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ABSTRACT: Stacking monolayer semiconductors creates moiré
patterns, leading to correlated and topological electronic
phenomena, but measurements of the electronic structure
underpinning these phenomena are scarce. Here, we investigate
the properties of the conduction band in moiré heterobilayers of
WS,/WSe, using submicrometer angle-resolved photoemission
spectroscopy with electrostatic gating. We find that at all twist
angles the conduction band edge is the K-point valley of the WS,),
with a band gap of 1.58 + 0.03 eV. From the resolved conduction
band dispersion, we deduce an effective mass of 0.15 + 0.02 m,.
Additionally, we observe replicas of the conduction band displaced
by reciprocal lattice vectors of the moiré superlattice. We argue

=8

V(r)
@ V\::\g k+G,,

that the replicas result from the moiré potential modifying the conduction band states rather than final-state diffraction. Interestingly,
the replicas display an intensity pattern with reduced 3-fold symmetry, which we show implicates the pseudo vector potential

associated with in-plane strain in moiré band formation.

KEYWORDS: Two-dimensional materials, two-dimensional heterostructures, two-dimensional semiconductors,

angle-resolved photoemission spectroscopy

he diverse ramifications of moiré superstructures formed

in two-dimensional (2D) van der Waals heterostructures
are of great current interest. Most famously, stacks of graphene
sheets with appropriate rotational misalignment between the
layers exhibit moiré superlattices that create nearly flat bands
and lead to correlated insulating states, superconductivity,
Chern insulators, and more.'™ The existence of these
graphene moiré bands and of correlation-induced spectral
gaps within them has been directly confirmed by submi-
crometer-scale angle-resolved photoemission spectroscopy™®
(4ARPES) and scanning tunneling microscopy.””*

Artificial bilayers of two-dimensional (2D) semiconductors
also exhibit moiré superlattices”'’ enabling the study of
phenomena such as exciton arrays,'' ~'* Mott insulating states
and generalized Wigner crystals,">'® excitonic insulators,"”"®
tunable magnetism,lé’lg’20 Kondo lattices,”’ and fractional
quantum anomalous Hall states.”>~>* Although most attention
to date has been paid to situations of hole-doping, where the
action is in the valence bands, the conduction bands (CBs)
play an important role in all optical measurements and they
must also be affected by the moiré lattice. In this work, we use
UARPES to probe the conduction band structure of 2D moiré
semiconductors for the first time. ARPES detects only
occupied states and so is normally limited to probing the

© XXXX American Chemical Society

7 ACS Publications A

valence bands,””~*” but occupation of the conduction band
can be induced by optical pumping”®*® or electrostatic
doping.®® We follow the latter approach, incorporating a
metallic gate electrode under the heterostructure, which allows
electrostatic doping and thus detection of the CB edges”" as
well as changes in the bands resulting from doping®~** or
electric field.”

We focus on WS,/WSe, heterobilayers, where the moire
potential is known to be strong at small twist angles,m’36
presenting data collected from three devices with different
twist angles. We find that the band alignment of the separate
monolayers is maintained independently of the twist angle, and
we determine the band gap, make the first measurement of the
CB effective mass, and observe perturbing effects of the moiré
potential on the CB that manifest as multiple replicas of the
original CB displaced by reciprocal lattice vectors of the moiré
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Figure 1. Valence and conduction bands in WS,/WSe, moiré heterobilayer device 1, twist angle ¢) = 6°. (a) Schematic of a device and the yARPES
measurement. (b) Optical image (left) and integrated photoemission maps at labeled Ve (right) of the same region of a device (SI Sec. 4). Overlaid
lines denote edges of WS, (blue), WSe, (red), the graphene top contact (dashed white), and the graphite back gate (black). At Ve=+2V,
photoemission is seen only between the graphene comb teeth. Scale bars: 10 ym. (c) Schematics of the structure and Brillouin zones of a WS,/
WSe, bilayer with a 6° twist. Blue and red indicate WS, and WSe,, respectively. (d) and (e) Energy—momentum slices along I' — Ky, and " —

