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Abstract

The evolution of the physical properties of two-dimensional material from monolayer limit
to the bulk reveals unique consequences from dimension confinement and provides a distinct
tuning knob for applications. Monolayer 1T -phase transition metal dichalcogenides (1T°-
TMDs) with ubiquitous quantum spin Hall (QSH) states are ideal two-dimensional building
blocks of various three-dimensional topological phases. However, the stacking geometry was
previously limited to the bulk 1T’-WTe; type. Here, we introduce the novel 2M-TMDs
consisting of translationally stacked 1T’-monolayers as promising material platforms with
tunable inverted bandgaps and interlayer coupling. By performing advanced polarization-
dependent angle-resolved photoemission spectroscopy as well as first-principles calculations
on the electronic structure of 2M-TMDs, we revealed a topology hierarchy: 2M-WSe,, MoS,,
and MoSe; are weak topological insulators (WTIs), whereas 2M-WS; is a strong topological
insulator (STI). Further demonstration of topological phase transitions by tunning interlayer
distance indicates that band inversion amplitude and interlayer coupling jointly determine
different topological states in 2M-TMDs. We propose that 2M-TMDs are parent compounds of
various exotic phases including topological superconductors and promise great application
potentials in quantum electronics due to their flexibility in patterning with two-dimensional

materials.



1. Introduction

The last decade has witnessed a tremendous triumph in two-dimensional (2D) materials
which host intriguing properties such as high mobility electrons, unusual superconductivity,
excitonic behaviors, 2D ferromagnetism, as well as topological quantum physics.!!>) The
stacking of atomically thin materials acts as an additional turning knob for physical properties
and application purposes as the thickness evolves from the monolayer limit to few-layer and

6-18] For example, semiconductor 2H-MoSe, experiences a direct to indirect

bulk crystals.!
bandgap transition as the thickness increases from monolayer to bilayer.!® MnBi,Tes4 can realize
quantum anomalous Hall insulators, axion insulators, and antiferromagnetic topological
insulators depending on the thickness and even/odd layer numbers.["*! Recent studies revealed
rich phase diagrams of twisted multi-layer graphene systems exhibiting various exotic phases
including correlated insulating phases, superconductivity, and topological phases as functions
of twist angles, filling numbers, and displacement fields.!'*!®]

The topological phase transition by stacking 2D materials has become a central topic of
topological quantum materials, e.g. the topological hierarchy by stacking the quantum spin Hall
(QSH) layers. QSH states are unique 2D systems featuring topologically protected helical edge
states.['”! Despite their promising application potential in low-dissipation quantum devices, the
theoretical proposals and experimental realization of QSH states are limited to very few
materials, such as semiconductor quantum wells and buckled two-dimensional Xene sheets.!**-
22l Among them, monolayer 1T -phase transition metal dichalcogenides (1T’-TMDs) stand out
as this material family host ubiquitous QSH states®! and they are evidenced by both

22,2425

spectroscopic and transport experiments.| ! Three-dimensional (3D) crystals built from



1T’-TMD monolayers are previously limited to WTe, and MoTe; hosting alternative stacking
of flipped 1T’-monolayers, achieving higher-order topological insulator (HOTT) phase!** (1T°-
WTe, and 1T°-MoTe;, see Figure la-ii) and Weyl semimetal (WSM) phasel?”?! (slightly
distorted Td-WTe; and Td-MoTe,).

In this work, we introduce the novel 2M-TMDs consisting of translationally stacked 1T’-
monolayers?2% and demonstrate that they are ideal material platforms for studying topological
phases of stacked QSH layers*"-*? with tunable inverted bandgaps and interlayer coupling
strengths (see Figure la). Combining first-principles calculations and angle-resolved
photoemission spectroscopy (ARPES), we systematically investigated the electronic structure
of 2M-TMDs, revealing a topology hierarchy. We discovered that 2M-WSe», MoSe,, and MoS,
host weak topological insulator (WTI) phases which can be regarded as weakly coupled QSH
layers (see Figure la-iii), whereas 2M-WS; is a strong topological insulator (STI) exhibiting
topological surface states (TSSs) on the naturally cleaved surface (see Figure la-iv). By
calculating the electronic structure evolution with variable interlayer distance, we demonstrate
that a topological phase transition from the STI phase to the WTI phase can be achieved by a
weakened interlayer coupling. Similar concepts have recently been reported in quasi-one-
dimensional bismuth halide system!**-3! and TaSes.**7) More importantly, recent intriguing

discoveries in 2M-TMDs, such as the coexistence of TSSs and superconductivity,?*383

[41]

signatures of zero Majorana modes!*” and Pauli-limit violated superconductivity,*!! make them

not only ideal for fundamental research, but also promising materials for novel applications.

