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SUMMARY 33

Van der Waals materials enable the construction of atomically sharp interfaces between com- 34

pounds with distinct crystal and electronic properties. This is dramatically exploited in moiré 35

systems, where a lattice mismatch or twist between monolayers generates an emergent in-plane 36

periodicity, giving rise to electronic properties absent in the constituent materials. In contrast, 37

vertical superlattices, formed by stacking dissimilar materials in the out-of-plane direction on 38

the nanometer scale, have received far less attention despite their potential to realize analo- 39

gous emergent phenomena in three dimensions. Through angle-resolved photoemission spec- 40

troscopy and density functional theory, we investigate six-to-eight-layer transition metal dichalco- 41

genide (TMD) heterostructures constructed from pairs of stacked few-layer materials. Coun- 42

terintuitively, we find that even these single superlattice units can host fully-delocalised bands, 43

evidencing a robust coherent interlayer coupling across lattice-mismatched interfaces over ex- 44

tended spatial scales. We show how uncompensated semimetallic phases and energetically- 45

mismatched topological surface states are readily and exclusively stabilized within such asym- 46
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metrical architectures. These findings establish two-component heterostructures in the interme- 47

diate layer-regime as platforms to invoke and control unprecedented combinations and instances 48

of the diverse quantum phases native to many-layer TMDs. 49
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INTRODUCTION 53

Transition metal dichalcogenides (TMDs) are popular components for functional devices due to 54

the ease in which their vast array of intrinsic properties can be augmented1–6. This is facilitated 55

through anisotropic bonding, enabling both the isolation of TMD flakes of arbitrary thicknesses 56

and their subsequent recombination into stacks with atomically sharp interfaces without the need 57

for epitaxial registry7–11. These procedures can both alter the electronic properties inherent to 58

the component compounds, and induce otherwise-inaccessible correlated phenomena through 59

the fine tuning of the laboratory-defined relative orientations, or ‘twist angle’12,13. Despite van der 60

Waals bonding, however, the interlayer hopping along the c-axis in TMDs is significant, driving 61

orbital-dependent bandwidths of up to several electron volts in bulk systems14–17. This is yet to 62

be exploited in artificial heterostructures18, with current research largely rooted to homo- and 63

heterobilayer systems, and thus to TMD properties in the 2D limit. This precludes, for example, 64

the fine-tuning of band gaps through band quantisation19–21, the induction of kz-mediated topo- 65

logical phases22, or the modification of charge density wave and magnetic transitions dependent 66

on interlayer coupling23–25. 67

Here, through nano-focused angle-resolved photoemission (nano-ARPES) and first principles 68

calculations, we show how vertical 6-8 layer heterostructures, constructed simply by interfacing 69

pairs of few-layer TMD flakes, possess emergent bands sensitive to the entire spatial extent 70

of the hybrid system. Despite the absence of well-defined periodicity along the asymmetric c- 71

axis, the fully delocalised bands mimic discretized three-dimensional states of ordered systems, 72

but coexist alongside layer-locked states to produce an overall-spatially dependent electronic 73

structure capable of supporting electronic phenomena usually reserved for bulk compounds. 74

We give special focus to kz-mediated topological phase transitions, triggered by the inter- 75

facing of the few-layer TMD flakes, which produce pairs of distinct topologically non-trivial sur- 76

faces that are each defined largely by a single component material, unlike any naturally existing 77

topological system. Similar phenomena should be expected for asymmetric heterostructures 78

constructed from any pair of TMDs, and thus our findings unveil an enormous parameter space 79

within which customizable electronic frameworks, mixing 2- and 3D properties from across the 80

TMD family, can be produced and fine-tuned. 81

RESULTS 82

Theoretical Framework 83

Figure 1 overviews the mechanism underpinning our findings. Fig.1(A) illustrates the lattice 84

structure of a 6-layer MoSe2-WSe2 heterostructure, composed of three WSe2 layers stacked atop 85

three MoSe2 layers along the crystalline c-axis. Each monolayer possesses D3h symmetry, with 86
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an in-plane polarisation P arising from M–Se dipoles (where M = Mo or W). The 2H stacking 87

sequence results in a π rotation of adjacent layers, aligning their polar axes anti-parallel. In 88

this heterostructure, the polarisation P of MoSe2 layers slightly exceeds that of WSe2 layers, 89

reflecting the greater electronegativity difference between Mo and Se compared to W and Se. 90

However, the stronger atomic spin-orbit interaction (SOI) of W dominates the spin physics of the 91

system. Coupled with P, this SOI generates an out-of-plane spin-orbit field, BSO ∝ (P × k)z, 92

which induces a Zeeman-like spin splitting of energy bands. The effect is most pronounced at 93

the K points of the Brillouin zone, as shown in Fig. 1(B) and (C), where the spin splitting in WSe2 94

(∆EW
SO) is more than twice that in MoSe2 (∆EMo

SO). 95

At the interface, the mismatch in spin-orbit coupling strengths gives rise to a hierarchical 96

valley-spin polarisation. The MoSe2 valence bands are entirely contained within the ∆EW
SO gap 97

of WSe2, as shown in Fig. 1(D). This behaviour reflects the in-plane orbital nature of the K-point 98

states, which are dominated by d∥ = dxy, dx2−y2 orbitals. These orbitals exhibit negligible out-of- 99

plane coupling, suppressing interlayer hybridisation and preserving the monolayer-like electronic 100

structure at K. By contrast, states at the Γ point are dominated by dz2 orbitals, which extend into 101

the van der Waals gap and exhibit substantial interlayer overlap. This leads to strong hybridisa- 102

tion at Γ, forming a broad bonding–anti-bonding energy window across the heterostructure, as 103

depicted in Fig.1(E). While time-reversal symmetry suppresses spin splitting at Γ, the resulting 104

band structure at this point is highly sensitive to interlayer coupling, in contrast to the robust 105

monolayer-like dispersion retained at K. This dichotomy is evident in the full low-energy band 106

structure of the 6-layer system (Fig.1(F)), where the K valleys retain their original characteristics 107

while the Γ valley forms a cascade of hybridised bands. 108

This disparity highlights the importance of Γ-derived orbitals in band engineering, where artifi- 109

cial heterostructures can exploit interlayer hybridisation to tune the out-of-plane (∥ kz) dispersion 110

by controlling layer composition, ordering, and alignment. Indeed, in the above simple case of 111

a 6-layer MoSe2-WSe2 heterostructure, though discretized, the bonding-antibonding formation 112

of states at and around the Γ point closely approximate a kz-integrated bulk band structure of a 113

bulk 2H-TMD system. This implies that, with only a few layers, the bulk band dispersion can be 114

significantly restored and even controllably altered to exhibit a mixed characteristic between two 115

or more materials. To emphasize the significance of this, in Fig. 1(G-H), we compare the calcu- 116

lated electronic structure of the interfaced system to experimental band structures of individual 117

free-standing 3ML WSe2 and MoSe2 flakes. In each case, the number of dz2-derived bands 118

at Γ, which differ only by their discrete kz quantum number, is tripled relative to the respective 119

monolayers as the three dimensional, kz dispersive, band continuum of the bulk limit begins to 120

take form. The theoretical prediction in Fig. 1(F) demonstrates that, by simply combining these 121

