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Collective charge excitations between moiré-minibands in twisted WSe, bilayers from
resonant inelastic light scattering
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We establish low-temperature resonant inelastic light scattering (RILS) spectroscopy as a tool
to probe the formation of a series of moiré-bands in twisted WSez bilayers by accessing collective
inter-moiré-band excitations (IMBE). We observe resonances in such RILS spectra at energies in
agreement with inter-moiré band (IMB) transitions obtained from an ab-initio based continuum
model. Transitions between the first and second IMB for a twist angle of about 8° are reported and
between first and second, third and higher bands for a twist of about 3°. The signatures from IMBE
for the latter highlight a strong departure from parabolic bands with flat minibands exhibiting very
high density of states in accord with theory. These observations allow to quantify the transition
energies at the K-point where the states relevant for correlation physics are hosted.

Twisted van der Waals (vdW) bilayers present an
unique condensed matter platform to realize and con-
trol electronic correlation effects [I, 2]. The large scale
superlattice created by the superposition of the two lay-
ers at a slight rotational mismatch defines a recipro-
cal mini-Brillouin zone with nearly dispersionless (flat)
bands as long as the layers hybridize sufficiently. The
drastically reduced kinetic energy, potentially together
with van Hove physics, results in a very high density
of states (DOS) in those flat bands favorable for driving
electrons into the correlated regime. In several graphene-
based systems correlated and ordered electronic phases
are experimentally well-established [6HI0]. In transi-
tion metal dichalcogenide (TMDC) based vdW stacks
the absence of complications like topological obstructions
have facilitated high-level microscopic many-body stud-
ies from early on [I1] and explained the emergence of
ordered, insulating and also different flavors of corre-
lated metallic states of matter [12) [13]. Experimentally,
the aforementioned correlation effects have been realized
[14, 15], while superconductivity has remained elusive
with currently one report of an (unclear and controver-
sial) zero resistance state [I4] even though there are mul-
tiple theoretical studies [I6HI8]. These emergent phases
in semiconductor-based moiré bilayers are attributed to
strongly interacting electronic K/K’-states.

In this letter, we experimentally access moiré mini-
bands at the valence band maximum (VBM) around the
K/K’ valley by studying their collective electronic in-
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ter moiré band excitations (IMBE) by resonant inelas-
tic light scattering (RILS) experiment as summarized in
Fig. Accessing the moiré bands at the K-points is
challenging for the combined reason of twist angle varia-
tions and reconstruction in realistic devices together with
the VBM at the I' and K-points being close in energy
[19]. The morphology of twisted bilayers, particularly at
small twist angles, is such that variations in twist an-
gle, but also reconstruction (in plane as well as corru-
gation) plays an important role. This leads to period-
ically patterned areas different to those expected from
a rigid moiré lattice-picture [20H23]. While these pat-
terns result in rich optical interband spectra [23] and
even host coherent many-body states of excitons [24], it
makes the interpretation of spectroscopic signatures and
the direct spectroscopy of moiré bands e.g. by angle-
resolved photoemission spectroscopy (ARPES) difficult
with only a few reports on selected materials combi-
nations [25, 26]. Recent p—ARPES and STM studies
demonstrate the formation of moiré-bands at the valence
band maximum (VBM) at the I'—point of twisted WSeq
bilayers [22], 27, 28]. Accessing moiré bands around the
K,K’ states and their properties is still lacking.

We remedy this standing problem by reporting on
collective electronic excitations between moiré bands
formed in twisted and hBN encapsulated WSe;y bilayers
(Fig. [[{a)) at the VBM around the K/K’ states by res-
onant excitation at the K/K’-point. In this way IMBEs
at the K/K’ VBM can be probed by RILS spectroscopy
at low temperatures providing experimental access to the
moiré minibands caused by the geometrical superlattice
in twisted bilayers as sketched in Fig. b). Typical
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FIG. 1.

