als are topologically equivalent with a band inversion at
the Γ point. Figure 2(d) considers the formation of the
QSH state in 1T ′-MSi2Z4 monolayers by switching off the
SOC. Specifically, the gapless band crossings are found at
finite momenta along the Y −Γ−Y line at the Λ points.
Switching on the SOC, hybridizes these band crossings
to generate the QSH state. These results imply that the
band inversion in 2D 1T ′-MSi2Z4 emerges via the struc-
tural transition while the SOC is responsible for forming
the QSH state.

C. Edge states and spin Hall conductivity

Appearance of spin-polarized edge states protected by
the time-reversal symmetry is the hallmark of the QSH
state. To highlight these states, we plot the calculated
edge-state spectrum and the associated spin-texture of
MoSi2P4 in Fig. 3. Figure 3(a) depicts the terminated
left and right edges along the y axis with schematics of
the nontrivial states of our xy monolayer (x remains the
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FIG. 3. (a) Lattice structure of semi-infinite one-dimensional
edges of 1T ′-MoSi2P4. Spin-polarized edge states are shown
schematically on the left and right edges. (b) Electronic spec-
trum of (010) edge. Nontrivial edge states can be seen in
the 2D bulk bandgap. (c) Calculated left-edge state’s spin-
texture in 2D 1T ′-MoSi2P4. Red (blue) colors indicate up
(down) spin polarization. (d)-(e) Schematic representations
of the various nontrivial edge states (red lines) connecting the
bulk valence and conduction bands (light blue color) between
the two time-reversal invariant points Γ and X.

periodic direction). Since the two edges are related by
inversion symmetry, we display states for the left edge
in Figs. 3(b)-(c). A pair of counter-propagating states
with opposite spin-polarization are seen in the bandgap
with a Dirac point at Γ. The nontrivial edge states span
the whole Γ − X line to connect the bulk valence and
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FIG. 4. (a) Intrinsic spin Hall conductivity (SHC) σz
xy as a function of Fermi energy in monolayer 1T ′-MoSi2P4. SHC is given

in units of e2

h
. Value of the SHC is maximum at the Fermi level. (b) Band-resolved (top) and k−resolved (bottom) spin Berry

curvature of monolayer MoSi2P4 along the high-symmetry directions in the 2D Brillouin zone. LBC stands for logarithm of
Ωz

xy(k) (Eq. 2) and the colorbar refers to the logarithm of Ωz
n,xy(k) (Eq. 3).

conduction bands as shown schematically in Fig. 3(e).
Similar results are found for other 1T ′-MSi2Z4 materials.

Having established the QSH state in 1T ′-MSi2Z4

monolayers, we turn to discuss their intrinsic spin Hall
conductivities (SHCs). We obtain the SHC σz

xy using the
Kubo formula [55–59] as:

σz
xy =

−e2

~
1

A

∑
k

Ωz
xy(k) (1)

where,

Ωz
xy(k) =

∑
n

fn(k)Ωz
n,xy(k) (2)

is the k-resolved spin Berry curvature and

Ωz
n,xy(k) = ~2

∑
m 6=n

−2Im〈nk|Ĵz
x |mk〉〈mk|v̂y|nk〉

(Enk − Emk)2
(3)

is the band-resolved spin Berry curvature.
In Eqs. 1-3, A is the area of the 2D unit cell and |nk〉

denotes the Bloch state with energy Enk and occupation
fn(k). The spin current operator Ĵz

x = 1
2{σ̂z, v̂x} with

the spin operator σ̂z and the velocity operator v̂x. The
SHC σz

x,y represents the spin-current along the x direc-
tion generated by the electric field along the y direction,
where the spin current is polarized along the z direction.
We used a dense grid of 106 k−points in conjunction with
maximally-localized Wannier functions to evaluate the
spin Berry curvature and SHC. Figure 4(a) presents the
calculated SHC as a function of the Fermi energy. The
SHC is maximum near the band crossing points [marked
with dashed line] reaching the highest value of ∼ 1.3 e2

h
much larger than the 1T ′ TMDs with the QSH state.
Amplitude of the SHC decreases quickly away from the