2. Experimental Results and Discussion



2M-TMDs crystallize in a base-centered monoclinic structure (space group Com, No. 12),
as shown in Figure 1b-1 with the conventional and primitive unit cell indicated by the black and
magenta parallelepiped, respectively. Within each layer (defined as b-c or x-y plane), it has the
1T’-structure (see Figures 1b-ii to iv). The van der Waals layers of 2M-TMDs, including 2M-
WS,, WSe,, MoSe, and MoS,, are stacked via a direct translation vector!?>-3%384% (defined as
the a axis of the primitive cell marked by the magenta arrow in Figure 1b), in contrast to the
glide mirror stacking geometry (a combination of translation and mirror operations) in the bulk
1T -WTex** and 1T°-MoTe,*® (a comparison of the crystal structures between the bulk 2M-
and 1T’-TMDs can be found in Supporting Information Note 1).

We performed first-principles calculations on the electronic structures of all four group
VIB 2M-TMDs. Figure 2a presents typical band structures of 2M-WSe; and 2M-WS, as
examples (the results of the other two compounds can be found in Supporting Information Note
6). All four materials are semimetallic in contrast to their semiconducting 2H polymorphs,
however, the top valence band and the bottom conduction band are well defined with a non-
zero bandgap at any arbitrary momenta (the gray-shaded areas in Figure 2a).

Orbital analysis indicates that the inverted band structures near I" in the monolayer 1T’-
TMDs!*¥ preserve in all four 2M-TMDs, showing that the top valence band mainly consists of
the transition metal d-orbitals and the bottom conduction band mainly consists of chalcogenide
p-orbitals (see Figure 2a). Notably, the band orbital ordering changes along the I'Z direction in
2M-WS; (indicated by the red arrow in the lower panel of Figure 2a) due to the interlayer
interaction, whereas in 2M-WSe, the inverted band ordering preserves from I to Z (see the

upper panel of Figure 2a). Hence, they present two classes of topological band structures of



stacked QSH layers as described in Figure 2b: 2M-WSe; is a WTI where the band inversions
occur at both I' and Z, and in comparison, 2M-WS; is a STI where the band inversion only
occurs at I since the interlayer coupling is strong enough to “untie” the inverted band order at
Z. The bandgap at I' (A(T")) and Z (A(Z)) of all four 2M-TMDs, as well as the inverted bandgap
of the monolayer 1T’-TMD (A(mono)), are summarized in Figure 2c). One can see that 2M-
WS; hosts the smallest A(I'), A(mono) and it is the only compound with a positive A(Z) among
the four materials, leading to a STI phase whereas the other three materials are WTIs.

The topology hierarchy is further checked by calculating the topological invariant Z> = (vo;
vivavs). Since 2M-TMDs are centrosymmetric, we calculated the product of the parities of the
Bloch wavefunction for the occupied bands at all eight time-reversal-invariant-momenta in the
bulk Brillouin zone (as indicated by the red spheres in Figure 2d) based on the method proposed
by Fu and Kane.[*! Figure 2e shows the calculated parity products and the corresponding Z>
numbers of these four materials, consistent with the orbital analysis.

We carried out a systematic electronic structure investigation on the WTI candidate 2M-
WSe; and STI candidate 2M-WS; by ARPES (detailed methods can be found in Experimental
Section), as presented in Figure 3. 2M-WSe; hosts a pair of hole pockets along the Y — T — Y
direction (see Figures 3a,b). The ARPES measured band dispersions along two perpendicular
high-symmetry momentum directions Y — T —Y and X — T — X show excellent agreement
with our first-principles calculations (see Figure 3c). The valence band near T along the Y —
[ —Y direction exhibit a “W” shape (see the left panel of Figure 3c), indicative of the band

inversion at I'. We observed no sign of the surface Dirac cone at T crossing the Fermi level

(see Figures 3b,c and Supporting Information Note 9), consistent with the WTI case as the (100)



cleavage surface hosts no TSSs.