(a) Scheme of the hBN encapsulated tWSe; bilayer. (b) Stick-ball model of a moiré- superlattice from a tWSe, bilayer

with the moiré unit cell indicated. (c) RILS spectra on a 3° tWSe. bilayer. Spectra are offset for clarity. The A4, Eég phonons
are indicated by a black arrow. The broad RILS signal are collective electronic inter-moiré band excitations (IMBE). The
vertical red solid lines mark resonance energies from theoretically predicted transition energies. The tilted cyan line indicate
emission signatures. [T = 4K, Praser = 1 mW]. (d) Calculated energy dispersion of the 7 highest moiré mini bands around
the K, K’ states for a 3° tWSez bilayer. The minibands are labelled m1, maz, ...m7. Exemplary inter-miniband transitions are

sketched.

RILS spectra taken on a © = 3° twisted WSey bilayer
at T = 4K are shown in a water fall representation in
Fig.[I[(c). A rich spectrum of rather wide and dispersive
RILS modes in addition to the sharp nearly degenerate
optical active Aqg, E%g phonon modes appears at an en-
ergy range between ~ 20mev and 120meV. Those excita-
tion bands are in very good quantitative agreement with
suitable IMB transitions extracted from the calculated
electronic bands in the mini-BZ (mBZ) in the vicinity
of the K/K’ points. We obtain the band structures of
tWSey from a continuum model [IH4] with parameters
adjusted to ab-initio simulations (for details see SI [32]).
Fig. [[{d) summarizes the first seven moiré minibands
with examples of vertical IMB transitions starting from
the Fermi surface in the highest moiré band m;.

We find that at the highest VBM minibands are rather
flat with low energy separation of a few tens of meV for
a twist angle around 3°, while the bands become nearly
parabolic with a separation of several tens of meV for a
twist angle of about 8° as will be discussed in more details
below. Combined theoretical and experimental efforts,
probing the moiré-bands via collective single-particle-like
IMBE by RILS spectroscopy analogue to intersubband
excitations in 2D charge carrier systems hosted e.g. in
GaAs quantum wells [33H35] provids a promising ap-
proach to study the band structure of twisted transition
metal dichalcogenides at twist angles where correlation
physics play an important role [I} 12| 13| [T6HIS].

The hBN encapsulated tWSes bilayers in this study

have been prepared by micromechanical cleavage using
adhesive tape and viscoelastic dry transfer on top of
Si/Si04 substrates using micro-manipulators with an es-
timated twist uncertainty of about 4+0.5°. To check for
sufficient interlayer coupling and twist angle we employ
non-resonant Raman spectroscopy (see SI [32]). An op-
tical micrograph of a 3° tWSey bilayer is displayed in
inset of Fig. Three different types of WSey samples
have been prepared with a twist of 3°, 8° and a natural
homobilayer and characterized by low-temperature non-
resonant Raman and photoluminescence (PL) measure-
ments. For all measurements, the sample are mounted
on the cold-finger of a closed-cycle refrigerator at a tem-
perature of T' = 4K. Position control is provided by x-y-z
piezo actuators. The light from either a green solid state
laser (2.33 eV) or a continuously tunable Ti:sapphire
laser (linewidth of about 50 kHz) is focused with a cryo-
genic large-NA (NA = 0.82) objective lens to spot size of
less than 2um. The emitted/scattered light is guided to
the entrance slit of a triple grating spectrometer.

A typical PL spectrum for 3° tWSe, is displayed in
Fig. |2l The emission is dominated by a broad asymmet-
ric emission band peaking at around 1.65eV assigned to
momentum and/or spin forbidden transitions from dark
excitons that can only couple to light by interaction with
suitable phonons [36]. In addition, charged excitons (tri-
ons), defect bound as well as charge-transfer excitons
are supposed to contribute on the low-energy side of the
emission band [36][37]. A less intense emission line occurs



Excitation Energy (eV)
1.38 1.46 1.55 1.65 1.77 191

PL Intensity (arb. units)

900 650

850 800 750 700
Excitation Wavelength (nm)