Kiyse, respectively, at V, = 0. (f) and (g) Similar measurements at Vg = +3 V. Dotted lines in (d) and (e) are fits to the WS,-like bands (blue) and

the WSe,-like bands (red; only the upper branch is visible) near the zone boundary and to the hybridized bands near I' (black). The same fits are
overlaid and shifted vertically in parts f and g to best match the data. Intensity near Ey. is plotted in a logarithmic grayscale. (h) EDCs (red) at a
series of fixed momenta equally spaced across the range of the dashed box in (f). Each trace is averaged over a 0.01 A" momentum interval and
fitted with the product of a Gaussian and a Fermi function (blue lines). (i) Energy of peak photoemission intensity (solid red circles) and
conduction band energy (empty black circles) extracted from the data in (h). The blue and gray parabolas are least-squares fits.

superlattice. We consider the expected relative contributions of
such moiré potential-induced reconstruction of the CB states
and of “final-state diffraction” of photoemitted electrons by the
moiré potential as they exit the material, concluding that the
CB state reconstruction effect should be dominant at small
twist angles. We note that the replicas display a pronounced
alternation of intensity when tracing them around the K-point,
breaking the 6-fold symmetry one would expect for scattering
of a free particle off a triangular or honeycomb lattice. For a
model starting with circularly symmetric dispersion, as
appropriate for energies near the bottom of the WS,
conduction band, we show that such an intensity pattern
with reduced rotational symmetry cannot be produced within a
model that incorporates a purely scalar moiré potential. Our
results thus reveal a significant influence of the moiré
pseudovector potential that is expected to be present as a
result of strain.

Devices were fabricated by mechanical exfoliation, dry
transfer, and electron-beam patterning of metal electrodes as in
previous work.”’ A graphene top contact, preshaped into a
comb-like pattern using atomic force microscope (AFM)-
based electrochemical patterning,®” overlaps the heterobilayer
which lies on a thin flake of insulating hexagonal boron nitride
(hBN) over a graphite back gate, supported in turn on a SiO,/
Si chip (see Figure la and Supporting Information section 1, SI
Sec. 1). Each semiconductor heterobilayer was constructed by
placing monolayer flakes with their straight edges subtending a
target angle. The actual angles obtained were determined from
the ARPES spectra via identification of the constituent layers’

valence band edges at their zone corners but could be inferred
from the moiré period revealed by piezo-force microscopy””
(PFM; see SI Sec. 2).

The lattice constants of relaxed monolayers WS, and WSe,
are aws, = 0.315 nm and ays,, = 0.328 nm, respectively, and

the lattice mismatch parameter is 6 = (ays.,/dws.,) — 1 =
0.041. The moiré lattice constant,” a,, = ayse,[2(1 + 6)(1 —

cos ¢) + 8*]7V2 has its largest value of ays.,/0 =~ 8 nm'® at ¢
= 0. On device 1, photoluminescence measurements (SI Sec.
3) show enhancements in intensity at gate voltages

92
93
94
95

96
97

98
99
100
101

corresponding to the integer filling of a moiré unit cell of 102

area consistent with the twist angle independently inferred by
PEM (a,, ~ 2.8 nm, ¢ = 6°). Note that we cannot tell whether
the stacking is closer to the antiparallel (centrosymmetric) or
parallel (polar) configuration at ¢ = 0 from any of these
measurements.

For yARPES measurements, a device would be mounted on
the temperature stage at ~100 K with the top graphene
connected to ground through a current amplifier and a voltage
of V, applied to the back gate. At high V, photoemission near
the Fermi level Eg from the semiconductors could be obtained
only when the submicrometer beam spot (27 eV photon
energy) is focused between the teeth of the graphene comb, as
illustrated in Figure 1b (see SI Sec. 4 for details).

