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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 WSe, bilayers by accessing collective inter-moiré-band
excitations (IMBEs). We observe resonances in RILS spectra at energies in agreement with inter-moiré-
band transitions obtained from an ab initio based continuum model. Transitions between the first and
second moiré band for a twist angle of about 8° are reported and between the first and the 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 one to quantify the transition energies at the K point where the states relevant for

correlation physics are hosted.
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Twisted van der Waals (vdW) bilayers present a unique
condensed matter platform to realize and control electronic
correlation effects [ 1-3]. The large scale superlattice created
by the superposition of the two layers at a slight rotational
mismatch defines a reciprocal mini-Brillouin zone with
nearly dispersionless (flat) bands as long as the layers
hybridize sufficiently. The drastically reduced kinetic
energy results in a very high density of states (DOS) and
even Van Hove physics in those bands, driving electrons into
the correlated regime [4,5]. In several graphene-based
systems correlated and ordered electronic phases are exper-
imentally well established [6-10]. In transition metal
dichalcogenide- (TMDC) based vdW stacks, the absence
of complications like topological obstructions have facili-
tated high-level microscopic many-body studies from early
on [11] and explained the emergence of ordered, insulating,
and also different flavors of correlated metallic states of
matter [12,13]. Experimentally, the aforementioned corre-
lation effects have been realized [14,15], while supercon-
ductivity has remained elusive with currently one report of
an (unclear and controversial) zero resistance state [14],
even though there are multiple theoretical studies [16—18].

These emergent phases in semiconductor-based moiré
bilayers are attributed to strongly interacting electronic
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K/K’ states. In this Letter, we experimentally access moiré
minibands at the valence band maximum (VBM) around
the K/K' valley by studying their collective electronic
inter-moiré-band excitations (IMBEs) by resonant inelastic
light scattering (RILS) experiments as summarized in
Fig. 1. 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 angle, but also
reconstruction (in plane as well as corrugation) plays an
important role. This leads to periodically patterned areas
different from those expected from a rigid moiré lattice
picture [20-23]. While these patterns 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 spec-
troscopy (ARPES) difficult with only a few reports on
selected material combinations [25,26]. Recent u-ARPES
and STM studies demonstrate the formation of moiré bands
at the VBM at the I' point of twisted WSe, 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 collec-
tive electronic excitations between moiré bands formed in

© 2024 American Physical Society
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(a) Scheme of the #-BN 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 A;,/ Eég phonons are indicated by a
black solid arrow. The broad RILS signals are collective electronic IMBEs. The vertical red solid lines mark resonance energies from
theoretically predicted transition energies. The tilted cyan lines indicate emission signatures. For the dark cyan spectra results from line
shape analysis are shown in (d) (T =4 K, P, = 1 mW). (d) Selected RILS spectra (data points) from (c). The solid lines are fit
results, using a set of Lorentzian lines to numerically deconvolute the individual contribution from the RILS spectra. The black lines are
the sum of all Lorentzian curves. (¢) Calculated energy dispersion of the seven highest moiré minibands around the K, K’ states for a 3°

tWSe, bilayer. The minibands are labeled m, m,, ..

twisted and #-BN encapsulated WSe, bilayers [Figs. 1(a) and
1(b)] at the VBM around the K/K' states. By combined
theoretical and experimental efforts, we demonstrate that
probing the moiré bands via collective single-particle-like
IMBE by RILS spectroscopy analog to intersubband excita-
tions in 2D charge carrier systems hosted, e.g., in GaAs
quantum wells [29-31] provides a promising approach to
study the band structure of twisted transition metal dichalco-
genides at twist angles where correlation physics plays an
important role [3,12,13,16—18].

The h-BN encapsulated tWSe, bilayers have been
prepared by micromechanical cleavage and viscoelastic
dry transfer on top of Si/SiO, substrates with an estimated
twist uncertainty of about +0.5°. Three different types of
WSe, samples have been prepared with a twist of 3°, 8°,
and a natural homobilayer. To check for sufficient interlayer
coupling and twist angle we employ low-temperature non-
resonant Raman and PL spectroscopy (see Supplemental
Material, Figs. 1 and 2 [32]). For all measurements, the
samples are mounted on the cold finger of a closed-cycle
refrigerator at a temperature of 7 =4 K if not stated
otherwise. Position control is provided by x-y-z piezoac-
tuators. 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 cryogenic
large-NA (NA = 0.82) objective lens to spot size of less than
2 pm. The emitted and/or scattered light is guided to the
entrance slit of a triple grating spectrometer. In RILS experi-
ments, the sample is excited by linearly polarized light in
backscattering geometry and the scattered light is unpolarized
(see Supplemental Material, Fig. 6 for polarization-dependent

., m7. Exemplary interminiband transitions are sketched.

spectra [32]). Because of the large NA of the objective a
distribution of in-plane momenta g < 2wy /c Sin O, With
O max ~ 55° is transferred to the hole system.

