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Abstract 

2M-phase transition metal dichalcogenides have recently attracted intensive research 

interest due to their rich topological and superconducting phase diagrams. Apart from 

the topological surface states of 2M-WS2 near Γ originated from the strong topological 

order, using angle-resolved photoemission spectroscopy, we discover additional Rashba-

split states on the surfaces of both 2M-WS2 and 2M-WSe2, which extend in large 

momentum-energy regions. First-principles calculations well reproduce these states and 

attribute them to the weak topological orders. The calculations further indicate that the 

surface state connecting configurations are tunable under moderate pressure, suggesting 

that 2M-WS2 and WSe2 are promising platforms to study topological phase transition and 

explore topological superconductivity.  



To realize topological superconductivity (TSC) based on the Fu-Kane model, the key 

ingredient is to introduce superconductivity on spin-helical states [1], such as topological 

boundary states of topological materials or Rashba-split states (RSS) of semiconductors due to 

combined effect of spin-orbit coupling (SOC) and broken inversion symmetry of the crystal 

field. In this approach, the superconducting phase is realized either on the interface of designed 

heterostructures by the proximity effect [2–6] or, more effectively, on the surface of intrinsic 

superconducting topological materials by the self-proximity effect [7–11]. Various candidate 

materials of the latter category have been recently proposed, including Cu-intercalated 

Bi2Se3 [7], iron-based superconductors [8,9], and 2M-WS2 [10,11], and experimental signatures 

of Majorana quasiparticles have been identified, such as superconducting topological surface 

states (TSS) [8,11] and zero-bias conductance peak [9,10]. 

TSC candidate 2M-WS2 belongs to the 2M-phase transition metal dichalcogenide (TMDC) 

family [12]. This material family has exhibited rich superconducting and topological phase 

diagrams [13–17]. 2M-WS2 hosts the highest superconducting transition temperature TC = 8.8 

K among all TMDC under ambient pressure [18]. Topological classifications indicate that 2M-

phase WS2 and WSe2 are in the strong and weak categories, respectively [16]. The diverse 

topological properties imply that 2M-TMDC might realize dual topological orders and provide 

superconducting material platforms with tunable TSS. 

In this letter, by using angle-resolved photoemission spectroscopy (ARPES) and first-

principles calculations, we discover topological RSS on the naturally cleaved (100) surfaces of 

both 2M-phase WS2 and WSe2, which are associated with the weak topological orders. In 

contrast to TSS in conventional topological insulators like Bi2Se3 and Bi2Te3 [19–21], these 

states are derived from Shockley states under finite SOC, similar to the scenario on the (111) 

surface of grey arsenic [22]. Compared to the well-studied TSS of 2M-WS2 residing in a small 

momentum-energy region near Γ (Δk < 0.1 Å-1, ΔE < 100 meV) [11,23], the newly discovered 

topological RSS extends in momentum-energy space (Δk > 0.6 Å-1, ΔE > 1 eV). Our 

calculations further reveal that topological and trivial RSS can switch under moderate pressure. 

Hence, 2M-phase WS2 and WSe2 might provide an ideal platform to explore TSC with tunable 

spin-split surface state connecting configurations. 



High-quality single crystals of 2M-phase WS2 and WSe2 were synthesized by the 

deintercalation of interlayer potassium cations from KxWS2 and KxWSe2 crystals. The 

synchrotron-ARPES measurements were performed at beamline BL07U of Shanghai 

Synchrotron Radiation Facility (SSRF), China, with a photon energy of 94 eV [24], and 

Beamline 5-2 of Stanford Synchrotron Radiation Lightsource (SSRL), using photon energies 

from 28 eV to 90 eV [25]. The laser-ARPES measurements were performed at a lab-built 

facility at ShanghaiTech University delivering 6.994-eV photons. For all ARPES 

measurements, the samples were cleaved in situ along the (100) plane and measured under high 

vacuum below 5×10-11 Torr using a ScientaOmicron DA30-L analyzer. The measurement 

temperature was kept between 15 K to 20 K. Linear-horizontal (LH) polarized photons were 

used in ARPES measurements. The first-principles calculations were carried out via the Vienna 

ab initio simulation package (VASP) [26]. The exchange-correlation energy was approximated 

by the Perdew-Burke-Ernzerhof (PBE) type generalized gradient approximation (GGA) [27]. 

Topological properties, including surface state calculations, were performed with 

WannierTools package [28], based on the tight-binding Hamiltonians constructed from 

maximally localized Wannier functions (MLWFs) by the Wannier90 package [29–31]. In 

addition, calculations based on the local density approximation [32] plus an on-site Hubbard U 

(LDA+U), PBE plus an on-site Hubbard U (PBE+U), the modified Becke-Johnson (mBJ) 

functional [33], and Heyd-Scuseria-Ernzerhof (HSE) hybrid functional [34] were performed to 

confirm the assignment of the bulk and surface states, as well as the surface state connecting 

configurations that are related to the topological property [35]. 

