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Recently, the square planar MoS2 monolayer, which exhibits the Cairo pentagonal tiling (termed as 1P-MoS2),
was identified as an intrinsic quantum anomalous Hall (QAH) insulator. However, there is a paucity of theoretical
work concerning a suitable substrate to support its nontrivial electron transport properties, which is the prereq-
uisite for practical applications. Here. we demonstrate that CuI(001) serves an excellent substrate candidate
for epitaxial growth of the 1P-MoS2 sheet by showing that the intrinsic ferromagnetism and the QAH state of
1P-MoS2 remain unaltered in the 1P-MoS2/CuI(001) system. Further analyses of the strain effect on 1P-MoS2

reveal that the QAH is robust within a strain range from − 2% to 2%. Our findings will inspire the experimental
realization of QAH effects in two-dimensional (2D) pentagon-based materials.

DOI: 10.1103/PhysRevB.103.115131

I. INTRODUCTION

Two-dimensional (2D) materials epitomized by graphene
can exhibit unprecedented physical properties, such as quan-
tum Hall effects. The quantum spin Hall (QSH) effect, first
proposed by Kane and Mele for graphene [1] and observed
later in HgTe/CdTe quantum wells [2,3], emerges as a topo-
logically nontrivial state of matter. For the QSH state, the
time-reversal (TR) symmetry, which protects the helical edge
state against geometric disturbances and nonmagnetic im-
purities [4], is indispensable. By contrast, the realization of
quantum anomalous Hall (QAH) effect requires a TR sym-
metry broken state. A QAH phase is characterized by a
finite Chern number [5] and distinguished from trivial in-
sulators by the chiral edge state within the insulating bulk
gap [6]. Impregnable to both magnetic and nonmagnetic im-
purities, the chiral edge state should outperform the helical
edge state of the QSH insulator in applications. The rela-
tionship between QSH effects and QAH effects appears to
be remarkably strong, since the simplest models realizing
QSH effects describe electrons with opposite spin carrying
opposite quantized Hall conductance [7]. Consequently, the
introduction of magnetic impurity into the QSH insulator,
such as transition-metal-doped topological insulators [8–10]
or decorated topological thin films [11,12], were proposed
to support QAH states. Recently, the successful preparation
of 2D ferromagnetic insulating materials, such as CrI3 [13]
and Cr2Ce2Te6 [14] thin films, enable us to directly explore
intrinsic QAH effects in low dimensions.
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We note that, so far, numerous 2D ferromagnetic or anti-
ferromagnetic systems have been predicted to host intrinsic
QAH states [15–22]. However, most of them adopt hexag-
onal lattices, which are also popular among other existing
monolayer substances. It was only until recently that con-
siderable theoretical and experimental efforts, which were
stimulated by penta-graphene [23], were dedicated to search
for new 2D substances with Cairo tessellations. Analogous
to the isolation of graphene, a pentagonal monolayer would
be readily obtained from its van der Waals (vdW) layered
counterpart. For example, the pentagonal PdSe2 monolayer
[24,25] was successfully isolated from its bulk counterpart
by means of micromechanical exfoliation. Interestingly, Liu
and Zhuang uncovered the existence of hidden pentagonal
layers within bulk compounds enjoying a chemical formula
AB2 and crystallizing into the pyrite structure [26]. They pre-
dicted several promising candidates for realizing pentagonal
monolayer from a data-mining based analysis. An increasing
number of studies have demonstrated that 2D materials with
exclusively pentagonal rings can support excellent mechanical
and electronic properties, such as a negative Poisson’s ratio in
penta-graphene [23] and ultrahigh carrier mobility in penta-
MX 2 (M = Pd, Pt; X = P, As) [27–29]. Remarkably, Ma
et al. proposed a family of 2D penta-SnX2 (X = S, Se, or Te)
compounds in which each member is shown to be a large-gap
QSH insulator that is feasible for experimental observation
under room temperature [30]. More excitingly, intrinsic mag-
netism, the prerequisite to break TR symmetry, could also be
detected in 2D pentagonal sheets. For instance, penta-FeS2

