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Monolayer and bilayer PtCl;: Energetics, magnetism, and band topology
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Two-dimensional (2D) magnetic materials hosting nontrivial topological states are interesting for fundamental
research as well as practical applications. Recently, the topological state of 2D Weyl half-semimetal (WHS) was
proposed, which hosts fully spin polarized Weyl points robust against spin-orbit coupling in a 2D ferromagnetic
system, and single-layer PtCl; was predicted as a platform for realizing this state. Here, we perform an extensive
search of 2D PtCl; structures, by using the particle swarm optimization technique and density-functional theory
calculation. We show that the desired PtCl; phase corresponds to the most stable one at its stoichiometry. The 2D
structure also possesses good thermal stability up to 600 K. We suggest SnS, as a substrate for the growth of 2D
PtCl;, which has excellent lattice matching and preserves the WHS state in PtCl;. We find that uniaxial strains
along the zigzag direction maintain the WHS state, whereas small strains along the armchair direction drives a
topological phase transition from the WHS to a quantum anomalous Hall (QAH) insulator phase. Furthermore,
we study bilayer PtCl; and show that the stacking configuration has strong impact on the magnetism and the
electronic band structure. Particularly, the AA” stacked bilayer PtCl; realizes an interesting topological state—the
2D antiferromagnetic mirror Chern insulator, which has a pair of topological gapless edge bands. Our work
provides guidance for the experimental realization of 2D PtCl; and will facilitate the study of 2D magnetic

topological states, including WHS, QAH insulator, and magnetic mirror Chern insulator states.

DOI: 10.1103/PhysRevB.107.075436

I. INTRODUCTION

Topological states of matter have been extensively studied
in nonmagnetic crystalline materials [1-6]. Recently, there are
two emerging trends in this field. The first is to extend the
study to magnetic materials [7-9], motivated by the possibility
to control electronic topology via magnetism. The second is
to explore topological materials in lower dimensions, espe-
cially in two-dimensional (2D) materials [10-14], because
their properties can be readily tailored with well-developed
experimental techniques, e.g., by applying lattice strain or by
controlling stacking pattern (in a multilayer structure).

The merging point of the two trends, namely, the study
of 2D magnetic materials with nontrivial topology, clearly
attracts a lot of interest [15]. On the fundamental level, there
are topological states unique to such systems. A prominent
example is the quantum anomalous Hall (QAH) insulator,
characterized by nontrivial Chern numbers and featuring chi-
ral edge modes [16]. On the practical level, these materials
are promising platforms for constructing novel electronic and
spintronic devices. As mentioned, the 2D nature makes them
highly tunable; and the chiral edge modes of QAH insulators
can be used as transport channels with ultralow dissipation
[17]. Experimentally, topological 2D magnetic systems were
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first investigated in magnetically doped topological insulator
thin films [18,19]. Recently, with the discovery of 2D materi-
als with intrinsic magnetism, such as 2D CrI; [20], Cr,Ge, Teg
[21], VSe, [22], etc. [23-26], there is increasing interest in
exploring topological states in such systems. So far, the most
studied system is the 2D MnBi,,Tes, 11 system, which hosts
several magnetic topological insulating states [27-30].

In a previous work [31], we proposed a 2D magnetic topo-
logical state—the 2D Weyl half-semimetal (WHS), whose
Fermi surface consist of twofold-degenerate Weyl points
belonging to a single spin channel such that the state is si-
multaneously a half metal and a Weyl semimetal. The 2D
WHS can be regarded as a critical state between two QAH
phases with opposite Chern numbers. A concrete material, the
single-layer PtCl; with the Crls-type structure was predicted
as an ideal system to realize the 2D WHS state [31], and until
now, it remains as the only material candidate.

In Ref. [31], only basic properties of single-layer PtCl;
were discussed, with many important questions unaddressed.
For example, the single-layer PtCl; does not have a corre-
sponding bulk layered crystal, so it needs to be fabricated via
a bottom-up method. Then, an important question is whether
the proposed 2D structure is energetically favored or not. Is
there any other competing 2D structural phases? In addition,
is there an effective way to control the topological state in 2D
PtCl5?

