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We investigate Landau-quantized excitonic absorption and luminescence of monolayer WSe, under
magnetic field. We observe gate-dependent quantum oscillations in the bright exciton and trions (or exciton
polarons) as well as the dark trions and their phonon replicas. Our results reveal spin- and valley-polarized
Landau levels (LLs) with filling factors n = 40, +1 in the bottom conduction band and n = —0 to —6 in
the top valence band, including the Berry-curvature-induced n = 0 LLs of massive Dirac fermions. The
LL filling produces periodic plateaus in the exciton energy shift accompanied by sharp oscillations in the
exciton absorption width and magnitude. This peculiar exciton behavior can be simulated by semiempirical
calculations. The experimentally deduced g factors of the conduction band (g ~ 2.5) and valence band
(g ~ 15) exceed those predicted in a single-particle model (g = 1.5, 5.5, respectively). Such g-factor
enhancement implies strong many-body interactions in gated monolayer WSe,. The complex interplay
between Landau quantization, excitonic effects, and many-body interactions makes monolayer WSe, a
promising platform to explore novel correlated quantum phenomena.
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Monolayer transition metal dichalcogenides (TMDs,
e.g., MoS, and WSe,) host tightly bound excitons in
two time-reversal valleys (K, K’) with opposite spins,
magnetic moment, Berry curvature, and circular dichroism
[1-14]. With the application of magnetic field, the two
valleys exhibit opposite Zeeman shift [15-19] and con-
trasting Landau levels (LLs) [20-22], including two LLs
with filling factor n = 0 due to the Berry curvature of
massive Dirac fermions [22-24] [Fig. 1(a)]. These two LLs
are most relevant to the fractional quantum Hall effect
and Wigner crystallization, which should first occur near
the lowest LLs [25-28]. Besides, low-lying LLs contribute
to the exciton formation. Given the small LL spacing
(~10 meV) in TMDs due to the large carrier mass, an
exciton with binding energy >150 meV is the superposition
of many LLs. These distinctive features make monolayer
TMDs an excellent system to explore novel exciton-LL
coupling and many-body interactions in two dimensions.

Much interesting LL physics in TMDs has been revealed
by transport, scanning probe, optical and single-electron-
transistor spectroscopy [29-39]. But these experiments are
subject to different limitations. For instance, high contact
resistance and poor TMD material quality have limited
transport probes to LLs with n > 3 in few-layer TMDs and
n > 17 in monolayer TMDs [29-37]. Nonoptical probes
cannot assess the excitonic states. Recent optical experi-
ments reported inter-LL optical transitions in monolayer
WSe,, but only in the high-charge-density regime where
the excitonic effect is much reduced [38]. Smolenski ef al.
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recently reported excitonic quantum oscillations in mono-
layer MoSe,, but only for absorption and n > 1 LLs of
bright excitonic states [40]. More comprehensive studies
are needed to explore the Landau-quantized excitonic
physics for bright and dark excitonic states, with optical
absorption and emission, on the electron and hole sides,
and in a broad LL spectrum including the n = 0 LLs.
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(a) Single-particle model (b)

Experimental results

FIG. 1. (a) Schematic Landau levels (dashed lines) in mono-
layer WSe, predicted by a single-particle model. The arrows and
color denote the electron spin in the conduction bands (¢, ¢,)
and valence band (v;). m = 0, £2 are the azimuthal quantum
numbers of the atomic orbits in the conduction bands and valence
band, respectively. (b) LLs revealed by our experiment, indicating
strong enhancement of valley Zeeman shift by many-body
interactions.
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FIG. 2.

(a) Gate-dependent AR/R reflectance contrast map of monolayer WSe, with no magnetic field. (b)—(d) Reflectance contrast

maps in left-handed (b) and right-handed (c)—(d) circular polarization, corresponding to optical transitions in the K’ and K valley,
respectively, at magnetic fields B = 13.0 T (¢) and B = 17.5 T (b),(d). The arrows denote the quantum oscillations. (e¢) The measured
gate voltages (V) at half-filled LLs as a function of magnetic field. The lines are the fitted Landau fan diagram. 7 is the LL filling factor.
Our fits show a AV, ~ 1.2 V gap between the electron and hole sides at B = 0 T, presumably due to the filling of defect states inside the

band gap. The experiments were conducted at 7 ~ 4 K.

