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We report the experimental observation of quadrupolar exciton states in the reflectance contrast spectrum
of 2H-stacked bilayer MoSe,. The application of a vertical electric field results in a quadratic energy
redshift of these quadrupolar excitons, in contrast to the linear energy splitting observed in the coexisting
dipolar excitons within the bilayer MoSe,. We perform helicity-resolved reflectance contrast measurements
to investigate the spin and valley configurations of the quadrupolar exciton states as a function of applied
vertical electric and magnetic fields. Comparing our results with a phenomenological coupled-oscillator
model indicates that the electric- and magnetic-field dependence of the quadrupolar exciton states can be
attributed to the intra- and intervalley hybridization of spin-triplet interlayer excitons with opposite
permanent dipole moments, mediated by interlayer hole tunneling. These results position naturally stacked
MoSe, bilayers as a promising platform to explore electric-field-tunable many-body exciton phenomena.
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A rich tapestry of excitons—tightly bound electron-hole
pair quasiparticles—arise in atomically thin transition
metal dichalcogenide semiconductors (TMDs) and their
heterostructures. The optical response of monolayer TMDs
exhibits a Rydberg series of intralayer excitons that form at
the +K points of the Brillouin zone and possess unique
spin and valley selection rules [1-4]. Stacking two different
monolayer TMDs gives rise to the formation of interlayer
excitons (IXs), in which the electron and hole wave
functions are localized on different layers [5,6] and are
highly tunable with an applied electric field [7-11]. The
interlayer excitons and their properties are highly sensitive
to the specific atomic arrangement between the adjacent
layers, which can yield intrinsic ferroelectric fields [12,13]
or periodic moiré potentials with selection rules determined
by the atomic registry [14,15]. Adding more layers to the
TMD homo- or heterostructures can result in interlayer
excitons with even larger static dipole moments (with a
wave function spread across more than two layers) [16—19].
Recently, a new species of interlayer excitons with a
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characteristic quadratic energy response on applied vertical
electric fields has been observed in the photoluminescence
emission of the so-called quadrupolar excitonic resonances
in symmetric TMD-based heterotrilayers [20-23]. These
quadrupolar excitons have been experimentally [20-22]
and theoretically [24] shown to originate from the hybridi-
zation of the valence [20,21,23] and conduction [22] bands
in the top- and bottommost layers of the symmetric hetero-
trilayers. Beyond the attractive ‘“‘simple” picture of an
interlayer exciton being formed by carriers highly localized
on their respective layers, there is growing evidence that
suggests that interlayer excitons (especially in homobi-
layers) are composed of an admixture of different exciton
wave functions and this mixture can be tuned with applied
electric fields [19,25-28], providing a natural platform to
explore tunable many-body exciton complexes.

In this Letter, we report the experimental observation of
quadrupolar exciton (QX) states in the reflectance contrast
spectrum of naturally occurring 2H-stacked bilayer
MoSe,. Unlike previously reported dipolar excitons in this
system, which exhibit a linear energy shift with an out-of-
plane electric field [19,29], these QX states show a
quadratic redshift, suggesting a distinct origin underlying
their quadrupolar nature. We employ a phenomenological
coupled-oscillator model to unravel both the exciton
species and the hybridization mechanism responsible for
the formation of the quadrupolar exciton states. We attri-
bute the origin of these excitonic resonances to the intra-
and intervalley hybridization of spin-triplet interlayer
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excitons and observe a very good agreement with the
experimental electric-field-dependent evolution of the
QX’s energy. Further, we carry out helicity-resolved
reflectance contrast measurements to investigate the mag-
neto-optical properties of the QXs as a function of applied
vertical electric and magnetic fields. Our results reveal
vanishing exciton Landé g factors for the hybrid QX states
and a degree of circular polarization that can be tuned by
the applied electric field. Both observations are captured by
our phenomenological model and are compatible with the
proposed picture of coupled spin-triplet interlayer excitons
as the origin of the QX states.