In comparison, ARPES measurements on the STI candidate 2M-WS, show its Fermi
surfaces with rich details that can be successfully reproduced by first-principles calculations
(see Figures 3d,e), consistent with our previous study.¥! Using laser-based ARPES with high
momentum and energy resolution (Ak = 0.003 A", AE = 3 meV), we observed the signature of
the expected surface Dirac point in the fine Fermi surface mapping, as shown in the zoom-in
momentum area near I' (see Figure 3e-ii). The TSSs form the surface Dirac cone at T and
were clearly seen in the band dispersion measurement along the ¥ — ' — Y direction (Figures
3f-i,i1), again consistent with the calculations (Figures 3f-iii,iv).

The tunable excitation energy (4v) and polarization of incident photons in the synchrotron-
based ARPES measurements (see Figure 4a) enable us to discriminate band orbitals with
different symmetries along the I'Z direction.[*¥ Using photon energies of 84 eV and 99 eV, we
measured the band dispersion along Y — T — Y (see Figure 4b-i)and Y —Z — Y (see Figure
4b-ii), respectively, which is consistent with corresponding calculations. According to the
matrix element effect, orbitals of odd (even) symmetry with respect to the mirror plane defined
by the incident light and emission electron are visible under linear vertical (linear horizontal)
polarized light with the electric field out of (in) the mirror plane (see detailed discussion in
Supporting Information Note 3). For both measurements near I" and Z, the first and second
topmost valence bands show significant spectral weight under linear horizontal (LH) and linear
vertical (LV) polarized light, respectively (see Figures 4b-iii to vi). These observations agree
with the orbital-resolved calculation indicating that the two topmost valence bands near I are

mainly from W-d. and Se-p: orbitals whereas near Z, they mainly consist of W-d.. and W-d.»



(detailed first-principles calculations on the orbital-resolved band structure can be found in

Supporting Information Note 4). The photon-energy and polarization selective ARPES results

thus provide direct experimental evidence on the orbital nature of the band structure of 2M-

WSe;, indicative of the WTI scenario exhibiting band inversions at both I' and Z as shown in

Figure 2b.

Band dispersions along the k. direction of 2M-WS; and 2M-WSe, are measured via

photon-energy-dependent ARPES, as shown in Figure 4c¢ (details of the photon-energy-

dependent measurement can be found in Supporting Information Note 2). In 2M-WS,, due to

the interlayer coupling, the band dispersion along I'-Z is strong enough to induce the band order

switching between the topmost valence and the lowest conduction band. In comparison, the

topmost valence band of 2M-WSe, shows negligible k. dispersion. The distinct k. band

evolutions of 2M-WS, and 2M-WSe; are consistent with the STI and WTI scenario illustrated

in Figure 2b.

Combining first-principles calculations and systematic ARPES investigation, we provide

2M-WSe; and 2M-WS; as two typical examples of stacked QSH layers with distinct topological

phases. To fully understand the electronic structure of 2M-TMDs and their topological origins,

first-principles calculations were performed on 2M-WS, demonstrating that the band structure

of the STI phase can evolve to the WTI phase by continuously increasing the interlayer distance

(see Figure 5). Since 2M-WSe; is at the WTI end, a WTI to STI topological phase transition

can be triggered by continuously decreasing the interlayer distance (see Supporting Information

Note 8).

The bulk electronic structure evolution (see Figure 5a) nicely illustrates the mechanism of



the topological phase transition from the STI phase to the WTI phase induced by the additional
band inversion at Z with increasing interlayer distance and thus weakening dispersion along the
I'-Z direction, which are manifested as the closing and reopening of a bandgap between the
valence and conduction bands with opposite parities. The orbital character of W-d and S-p
orbitals at Z switches between the conduction and valence bands through the phase transition,
as clearly presented in Figure Se. The surface projected band dispersions (see Figures 5b,c)
exhibit expected evolutions hosting the TSSs inside the inverted bandgap in the STI region,
whereas no TSS exists on the (100) surface in the WTI region. One can see that the surface
Dirac point gradually merges into the bulk states and becomes the bulk Dirac point, suggestive
of an unstable Dirac semimetal (DSM) phase at the critical point (Aa = 2A) of the topological
phase transition between the STI phase and the WTI phase (see Figure 5f) as has been
theoretically modeled.*!

