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Two-dimensional (2D) moiré superlattices with a small twist in orientation exhibit a broad range of physical properties
due to the complicated intralayer and interlayer interactions modulated by the twist angle. Here, we report a metal—
semiconductor phase transition in homojunction moiré superlattices of NiS, and PtTe, with large twist angles based on
high-throughput screening of 2D materials MX, (M = Ni, Pd, Pt; X = S, Se, Te) via density functional theory (DFT)
calculations. Firstly, the calculations for different stacking configurations (AA, AB and AC) reveal that AA stacking ones
are stable for all the bilayer MX,. The metallic or semiconducting properties of these 2D materials remain invariable for
different stacking without twisting except for NiS, and PtTe,. For the twisted configurations, NiS, transfers from metal to
semiconductor when the twist angles are 21.79°, 27.79°, 32.20° and 60°. PtTe; exhibits a similar transition at 60°. The
phase transition is due to the weakened d—p orbital hybridization around the Fermi level as the interlayer distance increases
in the twisted configurations. Further calculations of untwisted bilayers with increasing interlayer distance demonstrate
that all the materials undergo metal-semiconductor phase transition with the increased interlayer distance because of the
weakened d—p orbital hybridization. These findings provide fundamental insights into tuning the electronic properties of

moiré superlattices with large twist angles.

Keywords: moiré superlattices, first-principles calculations, metal-semiconductor phase transition
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1. Introduction

Twisted graphene systems have emerged as a piv-
otal platform for studying correlated phenomena in con-
densed matter physics, strange phase encompassing unconven-
tional superconductivity,!'=3! correlated insulators,*-%! orbital

[10.11] and strange metals.[!?)

magnets,”! quantum Hall states
These exotic phases originate from electron—electron interac-
tions within the moiré flat bands.!'3! Similar to graphene, bi-
layer transition metal dichalcogenides (TMDs) have also at-
tracted significant interest due to the emergence of moiré flat
bands.'* The moiré flat bands in TMDs persist over a wide
range of twist angles.[!'>) Additionally, the diversity of TMD
materials facilitates the formation of both homo- and hetero-
junctions, further enriching the study of correlated phenom-
ena, including Wigner crystal states,!'®! correlated phases, ']
the Hubbard model!'®!°! and other intriguing physical phe-
nomena.

Previous research primarily focused on the strongly cor-
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related phenomena in moiré flat bands induced by magic twist
angles. At larger twist angles (nearly 30°), TMD materials,
such as MoS,, MoSe>, WS, and WSe», exhibited weaker cor-
related behavior.[??!] Some studies have reported that ma-
terials such as PtSe,, PtS; and PtTe, exhibit flat bands even
at relatively large twist angles, with the band edges primar-
ily dominated by p, orbitals or dg orbitals from the outermost

22231 The flat bands arise from significant hybridization

atoms. !
between adjacent atomic orbitals, which strengthens interlayer
interactions beyond simple van der Waals (VDW) forces.[24
Even when the bands become dispersive at large twist an-
gles, it remains valuable to investigate whether MX, materi-
als, where the band edges are predominantly composed of p,

(255311 could give rise to new physical phenomena.

orbitals,

In this paper, we report a metal-semiconductor phase
transition in NiS; and PtTe, moiré superlattices at large twist
angles. We started from the stacking properties of MX, ma-

terials and found the stable stacking (AA stacking) via DFT

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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We found that NiS, and PtTe, exhibit metal-
lic or semiconducting behavior depending on their stacking

calculations.

