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Van der Waals heterostructures composed of transition metal dichalcogenide monolayers (TMDCs)
are characterized by their truly rich excitonic properties which are determined by their structural,
geometric and electronic properties: In contrast to pure monolayers, electrons and holes can be
hosted in different materials, resulting in highly tunable dipolar manyparticle complexes. How-
ever, for genuine spatially indirect excitons, the dipolar nature is usually accompanied by a notable
quenching of the exciton oscillator strength. Via electric and magnetic field dependent measure-
ments, we demonstrate, that a slightly biased pristine bilayer MoS2 hosts strongly dipolar excitons,
which preserve a strong oscillator strength. We scrutinize their giant dipole moment, and shed
further light on their orbital- and valley physics via bias-dependent magnetic field measurements.

Introduction The interest in excitons hosted in atom-
ically thin materials was initially sparked by their giant
oscillator strength and large binding energies, resulting
from the canonical interplay of reduced dielectric screen-
ing and confinement of charge carriers in an atomically
thin sheet [I]. The spectacular finding of extreme optical
activity triggered a plethora of experiments, analyzing
their chirality [2], their magnetic behavior [BH7], interac-
tions yielding higher order multi-particle complexes [8] [9]
and finally driving the field of opto-electronic applica-
tions [I0]. In the latter, in particular the coupling to
confined microcavity modes became a field of particular
interest, giving rise to pronounced polaritonic phenom-
ena up to ambient conditions [IIHI3]. More recently,
the sheet nature of TMDCs, which allows for almost ar-
bitrary stacking and alignment of multiple monolayers
was harnessed to compose more complex electronic struc-
tures. One recurrent scheme in devices based on such van
der Waals heterostructures are charge transfer phenom-
ena, which yield the formation of dipolar excitons with
electrons and holes confined in different layers. Such in-
terlayer excitons have been studied in van der Waals het-
erostructures [14], as well as homobilayers MoSey [39],
MoS, [40], and MoTey [41] . While such excitons do
have appealing properties, including enhanced nonlinear-
ities borrowed from their dipolar character, the giant os-
cillator strength, which initially sparked the success of
TMDC excitons is strongly compromised by the reduced
spatial overlap of electron and holes in separate layers.
However, recently it was suggested that the hybridiza-
tion of hole states in a pristine bilayer of MoSs enables
the formation of dipolar excitons, which combine a per-
manent dipole moment with a giant oscillator strength

[18] and aspects have been observed experimentally [16].
Here, we give evidence for this new species of TMDC ex-
citon: The dipolar character is clearly evidenced in field-
dependent absorption measurements, while maintaining
a substantial optical absorption. We further scrutinize
the orbital- and valley composition by assessing the ex-
citonic g-factor in the presence of a static electric field,
and develop a consistent microscopic theory describing
our main findings.
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FIG. 1. a) Sketch of the device, composed of a few layer
graphene, boron nitrite, bilayer MoS2,boron nitrite, few layer
graphene sandwhich. b) Optical micrograph of the sample. c)
Sketch of the exciton states relevant for the optical response
in bilayer MoSs at the K point. At the K’ point (not shown),
the spin bands are reversed.

Ezxperimental results In order to characterize inter-
layer excitons with strong dipole moment in pristine
MoSs TMDC bilayers, we fabricate a van der Waals het-
erostructure composed of few layer graphene (FLG), an
approx. 13 nm thick layer of hexagonal boron nitride
(BN), a pristine bilayer MoSg, another 13 nm thick BN
and FLG (Fig. [1|a). Both FLG are electrically contacted
to achieve a top and backgate which allows us to apply
an out of plane electric field (see method section of the



manuscript). A microscope image of the fully assembled
device is shown in Fig. [I| b).

The excitonic optical response of bilayer MoS, is com-
posed by the so-called A- and B- exciton transitions
at the K and K’ point, respectively. As opposed to a
monolayer, charge transfer processes further allow for the
emergence of spatially indirect excitonic complexes in bi-
layers, which enriches the optical response. As schemat-
ically captured in Fig. [I| ¢) and anticipated in [I8][16],
a hybrid resonance evolves by hybridizing an A-type in-
terlayer transition with a B-type intralayer resonance.
Such a hybrid transition consequently admixes the dipo-
lar properties of interlayer excitons with the strong oscil-
lator strength of TMDC intralayer resonances.
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FIG. 2. a) Cascade plot of the sample differential reflectivity
at various gate voltage. b) X" energy with respect to the gate
voltage for both dipole (black squares and red dot). The red
and black lines are linear fits to the data to extract the dipole
size.