We calculated the energy of 2M-WS; as a function of the interlayer distance, as shown in
Figure 5d. Due to its van der Waals layered structure, the critical point of the phase transition
is about 0.1 eV/f. u above the equilibrium energy. In this case, multiple experimental
approaches might trigger the topological phase transition, such as elemental substitution,
intercalation, and laser excitation, which promises a rich material playground for the study of

topological phases with tunable parameters. ¢4

3. Summary and Outlook

Bulk topological materials consisting of QSH layers have been theoretically proposed and

experimentally realized in various compounds. Experimental signatures of topological edge



states have been observed on the bulk crystal stepping edges of WTe,,*! transition-metal
pentatelluride ZrTes and HfTes, 3! bismuth halide Bisls and BisBrs,1*33% 323 transition-metal
tritelluride TaSes, %37 and CaSn,* however, experimental confirmations of the QSH states in
the monolayer forms are limited to very few materials.’> 2M-TMD family and their sister
compounds WTe; and MoTe; stand out for the following reasons. Firstly, although monolayer
1T’-TMDs share similar electronic structures hosting ubiquitous and robust QSH states,?*!
the bulk counterparts exhibit distinct topological phases in their pristine forms: 2M-WSe;,
MoSe;, and MoS; are WTIs; 2M-WS; is a STI; 1T’-WTe; and 1T’-MoTe; are HOTIs; Td-
MoTe, is a WSM (see Figure la). Secondly, the flexibility of patterning with other
semiconducting TMDs could have technological applications in novel quantum electronics.*®
We propose that pressure-dependent?®”! or strain-controlled measurements*®>!! on the 2D-
heoterostructure including 2M-TMDs might provide potential dynamic control of QSH edge
states by effective tunning of interlayer coupling strength. Thirdly, rich superconducting phase
diagrams of 2M-TMDs as functions of chemical compositions, pressure, and carrier density
imply this material family as a promising material platform for the study of topological

38-611 Hence, we provide a systematic investigation of the electronic structure

superconductors.!
of 2M-TMD family combining first-principles calculations and ARPES measurements, which
will motivate further fundamental and technological research for topological materials and the

new generation of low-dissipation quantum devices, especially topological superconductors

and quantum computing based on QSH layers.

4. Experimental Section



Sample synthesis: 2M-WS, single crystals were prepared by the deintercalation of interlayer
potassium cations from Ko 7WS; crystals. For the synthesis of Ko7WS,, K»S; (prepared via liquid
ammonia), W (99.9%, Alfa Aesar) and S (99.9%, Alfa Aesar) were mixed by the stoichiometric
ratios and ground in an argon-filled glovebox. The mixtures were pressed into a pellet and sealed in
the evacuated quartz tube. The tube was e was heated at 850 °C for 2000 min and slowly cooled to
550 °C atarate of 0.1 °C/min. The synthesized Ko 7WS> (0.1 g) was oxidized chemically by KoCr,O7
(0.01 mol/L) in aqueous H>SO4 (50 mL, 0.02 mol/L) at room temperature for 1 h. Finally, the 2M-
WS, crystals were obtained after washing in distilled water for several times and drying in the
vacuum oven at room temperature.?’]

Similarly, 2M-WSe, crystals were prepared by the deintercalation of interlayer potassium
cations from K\WSe; crystals. The K\WSe; crystals were synthesized by the reaction of the K and
2H-WSe; at 800 °C. Then the KxWSe; crystals were soaked in an oxidizing solution to extract K*
ions to obtain 2M-WSe; crystals.[%]

First-Principles Calculation: The density functional theory (DFT) calculations were carried
out via the Vienna Ab initio Simulation Package (VASP).[%] The projector-augmented wave (PAW)
method and the plane-wave basis with an energy cutoff of 400 eV were adopted. The exchange-
correlation energy was approximated by the Perdew-Burke-Ernzerhof (PBE) type generalized
gradient approximation (GGA).[%* Besides, the IRVSPI®] codes and p4VASP program were used
for post-processing of the VASP calculated data.