configuration. We then constructed twisted structures at large
twist angles and found that phase transitions from a metal to a
semiconductor happened in NiS, and PtTe;. NiS, undergoes a
phase transition at 21.79°, 27.79°, 32.20° and 60°, while PtTe;
shows a phase transition at 60°. When the material phase tran-
sitions happen, structural misalignment occurs. In addition,
the projected density of states (PDOS) reveals that the hy-
bridized d—p orbital weakens. The unfolded band structures
further demonstrate that the d—p orbital hybridization weak-
ens and the band structure changes with twist. This suggests
that twist influences both interlayer and intralayer interactions.
According to the calculations of the bilayer untwisted config-
urations, we find that the interlayer distance variation coming
from the AA, AB and AC stacking configurations could in-
fluence the electronic structures significantly. To identify the
most critical factor driving the phase transition, we calculated
36 band structures in untwisted configurations with fixed in-
terlayer distances. The results show that while the band shape
remains unchanged, the band gap opens and increases as the
interlayer distance increases. This indicates that the primary
mechanism of the phase transition is the weakening hybridiza-
tion of the d—p orbital with the change of interlayer spacing
induced by the twist.

2. Calculation methods
2.1. DFT calculation methods

All structural optimizations were performed using the Vi-
enna Ab initio Simulation Package (VASP).3%33] The pro-
jected augmented wave (PAW) method was applied with
pseudopotentials.**] The Perdew—Burke—Ernzerhof (PBE)
exchange—correlation functional was employed.[*! To ac-
count for VDW interactions, we employed Grimme’s DFT-D3
method with a zero-damping function.**! A vacuum layer of
20 A was introduced for all structures to avoid interlayer in-
teractions. For geometric optimization, the force criterion for
each atom was set to less than 1072 eV-A~!, while the en-
ergy convergence criterion was 107% eV. The PAW cutoff en-
ergy was set to 500 eV, and a Gamma-centered k-point mesh
was used for Brillouin zone sampling. Orbital-projected band
structures were obtained using the VASPKIT software. [3”]

2.2. Moiré superlattice build-up methods.

For constructing moiré superlattices, the configurations
were generated from individual monolayers. 333! In the prim-
itive cell of a single layer, a| and a, represent the lattice vec-
tors, which form an angle of 120° between them. To ensure
that the two twisted layers have the same size and align prop-
erly, we need to identify integer pairs (M, N) that satisfy the

following conditions:
|Ma; +Nay| = |M'a;+N'ay|. 6))

As shown in supporting material Fig. S1, the four vectors
defining the two-layer materials are selected as follows:

Vi=(M+N)a, +May, 2)
Vo, =—-Ma; +Nay, 3
V/=(M+N)a; +Na,, 4)
Vi = —Na, + Mas, (5)

where V] and V; are the lattice parameters of the top layer,
while V' and V; are the lattice parameters of the bottom layer.
The corresponding lengths of these vectors are

B> =a* (M*+MN+N?). (6)

The relative length between V; (V) and V' (V5) of the two
layers is expressed as

C?=(M—-N)*d. 7)

The twist angle between the two layers can be obtained using
the following formula:

B>+ B> —2B%cos6 = C2. )
Thus
M? +4NM + N?
6 = arccos . ©)]
2(M?>+NM +N?)

In summary, the transformation matrix for constructing the
moiré superlattices between the two layers is

M+N M 0

= -Mm N 0|, (10)
0 0 1
M+N N 0

= -N M 0 (11)
0 0 1

To achieve additional twisted angles, the bottom or top layer
can be rotated by 180°, which can also be accomplished by
multiplying the transformation matrix

-1 0 0
5= 0 -1 0 |. (12)
0 0 1

Moreover, due to the threefold rotational symmetry of TMDs,
the twisted configuration at 0° is equivalent to that at 120°.

3. Results and discussion

In moiré superlattices, the local stacking order is crucial
for understanding their electronic structure. [**#!1 We explored
three different stacking configurations, AA, AB and AC, as il-
lustrated in Fig. 1(a). By designating the M atom in the top
layer as a reference point, we noted the following alignments:
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in AA stacking, the top layer M atom aligns with the M atom in
the bottom layer; in AB stacking, the top layer M atom aligns
with the bottom X atom of the bottom layer; and in AC stack-
ing, the top layer M atom aligns with the top X atom of the
bottom layer. These different stacking configurations alter the
relative distances between the outer layers, potentially leading
to changes in the electronic structure.