[31] and penta-CoS2 [32] were predicted to harbor antiferro-
magnetic ground states, while the penta-AlN2 [33] monolayer
was reported to be a ferromagnetic insulator. Therefore, it is
interesting to explore the possible existence of QAH phases in
pentagon based 2D monolayers. A recent paper [34] declared
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the discovery of the QAH state in a squared pentagonal MoS2

monolayer. However, the strain and the substrate effects on the
QAH state, as well as the stabilities of the pentagonal MoS2

sheet, were not addressed there.
In this paper, we focus on the experimental feasibility of

epitaxially growing 1P-MoS2 on a substrate and the robust-
ness of the QAH effect on the substrate. The CuI(001) surface
which perfectly matches the 1P-MoS2 monolayer is proved
to be a good candidate. From ab initio molecular dynamics
(AIMD) simulation, we verify the thermodynamic stability of
the 1P-MoS2 monolayer on the CuI(001) substrate. The intrin-
sic ferromagnetism of the 1P-MoS2 is found to be preserved
in the 1P-MoS2/CuI(001) system with a slightly enhanced
Curie temperature (Tc = 264 K) with respect to the freestand-
ing 1P-MoS2 monolayer (Tc = 240 K) owing to the strain
effect. Based on the calculations of Chern number and the
edge states, we demonstrate that the QAH state of 1P-MoS2

persists in the 1P-MoS2/CuI(001) system. Furthermore, we
investigate the strain effect on the QAH state of the 1P-MoS2

monolayer and find that it remains a QAH insulator within
the strain range from − 2% to 2%. These results reveal the
possibility of realizing QAH effects in 2D pentagon-based
materials.

II. COMPUTATIONAL METHODS

First-principles calculations and AIMD simulations were
performed based on density functional theory and the pro-
jector augment wave [35] method as implemented in the
VIENNA AB INITIO SIMULATION PACKAGE (VASP) [36,37].
The exchange-correlation interaction was treated with the
generalized gradient approximation (GGA) parameterized by
Perdew-Burke-Ernzerhof formula (PBE) [38]. A kinetic en-
ergy cutoff of 500 eV was used for wave functions expanded
in the plane wave basis. For Brillouin zone integrations, a
Monkhorst-Pack [39] k-point mesh of 20 × 20 × 1 was used
for the 1P-MoS2 monolayer. A vacuum layer of ∼20 Å was
considered to avoid the repeated image interactions. During
the structural optimizations, convergence criteria for total en-
ergy and atomic forces were set to be 10−5 eV and 10−3 eV/Å,
respectively. Phonon dispersions were performed using the
finite displacement approach through PHONOPY code [40]. A
4 × 4 supercell was constructed to calculate the atomic forces,
with an energy convergence criterion of 10−8 eV used. The
1P-MoS2/CuI(001) heterostructure was simulated with three
3 × 3-CuI(001) trilayers and a 2 × 2 monolayer of 1P-MoS2.
A k-point mesh of 4 × 4 × 1 and a convergence criterion of
atomic forces of 10−2 eV/Åwere used in the optimization
of the 1P-MoS2/CuI(001) heterostructure. To account for the
vdW interactions, we included the vdW correction to the
GGA calculations by using the PBE-D2 method [41]. AIMD
simulations were carried out adopting the canonical ensemble
with a Nosé-Hoover heat bath [42] for 9 ps with a time
step of 3 fs.

III. RESULTS AND DISCUSSION

A. Structures

By comparing the structure of penta-graphene and penta-
PdSe2, we notice that two different types of buckling can

FIG. 1. Top and side views of (a) α-type and (b) β-type penta-
MoS2, where the top and the bottom layers of S atoms are indicated
by yellow and green balls, respectively. (c) Optimized planar
1P-MoS2 monolayer, where the magenta and yellow balls repre-
sent Mo and S atoms, respectively. (d) Total energy of penta-MoS2

monolayers with different types of buckling as a function of lattice
constant. The insets show the optimized structures of the penta-MoS2

monolayers with α- and β-type buckling.

exist in a 2D material with buckled pentagonal structure. For
simplicity, we refer to them as α-type and β-type, respectively.
α-type and β-type penta-MoS2 monolayers, as displayed in
Figs. 1(a) and 1(b), respectively, are taken as examples to
illustrate the difference between two bucklings. For α-type
buckling, coplanar S atoms are bonded together to form S-S
dimers, while S atoms in β-type buckling are separated by
Mo atoms. By exchanging the z coordinate of the S1 atom
with the S2 atom, the α-type bulkling will convert to β-type
buckling. Structural relaxation and lattice optimization are
performed starting from both types of buckling. However, the
results reveal that square instead of pentagonal rings exist in
the buckled 1P-MoS2 monolayers, see Fig. 1(d). Both of the
buckled monolayers are nonmagnetic metals.