In this Letter, we investigate Landau-quantized excitonic
absorption and luminescence in monolayer WSe, under
magnetic fields up to B=17.5T. We observe gate-
dependent quantum oscillations in the bright exciton and
trions as well as the dark trions and their phonon replicas
(here trions refer broadly to correlated states between
excitons and the Fermi sea, including exciton polarons
[41-43]). Our results reveal spin- and valley-polarized
LLs with n = —6 to +1 from the hole to electron sides,
including the two valley-contrasting n = 0 LLs [Fig. 1(b)].
The gate-dependent exciton energy shift exhibits periodic
plateaus, accompanied by sharp oscillations in the exciton
absorption width and magnitude. Such unusual exciton
behavior can be simulated by semiempirical calculations.
The g factors of the conduction and valence bands (g ~ 2.5,
15 respectively) exceed the predicted values in a single-
particle model (g = 1.5, 5.5 respectively), implying strong
many-body interactions in the system. Our research reveals
complex interplay between Landau quantization, excitonic
effects, and many-body interactions in monolayer WSe,.

We investigate ultraclean monolayer WSe, gating
devices encapsulated by hexagonal boron nitride on
Si/Si0, substrates [44-47]. All the experiments were
conducted at temperature 7' ~ 4 K. To study the absorption
properties, we measure the reflectance contrast AR/R =
(R; — R,)/R,, where R; is the reflection spectrum on the
sample position and R, is the reference reflection spectrum
on a nearby area without WSe,. We selectively probe the
optical transitions in the K and K’ valleys with right- and
left-handed circular polarization, respectively [11-14]. At
zero magnetic field, the two valleys, being energy degen-
erate, exhibit the same gate-dependent AR /R map featuring
the A exciton (A°) and A trions (A=, A") [Fig. 2(a)]. At
strong out-of-plane magnetic fields up to B=17.5T,
however, the K and K’ valleys exhibit distinct AR/R

response. While the K’-valley map is qualitatively similar
to that at zero magnetic field [Fig. 2(b)], the K-valley map
exhibits several differences [Figs. 2(c)-2(d)]. First, the A"
trion is quenched. This is because the K valley lies higher
than the K’ valley under the magnetic field; the injected
holes only fill the K valley [Fig. 1(a)]. The Pauli exclusion
principle forbids the formation of A" trion with two holes
in the K valley. Second, with the suppression of the A™
trion, the K-valley A° exciton is retained on the hole side,
where it exhibits pronounced oscillations with increasing
hole density. Third, the A~ trion AR/R response also
oscillates as the electron density increases. Fourth, the period
of these oscillations increases linearly with the magnetic field
[Figs. 2(c)-2(e)]. These results mimic the Shubnikov—de
Haas oscillations in quantum transport and strongly suggest
the formation of LLs [29-39].

From the reflectance contrast maps, we extract the real
part of the optical sheet conductivity (6) of monolayer
WSe, by solving the optical problem in our device structure
(see Supplemental Material [47]). ¢ is proportional to the
optical absorption of monolayer WSe,. Figure 3(a) displays
the 6 map of the K-valley A° exciton at B =17.5T.
Figures 3(b)-3(d) show the extracted exciton peak energy,
peak width, peak conductivity, and integrated conductivity
as a function of gate voltage (V). Remarkably, periodic
plateaus appear as the exciton energy blueshifts on the hole
side. At the step edges, the exciton peak is maximally
broadened, and the peak conductivity drops to a local
minimum. But the integrated conductivity drops relatively
smoothly with V.