We first probe the optical response of our device via
white light reflection spectroscopy at cryogenic tempera-
tures (4 K), and plot the differential reflectivity A—RR nor-
malized with respect to a reference spectrum recorded
next to the structure. At zero gate voltage, we retrieve
the characteristic absorption spectrum of bilayer MoSs,
which is composed of two significant optical resonances
in the energy range between 1.8 and 2.1 eV. These two
absorption peaks have been assigned to the neutral A
exciton transition at 1.95 eV, as well as the hybrid exci-
tonic state which mixes A-inter- and B-intralayer states
(see (Fig. c) (denoted as X! in the following). We point
out, that this hybrid mode displays a significant reflec-

tion signal, caused by a strong oscillator strength which
is only smaller by approx. a factor of 4 as compared to
the intralayer A-exciton.

Evident from the bias dependent reflectivity measure-
ments in Fig. [2|a), the applied static electric field couples
to out of plane dipoles via the Stark effect, modifying the
exciton energy as AEx = d - E with d the out of plane
electric dipole and E the electric field. Since the X
dipole is not polarized in our white light reflection ex-
periment, both dipole (pointing from layer 1 to layer 2
and vice versa) coexist at the same energy at zero electric
field. The out of plane electrical field lifts this degener-
acy ending up with two different absorption lines in the
spectrum (Fig. [2| a). We note, that the application of
only 5 V to our device yields a giant dipolar splitting of
100 meV of the two modes, which is only accompanied
by a modest quenching of the oscillator strength.

Importantly, as we increase our gate voltage, we do not
observe any signatures of the emergence of an attractive
polaron in the reflectivity response of our device [37],
which signifies that we remain in a low doping regime
throughout our experiment, and the accumulation of sup-
plementary charges via the gating process only will have
a marginal impact of the observed physics.

For a quantitative analysis, we estimate the electric
field from the gate voltage and the device geometry via a
plate capacitor model (egn = 3.76, enos2 = 6.8 [32], fol-
lowing the approach discussed in [33] (see supplementary
notes). We extracted the emission energy of both X! up-
per and lower branch which scales linearly with the gate
voltage. By fitting our data, we directly yield a giant
dipole moment of 0.48 +0.1 nm (uncertainties are based
on s.d. values based on a least square fit to the data)
for X", which is approx. a factor of 2 smaller than the
interlayer distance of 1 nm (Fig. [2| b), and matches the
phenomenological expectation of a layer-localized elec-
tron coupling to a hole which is delocalized over both
layers.

To further analyze the character of the hybrid exci-
tonic mode, we study its behavior in an externally applied
magnetic field. Therefore, we excited our bilayer non-
resonantly with a linearly polarized 532 nm cw laser with
a power of 2.5 mW at the entrance window of our cryo-
stat focused onto a 3 um diameter spot. We recorded the
emitted photoluminescence (PL) for varying gate voltage
and applied magnetic fields. We furthermore applied po-
larization resolved spectroscopy to extract the character-
istic Zeeman-splitting which is reflected by the energetic
difference of the circular left and right polarized emission.

Fig. 13| a) depicts the evolution of the photolumines-
cence as a function of the applied gate voltage at 0T.
Due to the lower energy of the X transition, most of
the luminescence stems from this mode. The PL from
XH is quenched by approximately a factor of 10, but re-
mains visible in the spectra (see right, zoomed panel).
Evidently, when the bias voltage is raised up to 2.5 V, a
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FIG. 3. a) Left panel, PL spectra at different gate voltage at
0 magnetic field the lowest lying emission line correspond to
the trion emission and is denoted X*, the neutral intralayer
exciton is denoted X* and the hybrid exciton is denoted X*.
Right panel, close up around X% b) PL spectra at 0 gate
voltage at different magnetic field. right panel is a close up
around X" ¢) Simulated polarization resolved dielectric sus-
ceptibility at a magnetic field of B, = 8T

third, red-shifted peak appears and eventually dominates
the luminescence response the spectrum, which we assign
to the charged intralayer excitonic state of the bilayer.
Importantly, as depicted in Fig. [3| b), a notable po-
larization splitting in both, the X transition as well as
the X" transition occurs in the presence of an applied
magnetic field. A closer inspection indeed reveals, that
this magnetic field splitting of the two modes displays
an opposite sign, and a substantially modified magni-
tude: at -9T, the X* mode experiences a splitting of 0.8
meV, whereas the X" mode splitting exceeds -2 meV.
To further quantify this behavior, we analyzed the ex-
tracted peak positions as a function of the applied mag-
netic field, yielding the g-factor of the X* exciton as -2.
This, indeed, contrasts the commonly observed g-factors
fluctuating around -4 for A-excitons in TMDC monolay-
ers, but we note that in particular in MoS; monolayers,
g-factors of -2 have been reported [35], [36]. In our experi-
ment, the g-factor of the hybrid XY | however, acquires a
value of approx. 4.2. This already suggests that X* and
X" are of fundamentally different character, and admix