Tungsten dichalcogenides have three types of crystalline structures: the semiconducting 

2H- and 3R-phases [36], and the metallic 2M-phases. 2M-WS2 and WSe2 crystallize in a base-

centered monoclinic unit cell (space group No. 12, C2/m), which can be regarded as 

translationally stacked 1T’ quantum spin Hall layers along the [100] direction [16], as shown 

in Fig. 1(a). The bulk Brillouin zone (BZ) and the (100) surface BZ are shown in Fig. 1(b).  

First-principles calculated bulk band structures of 2M-phase WS2 and WSe2 confirm their 

metallic nature, with the α and β bands crossing the Fermi level [Figs. 1(c) and 1(d)]. The 

inclusion of SOC forbids band crossings and thus lead to band gaps at any arbitrary momentum. 



For topological property analysis, 2M-WS2 and 2M-WSe2 exhibit a strong topological order 

[Z2 = (1, 000)] and a weak topological order [Z2 = (0, 100)], respectively, if the curved Fermi 

level is placed between the α and β bands. These distinct topological properties, which have 

been confirmed by ARPES studies, are jointly determined by the band inversion amplitude and 

interlayer coupling [11,16].  

We further discover that 2M-WS2 and 2M-WSe2 host a weak topological order [Z2 = (0, 

001)] if the curved Fermi level is between the β and γ bands. One should note that this weak 

topological order is distinct from that between the α and β bands of 2M-WSe2. The weak indices 

indicate that the naturally cleaved (100) surface is the topologically dark “top” surface between 

the α and β bands, whereas it is the “side” surface between the β and γ bands, hosting an even 

number of surface Dirac cones in a surface BZ. Figures 1(e) and 1(f) illustrate possible (100) 

surface state connection configurations for 2M-WS2 and WSe2, respectively, which are 

constrained by their topological invariants [37]. 

Surface-projected band calculations of 2M-WS2 and 2M-WSe2 reveal the bulk continuum 

of the α, β and γ bands, as shown in Figs. 2(a) and (c). Consistent with our topological order 

analysis, we identify a single surface Dirac cone (TSS1) near Γ̅ between the α and β bands of 

2M-WS2, and two surface Dirac cones (TSS2 and TSS3) centered at Y̅ and R̅ between the β and 

γ bands of both 2M-WS2 and 2M-WSe2. ARPES measurements covering the whole BZ show 

consistent bulk band dispersions with the calculation [Figs. 2(b) and (d)]. The α, β and γ bands 

are unambiguously resolved by ARPES, however, the band gaps between the β and γ bands 

near Y̅ and R̅ are smeared out possibly due to large self-energies at high binding energies. 

Fine ARPES measurements of 2M-WS2 and 2M-WSe2 reveal the signatures of the 

expected TSS, as shown in Figure 3. To clearly observe TSS1, we performed laser-ARPES on 

the surface potassium (K) doped 2M-WS2 along the Y̅ − Γ̅ − Y̅ direction, as shown in Fig. 3(a). 

The α band and TSS1 are well resolved and consistent with the calculation [Fig. 3(b)] and 

previous studies [11,16,17,23]. TSS1 resides in a local band gap with a small momentum-

energy region near Γ̅ (Δk < 0.1 Å-1, ΔE < 100 meV).  



Band dispersions along the Y̅ − Γ̅ − Y̅ direction of 2M-WS2 and 2M-WSe2 in a larger 

momentum-energy region are measured by synchrotron-ARPES, as shown in Figs. 3(c) and 

3(e). The second-derivative plots show nice consistency with corresponding calculations [Figs. 

3(d) and 3(f)]. We clearly observe two branches of TSS2 and they merge into the β and γ bulk 

continuums, respectively, manifesting their nontrivial topology [38]. The dispersions of these 

TSS can also be well traced by peaks of momentum-distribution-curves and energy-

distribution-curves [35]. The assignment of the bulk bands and TSS is confirmed by photon-

energy-dependent ARPES measurements and first-principles calculations [35]. 

TSS2 shows distinct properties compared to TSS in conventional topological insulators, 

such as Bi2Se3 and Bi2Te3 [19–21]. They expand in both energy and momentum directions (Δk > 

0.6 Å-1, ΔE > 1 eV). They are derived from Shockley surface states due to band inversions and 

their existence is guaranteed before the SOC is included [35]. As shown in Fig. 4(a), the spin-

degenerated Shockley surface states can evolve into a pair of RSS, however, their connecting 

configurations are determined by the bulk band topology [35]. The upper and lower branches 

of topological RSS are connected to conduction and valence bulk continuums, respectively, 

whereas trivial RSS are connected to either conduction or valence bulk continuums. 