Figure Ic is a sketch of the Brillouin zones for the
heterobilayer in device 1. Figure 1d,e shows energy—
momentum slices measured at V, = 0 along the high-symmetry
directions I' — Ky, and I' — Ky, , respectively. As usual, we
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120 plot the energy relative to Eg, ie, E — Ep (Methods). The
121 bands near the zone corner closely match the spin-split valence
122 bands (VBs) of isolated WS, and WSe, monolayers (see SI
123 Sec. S for spectra from the corresponding monolayers),
124 implying weak hybridization far from I', as expected. The
125 overlaid dotted lines are fits to the upper WSe,-like band (red)
126 and the upper and lower WS,-like bands (blue), yielding hole
127 effective masses of 0.47 + 0.02 m,, 0.38 + 0.01 m,, and 0.56 +
128 0.01 m,, respectively (m, is the free electron mass). The WS, =T
129 spin—orbit splitting is A = 0.44 + 0.04 eV, the same as in s

130 the monolayer.””™" The VB edge is the WSe,-like band at =
131 Kwse, which is 0.58 + 0.04 eV above the WS,-like band

132 maximum at Ky These band parameters do not vary
133 noticeably with twist angle (SI Sec. 6). When the WS, is on
134 top, the WS,-like bands near the zone boundary are more -
135 intense; this is explained by weak interlayer hybridization and
136 the rapid falloft of photoemission strength with depth. Indeed,
137 when the WSe, is on top, the converse is seen (see SI Sec. 7).
138 In contrast, near I' two bands with similar intensity are seen;
139 this is explained by strong interlayer hybridization at I.*°

140  Figure 1f,g shows corresponding measurements made at a
141 positive voltage V, = +3 V, which capacitively induces electron
142 doping n, = (64 + 04) x 10 cm™ (SI Sec. 1).
143 Photoemission can now be seen from the CB edge near the
144 Ep. Note that there is a broadening of all features relative to the
145 V, = 0 data, which can be explained by the varying electrostatic
146 potential over the beam spot associated with the in-plane
147 current flow that is required to replenish the photoemitted
14s charge. Strong CB emission is seen at Kyyg, in Figure 1d, while

KWSZ

—

G WSs2

Figure 2. Moiré replicas of the conduction band in device 1. Main:
photoemission intensity (on the logarithmic scale) at the Fermi
energy for V, = +3 V. Observable replicas of the Kyys, conduction
band are labeled X;, X,, and X;. Lower inset: part of the Brillouin
zones of the two layers showing the construction of a moiré reciprocal
lattice vector, G,, and a “moiré star” (orange arrows) of 6-fold

=

counterparts of G, centered on Kyys,- Upper inset: energy-momentum

slice along the line through Ky, and X,.

(=)}

combination of strong gate doping and energy resolution was 180
sufficient for the curvature of the CB to be unambiguously 181
apparent. Figure 1h shows energy dispersion curves (EDCs) 1s2
through the CB feature in the dashed box in the top right 183
corner of Figure 1f. The energy where the intensity is 184
maximized, plotted as solid red circles in Figure 1h, passes 1ss
153 between the WSy-like bands at Kys, is 2.04 + 0.03 eV, through a minimum at Ky, The spin splitting of the CB is ;g

154 consistent with tllzle gafz’ of monolayer3l\/\7$2 measured at hg = several times kgT at 100 K,*** so we assume that the lower 187
155 (1.0 £ 0.2) X 10" em™ in prior work.” These CB parameters, spin branch is mainly populated and we derive its dispersion by 188

5}

149 much weaker emission is seen at Quyg, implying that the CB

)

150 Mminimum at Qyyg, is close to but higher than the one at Kyyg,

151 (by ~10—20 meV; see SI Sec. 1). The absolute band gap at
152 this doping is E; = 1.58 + 0.03 eV, while the intralayer gap

