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Nonequilibrium dynamics of strongly correlated systems constitutes a fascinating problem of condensed
matter physics with many open questions. Here, we investigate the relaxation dynamics of Landau-
quantized electron system into spin-valley polarized ground state in a gate-tunable MoSe2 monolayer
subjected to a strong magnetic field. The system is driven out of equilibrium with optically injected
excitons that depolarize the electron spins and the subsequent electron spin-valley relaxation is probed in
time-resolved experiments. We demonstrate that both the relaxation and light-induced depolarization rates
at millikelvin temperatures sensitively depend on the Landau level filling factor: the relaxation is enhanced
whenever the electrons form an integer quantum Hall liquid and slows down appreciably at noninteger
fillings, while the depolarization rate exhibits an opposite behavior. Our findings suggest that spin-valley
dynamics may be used as a tool to investigate the interplay between the effects of disorder and strong
interactions in the electronic ground state.

DOI: 10.1103/PhysRevLett.128.127402

Over the last decade, there has been an explosive growth
of research investigating two-dimensional semiconductors
such as transition metal dichalcogenide (TMD) monolayers
and their van der Waals heterostructures [1,2]. This system
features unique optical properties owing to ultralarge
exciton binding energy [3,4] as well as the existence of
valley pseudospin degree of freedom [5–8] that is locked to
the spin by a strong spin-orbit coupling. In parallel, TMD
heterostructures offer a fertile ground for investigations of
correlated electronic states that arise due to strong Coulomb
interactions. This has been recently demonstrated by
several breakthrough experiments [9–13] showing evidence
of the formation of Mott-like correlated insulating (CI)
states in twisted TMD hetero- and homobilayers. Unlike
magic-angle twisted bilayer graphene (MATBG) [14–16],
even fractional fillings of the TMD moiré superlattices
show a CI behavior, providing direct evidence for the
dominant role played by long-range interactions that break
discrete translation symmetry [10,17]. Remarkably, even in
TMD monolayers the Coulomb interactions between the
itinerant electrons at densities not exceeding a few
1011 cm−2 turn out to be strong enough to allow the
electrons to spontaneously break continuous translational

symmetry and form a Wigner crystal (WC), as recently
discovered by Refs. [18,19]. In parallel, the formation of
fractional quantum Hall states in a TMD monolayer has
also been evidenced under strong magnetic fields (B) [20].
Despite a rapid progress in exploration of strong

electronic correlations in MATBG and TMD heterostruc-
tures, the prior research focused primarily on the ground-
state properties. Many of the interesting open questions in
condensed matter physics, however, concern the non-
equilibrium dynamics of strongly correlated systems. In
the context of TMD systems, a key question that would
determine the utility of the valley degree of freedom is the
relaxation dynamics of an electron or hole system follow-
ing an intervalley excitation. For WSe2=WS2 heterobi-
layer, such a hole spin-valley relaxation was shown to
slow down upon the formation of a CI state at an integer
filling of the moiré superlattice [10]. In case of TMD
monolayers, even though the spin-valley relaxation
dynamics has been investigated in several prior experi-
ments [21–28], the effects of ground-state electronic
correlations on this relaxation remained elusive.
Here, we study the temporal dynamics of an excited state

of Landau-quantized electron system in a charge-tunable
MoSe2 monolayer under high B ¼ 14 T. This state is
prepared optically by means of a resonant injection of
excitons that interact with itinerant electrons and lead to
sizable depolarization of their spins. Our time-resolved
pump-probe experiments reveal that both the light-
induced depolarization dynamics as well as the rate of
subsequent electronic spin relaxation exhibit striking,
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periodic oscillations with the Landau level (LL) filling
factor ν at millikelvin temperatures. The fast relaxation for
integer quantum Hall (IQH) states together with its
striking slowing down for a WC at ν≲ 0.5 [18] suggest
that ν-dependent correlations in the electronic ground state
may be responsible for the observed effects.
The analyzed device consists of a charge-tunable MoSe2