3ML components, the evolution towards a 3D band continuum is entirely unhindered despite the 122

interface between dissimilar compounds, and electrons at Γ become fully delocalised through all 123

six layers despite the enhanced spatial scales. 124

More obvious approaches to bulk-like band engineering would rely on the assembly of numer- 125

ous monolayers with fixed relative orientations, stacked sequentially and periodically to replicate 126

bulk periodicity in momentum space through the curation of a well-defined unit cell, similar to that 127

of the naturally occurring 4Hb polymorph of TaSe2 with alternating 1T/1H layers26. By bypassing 128

this labor-intensive approach to instead employ much simpler, two-component heterostructures 129

in the intermediate layer regime, the same essential three-dimensional electronic behavior can 130

be accessed within an architecture that lends itself more naturally to fine tuning with e.g. layer 131

thickness or twist angles. More generally, access to an extra dimension within which electronic 132

properties can be tailored and controlled is of great relevance for nano-quantum device applica- 133

tions, where miniaturisation plays a major role. 134
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Delocalised band formation in two-component stacks 135

To demonstrate how this concept of achieving bulk-like band characteristics with mixed mate- 136

rial properties can be realised in real systems, in Figure 2 we show the electronic structure of a 137

(WSe2)3/(MoSe2)5 (Fig. 2(A)) and a (MoSe2)3/(WSe2)3 (Fig. 2(E)) heterostructure constructed by 138

interfacing two few-layer TMD flakes on graphite/n-type silicon substrates (see Methods). This 139

pair of heterostructures thus closely approximate opposite surfaces of a single MoSe2-WSe2 140

system, and the modest total layer numbers enable unambiguous comparisons of stacked re- 141

gions relative to the two component flakes. Photoemission spectra acquired from the stacked 142

heterostructure regions are displayed in Fig. 2(B, F). 143

As exemplified in Fig. 1(G-H), there is a one-to-one correspondence between the number of 144

discrete sub-bands within the dz2-manifold at the Γ point of 2H-structured TMDs and the num- 145

ber of monolayers within the system27,28. These bands collectively describe a single three- 146

dimensional dz2-derived band which is quantised in kz due to the finite size of the system along 147

the c−axis28–30. Therefore, as basic band theory stipulates that periodicity in momentum space 148

cannot be achieved without periodicity in real space, the number of discrete kz sub-bands vis- 149

ible within the overlapped regions would not be expected to reflect the full extent of the het- 150

erostructures which lack a well-defined unit cell. Yet, the photoemission spectra in Fig. 2(B,F) 151

demonstrate that the number of kz sub-bands is not only increased relative to equivalent datasets 152

acquired from the constituent flakes (shown in full in Fig. S1 in the supplemental information), but 153

also matches the total layer number in real space (i.e. eight for (B) and six for (F)) of the entire 154

heterostructure. The electron mean free path of less than 0.7 nm perpendicular to the surface, 155

applicable to our photoemission experiments, precludes that the experimental result originates 156

from a superposition of spectra from weakly-interacting top and bottom TMD flakes which each 157

have thicknesses of ∼ 0.7 nm per monolayer31. This alternate scenario is further discarded 158

through constant-energy kx-ky contour mapping in Figure S2 in the supplemental information. 159

Instead, the six or eight distinct dz2 sub-bands at Γ are delocalised throughout the structure, and 160

are therefore accessible to a surface sensitive probe. 161

While counterintuitive, these findings are entirely consistent with the discussion surrounding 162

Figure 1: The array of hybridized bands at Γ belonging to the collective band structure of the finite 163

six or eight layer crystal structure closely mimics the discretized kz-projected band manifold of 164

ordered systems. For bands derived from orbitals with significant interlayer hopping potential, 165

the kz dispersion is therefore effectively constructed without the need for a periodic repeating 166

unit. To further test this description, the experimental band dispersions of both WSe2-MoSe2 167

heterostructures are compared to layer-projected, density functional theory (DFT)-based slab 168

calculations in Fig. 2(C,G), (see Methods). Not only is the electronic structure around the Γ point 169

extremely well reproduced in each case, but the energetics of the dz2 band manifold are identical 170

between layer-integrated and top layer-projected calculations, implying full c-axis delocalisation. 171

Together, this verifies the present interpretation while also demonstrating a negligible role of 172

collective electron phases and large twist angles (the latter chosen experimentally in order to 173

decouple Moiré effects, see Figure S3 in the supplemental information), which are both neglected 174

by these calculations. 175

To further scrutinize the observed three-dimensional behavior, in Figure 2(D,H) we track the 176

evolution of the delocalised states at Γ with changing photon energy, thus mapping their behav- 177

ior with changing kz
32. These spectra can be compared to equivalent datasets for a three-layer 178

MoSe2 and WSe2 flake (Figure S1 (F,I) in the supplemental information). For both the individual 179

TMD flakes and the artificial heterostructures, each dz2-subband is two-dimensional (i.e. non- 180

dispersive along kz) in-line with their assignment as dimensionally confined states, though each 181

exhibits a photon energy-dependent spectral weight. In the eight- or six-layer hybrid systems 182