0

—
®©

'y

156 like the VB ones mentioned above, did not vary detectably

fitting the EDC at each momentum to the product of a Fermi 189

with twist angle (SI Sec. 6). function (T = 100 K, E; = 0) and a Gaussian (width 160 190
In Figure 1g, we discern an additional spot of emission near meV), treating the Gaussian center E. as a fitting parameter 191
the Fermi energy, labeled X, that does not correspond to the (see SI Sec. 1). The resulting E. values are plotted as open 192
band edge of the constituent monolayer. Figure 2 is a constant- circles in Figure 1i. Fitting a parabola (black line) yields an 193
1 energy map at E = Eg in which X, is seen as one of three effective mass m¥ = 0.15 + 0.02 m,. We note that this is 194
2 satellite spots situated near the corners of a hexagon centered substantially smaller than first-principles predictions for 195
on Ky . The two others are labeled X, and X;. These spots monolayer WS,,*”*® which lie in the range of 0.24—0.27 m,. 1%
appear at Ep simultaneously with the CB minimum at Ky, as Replicas of the CB were also seen in device 2 (¢p ~ 2°, G, = 197

0.9 nm™"). Figure 3a is an energy-momentum slice from the 19 3

illustrated by th t li ing through K d
illustrated by the momentum slice passing through Ky, an heterobilayer in device 2 along T — Kyys, at Vg - 25V (”g = oo

16
166 X, shown in the upper inset. To within the uncertainty, they
167 are displaced from Ky, by moireé reciprocal lattice vectors G,

[

(42 + 0.4) X 10" cm™?), and Figure 3b is a constant-energy 200

map around Ky at E = Ep. The CB feature here has three ,,,

The latter are determined by the relation G, = Gys., — G . . . .
168 Y m WSex WS lobes that are consistent with partially resolved replicas of a 202

central spot displaced by three moiré reciprocal lattice vectors, 203
one of which is constructed in Figure 3c. Notably, replicas 204
were also seen in the spectrum of graphene overlapping the 205
heterobilayer. Its Brillouin zone (rotated by 19° relative to 206
WS,) is also shown in Figure 3c. Figure 3d shows an energy— 207
momentum slice through the graphene zone corner, K,, and 208
Figure 3e shows the corresponding constant-energy maps at 209
the indicated energies. In addition to the ordinary Dirac cone 210
centered at K, there is a set of replicas around it that form a 211
slightly distorted triangular array. The same three moiré 212
vectors match the heterobilayer CB replicas in Figure 3b and 213

160 Where Gyyg,, and Gyyg, are reciprocal lattice vectors of the two

170 layers, as illustrated in the lower inset. In this device, G, = 27/
171 a,, = 2.5 nm™". The corresponding value of a,, = 2.5 nm was
172 confirmed by PFM imaging of the device. We deduce that the
173 satellite spots are replicas of the CB minimum related to the
174 moiré pattern. Similar moiré-related replicas of the VB have
175 been reported in the photoemission from WSe, under
176 graphene®™ and WS, under graphene** and interpreted in
177 terms of miniband formation.

178 Whereas in all of our other measurements the CB edge
179 appeared only as a shapeless blob, in the case of device 1 the

N

o

C https://doi.org/10.1021/acs.nanolett.3c04866
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Figure 3. Moiré replicas in device 2, with twist angle ¢ = 2°. All data
were taken at V, = +2.5 V. (a) Momentum slice along I' — Ky, in the
WS,/WSe, region (between the graphene comb teeth). (b) Constant-
energy map centered on Kyg, at Ep, averaged over 0.4 eV. Color

indicates the linear scale, and grayscale indicates the logarithmic
intensity scale. (c) Brillouin zones of the WS, (blue), WSe, (red), and
overlapping graphene (gray), showing the construction of one of the
three moiré vectors, G, that are superimposed (orange) on panels
(b) and (e). (d) Momentum slice through the graphene zone corner
K, in the graphene/WS,/WSe, region. (e) Constant-energy maps
centered on K, at binding energies indicated by dashed red lines, E —
Ep = —0.10, —0.25, and —0.55 eV, each averaged over 0.1 eV. The
location of the slice in (d) is shown as a solid black line in the top
panel of (e).