monolayer that is encapsulated between two hexagonal
boron nitride (hBN) layers and two few-layer-graphene
(FLG) gates; the structure is deposited on sapphire sub-
strate [see Fig. 1(a) and Ref. [18] for details]. For the
experiments, the device was mounted in a dilution refrig-
erator with a monomode-fiber-based optical access [18]
allowing us to perform polarization-resolved, magneto-
optical experiments at a base temperature Tb of either
80 mK or 4 K (note that the actual electronic temperature T
in the former case is larger, possibly reaching a few
hundreds of millikelvins [29,30]) [31]. In case of the
reflectance measurements, the sample was illuminated
with a light emitting diode featuring a center wavelength
of 760 nm and 20-nm linewidth. The resonant fluorescence
(RF) and photoluminescence excitation (PLE) experiments
were in turn performed with the use of a single-frequency,
continuous-wave (CW) Ti-sapphire laser that was spec-
trally broadened using an electro-optic phase modulator

with a ∼20 GHz drive (to reduce the coherence length
and the related etaloning, while retaining narrow linewidth
<0.1 meV). All results presented in the main text were
obtained at B ¼ 14 T for the spots in the central area of the
device, i.e., away from its edges [see Supplemental
Material (SM) [32] for complementary datasets acquired
on different devices].
Figure 1(c) shows a representative top-gate-voltage (Vt)

evolution of the circular-polarization-resolved reflectance
contrast ΔR=R0 spectra taken at Tb ¼ 80 mK. In the
charge-neutral regime (at −14V≲ Vt ≲ 0 V), the spectra
display a single, bare exciton resonance (X) that is split
between the two circular polarizations by g�XμBB due to the
valley-Zeeman effect with g�X ≈ 4.3 [41,47,48]. Similarly,
the valley degeneracy of both conduction and valence
bands is lifted for B ≠ 0. In a single-particle approximation
[see Fig. 1(b)], the resulting splitting g�e;hμBB of the lowest
electron (hole) LLs is ≈4 meV (≈7 meV) at B ¼ 14 T,
assuming an effective g factor of g�e ≈ 5 (g�h ≈ 9) [2,41–43].
Therefore, the spin-valley splitting exceeds the thermal
energy kBT by more than an order of magnitude even at
Tb ¼ 4 K. Consequently, at low doping densities the
itinerant electrons (holes) are expected to be fully spin
polarized and fill the states in K− (Kþ) valley for B > 0.
Under such conditions only the excitons in the opposite Kþ

(a) (c)
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FIG. 1. (a) Optical micrograph of the investigated device. (b) Schematic illustrating the lowest-energy spin-orbit-split bands in a
MoSe2 monolayer at a finite B in a single-particle approximation. The energy splitting g�e;hμBB between the lowest electron (hole) LLs in
theKþ andK− valleys is given by the sum of the cyclotron energy ℏωc ¼ ℏeB=m�

e;h and the electron (hole) Zeeman term, corresponding
to an effective g factor of g�e ≈ 5 (g�h ≈ 9) [2,41–43] for the electron and hole effective massesm�

e ≈ 0.7m0 [44] and m�
h ≈ 0.6m0 [45,46].

(c) Color-scale maps showing the Vt evolution of ΔR=R0 ¼ ðR − R0Þ=R0 spectra measured at Tb ¼ 80 mK, B ¼ 14 T in σþ (left) and
σ− (right) polarizations. Horizontal dashed lines mark the onsets of electron and hole doping as well as subsequent integer filling factors
at Vt > 0. The insets depict example reflectance spectra R and R0 acquired, respectively, on and off the MoSe2 flake at Vt ¼ −1 V,
based on which ΔR=R0 is evaluated (vertical dashed lines mark the energies of Zeeman-split excitons). (d)–(f) Electron-density
dependence of the linewidth of σ−-polarized exciton (d), oscillator strengths of AP� resonances (e), and the AP circular polarization
degree (f) determined based on fitting the line shapes of the transitions in panel (c) (see SM [32]). The AP oscillator strengths are
expressed relative to the exciton oscillator strength fX at charge neutrality. The dashed line in (f) presents PAP determined at the same
spot and B, but at elevated Tb ¼ 4 K.
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(K−) valley can get dressed into attractive (AP) and
repulsive (RP) Fermi polarons [49,50], leading to the
emergence of a redshifted AP resonance exclusively in
σþ (σ−) polarization.
While the above picture remains in perfect agreement