We address these questions in this work. Here, we per-
form a systematic search of 2D PtCls structures by using

©2023 American Physical Society
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FIG. 1. (a)-(d) Top and side views of 2D PtCl; structures ob-
tained from our structural search. The green shaded region in each
figure indicates the primitive unit cell.
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the particle swarm optimization (PSO) algorithm combined
with the density-functional theory (DFT) calculation. The
result indicates that the previously proposed Crls-type struc-
ture corresponds to the stable global minimum. Via ab initio
molecular-dynamics simulation, we find that the structure has
good thermal stability up to 600 K. The results suggest that
it is possible to realize the desired 2D PtCl; structure via
bottom-up growth method. We also suggest SnS, as a possible
substrate, which has excellent lattice match and preserves
the 2D WHS state in PtCl;. We show that uniaxial strains can
be used to drive transitions from the WHS state to the QAH
state. A moderate strain of 1% along the armchair direction
can open a QAH gap up to 34.9 meV with a unit Chern num-
ber. Furthermore, we extend the study to bilayer PtCl; and find
that its magnetic configuration and the electronic structure
sensitively depend on the stacking order. Particularly, the AA’
stacked bilayer PtCl; realizes a 2D antiferromagnetic (AFM)
mirror Chern insulator, which features a pair of spin-polarized
topological edge bands. Our work offers guidance for the
experimental studies of 2D PtCls, reveals interesting interplay
among structure, magnetism, and band topology in this sys-
tem, and facilitates the exploration of a variety of novel 2D
magnetic topological states.

II. STRUCTURAL SEARCH

We perform a systematic search of 2D PtCl; structures
by using the PSO algorithm as implemented in the CALYPSO
package [33-35]. The calculation details are presented in the
Appendix. The obtained four low-energy structures are plotted
in Fig. 1, labeled as Structures I-IV. Their key structural
information are listed in Table I, and the detailed structural
data are given in the Supplemental Material [32]. Our result
shows that Structure I, i.e., the Crls-type structure proposed
in Ref. [31], corresponds to the global minimum of 2D PtCl;
structures.

TABLE I. Information about the four candidate 2D PtCl; struc-
tures. lattice constants are in units of A. “Angle” refers to the angle
between a and b in Fig. 1. The energy per unit cell (in units of eV) is
given in reference to Structure I.

Lattice constants Angle Space group  Energy
I a=>b=06428 120° P —31m 0
I a=5.368,b=6.450 90° Pma2 1.527
111 a=>b=06.644 121.8° Cmmm 2.627
v a=0b="17.854 90° P4/mbm 5.659

For each candidate structure, we investigate its dynamical
stability by calculating the phonon spectrum. The result shows
that only Structure I is dynamically stable. The phonon spectra
for all other structures in Figs. 1(b)-1(d) contain soft modes
(see Fig. S1 of the Supplemental Material [32]). This indicates
that Structures II to IV for PtCl; cannot exist alone (in a free-
standing form), although it does not exclude the possibility
that these structures might be stabilized on certain substrates.
Due to their instability, we focus on Structure I and do not
discuss Structures II to IV further in this work.

We evaluate the thermal stability of Structure I by the
ab initio molecular-dynamics simulation (AIMD). The sim-
ulation time is 5 ps with a time step of 1 fs. Figure 2 shows
the variation of total energy versus time and the snapshot of
the lattice structure at the end of the simulation duration at
300 K, which indicates that the lattice structure can be well
maintained at this temperature. The result for 600 K is similar
and is presented in Fig. S2 of the Supplemental Material
[32]. Our study presented above shows that the single-layer
PtCl; with the Crls-type structure enjoys a good stability.
Other 2D PtCl; structures are found to have higher ener-
gies and are dynamically unstable. Therefore, it is promising
to synthesize the desired single-layer PtCls structure with
WHS state in experiment via certain bottom-up approach,
such as molecular-beam epitaxy or chemical or physical vapor
deposition.

