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Quantized energy levels are one of the hallmarks of quantum mechanics at the atomic level. The
manifestation of quantization in macroscopic physical systems has showcased important quantum
phenomena, such as quantized conductance in (fractional) quantum Hall effects and quantized vortices
in superconductors. Here we report the first experimental observation of quantized exciton energies in a
macroscopic system with strong Coulomb interaction, monolayer WSe, crystal under a strong magnetic
field. Employing helicity-resolved magnetoreflectance spectroscopy, we observe a striking ladder of
plateaus as a function of the gate voltage for both exciton resonance in one valley and exciton-polariton
branch in the opposite valley, thanks to the inter-Landau levels transitions governed by unique valley-
selective selection rules. The observed quantized excitation energy level spacing sensitively depends on the
doping level, indicating strong many-body effects. Our work will inspire the study of intriguing quantum
phenomena originating from the interplay between Landau levels and many-body interactions in two-
dimension monolayer crystals.

DOI: 10.1103/PhysRevX.10.021024 Subject Areas: Condensed Matter Physics,
Nanophysics, Optics

I. INTRODUCTION quantities, usually originating from topology, defect, or
interaction, have also been observed, and well-known
examples include quantized vortices in superfluids and
superconductors [3—5], quantum Hall effects (QHESs) [6-9],
etc. Among them, quantized Hall conductance is one of the
most striking phenomena in condensed matter physics. In
two-dimension (2D) electron gases, the out-of-plane mag-
netic field forms quantized Landau levels (LLs) for carries
. [10,11]. With low magnetic fields, the LLs lead to quantum
Ch;lélnwel.Zhar}g@utdallas,edu oscillations such as t%le Shubnikov—de Haas (Sdlg) oscil-
orresponding author. ; . . ;
shis2@rpi.edu lations, while quantized Hall conductance emerges with a
“These authors contributed equally to this work. strong magnetic field due to the topological band of the
highly degenerate LLs [12—17]. Strong many-body inter-
Published by the American Physical Society under the terms of  action can lead to further fractionalization of quantized Hall
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Further distribution of this work must maintain attribution to e . .
the author(s) and the published article’s title, journal citation, Monolayer transition metal dichalcogenides (TMDCs)

and DOL. offer an intrinsic 2D semiconductor system for the study

Quantized energy is a fundamental property for physical
systems at the atomic scale, such as the spectra of hydrogen
atoms and single atom trapped in an optical tweezer [1,2].
In some macroscopic quantum systems, quantized physical
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of quantum physics with a magnetic field, where
optical signature plays a major role in exploring material
properties. In particular, the optically excited electron-hole
pair forms an exciton with a large exciton binding energy
of hundreds of meV [20-23] because of the enhanced
Coulomb interaction in 2D due to reduced screening. In
monolayer TMDCs, the nontrivial Berry phase [24-28] and
strong spin-orbital coupling [13] lead to a set of valley- and
spin-polarized LLs with unique transition rules [10,11].
The coexistence of such LLs and strongly bound exciton
[13—17] raises an intriguing question: Will the quantized
LLs work as a series of tunable band gaps and host excitons
with quantized energies? Although the valley- and spin-
polarized LLs have been demonstrated in the reflectance
spectra of highly n-doped WSe,, the much-reduced binding
energy of the exciton renders the inter-LL transition similar
to the band edge transition of conventional semiconductors
[29]. A recent work on MoSe, explores the LLs’ effects in
the low p-doping region, in which the exciton binding
energy is still significant. However, only Shubnikov—de
Haas-type of oscillation was observed in the optical
reflectance spectra [30].

In this work, we report the first experimental observation
of quantized exciton energies in a macroscopic system with
strong Coulomb interaction. We achieve this through the
helicity-resolved magnetoreflectance spectra of a high-
quality monolayer WSe, device under an out-of-plane
magnetic field up to 31 T, and the Landau quantization
of the exciton energy clearly occurs in the lightly p-doping
region. Here the optical signature of the inter-LL transition
is tuned by the gate voltage that controls the Fermi energy.
Because of the valley-Zeeman shift, at the finite shift of
Fermi energy, it could be realized that only one valley of
TMDC is doped while the opposite valley remains charge
neutral. As a result, the magnetoreflectance spectrum is
dominated by the exciton resonance in one valley and the
exciton-polaron resonance in the opposite valley. Here the
exciton-polaron branch arises when the Fermi energy is
non-negligible compared with the trion binding energy
(20-30 meV [31-35]). Therefore, instead of forming the
trion with a free carrier from the opposite valley, the exciton
interacts with the whole Fermi sea of the opposite valley
[30,36,37].