FIG. 2. (a) PL spectrum shows weak emission from direct
K/K' excitons (Xk k) and a intense broad emission band from
dark, charged and defect bound excitons. The spectral range
around (X ) utilized for RILS spectroscopy is grey shaded
and the region where modes in RILS are expected red shaded
[T = 4K, Praser = 1mW, Epaser = 2.33eV]. Inset: Optical
micrograph of a hBN encapsulated 3° tWSey sample with
active region marked marked by black line. [scale bar 20um)]

at higher-energy ~1.74eV (grey-shaded spectral range).
It originates from radiative recombination of Coulomb-
coupled electron hole pairs residing at the same K or K’
valley and hence includes a real VB state at the K/K'-
points. This is important for resonant inelastic light scat-
tering on collective charge excitations of a 2D hole system
residing at the K/K’ points of the moiré VBM [33] B5].
In RILS experiments the incident photon energies Ey ager
is closely tuned to the energy of the X g g-exciton ob-
served in PL. The sample is excited by linearly polar-
ized light in back-scattering geometry. Due to the large
NA of the objective lens a bundle of in-plane momenta
q) < 2wr/csin Oax With Opax & 55 is transferred to the
hole system. Following the band-structure calculations
shown in Fig. d)7 the IMBE are expected in an energy
range between ~20meV and ~120meV. The resonance
condition is given by the energy of the X emission
line. Following the consideration above, the energy range
where we expect the IMBE in RILS is superimposed by
the dark emission band marked by a red box in Fig.

In Fig. (3] we contrast RILS spectra in a false color rep-
resentation taken on 3° tWSes (a), natural bilayer (NBL)
WSesy (b) and 8° tWSey (¢). RILS intensities are plotted
vs the relative energy (laser energy is at zero) with the
intensity encoded in the color scheme. The well known
Raman active phonon modes occur at the same energies
as for the non-resonant measurements, however the in-
tensities follow the expected resonance enhancement. In
the RILS spectra of the twisted bilayers 3° tWSe, and 8°
tWSe; displayed in Figs. [3{(a) and (c), highly resonance,

intense and rather broad RILS modes interpreted as as
IMBE dominate the RILS spectra. In addition to the
phonon and IMBE resonances, a few features occur with
energies depending on the incoming laser energy (tiled
cyan lines) that are interpreted as defect or 0D-moiré
potential localized emission signatures.

For the NBL sample despite the sharp phonon res-
onance, no clear RILS modes occur. The spectra are
dominated by typical emission signatures. These lines
are likely due to emission from interlayer excitons as ex-
pected for NBL layer [19]. The absence of RILS modes
for NBL is expected due to the absence of moiré lattice
and minibands. The energy separation of the SOI-split
valence band is in the order of a few hundreds of meV
[38] and hence far beyond the investigated energy range.
For the 8° tWSes, instead, one weaker and one domi-
nant broad RILS resonance appear at an energy range
of about 60meV to 120meV . For a quantitative com-
parison with theory, the related band structure for the
moiré mBZ around the VBM at the K-point is displayed
in Fig. 3| (d) in the experimentally relevant energy range
(for extended range see SI ?77?). For such a large twist,
the bands are nearly parabolic with larger energy separa-
tion. In comparison with theory, the weaker RILS mode
at = 60meV could be interpreted as a collective intra-
band transition within the m;-band from the Fermi-edge
to the local VBM. The more intense, broader RILS mode
at = 75 — 115 meV is interpreted as an IMBE m; —ms
transition with the broadening due to non-vertical tran-
sitions provided by the finite transferred in-plane mo-
mentum g < Gmax- The good quantitative agreement
justifies our interpretation of the modes as being collec-
tive intra- and interband excitations allowing to study
the band-structure of the mBZ at the K-points. To con-
sider realistic twist-angle variations to be in the order
of +0.3°. While the impact of twist angle variations is
shown from calculated bands to be negligible small for
(84+0.3)° tWSey, the impact is significant in the mini-
band energy and dispersion for (34+0.3)° tWSes as plot-
ted in Fig. e). Also here non-vertical transitions are
expected due to finite momentum transfer ¢ in addi-
tion to defect induced breakdown of momentum conser-
vation [39]. Twist angle variation together with non-
vertical transitions are supposed to broaden IMBE sig-
natures in RILS. The RILS modes are a convolution of
jDOS and the momentum distribution. and a combined
effect is most likely the reason that we do not observe
well separated IMBE for the 3° tWSe;. The extracted
joint density of states (JDOS) in dependence of the po-
sition of Ep for a twist angle of 3° for the individual
IMB transitions is plotted in Fig. f). The jDOS demon-
strate Ep-dependent IMB transitions m; —ms, m; —mg
and so on. Comparison between RILS spectra and the
jDOS for 34+0.3° tWSe, (Fig. a,f)) provides a very good
quantitative agreement with only the m; —ms transi-
tion (= 20 — 25meV) being clearly separated. Also the
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FIG. 3. RILS spectra on (a) 3° tWSez, (b) natural bilayer (NBL) and (c) WSez 8° tWSez. The straight white arrows indicate
phonon modes and the white curly braces in (a) and (¢) IMBE with moiré band assignment according to caclulations. In
the natural bilayer spectra (b) in addition to the vertical phonon line only shifting emission signals marked with tilted cyan
lines emerge. [T = 4K, Pjqser = 500uW]. (d) Calculated electronic band structure for (8° £ 0.5)° considering realistic twist
variations. (e) Calculated electronic band structure for (3°+0.3)°. Twist variations can result in broadened mini-bands causing
significantly broadened IMBE in RILS experiments. Breakdown of wave- conservation together with finite transferred in-plane
momentum ¢ allows also for non-vertical transitions as indicated by the arrows. (f) Calculated joint density of states jDOS
for IMB transitions in dependence of the Fermi-level Er for 3° tWSe; for vertical transitions. Er is given by the color code.