By excitation in resonance close to the direct optical
allowed interband transition at the K/K’ point (A, exci-
ton), IMBEs at the K/K’ VBM can be probed by low-
temperature RILS spectroscopy. Typical RILS spectra
taken on a r= 3° twisted WSe, bilayer at T =4 K are
shown in a waterfall representation in Fig. 1(c). The
resonance excitation wavelengths are determined from
PL experiments (see Supplemental Material, Fig. 1 [32]).
A rich spectrum of rather wide and dispersive RILS modes
(red lines) is accompanied by the sharp nearly degenerate
optical active A, Eig phonon modes at an energy range
between 20 and 120 meV. In order to deconvolute indi-
vidual contributions to the RILS spectra, we perform a line
shape analysis by fitting a sum of Lorentzian curves to the
spectra. We first focus on the energy range between 40 and
130 meV. The RILS spectra for all excitation wavelengths
used are well reproduced by a sum of four (five) Lorentz
functions for larger and smaller wavelengths, respectively.
The energetic positions of the individual terms stay nearly
constant, while the intensities are affected by the resonance
conditions. This finding strongly suggests that the observed
RILS mode originates from scattering on collective elec-
tronic excitation in analogy to intersubband excitations in
GaAs-based low-dimensional structures [29,36,37]. We
would like to note that the quantitative interpretation from
a similar quantitative line shape analysis in the 20-35 meV
range is challenging since at least seven phonon modes
under the chosen resonance conditions are reported in
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FIG. 2. (a) Schematic picture of the three-step scattering process for creation of IMBE between moiré minibands formed in the valence

band (VB) around the K points. In the first step, an electron is excited from a lower VB to a virtual state; in the second step, the charge
carrier is scattered by Coulomb interaction with photoexcited hole from m; to m, (left) and from m; to ms (right) under creation of an
IMBE. In the third step, the electron recombines. (b) Extracted peak energies from the line shape analysis described in Fig. 1 for 3°
tWSe,. (c) Calculated jDOS for interminiband transitions in dependence of the Fermi-level E (color coded) of 3° tWSe, for vertical
transitions. The peaks of the theoretical jDOS calculation are in good agreement with the Lorentzian fits to the experimental data (b).

literature [38]. Superimposed to these phonon modes and
PL background, an additional mode occurs under extreme
resonance at the red of the tail A,,, E} , phonon modes at an

energy of about 28.8 meV (for a detailed analysis, see
Supplemental Material, Fig. 5 [32]). Because of its occur-
rence only under extreme resonance, in contrast to the
resonantly activated phonon modes, we assign this mode
also to an electronic excitation.

The extracted mode energies are in good quantitative
agreement with inter-moiré-band transitions extracted from
the calculated electronic bands in the mini-Brillouin-zone
(mBZ) in the vicinity of the K/K' points. For direct
comparison, Fig. 1(e) summarizes the first seven moiré
minibands with examples of vertical transitions starting
from the Fermi surface in the highest moiré band m;. We
obtain the band structures of tWSe, from a continuum
model [3,39-41] with parameters adjusted to ab initio
simulations (for details see Supplemental Material [32]).

We explain the observed RILS spectra by a three-step
scattering process for IMBE of photogenerated holes
following the concept well established for single-particle
intersubband excitations in GaAs-based films [29-31] and
successfully applied to, e.g., RILS on intersubband
excitation of photogenerated electrons and holes in ultra-
thin GaAs-based nanowires [37]. Figure 2(a) illustrates the
scattering processes for the m; — m, (left) and m; — mj,
(right) transitions: In the first step, an electron from a
valence band (VB) state at K/K’ is excited to a virtual state
close to the upper conduction band (CB) at K/K’ (spin
allowed transition). If the virtual electronic state is just
above the CB by the energy of an IMBE, in the second step,
the electron can be resonantly scattered via Coulomb