The binding energies of different stacking configurations
are illustrated in Fig. 1(b). The binding energies are defined

(a) AB

AA o

as Ep = Enomojunction — 2 X Emonolayer- AA stacking consis-
tently represents the most stable structure, exhibiting the low-
est energy among MX, configurations. In contrast, AB and
AC stacking configurations are higher in energy, ranging from
approximately 10 meV to 50 meV. For comparison, the energy
difference for graphene is around 4 meV,*?! while for MoS; it
is about 10 meV.!*?! These findings indicate that AB and AC
stacking are unstable, suggesting that these configurations are
challenging to synthesize.
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Fig. 1. Crystal structure, binding energy and band gap properties. (a) Side view of AA, AB and AC stacking configurations. (b) Binding energy
of each stacking configuration, with AA stacking set as the reference (0 eV). (c) Band gap of different stacking configurations, depicted in pie
charts: top for AA, left for AB and right for AC. The color bar indicates the band gap value, with gray representing metallic states.

We calculated the electronic properties of M X, materials,
with their band gaps illustrated in the pie chart of Fig. 1(c).
The metallic nature of these materials is enhanced from S and
Se to Te and from Pt and Pd to Ni, as the band gap decreases.
This feature corresponds to the monolayer band structures
shown in the supporting material (Figs. S2 and S3). Notably,
PtS,, PdS; and PtSe; consistently exhibit semiconducting fea-
tures, while PdSe,, NiSe,, PdTe, and NiTe, exhibit metallic
features. Interestingly, NiS; and PtTe; both exhibit semicon-
ductor and metallic characteristics at different stacking config-
urations: NiS, has a band gap of 0 eV at AA stacking and AB
stacking, and 0.13 eV at AC stacking, while PtTe; has a band
gap of 0 eV at AA stacking and AC stacking, and 0.33 eV at
AB stacking. All the band structures are plotted in support-
ing material Fig. S4. These results reveal that their electronic
structures are sensitive to the relative positions of the two lay-
ers.

We studied the band structure of moiré superlattices by
selecting NiS, and PtTe; due to their differing electronic be-
haviors at various stacking configurations. The results for spe-
cific angles of 13.17°, 21.79° and 32.20° are illustrated in
Figs. 2(a), 2(b) and 2(c). Each twisted structure comprises

three distinct stacking configurations, denoted by three colors:
purple for AA, blue for AB and green for AC. Variations in
the twist angle alter the relative spatial distributions of these
stacking arrangements. Using NiS; as an example, we es-
tablished the relationship between the twist angle and the pa-
rameters of the moiré superlattices, as illustrated in Fig. 2(d).
Certain twist angles result in larger moiré supercells contain-
ing more atoms. Therefore, we focus on relatively smaller
supercells corresponding to larger twist angles: 0°, 13.17°,
21.79°,27.79°,32.20°, 38.21°, 46.83° and 60°. The band gaps
for these configurations, calculated without considering spin—
orbit coupling (SOC), are presented in Fig. 2(e). For NiS,,
band gaps are observed at 21.79° (0.12 eV), 27.79° (0.15 eV),
32.20° (0.13 eV) and 60° (0.33 eV), while at other twist angles
it exhibits as a metal with a zero band gap. In contrast, PtTe,
only exhibits semiconducting features at 60°, with a band gap
of 0.39 eV; it exhibits as a metal at other twist angles. The
variation in twist angle induces a metal-semiconductor phase
transition in both materials. It is noteworthy that the bands do
not become remarkably flat at these twist angles (see support-
ing material Fig. S5). We also investigate the effect of SOC,
as shown in supporting material Fig. S6. The SOC effect leads
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to splits of the band around the Fermi level and changes the
band gap, especially for PdTe,. The semiconductor band gap
of NiS, changes by less than 10 meV, while for PtTe, the band
gap shifts by 290 meV. However, the SOC did not affect the
metal-semiconductor phase transition results. According to

the density of states (DOS) (see supporting material Fig. S7),
the valance band is dominated by p-orbitals when transitioning
from metal to semiconductor and the semiconductor properties
are similar to the monolayer, as shown in the monolayer DOS
(see supporting material Fig. S8).