Figure 1(c) depicts the optimized structure of planar
1P-MoS2. Distinguished from previous reported MoS2 mono-
layers, which share a certain thickness originating from the
S-Mo-S sandwich structure along z direction, 1P-MoS2 pos-
sesses coplanar Mo and S atoms exhibiting a Cairo pentagonal
tiling. This tetragonal lattice belongs to space group P4/mbm
and D4h point group with inversion symmetry preserved. Each
primitive cell consists of two Mo atoms and four S atoms with
an equilibrium lattice constant of a = b = 6.04 Å. Different
from 1H-MoS2, where the sandwiched Mo atoms are six-
coordinated to S atoms, Mo atoms in monolayer 1P-MoS2 are
four-coordinated to S atoms. Optimized bond lengths of dS−S

and dMo−S are 2.375 Å and 2.334 Å, respectively.
Although the planar 1P-MoS2 monolayer was recently

proved to host intrinsic ferromagnetism and QAH effect [34],
it is energetically less favorable than the buckled ones as
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FIG. 2. (a) Optimized crystal structure of 1P-MoS2/CuI(001)
surface from top view. (b) Schematic of the quantum transport de-
vice designed from a 1P-MoS2/CuI(001) heterostructure, where the
purple arrows denote spin directions. (c) Fluctuation of total en-
ergy of the 1P-MoS2/CuI(001) system during the AIMD simulation.
(d) Structure snapshots of the 1P-MoS2/CuI(001) system at the end
of the simulation.

indicated in Fig. 1(d). Given that 1P-MoS2 has larger lattice
constants than that of buckled ones, an appropriate substrate
that provides the required tensile strains to beat the buck-
led rivals is indispensable in order to stabilize the 1P-MoS2

monolayer and support its nontrivial electronic structures. Be-
fore we discuss the stability of the 1P-MoS2 monolayer on
the CuI(001) substrate, the dynamical, thermodynamical, and
mechanical stabilities of pristine 1P-MoS2 are verified (see
supplementary notes, Fig. S1, and Table S1 in the Supplemen-
tal Material [43]).

B. Stability of 1P-MoS2 on CuI(001) substrate

Generally, an ideal substrate should behave as an insulator,
and should not strongly interact with the 2D sample or impose
large strain on it. We notice that bulk CuI which crystallizes
in P4/nmm symmetry with quasi-2D layered structure should
serve as an ideal candidate, since it harbors a large band gap
of 1.52 eV and the in-plane lattice mismatch between a 3 ×
3 CuI(001) surface and a 2 × 2 1P-MoS2 monolayer is only
1.5%. The perfect lattice match between the CuI(001) surface
and the 1P-MoS2 monolayer will only induce tiny strains on
1P-MoS2, assuring that the interlayer interaction is insuffi-
ciently strong to break the symmetry. Figure 2(a) depicts the
optimized structure of the 1P-MoS2/CuI(001) surface, where
all Mo atoms in the supercell overlay the Cu-I bridge sites.
The vertical distance between the topmost layer I atoms and
the 1P-MoS2 monolayer is 3.37 Å. The binding energy of
the heterostructure is estimated to be −35.8 meV/atom, in-
dicating a typical vdW interaction in the 1P-MoS2/CuI(001)
heterostructure.

We further examine the thermodynamical stability of the
1P-MoS2/CuI(001) system by performing AIMD simulation.

A large supercell containing three 6 × 6-CuI(001) trilayers
and a 4 × 4 monolayer of 1P-MoS2 is constructed to perform
the simulation. As shown in Fig. 2(d), the pentagonal building
blocks of the 1P-MoS2 sheet are well preserved despite being
corrugated after heating at 300 K for 9 ps, suggesting that
the 1P-MoS2/CuI(001) system is thermodynamically stable
at room temperature.