interaction with a hole in m; miniband at the (quasi)
Fermi level to the CB. Simultaneously, an IMBE (e.g.,
m; — ni,) is created in the valence band. In the third step,
the scattered electron-hole pair recombines under emission
of the scattered photon. The same concept applies by
including excitonic effects (not included in the scheme for
clarity). The experiment is done under cw excitation such
that a plasma of photogenerated holes is forming a quasi-
Fermi-level in the topmost miniband due to quick relax-
ation. We assume a charge imbalance between electrons
and holes at the K/K' valley since the WSe, is expected to
be slightly hole doped and, in addition, photogenerated
electrons are supposed to relax into the energetically lower
2 valley [42].

Since the joint density of states (jJDOS) is dependent
on Ep, complementary excitation power-dependent RILS
measurements are done in order to vary Ep by the
photoinduced holes from Ap ~10° to Ap~10'° and
Ap ~ 102 cm™2. Because of the strong band nonparabo-
licity and the unknown intrinsic doping, it was not possible
to estimate the change in Er from Ap. In agreement with
expectation from jDOS, the RILS intensities in the lower-
energy region assigned to superimposed phonons and
collective electronic excitations including the tentative
IMBE m; — m, is reduced, while the modes are enhanced
with slight modification in their energies in line with
expectations from theory (spectra and summary from
line shape analysis shown in Supplemental Material,
Figs. 3 and 4 [32]).

In Fig. 2(b) we summarize IMBE energies extracted
from the line shape analysis of the RILS spectra of the
3° tWSe, described above. The nominal numerical fit error
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is only a few percent. The partially ascending slopes for few
data points in dependence of the excitation wavelength is
assigned to superimposed PL. The mode energies are
directly compared to the calculated jDOS of the individual
transitions displayed in Fig. 2(c) in dependence of the
position of E (color code) demonstrating its significant E
dependency. Mode energies and the jDOS are in good
quantitative agreement assuming a realistic Fermi energy of
less than a few meV. In the energy range between 50 and
80 meV, two well-separated modes can be identified that
are assigned to two m; — mj transitions and one m; — my
transition; the third one might be another m; — m; super-
imposed by PL. The mode observed at an energy of about
95 meV is assigned to the m; — ms transition and the
modes observed around 123 and 140 meV to m; — mg and
my; — my; and higher transitions, respectively. Minor
deviation between theory and experiment can have the
following concurrent origins: (i) The moiré bands are flat
but still dispersing in a highly nonparabolic manner such
that they themselves have a finite width of up to a few tens
of meV with overlapping bands, particularly for m5; and
higher. (ii) Nonvertical transitions between points with a
high DOS are expected to contribute to finite momentum
transfer g in addition to defect-induced breakdown of
momentum conservation [43]. (iii) Twist angle variations of
at least +0.3° within the laser spot have a crucial impact on
the moiré band formation as discussed below.

We contrast RILS spectra in a false color representation
taken on 3° tWSe, [Fig. 3(a)], natural bilayer (NBL) WSe,
[Fig. 3(b)], and 8° tWSe, [Fig. 3(c)] for an extended range
of excitation wavelengths. RILS intensities are encoded in
the color scheme. In the RILS spectra of the twisted
bilayers 3° tWSe, and 8° tWSe, displayed in Figs. 3(a)
and 3(c), highly resonant, intense, and rather broad RILS
modes interpreted 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 white lines) that are interpreted as defect
or 0D moiré potential localized emission signatures. The
double resonance behavior with a splitting of 15 meV only
observed for 3° is in agreement with reported splitting in
absorption and emission spectra for lower twist angles [21].

For the NBL sample, despite the sharp phonon reso-
nance, no clear RILS modes occur. The spectra are
dominated by typical emission signatures. These lines
are likely due to emission from interlayer excitons [19].
The absence of RILS modes for NBLs is expected due to
the absence of moiré lattice and minibands. The energy
separation of the SOI-split valence bands is on the order of
a few hundreds of meV [44] and hence far beyond the
investigated energy range. For the 8° tWSe,, instead, one
weaker and one dominant broad RILS resonance appear at
an energy range of about 60—120 meV. In this energy range,
a good fit to the RILS spectra is achieved by a sum of two
Lorentzian terms [see example spectrum with fit overlaid in