different valley contributions. To investigate the Zeeman
and Stark shifts of intra- and interlayer states, we carry
out a microscopic analysis in the Heisenberg equation
of motion framework with a Hamiltonian parametrized
from DFT calculations[I7, [I8]. The Coulomb poten-
tial, relevant for the binding of intra- and interlayer ex-
citons, is obtain from a static solution of the Poisson
equation[I9] B]]. The radiative coupling of intralayer ex-
citons is taken into account via solving Maxwell equa-
tions in a planar geometry[I5]. The Stark shifts of the
electronic bands in both monolayers are obtained from
DFT calculation[I§]. Last we take account to the Zeeman
shifts of the bands[20], which include the effect of spin
magnetic moment[3] 21], orbital magnetic moment [l [6]
and valley magnetic moment[30, BI]. A detailed descrip-
tion of the theoretical approach can be found in supple-
mentary section II.

To understand the different g factors of intra- and in-
terlayer exciton, we perform the following analysis: the
g-factor of an excitonic transition is given as the dif-
ference of conduction and valence band contributions
g = g¢ — g". For the intralayer exciton, we have g;nirq =
Ioatiey — Gorvitar T oaiey)- The valley contributions of
conduction and valence band compensate each other and
the total g factor gin¢rq is dominated by the orbital con-
tribution of the valence band. In contrast, for the inter-
layer transition, the hole is located in the other layer and
has therefore opposite Zeeman shifts. For the resulting
g factor Ginter = gialley - (_ggalley - ggrbital) we find
an addition of the valley contributions and the orbital
contribution of the valence band in the other layer.

Next, we calculate the excitonic binding energies and
wavefunctions for intra- and interlayer excitons by ex-
ploiting the Wannier equation and access the linear op-
tical response via calculating the equation of motion for
the exciton, as detailed in the supplementary material.
Our calculations yield binding energies of 163 meV for
intralayer and an encouragingly large binding energy of
112meV for the interlayer A excitons. This large exci-
tonic binding energy is consistent with the recent obser-
vation of room-temperature absorption from the inter-
layer A exciton by Gerber et al. [L6].

Figure|3|c) illustrates the imaginary part of the dielec-
tric susceptibility of the bilayer. Without the inclusion of
the tunneling in the equation of motion (supplementary
informations, equation 8) only the A transition at 0eV
and B transitions occur in the spectrum (see supplemen-
tary materials). Inclusion of the tunneling yields a weak
resonance above the A exciton, being associated with the
interlayer A exciton, forming an optically allowed transi-
tion through hybridization of intralayer B and interlayer
A excitons.

Applying a magnetic field to our model in Figure [3]
¢) illustrates the polarization resolved dielectric suscep-
tibility. Here, we consider a magnetic field of 8 T. We
observe a splitting of all resonances, in particular the in-



tralayer transitons exhibit a negative g factor whereas
the interlayer transition exhibits a positive one of much
larger magnitude and opposite sign, clearly reproducing
the phenomenological behavior captured in our experi-
ment. A detailed analysis shows, that for the intralayer
exciton, the valley contributions to the Zeeman shift for
electron and hole almost cancel, and the total Zeeman
shift is dictated by the orbital contribution. In contrast,
for the interlayer transition, while electron and hole stem
from different layers, the valley contribution is adding up.
Additionally, while the hole is located in the other layer
compared to the intralayer A transition, the orbital con-
tribution has opposite sign, which adds up with the valley
contribution.

The hybridization of energy bands, giving rise to the
XH exciton resonance can be expected to sensible react
on the precise mode energy (the detuning between the
indicated transitions sketched in Fig. |1 ¢), and thus can
be manipulated by the externally applied electric field.
We check this hypothesis by repeating to determine the
Zeeman-splittings for the captured manyparticle com-
plexes for a variety of applied gate voltages Fig. |4 a)-d)
and plot the extracted Zeeman-splittings as a function of
the gate voltage: The trion emission indeed only displays
a modest modification of the extracted g-factor, and the
g-factor of the exciton X# fluctuates around a value of 2.
More importantly, the hybrid exciton X", which stands
in the focus of this study, displays a progressive increase
of the g-factor from 4.2 at 0 V up to 7 at 2.5 V (Fig. [dp).