C. Magnetism

Given the fact that there is no charge transfer between
the 1P-MoS2 overlayer and the CuI(001) substrate, we con-
struct a stretched 1P-MoS2 monolayer model under 1.5%
tensile strain to study the magnetic behavior of the 1P-MoS2

overlayer. To identify the ground-state magnetic ordering of
1P-MoS2 with 1.5% strain, we perform both spin-unpolarized
and spin-polarized calculations considering nonmagnetic
(NM), ferromagnetic (FM) and Néel-type antiferromagnetic
(AFM) configurations to acquire their self-consistent total
energies. The results indicate that for 1P-MoS2 the FM
state is energetically preferable to AFM and NM states by
42.3 meV/atom and 157.5 meV/atom, respectively. The cal-
culated spin moment per Mo atom is ∼1.89 μB, indicating that
each Mo atom has two unpaired electrons. This is consistent
with the Mo4+(d2↑

xz,yz) ionic configuration from the crystal
filed splitting analysis. Under the square planar coordination,
the 4d orbitals of Mo atoms split into three nondegenerate
states (i.e., dx2−y2 , dxy, and dz2 ) and a doubly degenerate dxz,yz

state, resembling the splitting of Ir 5d orbitlas in Na4IrO4

[48]. The crystal filed splitting is weak here and thus all the
nondegenerate states are empty, while the doubly degenerate
dxz,yz state is half-filled with parallel spins, leading the Mo
ions to be in the Mo4+(d2↑

xz,yz) configuration. Interestingly, the
induced spin magnetic moments on the S atoms are significant
(∼0.11 μB/S) and antiparallel to those of Mo atoms. This
phenomenon suggests that the long-range ferromagnetism in
1P-MoS2 is resulted from a FM superexchange between the
partially filled d orbitals of Mo atoms and p orbitals of the
intervening S atoms.

Magnetic anisotropy energy (Ema), which refers to the
energy barrier between the hard-axis and easy-axis magneti-
zations, constitutes an important parameter to characterize a
FM material. Here, Ema is determined as Ema = E100 − E001,
where E100 and E001 denote the total energies of in-plane and
out-of-plane magnetizations, respectively. The calculated pos-
itive value of Ema= 3.55 meV/(f.u.) indicates that 1P-MoS2

prefers an out-of-plane easy axis, which contributes to elimi-
nate the Mermin-Wagner restriction in 2D materials [13,49].
Consequently, the long-range ferromagnetic order would be
possible to persist in the 1P-MoS2 monolayer at finite temper-
atures.

For further exploration of exchange interactions in
1P-MoS2, we calculate the nearest-neighbor exchange cou-
pling parameter J1 by mapping the total energies of FM
and AFM configurations onto the effective Heisenberg
Hamiltonian,

E = E0 −
∑
i, j

Ji, j êi · ê j (1)
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FIG. 3. Temperature-dependent normalized magnetization for
the 1P-MoS2 monolayer under 1.5% strain obtained from the Monte
Carlo simulation. Blue dots indicate the simulated mean magnetiza-
tion, and the blue solid line represents the corresponding fit based on
Eq. (2).

where E0 donates the NM ground-state energy, Ji j is the
exchange integral between the i-th and j-th Mo atoms, and
êi (ê j) is the unit vector indicating the direction of mag-
netic moment on sites i ( j). J1 can be further expressed as
J1 = (EAFM − EFM)/8. The estimated large positive J1 value
of 31.7 meV reveals strong FM coupling between nearest-
neighbor Mo atoms. By employing the VAMPIRE package [51],
the Curie temperature (Tc) of the stretched 1P-MoS2 under
1.5% strain can be determined via Monte Carlo simulation
based on the calculated J1 and Ema.

The simulated system for the stretched 1P-MoS2 under
1.5% strain consists of a nanosheet of 60 nm × 60 nm in size,
which is sufficiently large to reduce the finite-size effects.
Figure 3 depicts the resultant temperature-dependent normal-
ized magnetization using 20000 equilibration steps and 30000
averaging steps. Fitting the simulated results (blue dots) to the
equation,

m(T) =
(

1 − T

Tc

)β

, (2)

yields a critical exponent β of 0.26 and an estimated Tc of
264 K, which is approaching the room temperature and higher
than that of CrI3 [13] and Cr2Ge2Te6 [14]. For compari-
son, a similar simulation of the Tc for pristine 1P-MoS2 is
shown in Fig. S2 [43]. Our result reveals that the Tc value of
1.5%-strained 1P-MoS2 is slightly larger than that of pristine
1P-MoS2 by 24 K, owing to the enhanced exchange energy
under tensile strains.