(Fig. 2(D,H)), it is apparent that these spectral weight variations are periodic in kz, with each 183
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sub-band illuminated sequentially. This is consistent with their collective assignment as a sin- 184

gular dz2-orbital derived band, which remains quantized in kz due to the finite length scales of 185

the total hybrid systems along the asymmetric c−axis. Though discrete, this periodic behav- 186

ior is exactly as would be expected for three-dimensional bands in a bulk 2H-structured TMD 187

system. Indeed, the overlaid solid lines, which well capture the observed periodicity, are a tight- 188

binding model for an idealized bulk structure with alternating WSe2 and MoSe2 layers along the 189

c-axis. We note that, due to significant kz broadening in photoemission generally32, the majority 190

of these sub bands can be captured simultaneously when probed with a single photon energy, 191

as evidenced by the in-plane band dispersions shown in Fig. 2(B,F). We stress that, while the 192

observed three-dimensional band dispersions in Fig. 2 exhibit finite-size effects, the key proper- 193

ties of bulk TMDs are, in general, present and fully-developed in their six (or fewer)-monolayer 194

variants despite kz quantisation27,28,33–37. Asymmetric heterostructures constructed analogously 195

to the above proof-of-principle examples are thus generically suited to host the electronic prop- 196

erties of many-layer TMDs. Nevertheless, we expect the underpinning mechanism driving these 197

emergent delocalised bands to hold for pairings with larger total thicknesses, thus producing 198

artificial 3D band properties closer to the true bulk limit. 199

To finalize this Section, in Figure S4 of the supplemental information, we show how equivalent 200

phenomena is observed for mismatched combinations of two or three WSe2 and MoSe2 bilay- 201

ers. The number of kz sub-bands within the dz2-manifold again reflects the full c-axis extent of the 202

system despite ill-defined unit cells, demonstrating how the periodic kz-dispersions expected for 203

ordered solids are emulated when interfacing two-or-more TMD flakes in the intermediate layer 204

regime. The apparent resilience of the observed band delocalization to interface(s) with signifi- 205

cant lattice mismatching can be understood as a natural consequence of the orbital character of 206

TMD band structures more generally: The transition metal and chalcogen orbitals which extend 207

into the van der Waals gap contribute bands only to the Γ point, and therefore interlayer band 208

hybridisation channels are always available. 209

210

Orbital-dependent band localisation 211

While the presence of delocalised electron behavior within the dz2 orbital manifolds of the fi- 212

nite heterostructures is clear, the same is not true for regions of the electronic structure derived 213

from in-plane orbitals. This stark contrast in orbital-dependent coupling is a hallmark of 2H- 214

type transition metal dichalcogenides generally. The details of the d∥ K-point valence bands are 215

largely equivalent in monolayer and bulk 2H-TMD systems due to their minimal out-of-plane hop- 216

ping potential20,38,39, whereas dz2-derived Γ-point states exhibit substantial out-of-plane coupling 217

to drive significant kz dispersion in bulk materials 16,27,28,40–42, thus underpinning the indirect- 218

to-direct bandgap transition observed in few-layer systems20,21,43. This natural orbital disparity 219

interplays with the inherent asymmetry of heterostructures constructed by interfacing two dis- 220

similar TMD flakes, ensuring a spatial dependence to the broader electronic structure along the 221

c-axis between limits defined by the distinct component materials. The scale of this dependence 222

is therefore dependent on orbital type. 223

In Figure 3 and Figures S5 and S6 of the supplemental information, this real space evo- 224

lution is explored in full. In Fig. 3(A), the orbitally-resolved WSe2 and MoSe2 terminations of 225

the experimentally realized (MoSe2)3/(WSe2)3 heterostructure are compared. The valence band 226

maxima at K and Γ, derived exclusively from d∥ and dz2-orbitals respectively, represent the two 227

extremes of c-axis delocalisation: The details of the spin-orbit splitting at K is determined only 228

by the local crystal structure, while the band structure at Γ is equivalent between terminations 229

and indeed between the top and bottom layers (shown explicitly in Figure S5 of the supplemen- 230

tal information). The rest of the band structure behaves similarly, with the real-space electronic 231

structure dependence directly determined by the d∥/ dz2 orbital ratio, further influenced by hy- 232

5



bridization between bands of differing orbital origins. In artificial, asymmetric heterostructures, 233

this therefore produces an overall layer-dependent electronic structure despite the presence of 234

fully delocalised band features. This is in stark contrast to naturally occurring TMDs, wherein the 235

overall symmetry of the system precludes real space band structure variations despite a similar 236

orbital-dependent localisation. 237

The asymmetry of our artificial heterostructures can also be expected to modify the spin 238

structure relative to natural TMD systems. As discussed earlier, in a natural 2H-TMD, each 239

constituent TMD layer, owing to its D3h symmetry, can only exhibit an out-of-plane spin-orbit field, 240

whose direction is opposite to that of the neighbouring layers. Consequently, this implies that 241

in-plane spin textures, including chiral spin-momentum locking types arising from the Rashba 242

effect44, are effectively suppressed. Furthermore, the hidden out-of-plane spin textures of each 243

layer can only become accessible at the surface, where translational symmetry breaking disrupts 244

the natural cancellation of BSO along the stacking axis. 245

In contrast, our artificial structures can naturally accommodate both in-plane Rashba-type 246

and out-of-plane Zeeman-like spin textures due to their unique heterostructural properties. Specif- 247

ically, the chiral Rashba spin polarisation can emerge naturally from the potential gradient formed 248

at the MoSe2/WSe2 interface and propagate throughout the entire structure via dz2 and other 249

out-of-plane orbitals. To elucidate the implications of this, in Fig. 3(B-F), the (MoSe2)3/(WSe2)3 250

heterostructure is compared to an idealised six-layer (MoSe2/WSe2)3 system, where the calcu- 251

lated layer-projected spin polarisation for the chiral (x) and out-of-plane (z) components is shown 252

for both the asymmetric and idealised cases. As can be observed, in both configurations, strik- 253

ingly similar patterns of in-plane and out-of-plane spin polarisation emerge, which remain valley- 254

specific. Particularly, in both cases, the chiral (x) component is significantly enhanced around 255

the Γ point, where the dz2 contribution is dominant. As with the discussions surrounding the kz 256

dispersions on show in Fig. 2, this again demonstrates how the key physics of ideally-stacked 257

TMD heterostructures are very closely approximated by our simpler but asymmetric structures. 258

Creation of layer-dependent semimetallic phases 259

The asymmetric WSe2-MoSe2 heterostructures discussed thus far exhibit dissimilar top and 260

bottom surfaces due to orbital-dependent band localisation. While the global symmetries of the 261

asymmetric unit are fundamentally altered relative to naturally occurring TMDs or to an idealized 262

stack, its layer-dependent electronic structure is derivative of the bulk forms of the component 263

materials. For the specific cases considered so far, the similarities in the WSe2 and MoSe2 lattice 264

constants45 and in the energetics of the relevant W 5d and Mo 4d orbital manifolds precludes sig- 265

nificant deviations of the formed hybrid electronic structure from those of the parent compounds. 266