We also observed the signature of valley-polarized LLs
from the highly electron-doping regime [29], which shows
distinctively different behavior compared with the Landau
quantization of the exciton in the hole-doping regime. In
the slight hole-doping regime, the exciton resonance
energies start to exhibit quantized plateaus with abrupt
jumps when the Fermi energy crosses different LLs, which
is also significantly different from the SdH-like resonance
energy shift previously observed in MoSe, [30]. The
exciton-polaron branch exhibits a correlated intensity oscil-
lation, in agreement with theoretical prediction [36,37]. In
the heavily hole-doping regime, even the exciton-polaron

branch exhibits quantized resonance plateaus when the
Fermi energy is further tuned below both valence bands.
Further, the quantitative analysis reveals that the plateau
spacing for the neighboring inter-LL transition for hole-
doped WSe, is only about half of the value for electron-
doped WSe,, suggesting different excitonic physics that
leads to the Landau quantization of the exciton energy in
the p-doped regime compared with the LL signatures in the
highly n-doped regime. The extremely high-quality mono-
layer WSe, device in the presence of the strong magnetic
field thus provides an exciting platform for investigating
the interplay of LLs and many-body interactions in 2D
monolayer crystals with rich spin and valley physics.

II. OPTICAL REFLECTANCE SPECTRA

The BN encapsulated monolayer WSe, device is sche-
matically shown in Fig. 1(a), and the fabrication details can
be found in our previous work [38—40]. Since the reflec-
tance spectrum of the monolayer WSe, at the top-gate
voltage of —4 V is rather flat and has no resonance feature,
we use it as the reference and obtain the reflectance spectra
of monolayer WSe, by subtracting the reflectance spectra
at a given gate voltage from the reference, i.e., by
AR = R(V,) — R(—4 V). The optical reflectance spectra
at 4.2 K are plotted as a function of the top-gate voltage in
Fig. 1(c). The high quality of the reflectance spectra is
evidenced by the well-resolved resonance peaks of the
intervalley trion (X5 ) and intravalley trion (X|), as well as
the reflectance resonance corresponding to the 2s state of
the A exciton (X%S) [41-46]. The clear optical signature of
different excitonic resonances also divides Fig. 1(c) into
four different doping regimes: (I) charge-neutral region, in
which 1s (X)) and 2s (X %S) resonances of the A exciton are
most pronounced; (IT) hole-doped region, which is marked
by the onset of the positive trion (X*); (III) electron-doped
region, which is marked by the onset of the negative trions
resonance (X7, X5); (IV) heavily electron-doped region,
which is signaled by the onset of the exciton-plasma mode
(X) [471.

The strong spin-orbit coupling in TMDCs generates a
large splitting of the valence band (~300-500 meV) and a
sizable splitting of the conduction bands (~20-40 meV) at
the K and K’ valley [48,49], and the resulted band structure
for monolayer WSe, is schematically shown in Fig. 1(b).
The different spin configurations locked with K and K’
valleys result in the valley degree of freedom, and the
exciton can be selectively generated in either K or K’ valley
using left- or right-circularly polarized light. As the
reflectance spectra reflect the coherent absorption progress
for monolayer WSe, [50,51], the helicity-resolved reflec-
tance spectroscopy, which utilizes the light with certain
helicity as the excitation and detects the reflected light of
the same helicity, can directly probe the information of each
valley specifically. Meanwhile, the application of the out-
of-plane magnetic field has two major effects on the
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Optical reflectance spectra of the top-gated monolayer WSe, device. (a) Schematic of the BN (blue) encapsulated monolayer

WSe, device, contacted and top gated by few-layer graphene flakes (black). (b) Schematic of the band structure of monolayer WSe, at K
and K’ valleys, and the exciton can be selectively excited by the right-circularly polarized (67) or left-circularly polarized (¢7) light.
Note that the spin-orbit coupling induced band splittings in the conduction and valence bands are not drawn to their actual scale. (c) The
color plot of the optical reflectance spectra as a function of the top-gate voltage. The reflectance spectra were obtained by subtracting the
reference reflectance spectra at the gate voltage of —4 V as the background, and the color represents the reflectance intensity difference.
Xo, X (2)‘, X, X 7. X5, and X'~ correspond to the absorption resonance at the A exciton, 2s state of A exciton, the positive trion,
intervalley trion, intravalley trion, and the emerging plasmon polaron mode, respectively.

electronic structure. First, the opposite Zeeman splitting of
the K and K’ valleys lifts the energy degeneracy of the two
valleys. Second, spin- and valley-polarized LLs start to
develop in both valleys [Fig. 2(c)].