The experimental lattice constants (the cif documents) were taken from Refl3?] and the
structural relaxation for optimized lattice constants and atomic positions was performed with a force

criterion of 0.01 eV/A and by using the DFT-D3 method!®® to include van der Waals corrections.



Spin-orbit coupling was included in self-consistent calculations and the Monkhorst-Pack k-point
mesh of 17x9x9 was adopted.

Topological properties, including surface state calculations and Z2 characterizations of bulk
materials along with edge states and Chern numbers of the monolayer, performed with
WannierTools package,l®” based on the tight-binding Hamiltonians constructed from maximally
localized Wannier functions (MLWFs) by the Wannier90 package.[6%7°]

To fully understand the electronic structure of 2M-TMDs and their topological origins, ab initio
calculations were performed for these materials by continuously increasing or decreasing the
interlayer distance while keeping the in-plane lattice constant unchanged.

Angle-Resolved Photoemission Spectroscopy: Synchrotron-based ARPES data were
performed at Spectromicroscopy beamline of Elettra Synchrotron, Italy, beamline BLO7U of
Shanghai Synchrotron Radiation Facility (SSRF), China, and beamline BL5-2 of Stanford
Synchrotron Radiation Laboratory (SSRL), Stanford Linear Accelerator Center (SLAC), USA. The
sample was cleaved in situ and aligned the T —Y direction parallel to the analyzer slit. The
measurements were carried out under ultra-high vacuum below 5x10°"! Torr. Data were collected
by an internal movable electron energy analyzer at Spectromicroscopy of Elettra Synchrotron, and
Scienta DA30L analyzers at beamline BLO7U of SSRF, China and beamline BL5-2 of SSRL, SLAC,
USA. The total energy resolutions were below 20 meV and the angle resolution was 0.2°.

High-resolution laser-based ARPES measurements were performed at a home-built setup (hv
= 6.994 ¢V) at ShanghaiTech University. The sample was cleaved in situ and aligned the T —Y
direction parallel to the analyzer slit. The measurements were carried out under ultra-high vacuum

below 5x10-'! Torr. Data were collected by a DA30L analyzer. The total energy and angle



resolutions were 3 meV and 0.2°, respectively.
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Figure 1. Transition metal dichalcogenides (TMDs) built from stacked quantum spin Hall (QSH)
layers. a) Schematic plot of stacked QSH layers with tunable inverted bandgaps, stacking
geometry, and interlayer coupling (i) and three material examples of stacked QSH layers
exhibiting a distinct topology hierarchy (ii-iv). In (a)(ii), 1T’-WTe; is stacked by the glide
mirror operation, which results in the higher-order topological insulator (HOTI) phase with
gapless topological hinge states and gapped surface states. In (a)(iii), 2M-WSe; consists of
weakly coupled QSH layers with translational stacking geometry, which results in the weak
topological insulator (WTI) phase hosting gapless topological surface states (TSSs) on the side
surfaces. In (a)(iv), 2M-WS, consists of strongly coupled QSH layers with translational
stacking geometry, which results in the strong topological insulator (STI) phase hosting gapless
TSSs on all surfaces. b) 3D schematic plot of the crystal structure of 2M-TMDs (i) and projected
schematic plots of the crystal structure on the xz- (ii), yz- (iii) and xy- (iv) plane. The boundaries
of the primitive and conventional unit cells are indicated by magenta and black lines,

respectively.
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Figure 2. Band structures and topological classes of 2M-TMDs. a) Calculated orbital-resolved
bulk band structure of 2M-WSe: (upper panel) and 2M-WS; (lower panel). The gray-shaded
area indicates the continuous bandgap that separates the valence and conduction bands. The
parity eigenvalues at Z are indicated as + (even) and — (odd). The red arrow in the lower panel
denotes the switching of the orbital character along the I'Z direction. b) 3D schematic plots of
the band structure of the WTI (upper panel) and the STI (lower panel) phases constructed from
QSH layers, indicating that the inverted bands are “untied” at Z in the STI case. ¢) Bandgap
sizes at I' (A(I")) and Z (A(2)) of all four 2M-TMDs, as well as the inverted bandgap of the
corresponding monolayer 1T’-TMDs (A(mono)). A(I') and A(Z) are also indicated in the upper
panel of (a). Upper inset: Illustration of a normal band order with a positive band gap, which
corresponds to the band structure of a STI (2M-WS,) near Z. Lower inset: Illustration of an
inverted band order with a negative band gap, which corresponds to the band structure of a STI
(2M-WS;) near I and a WTI (2M-WSe») near both I' and Z. d) Bulk Brillouin zone (BZ) of
2M-TMDs with eight time-reversal-invariant-momenta marked by the red spheres. The gray
rectangle shows the 2D BZ of the (100) natural cleavage surface. €) The parity products, Z»