We stress however, that such a similarity in material components is not a necessary criterion 267

to stabilize dimensionally-mixed frameworks: The mechanism underpinning our findings should 268

apply generally to pairs of 2D materials with non-negligible out-of-plane hopping, even when 269

the two components differ substantially. Such a mismatching could be used to engineer entirely 270

unique quantum phases. 271

To exemplify the power of this eventuality, in Fig. 4, we showcase a (WSe2)4/(NbSe2)2 het- 272

erostructure. NbSe2 is metallic, whereas WSe2 is semiconducting. Consequently, the energy 273

bands in WSe2 are effectively lower than those in NbSe2 by the energy gained from filling the 274

valence bands with an additional electron, transferred from the W+4 ion compared to the Nb+3
275

ion. Despite this, not only do the number of kz subbands at Γ continue to reflect the total layer 276

number of the heterostructure thereby demonstrating the presence of fully delocalised bands, 277

but the system becomes semimetallic, with the shallowest binding energy sub-band at the Γ 278

point forming a Fermi surface, shown inset in Fig. 4(B) and in Figure S7 of the supplemental 279
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information. This Fermi pocket at Γ is the only Fermi band crossing on the top layers of the ar- 280

tificial heterostructure, unlike the electronic structure of any naturally occurring bulk or few-layer 281

TMD. 282

The significant charge transfer between WSe2 and NbSe2 more generally was previously 283

found to enable p-type ohmic contacts46,47. For the purposes of this work, the charge transfer 284

(calculated explicitly in Figure S8 of the supplemental information) energetically aligns the W- 285

dz2 manifold of WSe2 to a predominantly Se pz-derived band manifold of NbSe2. Despite the 286

mixed-orbital origin, the delocalised states at Γ form unhindered, again facilitated by interlayer 287

interactions between out-of-plane orbitals. 288

In Fig. 4(C), the experimental picture is compared to DFT calculations. While, as with the 289

previous heterostructures, there is strong quantitative agreement for the states at Γ, these cal- 290

culations reveal a fine structure that was absent in the previous examples. In particular, there 291

is a pronounced subband-dependent splitting around Γ of the states near the Fermi level. We 292

attribute this to be a natural consequence of the mixed-orbital origin of this hybrid band mani- 293

fold, shown explicitly through orbital-resolved DFT calculations in Figure S9 of the supplemental 294

information. 295

Nevertheless, as verified by the layer-resolved calculations in Figure S10 of the supplemen- 296

tal information, all sub-bands at Γ are again present and at the same energy in each layer of 297

the heterostructure, evidencing the presence of fully delocalised electrons along the c-axis and 298

hence the formation of a discretized three-dimensional band manifold. Indeed, the kz periodicity 299

in the spectral weight of the experimentally observed sub-bands, shown in Fig. 4(D), is again 300

well matched to the periodicity of bulk TMD calculations. 301

The observed c-axis delocalisation, persisting even for this energetically-mismatched sce- 302

nario, is facilitated by the lowering of the total energy of the system by partially lifting the con- 303

straints of 2D quantization. Along the c-axis, electrons form standing waves due to the finite 304

thickness of the artificial crystals. In Figure S8 of the supplemental information, we quantify 305

this picture through the computation of the hopping probabilities for the 4ML-WSe2/2ML-NbSe2 306

heterostructure. The hopping paths across the interface between nearest-neighbour chalcogen 307

pz and out-of-plane transition metal d−orbitals are comparable to the equivalent interlayer in- 308

teractions in natural TMD systems, but longer-range interactions are essentially absent. While 309

tunneling is limited to the two layers forming the interface, the formation of delocalised bands 310

over the entire c-axis extent is enabled additionally through electronic standing wave formation 311

either side of the interface. Together, this produces a longer-range electronic coupling that acts 312

to unify the heterostructure into a single lattice unit. 313

This standing wave picture can be expected to break down as one or both flakes approach 314

the infinite-layer limit and electrons at the interface gain access to a bulk reservoir, ultimately pre- 315

serving the quantized electronic structure of the remaining few-layer component. This is tested 316

and shown explicitly in Figure S11 of the supplemental information through the characterization 317

of a second overlap region within the sample in Fig. 4(A); between a 4ML-WSe2 flake and a 318

many-layer NbSe2 crystal. While charge transfer from the semiconducting top-layer still occurs 319

in addition to some normalization of band features relative to the isolated 4ML-WSe2 top-layer, 320

there are no additional well-defined dz2-subbands. 321

322

kz-mediated topological phases 323

Though orbital-dependent, the presence of delocalised electronic behavior in asymmetric ar- 324

tificial heterostructures prompts the question of whether additional surface-localised states are 325

produced by the truncation of global crystalline symmetries. While surface states, both topo- 326

logically trivial and non-trivial, are commonplace in naturally occurring bulk TMDs, the disparate 327

surfaces unique to asymmetric heterostructures would result in pairs of surface states with mis- 328
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matched, surface-specific, properties. 329

To explore this potential, in Fig. 5 we search for surface states enforced by topological phase 330

transitions driven by out-of-plane delocalised electron behavior.14,22,48. The families of three- 331

fold symmetric 1T and 2H-structured TMDs possess a series of band inversions along their kz 332

axes (∥ Γ-A)14,15,22,48–58. These inversions, entirely contained to the chalcogen p-orbital mani- 333

fold, generate up to five Dirac crossings (both bulk Dirac points and topological surface states 334

(TSSs)) energetically stacked at the surface Brillouin centre. While the underpinning mecha- 335

nism is equivalent for the dozen TMDs explicitly shown to host these states to date, the ladder 336

of topological band crossings produced is delicately dependent on material-specific parameters, 337

and thus are fingerprints of each individual system. The minimal criteria to generate topolog- 338

ical ladders in TMDs are only that there exists a discrepancy in the kz-bandwidths of in- and 339

out-of-plane chalcogen p-orbital-derived states, and that C3 symmetry is intact to maintain bulk 340

Dirac crossings (though not crucial for the properties of surface Dirac states). The presence of 341

bands well approximating a (discretized) kz dispersion along with orbital hopping asymmetries 342