We measure the helicity-resolved reflectance spectra of
each valley in the presence of the out-of-plane magnetic
field, and the data for the magnetic field of 25 T are shown
in Fig. 2(a) (K valley, ot excitation, and ¢" detection) and
Fig. 2(b) (K’ valley, 6~ excitation, and ¢~ detection). The
reflectance spectra in Figs. 2(a) and 2(b) are distinctively
different, especially in the lightly hole-doping regime
(Fermi energy between p5 and uy in Fig. 2). At K valley,
the exciton resonance extends into the hole-doping region
(region II) and becomes quantized resonances with an
overall blueshift with increased doping. At K’ valley, in
contrast, the exciton resonance quickly disappears in the
hole-doping region, while the exciton-polaron resonance
undergoes a redshift, along with a periodic intensity
oscillation [cf. the enlarged plot in Fig. 3(d)]. The exci-
ton-polaron resonance becomes quantized resonance peaks
when WSe, is highly hole doped [top-gate voltage
< —2.10 V, corresponding to Fermi energy below pu, in
Fig. 2(b)]. We show in the later discussion that the
asymmetry between the K and K’ valley is due to the lift
of energy degeneracy of the two valleys by the magnetic
field, and the position of the Fermi energy sensitively
determines the nature of the exciton-electron interaction.

The differential reflectance spectra also exhibit a striking
difference in the n-doping and p-doping regime. In the
lightly n-doping region (gate voltage from 0.22 to 0.95 V,
region III), we still observe two negative trions, similar to
the scenario without the magnetic field. However, the PL
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FIG. 2. Helicity-resolved optical magnetoreflectance spectra.
(a),(b) Color plots of the helicity-resolved optical reflectance
spectra for K and K’ valleys, respectively, as a function of the top-
gate voltage with the application of the out-of-plane magnetic
field of 25 T. (c) The magnetic field lifts the degeneracy of the K
and K’ valley, and LLs form in the conduction and valence band.
The arrows indicate the allowed inter-LL transitions in the K and
K’ valley. Fermi energies of u;, ps, us, and u, correspond to
different doping levels controlled by the top-gate voltage.
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FIG. 3. Magnetoreflectance spectra modified by inter-LL
transitions. (a),(b) Enlarged color plots of the helicity-
resolved optical reflectance spectra for K (a) and K’ (b) valleys in
Figs. 2(a) and 2(b), in the highly n-doped region. (c),(d) Enlarged
color plots of Figs. 2(a) and 2(b) in the p-doped region.

from the two negative trions are not equal in intensity at
the presence of the out-of-plane magnetic field, with that of
X[ (intervalley exciton) stronger in the K valley and X5
(intravalley exciton) stronger in the K’ valley. This is due to
the degeneracy lifted by the out-of-plane magnetic field,
under which the lower conduction band (C2) in the K’
valley is slightly below the C2 in the K valley [Fig. 2(c)].
As a result, the negative trion absorption from the K valley
(with the electron and hole pair residing in the K valley) is
mostly from the intervalley exciton X7, while that from the
K' valley is mostly from the intravalley exciton X5 (also see
Supplemental Material, Sec. XII [52]).

As the gate voltage is increased to >0.95 V (region IV)
in which X'~ emerges, we observe a set of Landau-fan-like
patterns that are consistent with the previous report and
were previously attributed to the inter-LL transition
[15,17,29]. The correlation of the optical signature of
LLs in the n-doping side with the onset of the exciton-
plasma mode indicates the importance of many-body
interaction to observe the LLs’ effect in the reflectance
spectra. In this work, we focus on the hole-doping regime
(region II), where we observe either a set of discrete exciton
resonances (K valley) or intensity oscillation of the exciton-
polaron resonance (K’ valley). Both will be shown later to
be attributed to the LLs’ formation. This apparent asym-
metry between the n-doping and p-doping regions might
arise from the unique band structure of monolayer WSe,, in
which the spin-orbit coupling induced splitting of the
conduction bands dictates that the lower energy conduction
band [C1 in Fig. 2(c)] has opposite spin compared to that of

the valence band maximum (VBM). The bright exciton,
therefore, has to be formed with the electron in the C2 band
and hole in the V1 band [Fig. 2(c)]. While the p-doping
immediately fills the VBM and directly affects the bright
exciton formation through the phase filling effect, the initial
n doping only fills the C1 band and does not affect the
bright exciton formation, which involves C2 band. As a
result, the LL effects in the n-doping region occur at high-
doping density, which greatly reduces the Coulomb inter-
action and significantly modifies the excitonic physics. The
coincidence of the onset of the Landau-fan feature in the
n-doping region with the plasmon mode also suggests
different excitonic physics, compared with the strongly
bound exciton in the lightly p-doped regime. However, the
exact microscopic mechanism needs to be investigated
later, which is beyond the scope of this work.