m; —ms transition (= 50 — 67meV) can be identified
and the m; — my,5,6,7 transitions (= 70 — 110 meV)
are overlapping due to the discussed reasons of twist an-
gle variations and finite momentum transfer ¢;. The ex-
perimental mode energies are in very good quantitative
agreement with the transition from the jDOS. While the
m; —ms and m; —my transitions are nearly indepen-
dent of Er, position and particularly the intensity of the
m; —my as well as m; —ms5 ¢ 7 are strongly dependent
on Ep.

For this reason, excitation-power dependent RILS
measurements for the 3° tWSes sample are done in or-
der to vary Ep by the photo-induced holes from Ap
~ 10%m~2 to Ap = 10%cm~2 and Ap =~ 10%cm~2.
Due to the strong band non-parabolicity and the un-
known intrinsic doping it was not possible to estimate

the change in Er from ép. In agreement with expecta-
tion from jDOS, the RILS intensity of mode assigned to
IMBE mj; —msy is significantly reduced for the low den-
sity measurements (data shown in SI [32]). This com-
parison strongly supports our interpretation that the ob-
served broad RILS signatures are indeed collective IMBE
between moiré bands at the VBM.

To conclude, we establish that low-temperature
RILS experiments on collective ”single particle like”
[33], 135 [40] IMBE on twisted WSes bilayers is a powerful
method to experimentally study the moiré band forma-
tion selectively at the VBM around the K/K’' states,
their energetic separation and twist angle dependence.
We find several IMBE for a 3° tWSe, in an energy range
between 20meV and 110 meV, while for a 8° tWSes only
one clear IMBE and presumably one collective intraband



excitation emerge in a similar energy range. RILS modes
are absent for natural bilayers. These observation are
in very good quantitative agreement with calculated
band structures. In comparison with theory, we identify
that twist angle variations significantly alters the energy
dispersion for smaller twist angle. The observation of
collective IMBE by RILS in a semiconducting vdW
heterostructure demonstrates the potential to access the
collective low-lying excitation spectra as unique finger-
prints of individual quantum phases by RILS similar
to correlated phases e.g. in the fractional quantum
Hall effect regime [41} 42]. We would like to emphasize
that collective excitation probe the weakly disordered
parts of the sample, while disorder often results in the
most dominant signatures in emission experiments and
disturb transport investigations.
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Supplemental Materials:
Collective charge excitations between moiré-minibands in twisted WSe, bilayers from
resonant intelatic light scattering

METHODS AND EXPERIMENTAL PROCEDURE
Sample preparation

The tWSes samples were prepared by first mechanically exfoliating the monolayer WSes and multilayer hBN crystals
onto viscoelastic PDMS stamps followed by their deterministic dry transfer (DDT) using a home-built setup with x-y-z
and rotational micro-manipulators. To fix the stacking (twist) angle between the WSes monolayers, their crystalline
edges were determined from optical images on the PDMS stamps. Following this, the top WSes monolayer was stacked
on top of the bottom WSey monolayer at the desired twist angle by using a rotation stage attached to the sample
stage in the DDT setup. After preparation of the full heterostructure including the hBN encapsulation layers, the
samples were annealed under a home-built vacuum annealing chamber at 100 - 120 °C for 5 - 6 hours.