Our experiments employ a natural bilayer MoSe, flake
with 2H stacking, which belongs to the symmetry group
D5, and retains inversion symmetry. The bilayer is incor-
porated into a dual-gated device geometry [Fig. 1(a)]
(see details in the End Matter section). We perform
reflection contrast (AR/R,) spectroscopy at cryogenic
temperature (4 K) as a function of F, at charge neutrality,
where AR = R, — Ry, and R, (R;) is the intensity of the
light reflected by the flake (substrate). Figure 1(b)
shows the contour plot of the energy derivative of the
reflectance contrast spectrum d(AR/R)/dE as a function
of the applied electric field F, in the spectral region
~1.605-1.72 eV. The experimental d(AR/R,)/dE values
for energies above ~1.63 eV have been multiplied by a
factor 5 to enhance the exciton visualization. Figure 1(c)
shows the d(AR/Rj)/dE spectrum at F,=0 V/nm
(Vr =0V). At F, =0, we observe four excitonic reso-
nances in this spectral range. The strongest exciton reso-
nance at low energy (~1.615eV) corresponds to the
ground state of the intralayer A exciton in bilayer
2H-MoSe, (X,) [19,29]. The dimmer resonance at
~1.7 eV corresponds to the spin-conserving (spin-singlet)
optical transition from the ground state interlayer exciton in
bilayer 2H-MoSe, (IXs i) [19,29]. As previously observed
in Ref. [19], Fig. 1(b) shows that the application of a
vertical electric field F, results in the dc-Stark-induced
linear energy splitting of IXg;, states with opposite
permanent electric dipoles [19]. We note that optical
transitions from the first excited Rydberg state of IXg
(IXs»,) are also visible in Fig. 1(b) at larger ' -field values,
exhibiting a linear dc Stark shift with the same dependence
on the applied F, [19]. At F, = 0, two additional exciton
resonances, separated only by ~16 meV, are also observed
in the energy range between X, and IXg;, in both
Figs. 1(b) and I(c). Strikingly, the application of a vertical
electric field results in a quadratic energy redshift of this
excitonic doublet [see Fig. 1(b)], which contrasts with the
behaviors observed for X, and IXg;,. We note that the
presence and the quadratic energy shift of this excitonic
doublet are reproduced in different spatial positions of our
sample (see Supplemental Material [30] for results in
additional sample positions). Similar quadratic dependence
on the electric field has recently been observed in the
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FIG. 1. (a) Schematics of the dual-gated 2H-MoSe, device
structure. The orange and gray dots represent Mo and Se atoms,
respectively. Electrons (red circles) at the =K valleys, localized
either in the bottom or top MoSe, layer, are strongly bound to
holes (blue circles) delocalized across the two layers, creating
different species of excitons: intralayer (X,), quadrupolar (QX),
and interlayer (IX) excitons. An out-of-plane electric field with
magnitude F, can be applied. (b) Electric-field dependence of the
first derivative of the reflectance contrast spectra with respect to
photon energy [d(AR/R)/dE] in bilayer 2H-MoSe,. The exper-
imental d(AR/R,)/dE values for energies above ~1.63 eV have
been multiplied by a factor 5 to enhance the exciton visualization.
(c) Single d(AR/R)/dE spectrum at F, = 0 V/nm.

photoluminescence emission energy of quadrupolar exci-
tonic resonances in symmetric TMD-based heterotrilayers
[20-23]. However, the observation of excitons with a
quadrupolar nature in the reflectance contrast spectrum
of a natural TMD bilayer is intriguing.

We tentatively attribute the origin of these excitonic
resonances to quadrupolar excitons arising from the
coupling of spin-triplet interlayer excitons with opposite
static out-of-plane electric dipoles, in which a hole delo-
calized across the bilayer is bound to layer-localized
electrons in the top or bottom layers. Therefore, we label
the high- and low-energy hybrid excitonic peaks in the
doublet as QXyg and QX g, respectively. Note that we
discard the possibility of electron wave function delocal-
ization as the origin of the QX states, as interlayer electron
hopping at the K point of the Brillouin zone has been
shown to be forbidden in 2H TMD homobilayers due
to the C; symmetry of the d_. orbitals of the conduction
band states at =K [25,60,61], whereas interlayer hole
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delocalization has been theoretically predicted and exper-
imentally observed in several bilayer TMDs with 2H
stacking [19,25,26,62,63].