21.79°

Distance (A)

0.4 (e) | | NISQ A PtTez
—~ [ ]
> 0.3F
2L
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©0.2f
° [ ]
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Fig. 2. Crystal structure, moiré lattice parameters and band gap values at different twist angles. (a)—(c) Top view of the twisted homojunction at
13.17°, 21.79° and 32.20°, with the moiré superlattices unit cell marked in black. (d) Moiré superlattices constant as a function of twist angle
for NiS,. (e) Computed band gaps of NiS, and PtTe; versus twist angle.
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Fig. 3. Computed atomic orbital-projected effective band structures (PEBS) of NiS, and PtTe;: (a) and (c) PEBS of NiS; at 13.17° and 21.79°.
(b) and (d) PEBS of PtTe; at 13.17° and 21.79°. (e), () Interlayer distance versus twist angle for NiS, and PtTe,, with the interlayer distances

of the AA, AB and AC crystal structures indicated by pentagrams.

We further studied the unfolded band structures projected
For NiS,, as

the twist angle changes from 13.17° to 21.79°, as shown in

onto the atomic orbitals of NiS, and PtTe,.

Figs. 3(a) and 3(c), the Fermi level at a twist angle of 13.17°
is predominantly composed of Ni d and S p orbitals. As the

twist angle increases to 21.79°, the valence band maximum
is primarily determined by S p orbitals. This transition sug-
gests a reduced hybridization between the d and p orbitals,
leading to the opening of a band gap of 0.12 eV. Figures 3(b)
and 3(d) present the unfolded band structure of PtTe,; at both
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13.17° and 21.79°, the Fermi level is predominantly composed
of Pt d orbitals and Te p orbitals. Furthermore, a significant
change in the shape of the conduction band minimum is ob-
served between 13.17° and 21.79°, as well as between 38.21°
and 46.83°, for both NiS, and PtTe; (see supporting material
Fig. S9). This suggests that the twist angle influences inter-
layer interactions, with the phase transition occurring as a re-
sult of the weakened d—p orbital hybridization.

The weakened d—p orbital hybridization should be related
to the interlayer interaction. Hence, we investigate the inter-
layer distances of NiS; and PtTe; at different twist angles, as
shown in Figs. 3(e) and 3(f). Due to structural optimization,
the twisted structures underwent deformation, and the inter-
layer distance was defined as the average distance between the
central atoms of the bilayer materials. The interlayer distances
for all twisted structures fall within the range of those in the
AA, AB and AC stacking configurations. For twisted NiS»,
the interlayer distance ranges from 2.42 A to 2.85 A, within
the 2.18 A to 2.95 A range for the stacking configurations.
For twisted PtTe,, the interlayer distance ranges from 2.92 A

to 2.97 A, within the 2.42 A to 3.84 A range for the stack-
ing configurations. Hence, the interlayer distance affects d—p
orbital hybridization, further inducing the phase transition.

To understand the mechanism of the phase transition, we
calculated the band structures of the three stacking configura-
tions at different interlayer distances. For each material, spe-
cific interlayer distances were selected for the AA, AB and
AC configurations, with six evenly spaced points chosen. The
band structures were computed at fixed interlayer distances
without structural optimization. It was found that each stack-
ing configuration can undergo a metal-semiconductor phase
transition, as shown in Figs. 4(a) and 4(b). The band gap in-
creases with the interlayer distance and tends to indicate semi-
conductor behavior. Conversely, smaller distances lean toward
metallic characteristics. For NiS;, the metal-semiconductor
phase transition for AA and AC stacking occurs at an inter-
layer distance of 2.86 A, while for AB stacking it occurs at
3.32 A. For PtTe;, the phase transition interlayer distances are
3.27 A for AA and AC stacking and 3.56 A for AB stacking.