III. CANDIDATE SUBSTRATE

For the growth of a 2D material, a suitable substrate is often
needed. Here, specific to single-layer PtCl; (all following dis-
cussions are for the Crl;-type structure, i.e., Structure I, so we
will not mention the structure explicitly any more), in order
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FIG. 2. (a) Variation of total energy during the AIMD simulation.
(b) Snapshot of single-layer PtCl; lattice at the end of the simulation
period.
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FIG. 3. (a) Top and (b) side views of 2D PtCl; on the SnS,

substrate. (c) Band structure of the system. The red dot indicates the

weight projected onto the PtCls layer. (d) Enlarged view of the band

structure around the Fermi energy. One observes that the Weyl point

of single-layer PtCl; is preserved.

to facilitate experimental study, we must require the substrate
to be an insulator which can preserve the WHS character of
PtCl; on top of it.

We have tested several possible substrate materials. For
example, MoS; has a good lattice matching with single-layer
PtCl;. The 2 x 2 supercell of MoS, has only 1% mismatch
with the primitive cell of PtCl;. However, it cannot maintain
the mirror line required for the protection of Weyl points in
PtCl;3. Our calculation shows that a gap opening of 15.8 meV
occurs at Weyl points in this case, such that the WHS state
in PtCls can no longer be preserved. The similar issue was
found for the hexagonal boron nitride (hBN) substrate. For
some other substrates, such as GaSe, WSe,, and Si (111), the
resulting band structures have other extraneous bands crossing
the Fermi level, which may interfere with the WHS physics.
More details of our tested substrates are presented in Table S1
of the Supplemental Material [32].

From our test, we find that SnS, can serve as a suitable
substrate. SnS, is a layered semiconductor, which has been
synthesized and received a lot of interest in recent research
[36,37]. The /3 x /3 supercell of SnS, has a negligible mis-
match of 0.4% with the primitive cell of PtCl;. Figures 3(a)
and 3(b) illustrate the optimized structure of single-layer PtCls
on top of the SnS, substrate. (There are other stacking config-
urations with higher energies, and we have checked that they
also preserve the Weyl points (see Fig. S4 of the Supplemental
Material [32]). In the model, we take the substrate thickness
to be three layers of SnS,. We have checked that the substrate
thickness does not affect the topological feature. The calcu-
lated band structure of the system is plotted in Figs. 3(c) and
3(d). One can see that the low-energy states near the Fermi
level are from PtCl3, which sit inside the band gap of the SnS;
substrate. From Fig. 3(d), it is clear that the Weyl point is

preserved in the presence of the substrate. Our result suggests
that SnS; could be a promising substrate for the growth of
single-layer PtCls.

In addition, we have calculated the work functions of PtCl;
and different substrate materials (see Table S2 of the Sup-
plemental Material [32]). We find that PtCl; and SnS, have
large and similar work-function values, which suppress charge
transfer between the two materials. Combined with the weak
van der Waals (vdW) type coupling, this also helps to stabilize
topological features of PtCl; on SnS, substrate.

IV. STRAIN-INDUCED QUANTUM ANOMALOUS
HALL PHASE

Two-dimensional materials typically have much better
flexibility than three-dimensional (3D) materials. Lattice
strain can be readily applied for 2D materials in experiment.
For example, a well-developed technique is to transfer the
2D material after growth onto a stretchable substrate, and
then strain is applied in a controllable way to the material
by stretching the substrate [38]. Using this technique, strains
>10% have been demonstrated in experiments [39]. Another
possibility is to use a piezoelectric substrate and apply strain
via an electric voltage [40].

Strain could produce interesting effects in single-layer
PtCl;. In the ground state, single-layer PtCls is a ferromagnet
with its magnetization direction # along an easy axis in the
x — y plane. The magnetism is mainly contributed by Pt, and
the magnetic moment at Pt site is 20.56u. In Ref. [31], it was
shown that this easy axis is normal to a vertical mirror plane
(or a mirror line in 2D) of the lattice, such that the mirror sym-
metry is preserved by the magnetism. In the coordinate system
in Fig. 1(a), /M could be, for example, along the y direction,
which is the armchair direction with respect to the Pt sublat-
tice, then the mirror symmetry M,, is preserved for the system.
The WHS state is protected by this mirror symmetry. The two
Weyl points are located on the mirror-invariant K — K’ path of
the Brillouin zone (BZ). The case for iz = J is illustrated in
Figs. 4(a) and 4(b). The Weyl points are protected, because the
two crossing bands on this path have opposite M, eigenvalues.