D. Electronic structures and QAH state

In what follows, we investigate the electronic structures of
the 1P-MoS2/CuI(001) heterostructure. For comparison, the
spin-polarized band structures of the pristine 1P-MoS2 mono-
layer and the 1P-MoS2/CuI(001) heterostructure are shown
in Fig. S3 and Fig. S4 [43], respectively. As shown in Fig. S4,

FIG. 4. Spin-polarized band structures without SOC for (a) spin-
up and (b) spin-down channels for the 1P-MoS2 monolayer under
1.5% tensile strain. The symmetries of the band states along the �-M
path are labeled according to the irreducible representation of the C2v

point group with the aid of the QUANTUM ESPRESSO package [50].
(c) Spin- and site-projected DOS. (d) 3D band structure for spin-up
channel enlarged at the band crossing point (0.29, 0.29)2π/a.

the Dirac cone is retained intact in the spin-up channel in
the 1P-MoS2/CuI(001) system while the spin-down channel
still exhibits semiconducting behavior when SOC is ignored.
For simplicity, we show the spin-resolved band structures as
well as the spin- and orbital-projected density of states (DOS)
in Fig. 4 for the 1P-MoS2 monolayer with 1.5% strain to
explore the underlying reasons for the emergence of the exotic
Dirac half-metallic state in 1P-MoS2. From Fig. 4(a), one
observes that the Dirac cone at the Fermi level is contributed
predominantly by Mo dxz,yz orbitals. The dxz,yz orbitals are
degenerate at � point which possesses D4h symmetry, and
form a bonding π state and an antibonding π∗ state below
and above the Fermi level, respectively. Along the �-M path,
the degenerate dxz,yz bands split into two branches since the
symmetry is reduced to C2v . The lower π band and the higher
π∗ band cross each other to form the Dirac cone since they
belong to different representations (A2 and B2, respectively),
which prevents hybridization between them. Therefore, the
band crossing in the spin-up channel is unavoidable. On the
contrary, the hybridization between the Mo dx2−y2 and S p
orbitals opens a gap in the spin-down channel, as shown in
Fig. 4(b).

Before we discuss the SOC effect on the band structure and
the band topology of the 1P-MoS2 monolayer on the CuI(001)
substrate, the band structure with SOC and the QAH state of
the pristine 1P-MoS2 are demonstrated, as shown in Fig. S5
[43]. The SOC effect lowers the symmetry along the �-M
path from C2v point group to Cs magnetic double point group.
Under Cs symmetry, the two bands have the same representa-
tion of �3. Therefore, the hybridization between them opens
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FIG. 5. (a) Band structure of the 1P-MoS2/CuI(001) surface
with SOC considered, where magenta and cyan balls represent the
contributions of 1P-MoS2 and CuI(001), respectively, while the size
of balls is in proportion to the contribution. (b) Anomalous Hall con-
ductivity as a function of the Fermi level for the 1P-MoS2 monolayer.
(c–d) Edge densities of states of semi-infinite nanoribbon constructed
based on isolated 1P-MoS2 for the left and right edges, respectively.

a gap in the 1P-MoS2 monolayer when the SOC interaction
is considered. Here we observe that, with SOC included, the
splitting of linear crossing bands introduces a gap of 3 meV
into the 1P-MoS2/CuI(001) system. Interestingly, as indi-
cated in Fig. 5(a), the energy bands in the vicinity of the Fermi
level are dominantly contributed by 1P-MoS2, confirming that
the interaction between 1P-MoS2 and CuI(001) substrate is
rather weak. We therefore have reasons to isolate the 1P-MoS2

sheet from the combined system, to examine its band topology
without carrying out any further structural optimization.