with the optical response measured on the hole side (at
Vt ≲ −14 V), in case of the electron doping (at Vt ≳ 0 V)
we clearly observe the AP resonances in both polarizations.
Although the σþ-polarized resonance (APþ) is much
stronger than its σ−-polarized counterpart (AP−), the latter
exhibits pronounced intensity oscillations as the electron
density ne is varied, indicating that spin-valley polarization
depends on the LL filling factor ν. To quantitatively analyze
this effect, we fit the line shapes of both resonances with a
transfer-matrix approach (see SM [32]), which allows us to
extract their oscillator strengths fAP� being directly propor-
tional to the densities n∓e of electrons residing inK∓ valleys
[49,51,52]. Figures 1(e) and 1(f) display gate-voltage
dependencies of the determined fAP� along with the
corresponding polarization degree PAP ¼ ðfAPþ − fAP−Þ=
ðfAPþ þ fAP−Þ. The AP intensity oscillations are directly
correlated with ν, as revealed by their coincidence with
Shubnikov–de Haas oscillations of theK− exciton linewidth
[Fig. 1(d)] [53]. Specifically, the AP− resonance is stronger
around half-integer ν, and becomes barely discernible for
integer ν (until ν ¼ 6, beyond which the Fermi energy
exceeds the Zeeman splitting of the conduction band).
These changes coincide with the periodic variations of the
slope of the APþ intensity increase, demonstrating that the
electrons become partially spin-valley depolarized each time
the highest-energy LL is partially occupied. Such depolari-
zation turns out to be particularly prominent at ν < 1, where
PAP steeply decreases for lower ne, reaching almost zero in
the zero-density limit. Interestingly, this initial drop of PAP
becomes suppressed upon rising the temperature to
Tb ¼ 4 K. This observation is in stark contrast to naive
expectation that electronic spin depolarization would be
enhanced by thermal fluctuations. At elevated T the density-
dependent polarization variation also becomes clearly less
pronounced [see Fig. 1(f)].
This unusual temperature dependence suggests that the

observed valley depolarization does not occur in the ground
state of the electron system. To verify this claim, we repeat
reflectance measurements at Tb ¼ 80 mK for different
powers of the white-light excitation. As shown in
Figs. 2(a) and 2(b), the amplitude of ν-dependent oscil-
lations of PAP and fAP− markedly increases for larger
powers. Concurrently, the oscillations become indiscerni-
ble for powers lower than a few nanowatts, but the initial
drop of PAP at low ν < 1 remains pronounced even below
1 nW. Given that all utilized excitation powers are
significantly lower than those required to sizably heat
the electron system [30], these observations indicate that
the loss of electron spin-valley polarization arises due to
exciton-mediated spin-valley-flip of electrons.

In order to support this conclusion and further exclude
any heating-related origin of the investigated effect, we
perform RF measurements of the AP resonance using a
spectrally narrow tunable laser. In these experiments the
gate voltage is fixed at a value corresponding to ν ≈ 0.8.
Moreover, the reflected light is collected in cross-linear-
polarization with respect to the laser, which enables us to
suppress the laser background and to address APþ and AP−
transitions with equal probabilities. In such a resonant
scheme, each of the AP� resonances may be excited only if
there are electrons residing in the K∓ valley in the absence
of the excitons. Figure 2(c) displays an example RF
spectrum acquired under such conditions. It features only
one, lower-energy APþ resonance, which demonstrates
complete polarization of the electrons in their ground state.
This finding remains valid independently of the utilized
laser power [Fig. 2(e)], including the powers for which the
electrons are already sizably depolarized under broadband
white-light excitation [cf. Fig. 2(a)]. Furthermore, the elec-
tronic depolarization is also induced by the resonant laser
when its energy is tuned to either of the two Zeeman-split