numbers, and topological classes of all four 2M-TMDs.
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Figure 3. ARPES measurements on the electronic structures of 2M-WSe, and 2M-WS,. a) A
3D plot of the photoemission spectra on the (100) surface of 2M-WSe,. b) Comparisons
showing nice agreement between experiments (i,ii) and first-principles calculations (iii,iv) of
two constant energy contours at Er and £r — 50 meV of 2M-WSe:. &, integration window of the
calculation (iii,iv) is £0.2 A" around the Z-plane. ¢) Comparisons between photoemission
dispersions (i,ii) and corresponding calculations (iii,iv) cuttingalong ¥ — T —Y and X — T —
X of 2M-WSe.. d) A 3D plot of the photoemission spectra on the (100) surface of 2M-WS5. €)
Fermi surface mapping of 2M-WS; measured by synchrotron-based ARPES (i) and a zoom-in
fine mapping near I' measured by laser-based ARPES (ii), showing nice agreement with
corresponding first-principles calculations (iii,iv). The surface Dirac points (DPs) are indicated
by the red arrows in (i) and (iv). f) Band dispersion plot of 2M-WS; measured by synchrotron-
based ARPES (i) and a zoom-in fine plot near I' measured by laser-based ARPES (ii) along
Y — T =Y, showing consistent results with corresponding first-principles calculations (iii,iv).

The surface Dirac points (DPs) are indicated by the red arrows in (ii) and (iv).
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Figure 4. Photon-energy- and polarization-dependent ARPES measurements. a) Schematic
polarization geometry used in the ARPES experiment, where the LH and LV-polarized light
are incident on the sample parallel and perpendicular with respect to the detection plane (xz-
plane). b)(i) and (ii) Polarization-integrated ARPES results of 2M-WSe: dispersion along (i)
Y — T —Y with a photon energy of 84 eV and (ii) Y — Z — Y with a photon energy of 99 eV.
The corresponding calculation is appended. (iii)-(vi) Polarization-dependent ARPES results of
2M-WSe, dispersion along Y —T'—Y and Y —Z—Y near Er. ARPES results are
symmetrized with respect to k, = 0 based on the crystalline symmetry. Blue and red dashed
lines are guides to the eyes, which indicate the bands mainly contributed by specific Se and W
orbitals, respectively. See more details in Supporting Information Note 3 and Note 10. ¢)
Photon-energy-dependent ARPES measurements on the k. dispersion of 2M-WS, and 2M-
WSe,. The yellow and cyan dashed lines representing the three topmost valence bands are

guides to the eyes.
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Figure 5. Calculated topological phase transition driven by the increasing interlayer distance.
a) Calculated orbital-resolved electronic structure evolution of 2M-WS; under the interlayer
distance indicated on the top, showing a topological phase transition from the STI phase to the
WTI phase across an unstable DSM phase at the critical point. The parity eigenvalues at Z are
indicated as + (even) and — (odd). STI, strong topological insulator; DSM, Dirac semimetal;
WTI, weak topological insulator. b,c) Calculated surface projected band structure along Y —
[—Y (b)and X — T — X (c) under the same interlayer distance as in (a). The red and black
arrows indicate the TSS and the bulk Dirac point (BDP), respectively. d) Evolution of the
formation energy of 2M-WS, with interlayer distance increase Aa. e) Evolution of the orbital
character of the valence and conduction bands at Z, indicating orbital switching between W-d
(red) and S-p (blue) near the critical point (Aa = 2A). f) Evolution of the calculated surface
projected density-of-state at T as a function of interlayer distance increase Aa, showing the

TSS merges in the bulk Dirac point of the unstable DSM phase at the critical point (Aa = 2A).
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