214 the more intense graphene replicas in Figure 3e, implying that
215 all are related to the WS,/WSe, moiré pattern. In the graphene
216 spectra, the orientation of the “dark corridors”” is the same for
217 the primary and replica bands, consistent with intravalley
218 moiré scattering but precluding Umklapp scattering as their
219 origin. Similar patterns were seen before in ARPES measure-
220 ments*® on (ungated) graphene on WS,/WSe,, where the
221 authors also pointed out that the distortion could be due to
222 anisotropic strain. We saw a similar pattern again in
223 measurements on graphene overlapping a WS,/MoSe,
224 heterobilayer (SI Sec. 8).

225 In higher-twist device 3 (¢ = 9°, G,, = 3.6 nm™'; see SI Sec.
226 9) no CB replicas were visible. On the other hand, this device
227 was the only one that exhibited VB replicas (see SI Sec. 10).
228 This could be just a matter of energy resolution: for example,

we estimate that for ¢ = 6° a resolution of at least ~100 meV 229
is needed to distinguish VB replicas compared with ~400 meV 230
for CB replicas because of the smaller dispersion of the VB. We 231
note that the resolution here (~200 meV) is limited by sample 232
quality and not instrument resolution. Our measurements do 233
not preclude the existence of moiré bands around I, as 234
previously observed in twisted bilayer WSe,.” Under no 235
conditions did we see replicas associated with moiré 236
wavevectors of the graphene/WS, interface where the large 237
lattice mismatch should make moiré modulations very small. 238
This argues in favor of a role for scattering from the moiré 239
potential. 240

All of the replica features mentioned above appear to be 241
copies of the parent bands translated by reciprocal lattice 242
vectors of the moiré pattern of the heterobilayer. In general, 243
these replicas result from the combination of moiré potential- 244
induced modifications of the system’s Bloch states (“initial- 245
state modification” or “miniband formation”), as indicated 246
schematically in Figure 4a, and scattering of the photoexcited 247 4
electrons by the moiré potential as they leave the sample 248
(“final-state diffraction”),”' ™ as indicated in Figure 4b. We 249
now briefly discuss the qualitative features of these two 250
contributions and the factors that point to initial-state 251
modification as the dominant source of the replicas in devices 252
1 and 2. Our discussion applies both to replicas seen in the CB 253
of WS, and to those observed for the graphene on top of the 254
WS,/WSe, heterostructure as seen in Figure 3. 255

Initial-state modification results from electrons coherently 256
scattered on the moiré potential. New Bloch states of the 257
superlattice are formed by hybridizing states in the original 258
bands of the material at crystal momentum values offset by 259
integer linear combinations of the moiré reciprocal lattice 260
vectors {G,,}; see Figure 4c (where we show the six shortest 261
G,,). From perturbation theory, it is straightforward to see that 262
this hybridization is strongest when the energy differences 263
between states offset by a moiré wavevector are small 264
(compared with the strength of the effective moiré potential, 265
|Ul). Thus, initial state modification is stronger when the moiré 266
reciprocal lattice vectors are shorter, that is, for smaller twist 267
angles. Indeed, the CB replicas are strongest in device 2 (¢ = 268
2°; Figure 3), weaker in device 1 (¢ = 6°; Figure 2), and not 269
detectable in device 3 (¢ = 9°). 270