(a)

(b)

(c) (d)

(e) (f)

FIG. 2. (a),(b) PAP (a) and fAP− (b) determined as a function of
ne based on ΔR=R0 measurements carried out at Tb ¼ 80 mK,
B ¼ 14 T, and for different powers of the white-light excitation
[the exploited white-light spectrum is shown in Fig. 1(c)].
Vertical dashed lines mark subsequent integer filling factors.
(c),(d) Color-scale plots displaying the AP RF (c) and PL
(d) excited using linearly polarized, spectrally narrow laser with
power of 0.15 μW. The spectra were detected in orthogonal linear
polarization, for fixed ν ≈ 0.8, and at the same B and Tb as in
panels (a),(b). In both plots the dark counts of the CCD camera
were subtracted. The RF data were additionally corrected for
background signal stemming from imperfectly suppressed laser
by subtracting the reference RF signal measured at charge
neutrality. (e),(f) The AP RF (e) and PL spectra (f; quasireso-
nantly excited via the higher-energy X− resonance and averaged
over 2-meV-wide excitation energy window) obtained for differ-
ent powers of the tunable laser. For clarity, the spectra are
vertically offset and normalized.
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exciton states (X�). This is revealed by Figs. 2(d) and 2(f)
presenting the corresponding AP PL spectra obtained
under such excitation conditions, where we observe both
AP� peaks with their intensity ratio increasing with the
laser power.
The above results unequivocally demonstrate that—

otherwise fully spin polarized—itinerant electrons undergo
spin-valley flips in the presence of optically injected
excitons. After each spin-flip event, an electron remains
in the Kþ valley until it relaxes back to the K− one, which
gives rise to a finite electron spin depolarization probed in
our time-integrated studies. The corresponding depolariza-
tion degree is naturally expected to increase for low ne
(when the electrons with flipped spins constitute a larger
fraction of the total ne), partially explaining why PAP
exhibits a sharp decrease around low ν. At the same time,
the depolarization efficiency is also proportional to both
the exciton injection rate (i.e., excitation power) and the
spin-valley relaxation time τrelax. Since the latter has been
previously demonstrated to be longer for the holes (pre-
sumably owing to their larger spin-orbit splitting) [26,27],
one may expect the depolarization in this case to be more
efficient than for the electrons. This conjecture remains in
stark contrast with our experimental results [cf. Fig. 1(c)],
indicating that it is a difference in the exciton-induced
carrier spin-flip rates that is a dominant factor responsible
for more prominent electron spin depolarization. We
speculate that the larger light-induced electron spin-flip
probability pflip (per one incident photon) stems from a
very small splitting between the bright and dark intravalley
excitons with the opposite electron spin orientation [55,56]:
if these states had the same energy, spin-orbit interaction

could turn a bright exciton into an intravalley dark one, and
upon spin-preserving valley relaxation of the electron, an
intervalley dark exciton may be formed. Upon subsequent
recombination of the hole with a same-valley Fermi-see
electron, a net valley-flip excitation would be generated.
Taking advantage of the opportunity to drive the elec-

trons out of equilibrium, we analyze their spin-valley
dynamics. To this end we perform a time-resolved experi-
ment [Fig. 3(a)], in which we monitor the steady-state
reflectance contrast spectra excited with a train of equi-
distant, ∼16-ns-long Gaussian white-light pulses separated
by a dark period τdark, which are produced by an acousto-
optic modulator. Figures 3(b) and 3(c) present the ne
evolution of PAP and fAP− obtained at Tb ¼ 80 mK for
a fixed pulse intensity but different τdark. As expected,
the ν-dependent oscillations of both quantities become
less prominent for longer τdark. Moreover, the decrease of
fAP− with τdark turns out to be markedly different for
various ν [see inset to Fig. 3(c)]. In general, this might be a
consequence of the ne variation of either τrelax or pflip, as
both of these quantities influence the dependence of fAP−
on τdark. In order to disentangle these two contributions, we
fit the fAP−ðτdarkÞ obtained at each ne using a simple rate
equation model with τrelaxðneÞ and pflipðneÞ being the only
parameters (except for a global, ne-independent scaling
factor; see SM [32]). The fitting is carried out at low ν < 4

range, where the light-induced depolarization is particu-
larly efficient.
As shown in Figs. 3(d) and 3(e), both of the extracted

parameters exhibit prominent oscillations with ν. The
relaxation time is the shortest when the highest-energy