Non-resonant photoluminescence (PL) and Raman spectroscopy

After preparation of the samples, they were characterized by low temperature non-resonant PL. and Raman spec-
troscopies. The samples were mounted on the cold finger equipped with x-y-z piezo stages of a dilution refrigerator.
The samples were cooled down to 4K using pulse tube refrigeration operating with helium gas. For non-resonant
characterization measurements, a 532 nm (2.33 eV) solid state laser, cleaned up using a grating based monochromator
with a Inm bandpass, was used for excitation of the samples. The laser was focused on the samples with a low
temperature compatible objective lens with an NA of 0.82 mounted on a homebuilt stage attached to the 4K stage
of the refrigerator. The focused spot on the sample had a diameter of ~ 2um. The emission and scattering signals
from the sample were collected by the same objective lens in a back scattering geometry and dispersed using a single
spectrometer with a 600 1/mm grating for PL and an 1800 1/mm grating for Raman spectroscopy. The focal length
of the spectrometer was 750 mm and the spectral resolution (532 nm, 1800 1/mm grating) was ~ 0.4 cm™!. The
Rayleigh scattered light was filtered out by using a 532 nm long pass filter in front of the spectrometer. The dispersed
light was collected and measured using a liquid nitrogen cooled CCD camera. Position and laser power dependent PL
and position dependent Raman measurements were used to select the region of the sample for subsequent resonant
inelastic light scattering measurements.

Resonant Inelastic Light Scattering spectroscopy

Following the characterization by low temperature PL and Raman spectroscopy, inelastic light scattering spectra
under resonant excitation conditions were measured. The samples were mounted inside a dilution refrigerator as
described above. The samples were excited at energies between 1.698 eV (730 nm) and 1.771 eV (700 nm) using a
continuously frequency tunable Ti:sapphire laser stabilized by a ring cavity with a linewidth of about 50kHz. The
luminescence background from the Ti:sapphire crystal was removed by passing the excitation laser beam through a
monochromator (Inm bandpass). The light emitted or scattered from the sample surface were again collected in back
scattering geometry and sent to either a single spectrometer with a 600 1/mm grating or to a triple spectrometer with
a grating combination of 300 1/mm, 300 1/mm and 600 1/mm. The triple spectrometer was used in a subtractive
mode where the second stage of the spectrometer is used to suppress the dispersion generated by the first stage by
appropriate alignment of the gratings. This meant that at the exit slit of the second stage, light could be filtered
out based on the angle of entrance in the spectrometer. Thus, the first two stages served as a bandpass filter and
filtered out any stray light not following the path of light scattered from the sample, as well as the Rayleigh scattered
background.



THEOTETICAL CACLULATIONS

Continuum Hamiltonian

In the small-angle approximation © ~ 0°, the dispersion of tWSes can be obtained by constructing a continuum
model (following Refs. [SIHS4]). As the electrons in a WSe; monolayer are spin-valley locked, only one valley per
layer contributes to each spin sector of the moiré Hamiltonian

R (k—K1)?

——a AT Ar(r

Hy(k) = e 1{r) hz(k_KzT)ﬁ ) (S1)
AL(r) — g+ Ag(r)

where m* = 0.43m, is the effective mass, K; the original K-point of layer { = 1,2, Ar(r) the interlayer potential,
and A;(r) the intralayer potential. The other spin sector H| (k) is obtained from time reversal symmetry. The inter-
and intralayer potentials are parameterized by the following simple formulee:

Ay(r) =2V Z cos(g-r+ 0?1/)) , Ap(r)=w Z e 9T, (S2)

geN gen

Here, o, is the Pauli z matrix and g are three reciprocal moiré lattice vectors that are connected by Cs rotations.
Hence we index the summation over those three reciprocal moiré lattice vectors as g € A. The K- and K’-points in
the moiré Brillouin zone (BZ) coincide with K3 and K, respectively.