In order to calculate the anomalous Hall conductiv-
ity(AHC), we follow the Berry phase formalism [52], within
which AHC is determined by a sum of Berry curvature �z(k)
over all k points within the Brillouin zone (BZ) for all occu-
pied bands,

σxy = −e2

h

∫
BZ

d3k

(2π )3
�z(k) (3)

�z(k) = −
∑
m �=n

2Im〈ψnk|υ̂x|ψmk〉〈ψmk|υ̂y|ψnk〉
(ωm − ωn)2

, (4)

where υ̂x and υ̂y are velocity operators. We then employ the
efficient Wannier interpolation method on the basis of maxi-
mally localized Wannier functions (MLWFs) as implemented
in the WANNIER90 package [53–55] to meet the requirement
of a large number of k point sampling for an accurate evalu-
ation of the AHC. Twenty MLWFs of Mo d orbitals, which
have a dominant contribution to the energy bands near the
Fermi level, are constructed to fit the ab initio relativistic
band structure. The AHC is then calculated with a very dense
k-point mesh of 150 × 150 × 1. As indicated in Fig. 5(b), the
quantized AHC of −2e2/hc persists in the 1P-MoS2 over-
layer, and yields a Chern number of |C| = 2. To further verify

FIG. 6. (a–b) Structural motifs under strains. (c)The variations
of exchange energy and band gap as a function of strains. (d–e) The
edge densities of states for the stretched 1P-MoS2 at ε = −2% and
ε = 2%, respectively. Only the right-hand edges are shown here.

the robustness of the edge state, we employ the MLWFs to
construct the edge Green’s function [56] for a semi-infinite
nanoribbon with a width of 18.12 nm based on the isolated
1P-MoS2 monolayer via the WANNIERTOOLS code [57]. The
calculated edge density of states for the left and right edges are
shown in Figs. 5(c) and 5(d), respectively. Apparently, each
edge has two topological nontrivial edge states with identi-
cal chirality connecting the valence band maximum and the
conduction band minimum. These results prove a robust QAH
effect existing in the 1P-Mos2/CuI(001) heterostructure. Con-
sequently, a quantum transport device could be designed on
the basis of the 1P-MoS2/CuI(001) heterostructure, as illus-
trated in Fig. 2(b).

E. Strain effect on the QAH state

In order to check the robustness of the QAH state against
the lattice variation, we investigate the strain effect on the
structural, magnetic, and electronic properties of the 1P-MoS2

monolayer. When subjected to a biaxial strain, the S-Mo-
S bond angle (θS−Mo−S) remains 90◦, while the Mo-S-Mo
bond angle (θMo−S−Mo) increases as the lattice expands. The
θMo−S−Mo abruptly becomes 180◦ at strain ε=10%, leading to
the transformation of building blocks from planar pentagons
to planar squares, see Figs. 6(a)–6(c). Besides, our results
reveal that when the applied compressive strain is larger than
8%(ε < −8%), the AFM state turns out to be the ground
state. Within the strain range from - 8% to 2%, the exchange
coupling between Mo atoms increases monotonically with
the expanding of lattice and reaches the largest value of
31.96 meV at ε=2%. This result indicates a possible increase
of Tc for 1P-MoS2 under moderate tensile strain. The band
structure calculations reveal that, within the strain range of −
2% to 2%, the Fermi level still resides in the SOC induced
band gap. Consequently, the QAH state is unaltered within
this strain range, see Figs. 6(d) and 6(e) for the preserved
edge states of the 1P-MoS2 monolayer with −2% and 2%
strain, respectively. However, there is a lack of a global band
gap when the applied strain is out of this range. These results
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may shed some light on determining an appropriate substrate
apart from CuI(001) for epitaxial growth of 1P-MoS2 without
disturbing its topological nontrivial state.

IV. CONCLUSION

In summary, we have predicted that the CuI(001) surface,
which perfectly matches the 1P-MoS2 monolayer, consti-
tutes a good substrate candidate for 1P-MoS2. First of all,
the CuI(001) surface plays an important role in stabiliz-
ing the 1P-MoS2 monolayer by providing a tensile strain
that is required to beat the buckled rivals. Besides, the
1P-MoS2/CuI(001) system is thermodynamically stable at
room temperature. More importantly, the intrinsic ferromag-
netism and the QAH state of 1P-MoS2 are well preserved
in the 1P-MoS2/CuI(001) system. We also found that the

QAH state of 1P-MoS2 is robust within the strain range from
−2% to 2%, indicating that alternative substrates which have a
lattice mismatch with 1P-MoS2 within this range can also be
used to support the 1P-MoS2 monolayer without disturbing
its nontrivial band topology. These results broaden the possi-
bility of realizing QAH effects of the 1P-MoS2 monolayer in
experiments.
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