Now, we study the effects of uniaxial strains on single-
layer PtCl;. We shall only consider tensile strains, as they
are more easily applied to 2D materials in experiment. Let us
first consider applied strain along the x direction in Fig. 1(a),
which is the zigzag direction with respect to the Pt sublattice.
We find that the direction of magnetization i still prefers the
y direction, as illustrated in Fig. 4(c). It follows that the M,
symmetry is preserved, and hence the Weyl points (and the
WHS state) are maintained. This is confirmed by the band-
structure results in Figs. 4(e) and 4(f).

On the other hand, uniaxial strains along the y direction,
i.e., the armchair direction, will give a different result. We
find that under a small strain >0.5%, the magnetic easy axis
will change to zigzag direction, as illustrated in Fig. 4(d).
Consequently, the original M, symmetry is broken. Then, the
Weyl points lose the protection and will generally be gapped
out. Our calculation confirms this point. As shown in Fig. 4(g),
under 1.0% strain, the Weyl point is destroyed, and a gap
~34.9 meV is opened in the spectrum. This represents a
strain-induced semimetal-to-semiconductor phase transition.
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FIG. 4. (a) Band structure and (b) Brillouin zone for the unstrained single-layer PtCl;. The red dots in panel (a) illustrate the location of
the two fully spin-polarized Weyl points. (c) The magnetic easy axis is still along the armchair direction when uniaxial strain is applied in the
zigzag direction. (d) The easy axis rotates to the zigzag direction for uniaxial strain (>0.5%) applied along the armchair direction. In panels
(c) and (d), the blue arrows indicate the strain direction. (e), (f) Band structures for the strained single-layer PtCls. (e), (f) For uniaxial strain
along the zigzag direction, the WHS state is preserved. (g), (h) Transition to QAH insulator state occurs for uniaxial strain applied along the

armchair direction.

Interestingly, different from conventional scenarios where the
transition is due to the modification of band dispersion (by
strain) which pushes the conduction and valence bands apart;
here, the transition is enabled by the change in magnetic
anisotropy, which breaks the protecting symmetry of the band
crossing Fermi points.

More interestingly, the resulting semiconductor state after
transition turns out to be a QAH state. For the band structures
in Figs. 4(g) and 4(h), our calculation shows that the valence
bands are characterized by a unit Chern number |C| = 1 (the
sign depends on whether 7z is along +X or —X). The Chern
number is related to the integral of valence-band Berry cur-
vature field over the Brillouin zone (BZ). Here, the Berry
curvature is concentrated in the regions around the two gapped
Weyl points. Each point contributes about a half of the Chern
number. The unit Chern number requires that on the edge of
the 2D system, there must be one gapless chiral edge band
crossing the bulk gap, which is confirmed by the calculated
edge spectra in Fig. 5. In addition, we have estimated the Curie
temperature of the system by using the Monte Carlo method
[41]. We find that the Curie temperature decreases from 150 K
for the unstrained case to 100 K for the 4% strained case,
showing a trend of decreasing Curie temperature with increas-
ing band gap. Our results demonstrate that applying strain is
an effective way to tune the topological states in single-layer
PtCl;.