(discussed thus far for d-orbitals) imply that the above conditions are met in the experimental 343

heterostructures considered here. Previous ARPES studies have shown that 4-5 monolayers is 344

sufficient to stabilize the topologically non-trivial properties of bulk TMD systems in full34,35. Such 345

physics is therefore relevant to the intermediate-layer regime considered here. 346

Figure 5 overviews the realisation of non-trivial band topology in our proof-of-principle MoSe2- 347

WSe2 heterostructures. In bulk 2H-TMDs like WSe2, there is one experimentally resolvable TSS 348

centred ∼ 1.9 eV below the VBM formed from the anticrossings of a kz-dispersive Se pz-derived 349

band with mixed character Se-px,y and W-dxz,yz bands along kz
22. This TSS is visible in a spec- 350

trum acquired from the bulk region of the flake used for device construction shown in Fig. 5(A), 351

which is compared to band dispersions from the pair of WSe2-MoSe2 heterostructures and their 352

respective 3ML top layers. Experimental zoom-ins of the region wherein the bulk band inversion 353

occurs and top-layer projected DFT calculations are provided in Fig. 5(B) and (C), respectively. 354

While quasi-linear band dispersions are present in all cases, both 3ML TMD flakes undergo 355

significant band renormalization when stacked atop a dissimilar flake. In 3ML-WSe2, both ex- 356

periment and theory demonstrate a small local SOC-mediated gap between a pair of bands at 357

the binding energy where the Dirac crossing occurs in the bulk limit. When interfaced to form a 358

3ML-WSe2/5ML-MoSe2 heterostructure, however, the lower of these two bands shifts to higher 359

binding energy to give way to a gapless TSS with well-defined upper and lower branches which 360

merge into the surrounding bands at higher k∥, as for the case of bulk WSe2. Similarly con- 361

trasting behavior is evident for the second, thinner, heterostructure: While the smaller atomic 362

SOC strength of Mo precludes resolving the finite band gaps for the isolated 3ML flake, a distinct 363

crossing point emerges when stacked, differing from the states of 3L or 5ML-MoSe2 (Figure S1 364

of the supplemental information). In Figure S9 of the supplemental information, orbital-resolved 365

calculations for this second heterostructure reveal how the TSS sits within a band manifold of 366

predominantly px,y character, flanked by a pz-derived band on each side. Moreover, with refer- 367

ence to Figures. S5 and S6 of the supplemental information, one can verify that the spectral 368

weight of the Dirac points is in each case localised to the top- and bottom-most monolayers, and 369

decays exponentially with decreasing proximity to the WSe2-MoSe2 interface. These observa- 370

tions demonstrate that the surface states are a property of the collective lattice unit rather than its 371

individual components, and are entirely in line with the kz-mediated band inversions from which 372

these topological states derive22. 373

In contrast to kz-mediated TSS found in naturally occurring TMDs, the appearances, ener- 374

getic positions and characteristic chiral momentum-locked spin textures of these Dirac cross- 375

ings (Fig. 5(D)), can differ between the two oppositely-orientated surfaces, with a ∼ 55 meV 376

discrepancy extracted for the specific (MoSe2)3/(WSe2)5 configuration from the layer-resolved 377

calculations in Figure. S6 of the supplemental information, consistent with the experimental 378
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datasets from oppositely-orientated WSe2-MoSe2 structures in Fig. 5. This physics should apply 379

to any pair of TMDs which are susceptible to kz-mediated topological phase transitions, each 380

with a unique set of Dirac crossings with surface-dependent behavior. This could be utilized 381

to drastically augment the five available Dirac cones in the 1T-structured TMD (semi)metals 382

(Pd,Pt,Ni)(Se,Te)2 which have high sensitivity to relative hopping parameters in the unit cell22,48,59,60.383

For example, compared to PtSe2, PdTe2 hosts an additional kz-band crossing to produce a TSS 384

at Fermi level14. It follows that an asymmetric heterostructure formed from these two compounds 385

would host a hybrid kz-dispersion with a band inversion close to the quantum critical point, po- 386

tentially enabling in situ switching of TSS contributions to transport. 387

388

DISCUSSION 389

In conclusion, this work elucidates a new and straightforward method to engineer designer elec- 390

tronic structures in artificial bulk-like systems of transition metal dichalcogenides. By interfacing 391

two few-layer TMD flakes, emergent bands with characteristics derived from both parent com- 392

pounds are created that are delocalised throughout the heterostructure. This physics can persist 393

when orbital manifolds are energetically misaligned across the interface, and even in the pres- 394

ence of large twist angles. 395

This produces a scenario wherein the bulk-like band dispersions of 3D systems and the 396

layer-locked electron behavior of 2D systems coexist within the same asymmetric structure. One 397

particularly striking consequence of these contrasting behaviors is the production of kz-mediated 398

topological phases that stabilize surface layer-localised topological states with properties set by 399

local crystal parameters, unlike any topologically non-trivial system existing in nature. When 400

combined with controlled lattice-mismatching, this approach could offer opportunities to engi- 401

neer a coexistence of strong electronic correlations and non-trivial band topology that, while 402

extremely rare naturally, are pathways towards exotic phases such as topological superconduc- 403

tivity, quantum spin liquids and topological Mott insulators61. Alternatively the non-equivalence 404

of oppositely localized surface states, enforced by inherent c-axis structural asymmetry, could be 405

exploited for 2D transistor-like components where the asymmetric surface electron transport can 406

be controlled with band filling or layer-thickness. While demonstrated using flakes with sizes of 407

only tens of microns, new methodologies for creating wafer-scale 2D material flakes62 could be 408

exploited for this purpose. 409

We envision that combinations of any of the > 30 stable TMD systems2 could produce hy- 410

brid three-dimensional band properties analogous to those shown here with further applicability 411

to other layered materials with out-of-plane orbital-derived band manifolds at Γ, including two- 412

dimensional magnets. Together, the simplicity of this approach and the enormity of the phase 413

space available together provide a new and accessible route towards a function-led construction 414

of mixed-dimensional artificial systems. 415
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METHODS 416

Heterostructure Fabrication 417

To construct the heterostructures characterised in this study, few-layer flakes of graphite, MoSe2, 418

WSe2 and NbSe2 were exfoliated onto PDMS film and transferred onto n-type Si substrates. After 419

each stacking stage, the samples were rinsed with diisoproylamine, isopropanol and ethanol 420

to remove polymer residues, and annealed in a constant-flow Ar furnace at 200-250 degrees. 421