Fig. 3(c)]. For a quantitative comparison 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 Supplemental Material, Fig. 7 [32]). For such a large
twist, the bands are nearly parabolic with larger energy
separation. In comparison with theory, the weaker RILS
mode at ~60 meV could be interpreted as a collective
intraband transition within the m; band as sketched in
Fig. 3(d). The more intense, broader RILS mode at
~75-115 meV is interpreted as an IMBE m; — m, tran-
sition with the broadening due to nonvertical transitions
provided by the finite transferred in-plane momentum
q) < gmax- The good quantitative agreement justifies our
interpretation of the modes as being collective intra- and
interband excitations allowing one to study the band
structure of the mBZ at the K points. In the following,
we consider the impact of realistic twist angle variations to
be on the order of +0.3°. While it is shown from calculated
bands to be negligibly small for (8 +0.5)° tWSe,, the
impact is significant in the miniband energies and
dispersion for (3 40.3)° tWSe, as plotted in Fig. 3(e).
As highlighted above, twist angle variation together with
nonvertical transitions and finite momentum transfer results
in broadened IMBE signatures in RILS. The RILS modes
are a convolution of jDOS and the momentum distribution.
We would like to note that we do not observe sizable
differences for linear co- and linear cross-polarization
in the RILS spectra (see Supplemental Material, Fig. 6
[32]). This finding supports our interpretation that the RILS
modes are a single-particle type of IMBE rather than
plasmalike charge- or spin-density excitations that show
both a distinct polarization dependence [37]. To further
substantiate our interpretation, we perform temperature-
dependent RILS measurements [Fig. 3(f)]. To avoid heating
effects, the excitation power is reduced to P = 50 pW and
the excitation wavelength kept constant at extreme reso-
nance condition at A = 710 nm. The RILS signal shows a
clear temperature dependence and is reduced with increas-
ing temperature. Already at 10 K the RILS modes fade out
and the PL background starts to dominate the spectrum. We
observe similar reduction in RILS intensity with increasing
temperature for the 8° tWSe, sample (see Supplemental
Material, Fig. 6 [32]). All experimental observations
together strongly support the interpretation that the
observed broad RILS signatures are indeed collective
IMBE between moiré bands at the VBM at the K/K’
valley in excellent agreement to theory. We would like to
emphasize that collective excitations probe the weakly
disordered parts of the sample, while disorder often
results in the most dominant signatures in emission experi-
ments due to rather bright localized emission and
disturbs transport investigations by additional scattering
channels.
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FIG. 3.

RILS spectra on (a) 3° tWSe,, (b) natural bilayer WSe,, and (c) 8° tWSe,. The straight white arrows indicate phonon modes

and the white curly braces in (a) and (c¢) IMBE with moiré band assignment according to calculations. In the natural bilayer spectra (b) in
addition to the vertical phonon line only shifting emission signals marked with tilted white lines emerge. In (c) an individual spectrum is
exemplarily overlaid in gray color with a fit to the data (blue line) using the sum of two Lorentz curves (T = 4 K, Py, = 500 pW;
inset: Ajper = 712 nm). (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 minibands causing significantly broadened IMBE in
RILS experiments. Breakdown of wave vector conservation together with finite transferred in-plane momentum ¢ due to the high NA
of the objective allows also for nonvertical transitions to points of the minibands with high DOS as indicated by the arrows.
(f) Temperature-dependent RILS spectra for 10 < 7' < 10 K for 3°tWSe, (dexe = 710 nm, Py 4, = 50 pW). RILS signals fade out with

increasing temperature and at 10 K only a weak signal superimposed by emission background remains.

To conclude, we establish that low-temperature RILS
experiments on collective “single-particle-like” [29,31,37]
IMBE on twisted WSe, bilayers is a powerful method to
experimentally study the moiré band formation selectively
at the VBM around the K/K' states, their energetic
separation and twist angle dependence providing a prom-
ising approach to study the band structure of twisted
TMDCs at twist angles where correlation physics play
an important role [3,12,13,16-18]. In agreement with
theory, we identify several IMBE for a 3° tWSe,, while
for an 8° tWSe, only one clear IMBE and presumably one
collective intraband excitation is observable and none for
natural bilayers. The observation of collective IMBE by
RILS in a semiconducting vdW bilayer demonstrates the
potential to access the collective low-lying excitation

spectra as unique fingerprints of individual quantum phases
by RILS similar to correlated phases, e.g., in the fractional
quantum Hall effect regime [45-47].
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