Because the two-fold rotational symmetry and inversion symmetry are both broken in the 

surface state, the symmetry-allowed spin-orbital coupling contributes to Rashba-like splitting 

and spin textures of the surface state, as elaborated in the Supplemental Material [35]. Surface-

projected band calculations of 2M-WSe2 indicate that the connecting configurations of RSS 

centered at time-reversal invariant momenta Y̅, R̅, and X̅ evolve under pressure, as shown in 

Figs. 4(b) and 4(c). The topological order between the β and γ bands transit from Z2 = (0, 001) 

with a nonzero weak topological index under zero pressure to Z2 = (1, 001) with a nonzero 

strong topological index under 4-GPa pressure. Consequently, topological and trivial RSS 

switch and the number of topological RSS pairs change from even (2) under zero pressure (Y̅ 

and R̅) to odd (1) under 4-GPa pressure (X̅). The connecting configurations of RSS of 2M-WS2 

follow the same evolution trend under pressure as those of 2M-WSe2 [35]. We call for further 

investigations using ARPES with in situ strain [39,40], which might provide experimental 

signatures on these versatile connecting configurations of RSS. 



To effectively achieve a spinless p-wave superconductor based on RSS, delicate conditions 

associated with SOC, chemical potential, Zeeman coupling and superconducting gaps are 

required [5]. 2M-phase WS2 and WSe2 are van der Waals TMDC and their carrier density can 

be tuned through liquid gating [14] or chemical doping [15]. The RSS of interest cover a large 

energy range near the Fermi level and their topological properties are tunable with pressure. 

Their superconducting properties also evolve with pressure [41,42] and thus can lead to a rich 

phase diagram consisting of novel quantum states and require further investigations. 

The discovery of TSS2 in 2M-WS2 and 2M-WSe2 broadens the material family with dual 

topology and may open the possibility to applications based on surface states with distinct 

topological properties. Materials with dual topology can host rich spin-helical surface states, 

however, candidates with superconducting phases are extremely rare [43-49]. The most 

prominent examples are iron-based superconductors that exhibit both topological insulator and 

Dirac semimetal states near the Fermi energy [43]. However, other superconducting dual 

topological candidates either host extremely low TC [50] or lack experimental evidence [48]. In 

contrast, pristine 2M-WS2 and pressurized 2M-WSe2 exhibit relatively high TC of 8.8 K [11,18] 

and 7.3 K [41], respectively. Therefore, we propose that these superconducting compounds 

with dual topology might provide a versatile platform to explore TSC with distinct 

configurations of RSS. 
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FIG. 1.  (a) Crystal structure of 2M-phase WS2 and WSe2 with its naturally cleaved (100) plane, 

indicated by the red surface. (b). Bulk Brillouin zone (BZ) with time-reversal invariant 

momenta marked and (100) projected surface BZ indicated by the red rectangle. (c) and (d) 

Calculated bulk band structure of 2M-WS2 (c) and 2M-WSe2 (d). SOC is included. The α, β 

and γ bands highlighted by the blue lines are three bands near the Fermi level. (e) and (f) 

Possible connecting configurations of topological surface Dirac cones among the α, β, and γ 

bulk continuums in 2M-WS2 (e) and 2M-WSe2 (f), respectively. 

  



 

FIG. 2.  (a) and (c) (100) surface-projected band calculations of 2M-WS2 (a) and 2M-WSe2 (c) 

along the X̅ − R̅ − Y̅ − Γ̅ − X̅ direction. The α, β, and γ bulk continuums and TSS1, TSS2, and 

TSS3 are indicated. The inset in (a) is a zoom-in plot of TSS1. (b) and (d) Corresponding 

synchrotron-ARPES measured band dispersions of (a) and (c), respectively. 

  



 

FIG. 3.  (a) Laser-ARPES measured band dispersion of TSS1 along the Y̅ − Γ̅ − Y̅ direction of 

K-doped 2M-WS2. (b) Corresponding calculation of (a). (c) Synchrotron-ARPES measured 

band dispersion of TSS2 along the Y̅ − Γ̅ − Y̅ direction of pristine 2M-WS2 under hν = 28 eV. 

(d) Corresponding second-derivative plot (left panel) and calculation (right panel) of (c). (e) 

Synchrotron-ARPES measured band dispersion of TSS2 along the Y̅ − Γ̅ − Y̅  direction of 

pristine 2M-WSe2 under hν = 94 eV. (f) Corresponding second-derivative plot (left panel) and 

calculation (right panel) of (e). TSS are indicated by red lines and bulk band continuums are 

indicated by magenta-shaded areas. 

  



 

FIG. 4.  (a) Band illustrations of topological RSS (upper panel) and trivial RSS (lower panel) 

derived from the Shockley surface states (middle panel) by introducing SOC. (b) Bulk and 

surface band calculations of 2M-WSe2 under zero pressure along Γ̅ − Y̅ − Γ̅ (left panel), X̅ −

R̅ − X̅ (middle panel), and Γ̅ − X̅ − Γ̅ (right panel). (c) Same as (b) but under 4-GPa pressure. 

The bulk continuums are indicated by the gray-shaded areas and the RSS are indicated by red 

lines. Z2 invariant (the curved Fermi level is set between the β and γ bands), topological and 

trivial RSS are indicated in (b) and (c). 