(a) -m-AA @ AB A AC s (c) Ni_d B S_p s (e) Ni_d ® S_p
0.4} NiSy A ; 'y
O 1.0[ % i
2 03} "l ’ \ S 3 N :
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\i & / \%/ . f/\k( @/ *
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Fig. 4. The band gap values of different stacking configurations and atomic orbital projected band structure (PBAND). (a), (b) Computed band gap
values for three stacking configurations of NiS; and PtTe;. (c), (¢) PBAND of NiS; with AA stacking at interlayer distances of 2.64 A and 2.86 A. (d),
(f) PBAND of PtTe, with AA stacking at interlayer distances of 2.99 A and 3.27 A.

Furthermore, we plotted the atomic orbital-projected
band structures of NiS, for AA stacking at interlayer distances
of 2.64 A and 2.86 A, as shown in Figs. 4(c) and 4(e). Notably,
as the interlayer distance increases, the separation between the
conduction band and the valence band also increases, grad-
ually opening a band gap of 0.04 eV. In Figs. 4(d) and 4(f),
PtTe, exhibits a phase transition trend similar to that of NiS,,
with a band gap opening of 0.05 eV as the interlayer dis-

tance increases from 2.99 A to 3.27 A. Additional calculations

for other interlayer distances and stacking configurations are
shown in the supporting material (Fig. S10), where all band
structures maintain their shape as the interlayer distance in-
creases. And the weakened d—p orbital hybridization is in-
duced by the change in interlayer distance. We also calcu-
lated the binding energy around the equilibrium interlayer dis-
tance (see supporting material Fig. S11). The binding energy
is higher than this value, indicating that twisting can lead to

structures with interlayer distances that cannot form in reality.
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The interlayer distance governs the extent of d—p orbital
hybridization, thereby driving the phase transition. As the in-
terlayer distance increases, d—p orbital hybridization weakens,
reducing interlayer interactions and causing the moiré super-
lattices to exhibit single-layer semiconductor properties. Con-
versely, a decrease in interlayer distance enhances d—p orbital
hybridization, strengthening interlayer interactions and induc-
ing metallic behavior. The moiré superlattices provide an ac-
cessible approach to control the interlayer distance and fur-
ther manipulate phase transitions. On the one hand, the twist
angle serves as a novel method for electronic tuning, facili-
tating transitions between high- and low-resistance states cor-
responding to the metal-insulator phase change, thereby en-
abling device switching. On the other hand, the uneven moiré
potential modulation induced by the stacking twist enables se-
lective tuning of the transport region,**! which could poten-
tially enhance the performance of logic, sensing and detection
devices.

4. Conclusion

In summary, we found that the bilayers of NiS, and PtTe,
exhibit a metal-semiconductor transition at different twist an-
gles. Among all the MX, materials, AA stacking is the most
stable configuration. Unlike other MX, materials, both NiS,
and PtTe, demonstrate metallic and semiconductor character-
istics depending on their stacking configurations. After cal-
culating the DOS for the moiré superlattices, we observed a
weakening of the hybridized d—p orbital following the metal—
semiconductor transition. We observed that the interlayer dis-
tances in the twisted structures differ significantly from those
in the AA, AB and AC stacking configurations. The unfolded
band structure further reveals a weakening of d—p orbital hy-
bridization, which we propose as the primary mechanism driv-
ing the phase transition. To verify this mechanism, we calcu-
lated 36 band structures at various fixed interlayer distances.
We observed that the materials undergo a phase transition at
different distances while preserving their band shapes, with
weakened d—p orbital hybridization during the transition. This
suggests that the moiré superlattices primarily influence the
extent of d—p orbital hybridization. Our research provides in-
sights into moiré superlattices as a transformative approach for
manipulating electronic structures.
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