V. MAGNETISM IN BILAYERS

In the past ten years, there has been rapid development
in the experimental techniques to construct van der Waals
layered structures via stacking 2D materials [42]. Nowadays,
the stacking configuration can be well controlled, and even

fine structural tunings, such as twisting two layers with a tiny
angle, have been demonstrated in experiment [43]. It has been
found that different stacking orders may have strong impacts
on the material properties. In the following, we extend our
study to bilayer PtCl; and show that the stacking configuration
can have important effects on the magnetism of the system.
We consider four representative stacking configurations, as
illustrated in Fig. 6. The simplest one is the AA stacking, for
which the top layer is just an identical copy of the bottom
layer, shifted up along the z direction. Since in each single
layer the Pt atoms form a honeycomb lattice, there is a natural
AB stacking obtained by a lateral shift of the top layer in AA
stacking, such that one triangular Pt sublattice in the top layer
is above the center of the Pt hexagon in the bottom layer (and
vice versa), just like the AB stacking in bilayer graphene. In
addition, one notes that single-layer PtCl; does not have a hor-
izontal mirror plane (it has roto-reflection Sg), so we should
also consider the case when one of the layer, e.g., the top layer,

(b)
100

Y r Y
FIG. 5. The edge spectrum corresponding to the case in Fig. 4(g)

for the edge along the (a) zigzag and (b) armchair direction. The
gapless chiral edge band for the QAH state can be observed.
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FIG. 6. Crystal structures for different stacking configurations of bilayer PtCl;. (a) Top and (b) side views of AA stacking. (c) AA’ stacking
is obtained from AA stacking by imposing the horizontal mirror reflection M, on the top layer. In the side view, some Cl atoms are made into
transparent color style in order to indicate that they are at different x coordinates as those Cl atoms without transparency. Comparing panels
(b) and (c), one can see that AA” stacking preserves an M, symmetry, but AA stacking does not. (d) Top and (e) side views of AB stacking. (f)
Like AA’ stacking, AB’ stacking is obtained from AB stacking by flipping the top layer upside down. The arrows in the figures indicate the local

spin direction. The green arrows are opposite the yellow arrows.

is flipped upside down. Starting from AA and AB stackings,
this operation generates another two configurations, which we
denote as AA’ and AB’, respectively. For each stacking, we
have optimized its lattice structure. The obtained interlayer
distances are listed in Table II.

We have investigated the magnetic ground state for each
stacking configuration. The results are presented in Table II.
One observes that, for each stacking considered, the bilayer
PtCl; would favor some kind of AFM ordering. However, the
details depend on the stacking. As shown in Figs. 6(c)-6(f),
for AA’, AB and AB’ stacking, each PtCl; layer exhibits a
ferromagnetic ordering with local spins along the y direction,
i.e., perpendicular to the mirror line, which inherits the feature

TABLE II. Information for bilayer PtCl; with different stack-
ing. FM stands for the ferromagnetic ordering. AFM; refers to the
configuration with intralayer AFM ordering. AFM, refers to the con-
figuration with intralayer FM ordering and interlayer AFM ordering.
The energy values (in units of meV per unit cell) are with reference
to the ground state of each stacking. MSG stands for the magnetic
space group. d (in units of A) is the distance between the layers.

FM AFM; AFM,; Easy axis MSG d
AA 496 0 61 z Cc2/m' (12.61) 3.09
AA" 108 130 0 y Amm?2 (38.187) 3.50
AB 510 47 0 y P—1(Q.6) 2.92
AB 746 270 0 y C2' (5.15) 2.80

of the single-layer case. Meanwhile, the interlayer magnetic
coupling is of AFM type. For AA stacking, the intralayer
coupling is of AFM type, namely, the two triangular lattices
have opposite local spins, along the z direction, and the in-
terlayer coupling between each vertical pair of Pt sites is
ferromagnetic.

In the following section, we shall see that the different
magnetic ordering corresponding to different stacking will in
turn strongly affect the electronic band structure of bilayer
PtCls.

VI. ANTIFERROMAGNETIC MIRROR
CHERN INSULATOR

We have calculated the electronic band structures for the
four stacking configurations. The results are plotted in Fig. 7.
One can see that AA and AB’ stacking corresponds to metallic
states [Figs. 7(a) and 7(d)], whereas the other two are AFM
semiconductors [Figs. 7(b) and 7(c)]. The band gaps for AA’
and AB stacking are 2.9 meV and ~16.7 meV, respectively.
One notes that the band structures for AA’ and AB are similar,
owing to their similar magnetic ordering. The result reflects a
strong coupling among layer stacking, magnetism, and elec-
tronic excitation in bilayer PtCl; system.