In the n-doping region, the reflectance spectra modi-
fied by the inter-LL transition can be seen more clearly
in Figs. 3(a) and 3(b), which are enlarged images from
Figs. 2(a) and 2(b). These observations are similar to the
previous report by Wang et al. [29] and can be quantita-
tively understood with the inter-LL transition, considering
the set of LLs developed in the valence band and con-
duction band independently. It is worth noting that, similar
to graphene, the nontrivial Berry phase in TMDCs dictates
the existence of LL with index n = 0 [Fig. 2(c)]. Previous
theory study [11] has shown that, in contrast to the selection
rules of two-dimensional electron gas (2DEG) and gra-
phene that requires |n| = |n’| & 1, where n and n’ are the
LL index, the inter-LL transition in TMDCs is governed by
valley-selective selection rules [11,25,29]. Namely, the
only allowed transitions are —n <> n + 1 transition in K
valley and —(n+ 1) <> n in K’ valley. These allowed
transitions can be tuned by controlling the Fermi energy
through doping. For example, as shown in Fig. 2(c), the
—1 < 0 transition in the K’ valley will be blocked if the
Fermi energy is increased to the C2 band, which corre-
sponds to the termination of one of the Landau-fan-like
resonances shown in the reflectance spectra, indicated by
the dashed line in Fig. 3(b). Based on the previous report of
the conduction band splitting of 40 meV [29], the corre-
lation of the gate voltage to the Fermi energy shift in our
device can be established.

In this work, we focus on the hole-doping region, in
which the effect of LLs can be observed only in high-
quality samples. We show in Figs. 3(c) and 3(d) the
enhanced enlarged color plot of the hole-doped region in
Figs. 2(a) and 2(b). The reflectance spectra could be
understood with the consideration of both the Zeeman
splitting effect and the LLs’ formation for K and K’ valleys
(B > 0 here), shown schematically in Fig. 2(c). The
intensity oscillation in the hole-doping side from the K’
valley has been theoretically [36,37] investigated and
attributed to the magnetic field dependence of the repulsive
exciton-polaron, which is a quasiparticle of the exciton
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interacting with the entire Fermi sea in the opposite valley.
The simple picture of a trion, which consists of one exciton
with one free electron or hole in the opposite valley, is only
valid for small doping, or Er < E, in which Ef is the
Fermi energy associated with the doping and E7 is the
binding energy of the trion. For the gate voltage of —0.19 to
—2.10 V, corresponding to the Fermi energy between p;
and g, the exciton in the K’ valley interacts with the entire
Fermi sea of the holes in the K valley, and the exciton-
polaron undergoes a redshift along with intensity oscil-
lation, as shown in Fig. 3(d). Recently, a helicity-resolved
reflectance spectroscopy study of monolayer MoSe, has
shown exciton-polaron intensity oscillation in the hole-
doped high-quality monolayer MoSe, device [30]. We
note that the exciton-polaron intensity oscillation in our
monolayer WSe, device is much more pronounced, likely
due to improved sample quality and stronger magnetic field
applied.

When the Fermi energy is between us and py, as free
holes only exist in the K valley but not in the K’ valley, no
free holes are available in the K’ valley to form the exciton-
polaron with the excited exciton in the K valley. As a result,
the optical reflectance spectra from the K valley [Fig. 3(c)]
are dominated by the exciton resonances from the inter-LL
transitions. We observed that the exciton resonance energy
at zero doping is not a sensitive function of the magnetic
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field, only modified slightly by the valley-Zeeman shift,
which is consistent with our numerical calculations that
show the exciton binding energy not significantly affected
by the magnetic field (see Figs. S4 and S8 in Supplemental
Material [52]). Because the exciton binding energy is much
larger than that of the LL spacing, a large number of LLs
from the conduction and valence bands need to be taken
into consideration to construct the exciton wave function in
the numerical calculations. Quantized exciton resonances
occur when the Fermi energy crosses each LL individually
as the doping is increased, corresponding to the sequential
filling of LL which is then not involved in the exciton wave
function. Because of the large exciton binding energy and
the number of LLs involved, the quantized exciton energy
in this low-doping regime is not determined simply by the
inter-LL transition spacings from the single-particle spec-
trum [15]. It is also interesting to note that, in the p-doped
region, only one exciton resonance is visible at a fixed
gate voltage in the reflectance spectra. In contrast, in the
n-doped region, multiple excitonic resonances coexist in
the reflectance spectra.