These quantized and oscillatory excitonic features can
be qualitatively understood by the LL formation. At zero
magnetic field, the hole injection gradually increases the
screening and state-filling effects. This will renormalize the
band gap and reduce the exciton binding energy, leading to
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FIG. 3. (a) The optical sheet conductivity of A® exciton

extracted from Fig. 2(d). (b) The exciton peak energy, (c) full
width at half maximum (FWHM), (d) peak conductivity (blue)
and integrated conductivity (purple), extracted from (a). (e) The
theoretical exciton conductivity map, (f) peak energy, (g) FWHM,
(h) peak conductivity (orange) and integrated conductivity (red).
All conductivity values are normalized to 1. The dashed lines
denote the half-filled LL positions.

a smooth blueshift of exciton resonance energy
[42,43,77,78]. The smooth process will be disrupted when
LLs are formed. When the Fermi energy (Ef) varies within
a LL gap, the screening and state-filling effects remain
unchanged; the exciton energy will not shift with V, and
hence a plateau appears; the LL gap will also suppress the
carrier scattering and narrow the exciton peak. But when
the Fermi energy varies within a LL with singular density
of states, the rapid increase of hole density will drastically
increase the screening and state-filling effects, leading to a
steplike exciton blueshift. The phase space in a partially
filled LL will also facilitate the carrier scattering and hence
broaden the exciton peak and reduce the peak conductivity
value. Based on this analysis, we use the exciton width
maxima and conductivity minima to identify the V,
positions of half-filled LLs [Figs. 2(c)-2(d)].

The above qualitative picture can be quantified by
semiempirical calculations. We have calculated the exciton
conductivity spectrum by solving the massive Dirac equa-
tion for the electron and hole, including their screened
Coulomb interaction, for monolayer WSe, under magnetic
field (see Supplemental Material [47]). We only consider
the hole filling in the K valley. Our calculations reproduce
the main observation and confirm the assignment of half-
filled LL positions [Figs. 2(e)-2(h)].

1.68 1.69 0 0.5 1.0
Photon energy (eV) Peak conductivity

1.683 1.684
Peak energy (eV)

FIG. 4. (a) The normalized sheet conductivity of A~ trions
extracted from Fig. 2(d). (b) The trion peak conductivity and
(c) peak energy extracted from (a). The dashed lines denote the
half-filled LL positions. (d) The schematic band configuration of
intervalley A~ trion with the relevant LLs and Fermi energy (Ey).

We next discuss the reflection results on the electron
side. The electrons are injected into the K’ valley, which lies
below the K valley, in the conduction band under the
magnetic field [Fig. 1] [15]. The K’-valley electrons have
no state-filling effect on the K-valley excitons, though they
can screen the excitonic interaction. In our results, the
K-valley A° exciton shows no oscillation on the electron
side [Fig. 2(d)]. This indicates weak influence of the
K’-valley LL filling on the K-valley excitons.

The LL filling in the K’ conduction valley, however, is
found to induce noticeable quantum oscillations in the A~
intervalley trion, which couples a K-valley exciton and the
K’-valley Fermi sea. The A~ trion exhibits two kinks in
the conductivity and resonance energy when V, increases
[Fig. 4]. We assign these kinks as the half-filled LL
positions. When the Fermi energy lies within a LL, the
phase space and free carriers in the partially filled LL can
facilitate the trion formation, enhance the trion oscillator
strength, and renormalize the trion energy. When the Fermi
energy lies within a LL gap, the suppression of carrier
scattering can hinder the trion formation.