The hybrid nature of the QX states near /', = 0 also has
direct consequences on their spatial structure. Figure 1(a)
shows a cartoon of the expected wave function spatial con-
figurations of X,, IXg, and QX at F, =0 (V; =0 V).
The coupling of interlayer excitons with opposite perma-
nent dipoles (i.e., involving electrons localized in the top or
bottom layers) results in a symmetric QX wave function
in the out-of-plane direction. Such a symmetric spatial
arrangement of the carriers results in an effective vanishing
static electric dipole, which agrees well with the negligible
Stark shift observed for QXs at low F,. At finite F_, the
hole charge distribution becomes asymmetric, resulting in
an increasing electric dipole moment and a transition from
quadratic to linear energy shift (i.e., a transition from a
quadrupolar to a dipolar interlayer exciton nature), as
observed in Fig. 1(b). Moreover, the interlayer nature of
QX g and QXyg is further supported by the reduced
oscillator strength of these optical transitions, which we
estimate to be ~20 times smaller than that of X, [see
Supplemental Material Figs. S3(a)-S3(d) [30] ]. However,
the coexistence of interlayer excitons in bilayer 2H-MoSe,
with both dipolar and quadrupolar nature raises the ques-
tion about the spin-layer configurations of the coupled
interlayer excitons forming the QXs as well as their
hybridization mechanism.

Interestingly, we observe avoided energy crossings
between the QX branches with both X, and IXg,, at
|F.| > 0. Such avoided crossings provide additional insight
into the hybrid nature of QXs in our bilayer 2H-MoSe,
sample. We employ a phenomenological model in which
the hybridization between the different excitons is treated
as a coupling between oscillators with intrinsic resonance
energies corresponding to the excitonic transitions at
F, = 0. In our model, we take into account the spin, valley,
and layer degrees of freedom of each exciton species.
Figures 2(a)-2(c) show the spin, valley, and layer configu-
rations of the ground states of the different momentum-direct
exciton resonances included in the model. The superscripts ¢
and b and 1 and | denote the layer (top and bottom) and
electronic spin configuration (up and down) of the hole
forming the exciton, respectively. Figure 2(a) shows a sketch
of the spin-layer configuration of intralayer X, excitons as
well as their intravalley mixing with B excitons [19,28,64].
Figure 2(b) shows the spin-layer configuration of spin-
conserving (spin-singlet) interlayer IXg;, states in bilayer
2H-MoSe, [19,29], which are responsible for the presence
of dipolar excitons and their characteristic linear energy
splitting observed in Fig. 1(b) [19]. In addition to spin-
singlet interlayer exciton states, the quadratic energy redshift
as a function of F', observed for QX  and QXyp, in Fig. 1(b)
suggests the presence of interlayer excitons with a different
spin-valley configuration, which we attribute to a spin-triplet
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FIG. 2. (a) A and B intralayer excitons. (b) Spin-singlet

interlayer excitons. (c) Spin-triplet interlayer excitons and their
expected optical selection rules. The superscripts ¢ and b and 1
and | denote the layer (top and bottom) and electronic spin
configuration (up and down) of the hole forming the exciton,
respectively. (d) Main interlayer hole tunneling processes at +£K.
(e) Comparison of the experimental F, dependence of
d(AR/R)/dE in bilayer 2H-MoSe, and the energies calculated
with our phenomenological model.

configuration (IX7 ;). Figure 2(c) shows a sketch of the
spin-layer configuration for IX7 ;, in bilayer 2H/-MoSe,, in
which the holes in the topmost valence band of one MoSe,
layer bound to electrons in the lowest spin-orbit-split
conduction band of the other MoSe, layer in the same
+K valley. Although such spin-flip optical transitions are
normally forbidden in monolayer TMDs [65], they become
symmetry allowed in bilayer 2H TMDs due to the
combination of a hidden local spin polarization within
each monolayer and the absence of horizontal mirror plane
symmetry [66,67].

The hybridization of the different excitonic transitions in
our model is included as a phenomenological exciton
coupling mediated by interlayer hole tunneling at +K
[see Fig. 2(d)]. The intra- and intervalley hole tunneling
between the topmost valence bands in the different layers
results in the hybridization of intra- and interlayer excitons,
as well as in intra- and intervalley coupling of IX; states
with opposite permanent electric dipoles (see Supplemental
Material [30] for detailed exciton couplings). Note that the
intravalley hole tunneling between the topmost valence
bands in different MoSe, layers is enabled by the intralayer
A and B exciton admixture [see Fig. 2(a)], as reported for
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FIG. 3.