We have seen that single-layer PtCl; hosts interesting mag-
netic topological states: It is a WHS in the ground state and
can be converted into a QAH insulator by applied magnetic
field or strain. It is natural to ask whether the bilayer structures
have any nontrivial topology. From Fig. 7, one observes that
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FIG. 7. Band structure of bilayer PtCl; with (a) AA, (b) AA/,
(c) AB, and (d) AB’ stacking. Magnetism and spin-orbit coupling are
fully included.

the original Weyl points in single-layer PtCl; has been de-
stroyed, due to the interlayer interaction. For AA, AB, and AB’'
stacking, we find that their band structures are topologically
trivial. On the other hand, AA’ stacking features an interesting
topological state—the AFM mirror Chern insulator. We shall
focus on AA’ stacked bilayer PtCl; in the following discussion.

First, we note that the AA’ stacked bilayer PtCl; possesses
the horizontal mirror plane symmetry M,. Under this mirror
reflection, the top layer is mapped to the bottom layer, and
vice versa. It is important to note that the AFM ordering in
AA’ preserves M,: The in-plane local spins are reversed under
M, since they are pseudovectors. Because all the k points in
the 2D BZ are invariant under M_, the band eigenstates can be
divided into two subspaces according to their M, eigenvalues.
The mirror Chern number for the 2D system can be defined as
[44]

Cu, = 3(C¥ =), (1)
where Cf_fz is the Chern number for valence bands with &
eigenvalue of M,. We have evaluated these Chern numbers
for the first-principles band structure in Fig. 7(b) and obtained
C_Afz = —C" = —1. [The Berry curvature distribution for the
two subspaces are plotted in Figs. 8(a) and 8(b).] The result
indicates that the system can be regarded as two copies of
Chern insulators with opposite (unit) Chern numbers. The two
copies are decoupled by the M, symmetry, so they will not
annihilate with each other. In previous works, mirror Chern in-
sulators were discussed mostly as subsystems of 3D materials
and for nonmagnetic cases [45,46]. In comparison, here, we
have a magnetic mirror Chern insulator realized in a concrete
2D material with AFM ordering.

The nontrivial mirror Chern number leads to topological
edge modes at the boundary of AA" stacked bilayer PtCls.
Since sz = —C™ = —1, we should have one gapless edge
band for each mirror subspace, and the two edge bands should

-7 ky T -7 Ky

>

FIG. 8. (a), (b) Berry curvature distribution for the two mirror
subspaces. Edge spectra for (e) zigzag edge and (f) armchair edge,
which exhibit a pair of gapless edge bands corresponding to the AFM
mirror Chern insulator state.

have opposite chirality. This is confirmed by our calculation
result, as shown in Figs. 8(c) and 8(d) (in the figure, we have
labeled the M, eigenvalues for the edge bands).

To better understand the formation of the AFM mirror
Chern insulator state, we investigate the evolution of band
structure when two PtCl; single layers are brought together
to form a bilayer. In Fig. 9, we plot the band structure (for AA’
stacking) at four different interlayer spacings. One observes
that when the two layers are largely separated [Fig. 9(a)] and
the interlayer interaction is negligible, the total band structure
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FIG. 9. (a)—(d) Band structures of AA’ stacked bilayer PtCl; with
different interlayer distance d. For the gapped cases in panels (b)—(d),
the system is in the AFM mirror Chern insulator state.
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just consists of two copies of that for a single layer. The
nodal point in Fig. 9(a) is not a single Weyl point but two
Weyl points overlying onto each other. Such a degeneracy is
not stable and will be gapped out by the interaction between
the two layers. The gap becomes obvious with the enhanced
interlayer interaction at decreased interlayer separation [see
Figs. 9(b)-9(d)]. For example, at d = 5.5 A, the band gap
can be ~18.9 meV. Note that single-layer PtCl; features band
inversion, so the gap opening will drive it into a QAH state. If
we treat the interlayer coupling as a perturbation, then each
layer can be viewed as a QAH insulator, but the two have
opposite Chern numbers due to their opposite magnetization
direction. As the net Chern number cancels out, typically, the
composite system would become trivial. Fortunately, the mir-
ror symmetry M, comes to the rescue. It ensures a nontrivial
mirror Chern number and protects the crossing points between
the chiral edge bands.