These procedures were performed in an Ar environment for samples containing NbSe2, with a 422

hot plate used in place of a furnace. The component flakes comprising the heterostructures 423

have thicknesses determined through comparisons of photoluminescence spectra and optical 424

images to those of known references. An additional, in situ metric is provided by photoemission 425

spectra obtained by probing the non-overlapping regions of each flake where available, wherein 426

the number of distinct quantized kz-sub-bands within the dz2-manifold at Γ matches the number 427

of monolayers along the c-axis27,28. All samples were transported in standard sample boxes 428

(sealed in an Ar environment for NbSe2-containing samples), and exposed to air briefly prior to 429

photoemission measurements without consequence to the overlap regions. 430

Angle-resolved Photoemission 431

All heterostructures were pre-characterised with NanoESCA III at FMMA (ROR: 04z91ja70)63
432

following a 3 hour UHV anneal at 270◦C, where an extraction voltage of 12kV and a HeI plasma 433

discharge lamp was used for electronic structure measurements at room temperature. The data 434

in Figure S3 of the supplemental information were measured in this way. All other displayed 435

ARPES data were collected using either p-polarised or unpolarised synchrotron light of energies 436

between 60 and 144 eV at the MAESTRO beamline of the Advanced Light Source. Samples 437

were cooled to cryogenic temperatures following a further 3+ hour UHV anneal at 270◦C. The 438

base pressure of the setup was better than ∼1×10−10 mbar. Regions of interest (ROI) were 439

identified through in situ spatially resolved valence band mapping, examples of which are shown 440

in Figure S12 of the supplemental information. The focused beam spot size is better than 2 µm 441

in diameter. Beam exposure times to the regions of interest were minimized to reduce the risk of 442

radiation damage, though we note that no such damage was identified for any of the heterostruc- 443

tures characterized within this study. 444

Theoretical Calculations 445

Electronic structure calculations were performed within Density Functional Theory using the 446

Perdew-Burke-Ernzerhof exchange-correlation functional64, as implemented in the VASP pro- 447

gramme package65,66. Due to the close similarity between the lattice parameters of 2H-WSe2 448

and 2H-MoSe2, the experimentally reported bulk structure of 2H-WSe2
67 used for both com- 449

pounds in constructing (WSe2)n/(MoSe2)m heterostructures. A supercell containing n = 3 and 450

m = 3 or 5 layers was employed, with a vacuum spacing of 15 Å to prevent spurious interactions 451

between periodic images. The plane-wave cut-off energy was set to 400 eV. The Brillouin zone 452

was sampled using a k-point mesh of 10 × 10 × 1. Spin and orbital projections were obtained 453

using Wannier functions68,69, downfolded from the DFT Hamiltonian, with the valence d orbitals 454

of the transition metal atoms and the Se 4p orbitals chosen as projection centres. 455
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Figure 1. Chemical nature of an anisotropic transition metal heterostruc- 507

ture 508

A Schematic representation of a (WSe2)3/(MoSe2)3 heterostructure. Due to the D3h symmetry of 509

each monolayer, a net dipole moment ±P is induced, oriented perpendicular to the stacking axis, 510

and oppositely aligned with respect to the adjacent layer. B and C Out-of-plane spin-projected 511

electronic band structures for monolayers of WSe2 and MoSe2, respectively. The parameter 512

∆EW/Mo
SO denotes the valley-dependent spin-orbit splitting at the K-point of the Brillouin zone. D-E 513

Schematic energy diagrams illustrating the bonding and anti-bonding interactions at the K and 514

Γ points, respectively, with their orbital character predominantly influenced by the in-plane d|| = 515

{dxy, dx2−y2} and out-of-plane dz2 orbitals of W/Mo. F Orbital-projected electronic structure of 516

the (WSe2)3/(MoSe2)3 heterostructure, highlighting the distinct contributions from the constituent 517

layers. The bands at Γ are numbered from low energy to high. G-H Photoemission spectra 518

collected from isolated 3ML thick flakes of WSe2 and MoSe2 (using 108 and 64 eV photons, 519

respectively, and symmetrized about Γ). The bands at Γ are numbered from low energy to high. 520
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Figure 2. Multi-layer asymmetric heterostructures constructed from MoSe2 522

and WSe2 flakes 523

A-D Overview of a (WSe2)3/(MoSe2)5 heterostructure. A Optical image of the heterostructure 524

region. The few-monolayer thick top and bottom layers are highlighted in red and blue respec- 525

tively. The overlap region of interest (ROI) is highlighted in purple. B Band dispersions of the ROI 526

along axes close to the K-Γ-K direction for two stated photon energies. C Density functional the- 527

ory based slab calculations, projected through the full heterostructure (left) and to the top layer 528

(right) along the K-Γ-K direction. D kz dispersion (hv=60-144 eV) at k∥ = 0. Dashed lines indicate 529

the photon energies corresponding to the slices in (B), and solid lines are a tight-binding model 530

(TBM) of a bulk (WSe2/MoSe2)n system. An inner potential of 16 eV is chosen to best match 531

the periodicity of the calculated band structure. kz sub-bands of the dz2 valence band maxima 532

are numbered from low binding energy to high. E-H Equivalent datasets for a (MoSe2)3/(WSe2)3 533

heterostructure. We estimate that the Fermi level is at E-EVBM=0.64 and 0.67 eV for panels (B) 534

and (F), respectively. 535

14



K' Γ K K' Γ K

Sx Sz

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0
E
-E

V
B
M
(e
V
)

-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

E
-E

V
B
M
(e
V
)

A B C

K' Γ K

MoSe2

MoSe2

MoSe2

WSe2

WSe2

WSe2

MoSe2

MoSe2

MoSe2

WSe2

WSe2

WSe2

dz2

d||

Orbital Projection

D E F

WSe2
termination

MoSe2
termination

+ħ/2

-ħ/2

WSe2
termination

MoSe2
termination

WSe2
termination

MoSe2
termination

536

Figure 3. Spin-orbital variation in the (MoSe2)3/(WSe2)3 heterostructure 537

A Orbital-projected electronic structures calculated for both WSe2 (LHS) and MoSe2 (RHS) ter- 538

minated configurations of the asymmetric (MoSe2)3/(WSe2)3 heterostructure. B-C Spin-projected 539

electronic structures over an equivalent energy-momentum range to that shown in (A). The ⟨Sx⟩ 540