The magnitudes of the final-state diffraction contributions 271
are determined by the corresponding differential cross sections 272
for the photoemitted electrons to scatter from the moiré 273
potential. Although the interaction between the photoemitted 274
electron and the material may be strong, due to the emitted 275
electron’s high velocity, the interaction time is short. In terms 276
of the moiré potential amplitude U (see below for further 277
microscopic details), the amplitude corresponding to the 27s
scattering process is controlled by the parameter Ud/(fv,,), 279
where v, is the velocity of the emitted electron and d is the 280
distance over which the moiré potential acts. For Ud/(fv,,,) 21
< 1, the scattering amplitude may be estimated as 282
Ag, ~ Ud/(hv,,). For comparison, consider an electronic 253
state at momentum k (in the absence of the moiré potential); 284
in the presence of the moiré potential, the wave function of this 285
state obtains a component at momentum k +G,, that in the 286

perturbative regime can be estimated as A, ; & m .

where e(k) is the electronic dispersion. Crucially, A, ; grows 2gs
large for small |G, while A, is insensitive to |G| in this 289
limit. For small twist angle ¢ (small IG,, 1) and moderate- 290
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Figure 4. Origin of the moiré replicas. Illustrations with Dirac cones represent the behavior within the graphene layer on top of the WS,/WSe,
heterostructure, but the same mechanisms apply for the WS, layer. (a) Initial-state modification: Bloch states of the superlattice associated with the
moiré potential V(r) are formed from the superpositions of states in the unperturbed CB, offset by wavevectors of the moiré pattern, {G,,}.
Photoemission from the superlattice Bloch states thus carries in-plane momentum contributions from both a central peak corresponding to the
original CB and satellites (replicas) of weaker intensity that map out the momentum space structure of the reconstructed CB. (b) Final-state
diffraction: Ignoring the effects of the moiré superlattice on the CB states themselves, the moiré potential may also scatter photoemitted electrons
during their escape from the material, producing replica intensity spots displaced from the main peak by moiré wavevectors. As described in the text
and ST Sec. 12, for small twist angles and high photoexcitation energies, we expect the observed replica intensity to be dominated by the initial state
modification effect. (c) The six shortest wavevectors of the C;-symmetric moiré pattern. (d) Schematic representation of the moiré unit cell of the

WS,/WSe, heterostructure with Cs, symmetry. The shading indicates different values of the scalar moiré potential U(r) near the high-symmetry
regions MM where the metal (W) atoms are vertically aligned and the MX (XM) regions where the metal atom of one layer sits directly above

(below) the chalcogen atom of the opposite layer.

energy outgoing electrons, A, /Ay > 1, the contribution
from initial state modification is expected to be the dominant
source of moiré replica intensity in the ARPES spectrum.

In situations where the photoemitted electrons originate
from a lower monolayer and pass through an upper monolayer,
we often observe replicas that are best explained by the final-
state diffraction from the lattice of the upper layer. For
example, in device 3 (¢ = 9°) we saw replicas of the WSe,
valence band shifted by reciprocal lattice vectors of the upper
WS, layer (SI Sec. 9). The scattering wave vectors here are
long and there is no large parameter that ensures that initial
state modification dominates, while the amplitude of the
scattering potential can be on the atomic scale. A collection of
examples of this phenomenon that we have seen in 2D
heterostructures will be presented elsewhere.

In Figure 3e, we see replicas of emission from the capping
graphene matching the moiré structure of the heterobilayer
beneath it. Due again to the small |G| and the fact that the
emission is from the topmost layer, these replicas very likely
reflect the modification of the graphene Bloch states.”® One
would expect anticrossings on the same energy scale between
the replicas and the original bands, which would be a clear
signature of mini-band formation. The absence of anticrossings
in Figure 3d could be explained by the ~200 meV energy
resolution achieved here, limited by the sample quality. It
would be interesting to probe this in more detail with higher-
quality samples in the future as the energy scale of the gap at
the anticrossings would give further insight into the magnitude
of the moiré potential.