The intralayer potential strength V' = 9meV, the interlayer hopping w = 18 meV, and the intralayer potential
parameter 1) = 128° are taken to match density functional theory results [S3]. Note that the twist angle © enters
Eq. (S1)) through geometry in the momentum argument k as well as the length of the inverse moiré lattice vectors g
in E.

For numerical diagonalization of the Hamiltonian Eq. , the expansion in inverse moiré lattice vectors must be
truncated. We take into account the following inverse moiré lattice vectors G

Gec{H||H| <3|gllVgeclr}, (S3)

i.e., a distance shell cutoff with length 3, which is sufficient for convergence of the resulting band structures.

Joint Density of States

The joint density of states (jJDOS) data in Fig. 3 (f) of the main text is obtained numerically from the model
discussed above. In essence, we implement the following formula:

f(ev, (k) — f(ea (k)

. B )
jDOS(w) =Tm o —int e (k) —ep (k)

k,b1,b2

(S4)

where €,(k) is the dispersion of band b with k in the mini BZ, f(z) = (1 + exp[8(z — ,u)])f1 the Fermi function, and
1 = 5meV a Lorentzian broadening. The inverse temperature is set to 8 = 102meV~!. As we perform massive scans
in frequency w and chemical potential p (Fermi energy) for significant k-meshes (96 x 96 regularly spaced points in
the primitive zone), we make use of the parallel nature of Eq. using a custom GPU implementation.
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Non-resonant Raman measurements
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(c¢) Non-resonant Raman spectra on hBN encapsulated WSez monolayer (a), hBN encapsulated natural bilayer
(NBL) WSez (b), hBN encapsulated 3° tWSe2 (c) and hBN encapsulated 8° tWSez. All spectra show the optical phonon
modes Aig, E%g and in addition the NBL and twisted bilayer show the Bég phonon mode. The features marked by an asterisk

(*) are due to multiphonon scattering processes [T = 4K, Pjgser = 100uW, Ejgser = 2.33eV].



Excitation Power dependent RILS measurements
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FIG. S2. (a) False color plots of RILS spectra for 3° tWSez at three different excitation powers of (a) 1uW, (b) 50pW
and (c) 1mW, respectively. The corresponding photo-excited hole-densities are ~ 10° cm™2, ~ 10*° cm™2 and ~ 10'? cm™2,
respectively. The phonon-lines are marked by straight arrows and emission features by tilted cyan solid lines. White braces
indicate the energy positions of IMBE. Particularly the m; — ms transition is enhanced with increasing doping and hence
position of Er in agreement with jDOS(Er) [T = 4K].

Excitation-power dependent RILS measurements are performed for the 3° tWSey sample in order to vary Eg by
the photo-induced holes. RILS spectra from a different set of experiments are compared in Fig. for (a) 1pW
corresponding to a change in the hole density by dp ~ 10%m~2, (b) 50uW (6p =~ 10'0cm~2) and (c¢) ImW (&p
~ 10'2cm~2), respectively. Due to the strong band non-parabolicity and the unknown intrinsic doping it is not
possible to estimate the change in Ex from dp. While it is not possible within the experimental certainty to clearly
identify a shift in the energy, the intensity of the RILS mode assigned to IMBE m; —my is significantly reduced
for the low density measurements as expected from the jDOS. Similarly, for the high energy transition that seems
to be most pronounced for the higher power measurements indicated by an even broader overlapping emission band
towards 100meV and beyond. This is most pronounced for 50uW. For the 1mW spectra some spectral weight shifts
back to the intermediate transitions regions m; —my,5. This also agrees with the jDOS from the band structure
calculation and strongly supports our interpretation that the observed broad RILS signatures are indeed collective
IMBE between moiré bands at the VBM.



Calculated mini-band structure
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FIG. S3. Calculated energy dispersion of the highest moiré mini bands down to -300meV around the K, K’ states for a 3°
tWSe; bilayer (a) and a 8° tWSe2 bilayer (b).
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