II1. DISCUSSION

The quantized exciton energy at K valley [Fig. 3(c)] can
be better visualized in Fig. 4(a), in which the exciton
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FIG.4. Quantized exciton energy and spin- and valley-polarized LLs. (a) Under the out-of-plane magnetic field of 25 T, the reflectance
spectra local maximum position was tracked as a function of the gate voltage. The exciton resonance energy as a function of the gate
voltage for different LL filling factors exhibits a ladder of plateaus. (b) Integrated exciton differential reflectance intensity as a function
of the gate voltage for different filling factors. (c) Integrated reflectance intensity for the exciton-polaron as a function of the gate voltage
for different filling factors. (d) Exciton resonance energy as a function of the gate voltage for different magnetic field applied. The
plateau feature starts to develop when the magnetic field exceeds 15 T. For each curve in different magnetic fields, we shift the energy of
each curve by 4 meV for clarity. (e) The required hole density to completely fill the LL with the filling factor from 1 to 6.
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resonance energy is plotted as a function of the gate
voltage. It is evident that, with the sequential filling of
the LLs in the valence band (filling factor v noted) for
increased p doping, the resonance energy exhibits a series
of plateaus, each corresponding to the blocking of a low-
energy LL in the formation of an exciton such that its
energy increases by the LL spacing. This is in stark contrast
to the previous report in monolayer MoSe,, in which only a
SdH-like oscillation of the resonance energy on top of a
smooth blueshift background was observed. We attribute
the plateaulike resonance energy shift to the improved
sample quality that reduces the scattering and the larger
magnetic field that increases the LL spacing. The combi-
nation of these two effects ensures that the LL is well
resolved, similar to what is required to observe QHE
instead of SdH oscillations in low-temperature transport
measurements [14,15,53-55]. In fact, optical spectroscopy
techniques have been employed to investigate the QHE of
2DEG. It was found that when the LL is completely filled,
which corresponds to the onset of the new plateau of the
quantum Hall conductance, the optical absorption is at its a
minimum [55-57]. Interestingly, we find the integrated
reflectance intensity also shows a sudden change at the gate
voltage corresponding to the quantum jump of exciton
resonance.

At the K’ valley, for the gate voltage between —0.19 and
—2.10 V at the magnetic field of 25 T, the integrated
reflectance spectra intensity of the exciton-polaron reso-
nance shows oscillation [Fig. 4(c)] concurrent with the
discrete exciton resonance shift observed in the K valley
[Fig. 4(a)]. In the highly p-doped region when the Fermi
energy is tuned to below y, (gate voltage < —2.10 V), the
exciton-polaron branch turns into a set of quantized
resonances as well. This is because the corresponding
Fermi energy is below u, [Fig. 2(c)] and starts to fill LL
sequentially in the K’ valley, similar to what occurs in the
exciton branch (K valley) between the gate voltage —0.19
to —2.10 V. Therefore, the reflectance spectra in the K’
valley is dominated by quantized exciton-polaron reso-
nance, dressed by the whole Fermi sea from the K valley.

Both quantized resonances from the exciton (K valley)
and exciton-polaron branch (K’ valley) can be utilized to
construct the corresponding Landau fans [Fig. 4(e) and
Fig. S3 in Supplemental Material [52]]. The quantized
resonance energy (K valley) as a function of the top-gate
voltage for different magnetic field is plotted in Fig. 4(d),
which shows that the series of plateaus of exciton reso-
nances occur for magnetic field >15 T, and the onset
gate voltage for each plateau clearly shifts [dashed line in
Fig. 4(d)] as the magnetic field strength increases. Based on
a simple capacitance model, the density of the carrier will
increase as a function of the gate voltage as 2.15 x
10" cm™2 V~! (see capacitance model in Supplemental
Material [52]). Therefore, the hole density for the onset of
each resonance plateau as a function of the B field can