The replicas of both the WS, and the capping graphene
bands in Figure 3 (and in ref 48) exhibit approximate 3-fold
rotational symmetry. (The intensity of the data in Figure 2 is
unfortunately too weak to confirm the same effect in device 1;
see SI Sec. 11.) Commonly, the moiré superlattice is modeled
using a real-valued scalar potential, U(r), with C;, symmetry.
Since U(r) is real-valued and hence its Fourier components

ini

satisfy f]_sz fffcm, one might expect the replica intensity
pattern to have 6-fold symmetry. For example, consider a low-

energy effective model for the electronic states within one
valley, described by the Hamiltonian

H = mw(-iV-c) + %AUZ + U(r), where 6 = (0, 0,) and o,
are Pauli matrices representing the orbital pseudospin degree
of freedom, v is a velocity, and A is a gap. In Figure 4d we
show a schematic representation of U(r) in the moiré unit cell.

Using the reflection symmetry of the moiré potential across the
y axis (the vertical mirror plane m,, of the C;, point group),

U(x, y) = U(—«, y), the model Hamiltonian above is
symmetric under the reflection operation x — —x followed
by complex conjugation. As a result, the moiré replicas
centered at G, and G_; = —G_, are represented with equal
probability in the modified (perturbed) “initial state” centered
around k = 0 (ie, at the valley center). Combined with the
120° rotational symmetry of the system, this would yield a 6-
fold-symmetric moiré replica pattern.

Crucially, in-plane distortions of the atomic lattice break the
mirror symmetry of the system.”” The resulting local strain
fields are manifested in the low-energy effective Hamiltonian
through a term of the form —#vA(r)-6, where A(r) is a moiré
(pseudo) vector potential. Physically, this emergent vector
potential captures the additional phases acquired by a Bloch
wave near the center of one valley as it travels between atomic
sites in the strained regions, compared to the phases acquired
during hopping in the undistorted structure. The sign of the
moiré pseudo vector potential is opposite in valleys K and K'.

This moire vector potential perturbation breaks the m,

reflection, followed by complex conjugation symmetry of the
system that on its own endows the replica intensity pattern
with 6-fold rotation symmetry. The in-plane distortions of the
crystal lattice thereby break this 6-fold symmetry down to a 3-
fold-symmetric pattern. At higher energies where the low-
energy effective model is not valid (i.e., sufficiently far from the
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362 K point), other factors such as trigonal warping can also give a
363 3-fold-symmetric replica pattern even with only a scalar moiré
364 potential U(r). However, the moiré pseudovector potential-
365 induced 6-fold symmetry breaking persists even close to the K
366 point. In SI Sec. 10 we analyze this quantitatively within the
367 low-energy continuum model.

368 Underpinning much recent work on correlated and
369 topological states in twisted semiconductor bilayers is the
370 assumption that, far from the zone center, the bands of the two
371 layers are only weakly hybridized and thus correspond closely
372 to those of the separate monolayers simply superposed. Our
373 results confirm this assumption. In the case of WS,/WSe,, the
374 band alignment is such that the VB edge is at the K points in
375 the WSe, layer, the CB edge is at the K points in the WS, layer
376 (with the WS, Q-point minima just above), and the net band
377 gap is 0.58 = 0.03 m, eV, all independent of the twist angle. In
378 one sample (with a 6° twist), we made the first determination
379 of the CB effective mass, finding it to be 0.15 + 1 m, (smaller
380 than predicted). In addition, we observed replicas of the CB
381 shifted in momentum by moiré wavevectors. After theoretically
382 considering the relative contributions of initial-state mod-
383 ification and final-state diffraction, we conclude that the
384 replicas reflect the modification of the Bloch states by the
38s moire potential. The same goes for corresponding replicas of
386 the Dirac cones seen in graphene capping the bilayers. Finally,
387 we consistently observed 3-fold (as opposed to 6-fold)
3gs symmetry of the replica pattern, which implies that the
389 pseudovector potential, and therefore periodic strain, plays a
390 vital role in modifying the Bloch states in moiré structures.
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