band crossings points. This can be further seen from our
band and k−resolved spin Berry curvature in Fig. 4(b).
The spin Berry curvature is largely concentrated near the
valence and conduction band-crossing points along the
Γ− Y direction, which have a SOC-driven hybridization
gap. Notably, the perfect quantization of the SHC re-
quires an Sz-conserved Hamiltonians. However, realistic
material parameters depend on the constraints of point-
group symmetries, coupling of various bands, and the lo-
cal atomic geometries, among other factors, which lead to
nonconserved-Sz Hamiltonians [60]. As the local atomic
geometry and spin-orbit interactions in MSi2Z4 are differ-
ent from the 1T ′ TMDs, differences in their SHCs values
are naturally expected [61]. An optimal setup to exploit
the large SHC in MoSi2P4 would be in the clean limit
with the Fermi level lying between the band crossings
points.

D. Electric field switching of quantum spin Hall
state

We now demonstrate the tunability of the QSH state
and the switching of the topological state under a verti-
cal electric field. Topologically inverted bands between
the transition metal d and pnictogen’s p orbitals lie at
well-separated 2D planes in the 1T ′ monolayer. This dis-
tinct spatial location of bands provides a natural basis for
their tunability via an out-of-the-plane (vertical) electric
field Ez. Figure 5 shows the HSE band structure for var-
ious electric field values. The electric field induces Ras-
bha spin-splittings in the states by breaking the inversion
equivalence on the top and bottom sides of the monolay-
ers. This is evident from spin-split states shown with
distinct colors in the top row of Figs. 5(b)-(c). As the
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electric field increases, the band gap decreases to zero at
the critical electric field value of Ec = 0.187 eV/Å where
the spin-up and spin-down bands cross at the opposite
Λ points. With further increase in the electric field, the
bandgap reopens. An analysis based on the Z2 invari-
ants and edge-state dispersions (Fig. 5) shows that this
bandgap closing drives a change in the topology to a triv-
ial state with Z2 = 0. This topological phase transition
destroys the topological edge states thereby switching off
the QSH state in 1T′−MoSi2P4. A change in the polar-
ity of the electric field shows a similar topological phase
transition to a trivial state. The evolution of QSH and
trivial insulator state as a function of the applied electric
field is displayed in Fig. 6.

The preceding results indicate an electric field
on/off control of the spin-polarized edge currents in
1T′−MSi2Z4 similar to the case of 1T′−TMDs [14]. Since
the crystal symmetries of both these materials families
are the same, various device ideas conceived for 1T ′-
TMDs can be applied to the MSi2Z4 family with the
added advantage of a large, inverted bandgap and large
SHC. For example, monolayer MSi2Z4 could be inter-
faced with a large bandgap 2D insulator to protect the
helical edge channels from being gapped by interlayer hy-
bridization to realize a topological transistor [14]. When
the Fermi level is placed in the nontrivial bandgap, a
nearly quantized SHC would be realized in this device
under zero or small electric fields. An electric field be-
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field strengths for the topological phase transition from Z2 =
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yond the critical value of ± 0.187 eV/Å can switch off the
quantized spin-Hall conductance, driving it into a trivial
insulating state.

IV. SUMMARY

We have demonstrated the existence of a tunable QSH
state with a large bandgap in a new polytypic structure
of the recently introduced bottom-up synthesized MSi2Z4

family of 2D materials. Our analysis based on phonon
spectra and molecular dynamics simulations shows that
these materials realize a thermodynamically stable 1T ′

phase in addition to the putative 1H phase. Our in-depth
electronic structure modeling reveals that a structural
distortion in the 1H phase leads to the 1T ′ structure and
induces a topological band inversion. An hybridization
gap as large as 204 meV is found in the MSi2Z4 family
that is even larger than in the existing 1T′−TMDs that
host a QSH ground state. Our calculated SHC shows
a large value of ∼ 1.3 e2

h in MoSi2P4 that arises from
the large spin Berry curvature induced by spin-orbit-split
bands at the band inversion points. We also show that
the QSH state is tunable with a vertical electric field,
which provides an external control for switching or turn-
ing on/off the QSH state. Our study thus not only intro-
duces a new polytypic structure of recently introduced
2D MSi2Z4 materials, which supports a large bandgap
QSH state, but it also suggests that this materials family
will potentially provide a promising new platform for re-
alizing nontrivial states with large spin Hall conductance.
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