be plotted as the Landau fan shown in Fig. 4(e). The
degeneracy of each LL can be calculated as N, — N,_; =
feB/h, in which N, is the density of holes needed to
completely fill the LL level in the valence associated with
inter-LL transition index v, and f is degeneracy. We found
that f is about 1 (1.26, 1.06, 1.01, 1.05, and 1.39 for inter-
LL transition index v =1, 2, 3, 4, 5, respectively; see
Fig. S2 in Supplemental Material [52]), confirming that
all the LLs from the K valley are spin and valley polarized.
In the highly p-doped regime, we observe the second set
of quantized excitonic resonance [Fig. 3(d), below 4],
which we attribute to the inter-LL transition in the K’
valley as the Fermi energy is tuned to be below 4. In this
regime, as the Fermi energy crosses both K and K’
valleys, the observation of the sequential inter-LL tran-
sition associated excitonic resonance involving filling the
LL in the K valley as well, and we expect a degeneracy
f =2. However, the required density of holes as a
function of the B field significantly deviates from a
linear fit and calls for future investigation (see Fig. S2
in Supplemental Material [52]).

Strikingly, the energy spacing between neighboring
Landau quantized excitonic resonances (A ) in the lightly
p-doping region is significantly different from what can
be extracted from the reflectance spectra in the highly
n-doping region. In the highly n-doping regime, at the gate
voltage of 3 Vand B field of 25 T, Ay is about 12 meV. In
contrast, in the slight p-doping region, Aj; is approxi-
mately 5.5 meV at LL with the filling factor v = 1, only half
the value of that in the n-doping regime. The striking
difference of the LL effects between the n-doping region
and the p-doping region might arise from the unique band
structure of WSe,, in which the lower conduction band
hosts the dark exciton and the Fermi energy has to be tuned
to the second conduction band to modulate the inter-LL
transition, as we discussed previously. This is consistent
with our observation of the LL effects on the reflectance
spectra in the highly n-doped region. We also notice that
the Landau-fan pattern in the n-doping region is associated
with the onset of the plasmon mode, suggesting that
LL effects are different from what is observed in the lightly
p-doped region, which is due to Landau quantization of
strongly bound excitons.

The difference of the LL spacing extracted from the
n- and p-doping regions can be phenomenologically
explained with the effective mass renormalization with
finite doping [58,59], which in the lightly p-doped
region (Fermi energy below u; in Fig. 2) expresses the
reduced mass of exciton as m, = m,q(1 + 0.043r;) with
ry = (1/\/moay), where m,y = 0.2m, is the theoretical
exciton reduced mass with no interaction, and m; is the
free-electron mass. ¢ is the carrier density. The effective
Bohr radius is defined as aj; = {(age)/[mp.)/mo]},where
ap is the Bohr radius, my,,) is the carrier mass without mass
renormalization, and ¢ is the dielectric constant of 4-BN.
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Ay of 12 meV in the highly n-doped region (Fermi energy
above y; in Fig. 2) corresponds to the electron doping
density of ¢ =7.0x 102 cm™2, and this high-doping
density leads to an effective reduced mass of
m, = 0.24m,, which is close to the expected value with
no interaction (0.2my). In the lightly hole-doping region,
the A;; of 5.5 meV corresponds to the hole density of
6= 0.6 x 10'2 cm~2, which is more than one order of
magnitude smaller than the n doping of 7.0 x 10'? cm™2.
This much smaller density of carriers results in a much
enhanced Wigner-Seitz radius r; and thus a much larger
effective reduced mass of m, = 0.34m,. The increased
effective reduced mass for exciton stems from the low-
doping density at which the Landau quantization of exciton
occurs in the p-doped monolayer WSe,, suggesting dif-
ferent physics from the LL effects observed in the highly
n-doped region, in which the Coulomb interaction is much
reduced and excitons can be approximated as electron-hole
pairs with negligible binding energy [31]. The strong
Coulomb interaction of the tightly bound exciton might
explain the unequal exciton energy between the neighbor-
ing filling factor of LLs, evidence of significant interaction
due to many-body effects (see Fig. S7 in Supplemental
Material [52]).

IV. SUMMARY

By pushing the limit of the sample quality and applying a
strong magnetic field, we have observed quantized exci-
tonic resonance from both the exciton and exciton-polaron
branches from the magnetoreflectance spectra of a mono-
layer WSe, device. The nonequal spacing of the excitonic
resonance in the presence of the valley- and spin-polarized
LLs is a manifestation of strong many-body interactions in
2D, which will inspire the future development of a micro-
scopic many-body interacting model for detailed and
quantitative understanding.
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