(chiral) and ⟨Sz⟩ (out-of-plane) components are shown in (B) and (C), respectively. As in (A), both 541

the WSe2 and MoSe2 terminations are compared. D-F Corresponding calculations for an ide- 542

alised ((MoSe2)/(WSe2))3 heterostructure, where WSe2 and MoSe2 layers are alternately stacked 543

along the c-axis. A schematic for the layer ordering in both the asymmetric and idealised het- 544

erostructures is shown on the left hand side of panel (A) and (D), respectively. 545

15



4.5 5.0 5.5 6.0
kz (Å-1)

2
3
4

5
6

k|| (Å
-1)

0.0 1.0-1.0

E
-E

F
(e

V
)

0.0

-0.5

-1.0

-1.5

-2.0

-2.5

0.
1

EF

kz #:hv= 91.5 eV4ML-WSe2/2ML-NbSe2
graphite

NbSe2

WSe2

20 um

4ML WSe2

R.O.I.
2ML NbSe2

A B C D

ΓK K

All layers Top layer

546

Figure 4. Local semimetallic fermiology in an asymmetric WSe2-NbSe2 het- 547

erostructure 548

A Optical image of the heterostructure region. The few-monolayer thick top and bottom layers 549

are highlighted in red and green respectively. The overlap region of interest (ROI) is highlighted 550

in purple. B Band dispersions of the ROI along axes close to the K-Γ-K direction. The inset is 551

a kx-ky contour at the Fermi level, taken with 90 eV photons. C Density functional theory based 552

slab calculations, projected through the full heterostructure (left) and to the top layer (right) along 553

the K-Γ-K direction. D kz dispersion (hv=60-144 eV) at k∥ = 0. Dashed lines indicate the 554

slices in (B), and solid lines are a tight-binding model (TBM) of bulk WSe2 offset in energy to 555

match the experimental scenario. An inner potential of 16 eV is chosen to optimize the match to 556

the periodicity of the calculated band structure. kz sub-bands of the dz2 valence band maxima 557

are numbered from low binding energy to high. We note that the spectrum in (B) is partially 558

superimposed with that from pristine 4ML-WSe2, most likely due to spatial integration with the 559

4ML-WSe2 flake to the left of the R.O.I. We note that, due to air sensitivity of air-exposed NbSe2, 560

atomic force microscopy (AFM) was employed to determine the thickness of the NbSe2 bottom 561

layer instead of in situ photoemission. The step height from the WSe2 regions (red outline in (A)) 562

to the overlap region (purple) was found to be ∼2.25 nm consistent with 2 ML NbSe2.70
563
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Figure 5. kz-mediated topological phases in asymmetric heterostructures 565

A Band dispersions along an axis close to K-Γ-K taken with 81 eV photons for (from left to right) 566

bulk WSe2, 3ML-WSe2, a (WSe2)3/(MoSe2)5 heterostructure, 3ML MoSe2 and a (MoSe2)3/(WSe2)3 567

heterostructure. Dashed rectangles show the energy-momentum region covered by the spectra 568

in B-D. B Zoom ins of the spectra in A with enhanced colour contrast. C Top-layer projected DFT 569

calculations for the equivalent regions D Equivalent plots with resolved chiral (⟨Sx⟩) spin com- 570

ponent. Fully-formed (i.e. ungapped) topological surface states (TSSs) are indicated in B and 571

C. We estimate that the Fermi level is at E-EVBM=0.68, 0.64, 0.79 and 0.67 eV for 3ML-WSe2, 572

(WSe2)3/(MoSe2)5, 3ML MoSe2 and (MoSe2)3/(WSe2)3, respectively. 573
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A., Jaouen, T., Rault, J., and Le Fèvre, P. (2025). Two-dimensional to bulk crossover of the 692

WSe2 electronic band structure. Electronic Structure 7, 025008. URL: https://doi.org/ 693

10.1088/2516-1075/addca9. doi: 10.1088/2516-1075/addca9. 694

29. Chiang, T.C. (2000). Photoemission studies of quantum well states in thin films. Surface 695

Science Reports 39, 181–235. URL: https://www.sciencedirect.com/science/article/ 696

pii/S0167572900000066. doi: https://doi.org/10.1016/S0167-5729(00)00006-6. 697

30. Milun, M., Pervan, P., and Woodruff, D.P. (2002). Quantum well structures in thin metal 698

films: simple model physics in reality? Reports on Progress in Physics 65, 99. URL: 699

https://dx.doi.org/10.1088/0034-4885/65/2/201. doi: 10.1088/0034-4885/65/2/201. 700

20

https://doi.org/10.1021/acs.jpcc.6b08748
http://dx.doi.org/10.1021/acs.jpcc.6b08748
https://doi.org/10.1038/nmat5031
https://doi.org/10.1038/nmat5031
https://doi.org/10.1038/nmat5031
http://dx.doi.org/10.1038/nmat5031
https://doi.org/10.1002/adma.202411137
http://dx.doi.org/https://doi.org/10.1002/adma.202411137
http://dx.doi.org/10.1103/PhysRevLett.122.076404
http://dx.doi.org/10.1103/PhysRevLett.122.076404
http://dx.doi.org/10.1103/PhysRevLett.122.076404
https://doi.org/10.1021/acs.nanolett.8b01649
http://dx.doi.org/10.1021/acs.nanolett.8b01649
https://doi.org/10.1126/sciadv.aax9480
http://dx.doi.org/10.1126/sciadv.aax9480
https://doi.org/10.1038/srep06270
http://dx.doi.org/10.1038/srep06270
https://doi.org/10.1088/2516-1075/addca9
https://doi.org/10.1088/2516-1075/addca9
https://doi.org/10.1088/2516-1075/addca9
http://dx.doi.org/10.1088/2516-1075/addca9
https://www.sciencedirect.com/science/article/pii/S0167572900000066
https://www.sciencedirect.com/science/article/pii/S0167572900000066
https://www.sciencedirect.com/science/article/pii/S0167572900000066
http://dx.doi.org/https://doi.org/10.1016/S0167-5729(00)00006-6
https://dx.doi.org/10.1088/0034-4885/65/2/201
http://dx.doi.org/10.1088/0034-4885/65/2/201


31. Pan, Y., and Zahn, D.R.T. (2022). Raman fingerprint of interlayer coupling in 2d tmdcs. 12. 701

doi: 10.3390/nano12223949. 702

32. Damascelli, A. (2004). Probing the Electronic Structure of Complex Systems by ARPES. 703

Physica Scripta 2004, T109 61. 704

33. Kim, H.g., and Choi, H.J. (2021). Thickness dependence of work function, ionization energy, 705

and electron affinity of mo and w dichalcogenides from dft and gw calculations. Phys. Rev. B 706