(a) 6" -polarized (blue) and 6~ -polarized (red) d(AR/R,)/dE spectra in the energy ranges of X, (left), QXs (middle), and

IXg ;4 (right) for applied magnetic fields B = =5 T. (b) Experimental AE(B) (red dots) for magnetic fields ranging from —5 to 5 T for
X, (top left), IXg y (top right), QX g (bottom left), and QXyg (bottom right). The red solid lines represent linear fits from which we
extract the exciton g factors. (c) DOCP of QX (top) and QXyg (bottom) as function of F, at an applied magnetic field of 5 T.

both bilayer MoS, and bilayer MoSe, [19,28,29,68].
Figure 2(e) shows the calculated energies of the resulting
hybrid exciton states as a function of F, superimposed on
the experimental data. The phenomenological model cap-
tures well the presence of QX and QXyg, their quadratic
energy redshift, and the avoided energy crossings with both
X, and IXg ;, with increasing F',, further supporting our
hypothesis about their origin. Note that the theoretically
predicted higher-energy QX branches are absent in the
experimental data due to their antibonding character (see
End Matter).

To gain further insight into the origin of the QX states in
bilayer 2H-MoSe,, we perform helicity-resolved reflec-
tance contrast measurements under out-of-plane magnetic
fields at F, = 0. Figure 3(a) shows o -polarized (blue) and
o~ -polarized (red) d(AR/Ry)/dE spectra in the energy
ranges of X, (left), QXs (middle), and IXg;, (right) for
applied magnetic fields B = 45 T. The application of a
vertical magnetic field B results in the Zeeman shift of the
optical transitions of each exciton state at £K. We focus
first on the already known X, and IX ;, states [19,29]. The
magnitude and sign of the Zeeman splitting can be esti-
mated experimentally as AE(B) = E° — E” . The red dots
in the top panels of Fig. 3(b) show the experimental AE(B)

for magnetic fields ranging from —5 to 5 T for X4 (left) and
IXs 1, (right). The red solid lines represent linear fits from
which we extract Landé ¢ factors of —5.64 +£0.03 and
10.1 £ 0.4 for X4 and IX |, respectively. These values are
in very good agreement with previously reported g factors
for both excitonic species [19,29]. It is worth noting that the
estimated g factor for IXg; agrees very well with the
experimental values (ranging between 8.6 and 9.7 [19,29])
as well as the theoretical values obtained by density
functional theory calculations (8.7 [29]) for the spin-singlet
(spin-conserving) interlayer exciton in bilayer 2H-MoSe,,
further corroborating our IXg |, assignment. More impor-
tantly, we note that the sign and magnitude of the exciton g
factor for both X, and IXg ;; can be effectively described
by a more simplistic “atomic picture,” in which the g factor
of the bands hosting the electron-hole pairs are assumed
to be equal to the sum of their spin, orbital, and valley
magnetic moment contributions [69]. Within this model,
we estimate a g factor of —13.7 for the bare (uncoupled)
IX; states (see Supplemental Material [30] for detailed
calculation). However, our phenomenological model pre-
dicts that at F, = 0 both QX g and QXy, originate from an
equal mixture of the four IX; states represented in Fig. 2(c),
which renders an effective Landé g factor g ~ 0 for the QX
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states (see Supplemental Material [30]). This prediction
agrees well with the small g factors obtained from the
experimental Zeeman shifts of the QX states [see bottom
panels of Fig. 3(b)], which are consistent across different
spatial positions in the sample (see Supplemental Material
[30] for magneto-optical results in additional sample
locations).