Our observed exciton and trion oscillations allow us to
identify the V, positions of half-filled LLs in the K valence
valley and lower K’ conduction valley, respectively.
Figure 2(e) displays these LL V, positions as a function
of magnetic field (see Supplemental Material for data at
other magnetic fields [47]). By calculating the Landau fan
diagram, we fit the data on both the electron and hole sides
by using a BN dielectric constant 3.06 [79] and the LL
density of states with no spin and valley degeneracy [lines
in Fig. 2(e)]. Comparison with theory confirms our obser-
vation of valence LLs with filling factors n = —0 to —6 and
conduction LLs with n = 40, +1; all the observed LLs are
spin and valley polarized. Notably, we directly resolve the
two n = 0 LLs in the lower K’-valley conduction band and

097401-3



PHYSICAL REVIEW LETTERS 124, 097401 (2020)

Right-handed ' (b)
ERVANN |

vy (V)

Ve (V)

-8 ! 1
1.60 1.62 164 166 168 1.70 1.72 0 05 1
Photon energy (eV) PL Intensity (a. u.)

FIG.5. (a) The gate-dependent photoluminescence (PL) map at
right-handed circular polarization, which reveals the K-valley
emission of bright excitonic states (A), under 532-nm continuous
laser excitation at B = 17.5 T and T ~ 4 k. (b) The normalized
integrated PL intensity for the A exciton (blue) and A* trion
(red) in (a). The dashed lines denote the estimated half-filled LL
positions. (¢) The schematic band configuration of K valley A™
trion with the relevant LLs and Fermi energy (Ey) under the
magnetic field. The K’-valley hole comes from the laser
excitation. (d)—(f) Similar figures as (a)—(c) for left-handed
circular polarization, which reveals the K’-valley emission of
bright excitonic states. In (a) and (d), which share the same color
scale, we also observe the emission of dark excitonic states (D)
from both valleys due to their linear polarization as well as a
series of phonon replicas of the dark states.

top K-valley valence band [Fig. 1]. These two LLs are
induced by the Berry curvature of massive Dirac fermions
[22-24]. Our results complement prior research that probed
the |n| >0 LLs in the upper conduction band and top
valence band through inter-LL optical transitions [38].
Our discussion above is limited to absorption properties.
We have also observed quantum oscillations in the
excitonic photoluminescence (PL) [Fig. 5]. Figure 5(a)
displays the right-handed PL map at B = 17.5 T, which
reveals the K-valley emission of the bright exciton (A®) and
trions (A~, A™). The A" trions emit weak but observable PL
[Fig. 5(a)], unlike the complete A* suppression in absorp-
tion [Fig. 2(d)]. This is because the laser excitation can
generate transient holes in the K’ valley to form intervalley
trions [Fig. 5(c)]. We observe oscillations in the PL
intensity of both the A° exciton and A™ trion from the
K valley, but their oscillations are out of phase to each
other [Fig. 5(b)]. The PL intensity of excitons and trions
reflects their steady-state population in monolayer WSe,.
According to the exciton line width in Fig. 3(c), the exciton
lifetime is significantly shortened at half LL filling due to

the enhanced carrier scattering. This implies a higher
exciton-to-trion relaxation rate at half LL filling.
Moreover, the phase space in a partially filled LL favors
trion formation. We thus expect the exciton population to
drop and the trion population to increase at half LL filling.
This picture qualitatively explains the opposite oscillations
of A and A* PL intensity in our experiment. The A* PL
maxima should correspond to the half-filled LL positions
[Figs. 5(a)-5(b)].

Figure 5(d) displays the left-handed PL map at
B = 17.5 T, which reveals the emission of bright excitons
and trions from the K’ valley [Fig. 5(f)]. On the hole side,
the A° exciton is quenched and the A* trion dominates,
because the injected holes in the K valley can efficiently
couple to the K’-valley exciton to form intervalley trions
[Fig. 5(f)]. The A" PL intensity oscillates as the hole
density increases [Fig. 5(e)]. The AT PL maxima should
correspond to partially filled LLs, whose free carriers and
phase space favor the trion formation, like the A~ oscil-
lation in Fig. 4. Our experiment could not resolve any
appreciable oscillation of A" PL energy and peak width.