The reason for this behavior is the combined action of
tunnel coupling of the interlayer excitons to the B exciton
(which leads to a mixing of the g-factors) and the tuning
of the energetic position of the interlayer exciton. With-
out coupling, let us assume first, that a pure interlayer
exciton would have a g-factor of about 12 and the B exci-
ton of about -3. We note, however, that in particular in
the MoS, system, strongly fluctuating g-factors are ob-
served throughout the literature (those typically scatter
between -2 and -4.5 for the A-exciton) [35, B6], hinting at
an utmost sensible dependence on the precise bandstruc-
ture which is sensibly reacting on the surrounding. Now,
coupling between the B-exciton and the interlayer exci-
ton leads to redistribution of the g factors among them,
which becomes efficient if the interlayer exciton and the
B exciton are weakly detuned. The applied electric field
increases the detuning for the studied lower interlayer
exciton from the B exciton resulting in an increasing g
factor.

This can be phenomenologically captured in a simpli-
fied model including only the B exciton P? and one inter-
layer exciton P!. The simplified Bloch equations read[23]

(hw — EBYPE =+ TP! (1)
(hw — ETYPT =TP?, (2)

with the energies EB = EB +gBB, and E' = E! +91B.
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FIG. 4. a-d) Zeeman-splittings extracted at various bias con-
ditions (1-2 V) for X* (red square) X* (blue dot) and X
green diamond. e) g-factor for X" with respect to the gate
voltage. f) Model curve for the g-factor for X™ with respect
to the gate voltage, based on the phenomenological approach
introduced in eqn. 9. The two different curves utilize differ-
ent g-factors for the MoSs B-exciton as well as the interlayer
exciton.

and BT = EB + A, A < 0. The new energies of these
coupled oscillator equations are given as

EB L BI EB — EI)2
_ ; j:\/( . F (3)
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:%++%+m&i¢w391z P
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2 2
where the + solution refers to the B transition and the
lower solution refers to the interlayer transition. The
effective g®f7 factor is given as

(hw) +

_gs+gr _ (98 —g1)A
2 40/T2 + &2

We can now plot the effective g factor as a function
of the detuning A in figure [4] f). We notice, despite
a slight offset, the model captures the observed phe-
nomenological behavior of the bias-tuneable g factor
of X®. Indeed, the quantitative deviation most likely
arises from uncertainties associated with the g-factor of
the (uncoupled) interlayer transition and the B-exciton,

which are not experimentally accessible in our study.
However, we notice that our A-interlayer exciton indeed

92! = (0B, (hw)+

()

B,=0



displays ¢ factor of =~ -2, rather than the canonical
value of -4 captured for most other TMDC A-exciton
complexes. Let us thus consider reduced g factors of the
B-exciton as well as the interlayer exciton, rescaled by a
factor of 1.5. Note, that the monotonous behavior of eq.
9 does not depend on the precise choice of the interlayer
excitons g factor, as long as it is larger than -2. We
note, that the dashed line depicted figure 4 f) manages
to quantitatively capture the experimentally observed
tuning range of the interlayer exciton can now qua and
the interlayer exciton g factor.

In conclusion, we have demonstrated the existence of
an interlayer exciton in pristine bilayer MoSs, which is
characterized by a giant dipole moment in conjunction
with a persistent oscillator strength. We have analyzed
the behavior of this new excitonic species in an applied
external electric and magnetic field, and found evidence
for the mixing of K and K° valley states, contributing
to the exciton. The valley character is tunable in
an externally applied electric field, by modifying the
effective interlayer- vs. intralayer character. Dipolar
excitons with strong oscillator strength are of paramount
importance for microcavity experiments in the regime
of strong light-matter coupling. We anticipate, that
the interlayer exciton in pristine bilayer MoSs can be
utilized to generate strongly interacting, dipolar exciton
polaritons based on atomically thin materials.

During the preparation of the manuscript, we became
aware of a an independent, similar work by Leisgang et
al. arXiv:2002.02507 (2020).
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Methods — Sample fabrication: MoS, sheets were
isolated from home-made flux zone grown MoSsy crys-
tals. The process started with 6N purity metal powder
(Mo) and sulfur ingot pieces. Additional care was given
to performing in house purification to eliminate all the
other contamination (typically heavy metals and mag-

netic metals) to reach true 6N purity. Crystal growth
was performed using flux zone growth technique with-
out any transporting agents to capture high quality crys-
tals. The bilayers were then isolated using the dry trans-
fer technique introduce in by Castellanos-Gomez et al.
[34]. we exfoliate our 2D materials on a transparent
PolyDimethylSiloxane (PDMS) film. From this film, we
transfer the 2D layers on a Si/SiO2 substrate (with 100
nm SiOy) with pre-patterned gold contact, that were
initially deposited on the substrate via e-beam assisted
evaporation.

The electrode are composed of a 3nm thick Cr layer
covered by 50nm thick gold layer. The contact are pre-
patterned on the Si/SiO2 substrate and the heterostruc-
ture is stacked on top of them directly.
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