103, 085404. URL: https://link.aps.org/doi/10.1103/PhysRevB.103.085404. doi: 10. 707

1103/PhysRevB.103.085404. 708

34. Hlevyack, J.A., Feng, L.Y., Lin, M.K., Villaos, R.A.B., Liu, R.Y., Chen, P., Li, Y., Mo, S.K., 709

Chuang, F.C., and Chiang, T.C. (2021). Dimensional crossover and band topology evolution 710

in ultrathin semimetallic nite2 films. npj 2D Materials and Applications 5, 40. URL: https: 711

//doi.org/10.1038/s41699-021-00218-z. doi: 10.1038/s41699-021-00218-z. 712

35. Deng, K., Yan, M., Yu, C.P., Li, J., Zhou, X., Zhang, K., Zhao, Y., Miyamoto, K., Okuda, 713

T., Duan, W., Wu, Y., Zhong, X., and Zhou, S. (2019). Crossover from 2d metal to 3d 714

dirac semimetal in metallic ptte2 films with local rashba effect. Science Bulletin 64, 1044– 715

1048. URL: https://www.sciencedirect.com/science/article/pii/S2095927319303172. 716

doi: https://doi.org/10.1016/j.scib.2019.05.023. 717

36. Lan, C., Li, C., Ho, J.C., and Liu, Y. (2021). 2d ws2: From vapor phase synthesis to device 718

applications. Advanced Electronic Materials 7, 2000688. URL: https://doi.org/10.1002/ 719

aelm.202000688. doi: https://doi.org/10.1002/aelm.202000688. 720

37. Fridman, N., Feld, T.D., Noah, A., Zalic, A., Markman, M., Devidas, T.R., Zur, Y., Gryn- 721

szpan, E., Gutfreund, A., Keren, I., Vakahi, A., Remennik, S., Watanabe, K., Taniguchi, 722

T., Huber, M.E., Aleiner, I., Steinberg, H., Agam, O., and Anahory, Y. (2025). Anomalous 723

thickness dependence of the vortex pearl length in few-layer nbse2. Nature Communi- 724

cations 16, 2696. URL: https://doi.org/10.1038/s41467-025-57817-3. doi: 10.1038/ 725

s41467-025-57817-3. 726

38. Riley, J.M., Meevasana, W., Bawden, L., Asakawa, M., Takayama, T., Eknapakul, T., Kim, 727

T.K., Hoesch, M., Mo, S.K., Takagi, H., Sasagawa, T., Bahramy, M.S., and King, P.D.C. 728

(2015). Negative electronic compressibility and tunable spin splitting in wse2. Nature 729

Nanotechnology 10, 1043–1047. URL: https://doi.org/10.1038/nnano.2015.217. doi: 730

10.1038/nnano.2015.217. 731

39. Xiao, D., Liu, G.B., Feng, W., Xu, X., and Yao, W. (2012). Coupled Spin and Valley Physics 732

in Monolayers of MoS2 and Other Group-VI Dichalcogenides. Phys. Rev. Lett. 108, 196802. 733

doi: 10.1103/PhysRevLett.108.196802. 734

40. Latzke, D.W., Zhang, W., Suslu, A., Chang, T.R., Lin, H., Jeng, H.T., Tongay, S., Wu, J., 735

Bansil, A., and Lanzara, A. (2015). Electronic structure, spin-orbit coupling, and interlayer 736

interaction in bulk mos2 and ws2. Phys. Rev. B 91, 235202. URL: https://link.aps.org/ 737

doi/10.1103/PhysRevB.91.235202. doi: 10.1103/PhysRevB.91.235202. 738

41. Kim, B.S., Rhim, J.W., Kim, B., Kim, C., and Park, S.R. (2016). Determination of the band 739

parameters of bulk 2h-mx2 (m = mo, w; x = s, se) by angle-resolved photoemission spec- 740

troscopy. Scientific Reports 6, 36389. URL: https://doi.org/10.1038/srep36389. doi: 741

10.1038/srep36389. 742

21

http://dx.doi.org/10.3390/nano12223949
https://link.aps.org/doi/10.1103/PhysRevB.103.085404
http://dx.doi.org/10.1103/PhysRevB.103.085404
http://dx.doi.org/10.1103/PhysRevB.103.085404
http://dx.doi.org/10.1103/PhysRevB.103.085404
https://doi.org/10.1038/s41699-021-00218-z
https://doi.org/10.1038/s41699-021-00218-z
https://doi.org/10.1038/s41699-021-00218-z
http://dx.doi.org/10.1038/s41699-021-00218-z
https://www.sciencedirect.com/science/article/pii/S2095927319303172
http://dx.doi.org/https://doi.org/10.1016/j.scib.2019.05.023
https://doi.org/10.1002/aelm.202000688
https://doi.org/10.1002/aelm.202000688
https://doi.org/10.1002/aelm.202000688
http://dx.doi.org/https://doi.org/10.1002/aelm.202000688
https://doi.org/10.1038/s41467-025-57817-3
http://dx.doi.org/10.1038/s41467-025-57817-3
http://dx.doi.org/10.1038/s41467-025-57817-3
http://dx.doi.org/10.1038/s41467-025-57817-3
https://doi.org/10.1038/nnano.2015.217
http://dx.doi.org/10.1038/nnano.2015.217
http://dx.doi.org/10.1103/PhysRevLett.108.196802
https://link.aps.org/doi/10.1103/PhysRevB.91.235202
https://link.aps.org/doi/10.1103/PhysRevB.91.235202
https://link.aps.org/doi/10.1103/PhysRevB.91.235202
http://dx.doi.org/10.1103/PhysRevB.91.235202
https://doi.org/10.1038/srep36389
http://dx.doi.org/10.1038/srep36389


42. Alarab, F., Minar, J., Constantinou, P., Nafday, D., Schmitt, T., Wang, X., and Strocov, V.N. 743

(2023). k-dependent proximity-induced modulation of spin-orbit interaction in MoSe2 inter- 744

faced with amorphous Pb. arXiv:2310.11317. 745

43. Ernandes, C., Khalil, L., Almabrouk, H., Pierucci, D., Zheng, B., Avila, J., Dudin, P., Chaste, 746
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