Remarkably, our PL maps also reveal quantum oscil-
lations of dark trions (D) and their phonon replicas on the
hole side [Figs. 5(a) and 5(d)]. As the dark exciton (D) and
trions (D, D7) in monolayer WSe, emit linearly polarized
light, our circularly polarized PL. maps show their emission
from both valleys, which is split into two lines under
magnetic field [45]. The lower-energy line (Dl*) and all
replicas on the hole side oscillate in phase with A™ (Fig. 5;
Fig. S14 [47]). This is reasonable because partially filled
LLs also favor the dark-trion formation, and the dark-trion
replicas acquire oscillator strength from the A" state
through trion-phonon interaction [46,53]. But surprisingly,
the higher-energy line (D;) oscillates oppositely with A"
and DIJr (Fig. S14 [47]). We speculate that this is because
the D and Dj states compete for the insufficient transient
holes in the K’ valley to form trions. When one prevails, the
other is suppressed, thus leading to opposite oscillations
between them (see more discussion in the Supplemental
Material [47]).

Our observation of numerous valley-polarized LLs
reveals extraordinarily large valley Zeeman shift beyond
a single-particle picture. Our reflectance contrast maps
show seven LLs (n = —0 to —6) before the exciton is
suppressed [Figs. 2(c) and 2(d)]. Our PL maps also show
seven LLs (n = —0 to —6) before the A" PL is abruptly
intensified and the A™ oscillation is smoothened (Figs. S9
and S11 in the Supplemental Material [47]). Both indicate
that the injected holes start to occupy the K’ valley after the
K valley. The energy mixing of two valleys can facilitate
the carrier scattering, enhance the trion formation, and
obscure the trion oscillation. Therefore, the K valence
valley should be at least 6 LL spacings higher than the K’
valence valley. The LL energy spacing is 2ugBmg/m”*,
where up is the Bohr magneton, my is the free electron
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mass, and m* =~ 0.4 m, is the hole effective mass in
monolayer WSe, [57]. The K valley is thus at least 30
upB above the K’ valley. The g factor of the K valence valley
is deduced to be ~15. This far exceeds the g factor (5.5)
predicted in a single-particle model [15,47]. This deviation
implies strong many-body interactions in the system.
Similar interaction-driven enhancement of the g factor is
found in the conduction valleys. After filling the n = +0,
+1 LLs in the K’ valley, the A~ feature is noticeably
broadened and the quantum oscillation disappears [Fig. 4].
This signifies that the injected electrons start to occupy the
K valley after the K’ valley. The mixing of intra- and inter-
valley trions broaden and smoothen the A~ feature (Fig. S7
[47]). We therefore deduce that the K conduction valley is
at least 1 LL spacing higher than the K’ conduction valley.
Given the electron effective mass m* ~ 0.4m, [30,57,58],
the K valley is at least 5 upB above the K’ valley. The ¢
factor of the K-conduction valley is thus at least 2.5. This
exceeds the g factor (1.5) predicted by a single-particle
model. Recent experiments also reported the g-factor
enhancement in the conduction valleys of bilayer MoS,
[37], monolayer and bilayer MoSe, [34,80], and the
valence valleys of monolayer WSe, [39,81]. Here we
further demonstrate that many-body interactions can
enhance the g factors in both the conduction and valence
valleys of gated monolayer WSe, [Figs. 1(a) and 1(b)].
In summary, we have observed quantum oscillations in
the absorption and luminescence of exciton and trion states
in monolayer WSe, under magnetic field. The plateaus in
the exciton energy shift indicate well-separated LLs. The
enhanced g factors imply strong many-body interactions.
The combined observation of the lowest LLs and strong
many-body interactions suggest that fractional quantum
Hall states can emerge in monolayer WSe,. In addition,
the n =0 half-filled LLs contain a very low density
(~1.4 x 10" ecm™2) of free carriers (not trapped by
defects). This density corresponds to a large Wigner-
Seitz radius rg &~ 25 [47], close to the predicted condition
ry 2 31 of Wigner crystallization in two dimensions [62].
Therefore, our optical methods, inert to the contact resis-
tance, may help probe the fractional quantum Hall states
and Wigner crystals in monolayer valley semiconductors.
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