Although the intra- and intervalley coupling of IX; states
prevents experimental access to the g factor of the bare IX;
states, the degree of circular polarization (DOCP) of QX
and QXyg contains useful information about the QX states.
The application of a vertical electric field at a given applied
magnetic field leads to a progressive increase of the weight

of a different IX; state in the nature of QX g (IX;’b) and

QXue (IX%"’) (see Supplemental Material [30]). Based on
the selection rules expected for IX; in a bilayer TMD
system with 2H stacking, these optical transitions should

emit photons with ¢* (IX;‘b) and 6~ (IX#‘b) polarization
[66], which should result in a progressive increase and
decrease of the DOCP of QX and QXyg, respectively.
This prediction agrees well with our experimental results
in Fig. 3(c) in the F, range where the QXs do not
hybridize strongly with other excitonic transitions (i.e.,
0 < F, <£0.029 V/nm). We note that the qualitative behav-
ior of the DOCP is not a particular feature of the spin-triplet
configuration (see Supplemental Material [30]), but a
further corroboration that the QX states originate from
the intra- and intervalley hybridization of IXs in bilayer
MoSe, with atomic interlayer registry H?.

Finally, we employ the GW+ Bethe-Salpeter equation
(BSE) method to obtain an atomic-scale picture of the
possible two-particle electron-hole transitions in the energy
range between X, and IXg (see Supplemental Material for
computational details [30]). We analyze the calculated
spectra with respect to the applied electric field and find
that the only possible single excitations present, which
are direct in reciprocal space, correspond to spin-forbidden
X4 -type transitions (see Supplemental Material [30]). All
together, our GW + BSE results show that the properties of
the QX states cannot be described by a two-particle picture,
which further supports our many-body picture of hybrid-
ized IXy states as the origin of the QX transitions.
Unfortunately, our current BSE scheme implementation
does not allows us to account for transitions beyond the
two-particle picture.

In summary, we report the experimental observation of
quadrupolar and dipolar exciton states in the reflectance
contrast spectrum of 2H-stacked bilayer MoSe,. We find
that both the electric- and magnetic-field dependence of the
QX states can be attributed to the intra- and intervalley
hybridization of spin-triplet IXs mediated by interlayer hole
tunneling. Further, our magneto-optical measurements
discard the possibility of spin-singlet IXs as the origin
of the QX resonances in bilayer MoSe,. However, the reason

behind the stronger exciton-exciton coupling between spin-
triplet IXs compared to the spin-singlet IX species remains
an open question. We speculate that this difference might be
related to the electronic states involved in spin-singlet and
spin-triplet IXs, which makes spin-triplet IXs share both
electron and hole states with the intralayer A exciton in a
four-particle-QX picture (see Supplemental Material [30]).
Our results promote naturally stacked MoSe, bilayers as a
promising platform to investigate electrically controlled
many-body exciton interactions.

Note added—Recently, we became aware of a related
work on quadrupolar excitons in bilayer 2H-MoSe, [70].
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End Matter

Appendix A: Dual-gated bilayer 2H-MoSe, device—
The 2H-MoSe, flake is encapsulated by hexagonal
boron nitride (h-BN) layers of nearly identical thickness
(d~ 18 nm). Few-layer graphene flakes serve as
electrical contacts for the MoSe, crystal as well as for
the top and bottom gates (see Supplemental Material
[30] for more details on the device fabrication). In our
experiments, the MoSe, contact is grounded, while gate
voltages of magnitudes V; and Vy = —V; are applied
to the top and bottom gates, respectively. This
configuration allows us to apply an out-of-plane electric
field (F,) with a magnitude F,= (Vgzepn/dermp)
[where egn (eépmp) 1s the dielectric permittivity of h-BN
(TMD)], while maintaining the carrier concentration in
the MoSe, sample close to charge neutrality.

Appendix B: High-energy QX branch—It is worth
noting that the model also predicts the presence of two

additional quadrupolar excitonic transitions at higher
energies with a F-induced behavior symmetric to that
of QXyr and QX;g (see Supplemental Material [30]).
These higher-energy quadrupolar exciton transitions are
not observed in our experimental data. This can be
understood from the low oscillator strength expected for
their antibonding (antisymmetric) character as compared
to the bonding character of the QX states [20,22,24].

Appendix C: Experimental determination of the Landé
g factors—The application of a vertical magnetic field B
results in the Zeeman shift of the optical transitions of
each exciton state at =K, leading to energies
E° (B) :ESi +1/2guoB, where E° is the energy of
the o*-polarized transition, Egi represents the transition
energy at B =0, g is the exciton Landé g factor, and u
is the Bohr magneton.
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