VII. DISCUSSION AND CONCLUSION

So far, single-layer PtCl; is the only material candidate for
the 2D WHS state. We hope our current study can facilitate its
experimental synthesis, e.g., through molecular-beam epitaxy
or chemical vapor deposition growth. The revealed strain-
driven topological phase transition not only offers a new route
to QAH insulators, it may also be utilized for designing new
topological electronic devices, such as strain sensors.

We have revealed rich physics in bilayer PtCl;, originated
from the coupling among stacking, magnetism, and electronic
band structure. Particularly, the AA" stacked bilayer realizes
a previously unknown AFM mirror Chern insulator state. It
could be even more interesting if one can achieve twisted
bilayer PtCls;. Generally, a small twist angle will lead to a
moiré superlattice with large period [47—49]. Different regions
in the cell will correspond to different local stacking types.
Since we have shown that in bilayer PtCls, the magnetic order-
ing and electronic band structure have sensitive dependence
on the stacking, one can expect that in the twisted bilayer,
there may emerge periodic magnetic textures, topological do-
mains, etc., which are interesting topics to explore in future
research.

In conclusion, by first-principles calculations and theoret-
ical analysis, we have clarified several important questions
about single-layer and bilayer PtCls. For single layers, via
extensive structural search using the PSO algorithm, we show
that the proposed PtCl; structure (which hosts the WHS state)
is energetically favored and enjoys good thermal stability. We
find that SnS, could be a suitable substrate for 2D PtCl3, due
to its negligible lattice mismatch and preserving the WHS
state in PtCl;. We also show that uniaxial strains along the
armchair direction can drive a topological phase transition
into the QAH state, whereas strains along the zigzag direction

preserve the WHS state. As for bilayer PtCls, we show that the
magnetic ordering and electronic structure strongly depends
on the stacking configuration. Notably, the AA’ stacking gives
rise to a novel 2D AFM mirror Chern insulator state. Our
work provides guidance for the experimental realization of 2D
PtCl; and reveals its potential as a platform to study various
magnetic topological states.
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APPENDIX: FIRST-PRINCIPLES METHOD

The structural search was performed by using the CALYPSO
package. The population size was set to 30. Unit cells con-
taining 1 to 4 times of the formula unit were considered. 60%
of the searched structures in each generation were evolved
into the next generation by PSO, and the other 40% were
randomly generated. The buckled structures were considered
by setting the control parameter of buffering thickness to
0.6. Subsequent structural relaxation was performed on the
basis of DFT, using the generalized gradient approximation
(GGA) in the form proposed by Perdew, Burke, and Ernzerhof
(PBE) [50] as implemented in the Vienna ab initio Simulation
Package (VASP) [51]. The energy cutoff of the plane-wave was
set to 500 eV. The Grimme dispersion correction (DFT-D3)
[52] was used to account for the van der Waals interaction.
The structures were fully relaxed until the maximum force
on each atom was less than 0.01 eV/A. The energy conver-
gence criterion in the self-consistent calculations was set to
107> eV. A Gamma-centered Monkhorst-Pack k-point mesh
with a resolution of 27 x 0.03 was used for geometry opti-
mization and self-consistent calculations. A vacuum slab of
15 in the z direction was adopted to avoid artificial interactions
between neighboring layers. To account for possible correla-
tion effects for Pt d orbitals, the GGA + U method [53] with
U = 1eV was used for calculating the band structures. The
phonon dispersion was computed by using the PHONOPY code
[54] within the density-functional perturbation theory [55]. In
phonon calculations, a finer k-point grid of 2w x 0.02 was
employed. The edge spectrum was calculated by using the
Wannier functions and the iterative Green’s function method
[56-58].
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