(a)

(b)

(c)

(d)

(e)

(f)

FIG. 3. (a) Simplified illustration of the experimental setup used in time-resolved measurements of electron relaxation dynamics.
(b),(c) Electron-density dependence of PAP (b) and fAP− (c) obtained for different τdark at B ¼ 14 T and Tb ¼ 80 mK. The inset in panel
(c) displays fAP− determined for two selected ν ¼ 1.0 and 1.5 versus τdark (note that the former dataset was multiplied by 3). The solid
lines represent the fits of the data with the rate equation model (see SM [32]). (d),(e) The values of the relaxation time τrelax (d) and spin-
flip probability pflip (e) determined as a function of ne at B ¼ 14 T for two different temperatures Tb ¼ 80 mK and Tb ¼ 4 K (the data
were binned in Δν ≈ 0.1 increments). (f) Cartoons schematically illustrating the filling factors at which τrelax is shorter and longer.
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nth LL is completely filled and becomes markedly pro-
longed around noninteger ν. Depolarization probability
undergoes similar oscillations. However, its evolution
between subsequent integer ν displays a more asymmetric
shape: pflip steeply increases from its minimum as soon as
(nþ 1)th LL starts to be occupied and then slowly decreases
reaching another minimum at ν ¼ nþ 1. These periodic
fluctuations of both quantities lead to larger (smaller)
steady-state spin polarization around integer (noninteger)
ν, which gives rise to the oscillating electron depolarization
degree. A clearly different profile of ν-dependent variation
of τrelax and pflip is also partially responsible for the
prominent shift of the minimum of PAPðνÞ toward integer
ν when prolonging τdark [cf. Fig. 3(b)].
The oscillations of τrelax and pflip are found to be

suppressed upon raising the temperature to Tb ¼ 4 K for
ν≳ 1 [Figs. 3(d) and 3(e)]. This effect is a few times more
pronounced in case of pflip, which displays a clear
decreasing tendency at 4 K. The relaxation time, in turn,
still exhibits a weak oscillatory behavior in this regime,
yielding around 100–300 ns for the analyzed 1≲ ν≲ 4
range. These values remain in agreement with τrelax
determined for various TMD monolayers in some of the
previous reports [25–27].
In the following, we discuss possible mechanisms behind

the variation of τrelax, which, unlike pflip, constitutes an
inherent property of the excited electron system. Owing to
spin-valley locking, phonon-mediated relaxation of the
excited states in TMD monolayers is strongly suppressed
at low temperatures by energy-momentum conservation.
Even though we cannot experimentally rule out the influ-
ence of coupling to a phonon reservoir on the spin relaxation
dynamics, its marked ground-state dependence hints at a
central role played by electronic correlations induced by
strong Coulomb interactions. Such correlations are sup-
pressed when the electrons form an IQH state at ν ¼ n, but
may become pronounced whenever the system gets occu-
pied by excess electrons or holes (ν ¼ n� ϵ) [57–59].
We speculate that this gives rise to substantially longer
τrelax revealed by ourmillikelvin-temperature experiments at
ν ≠ n. This speculation is consistent with a similar slow-
down of the relaxation dynamics demonstrated previously
for WSe2=WS2 heterobilayer hosting a Mott-like CI state
[10]. Our conjecture is further supported by recent experi-
ments [18] showing evidence of the formation of the WC
ground state in a monolayer system atB ¼ 14 T for ν≲ 0.5,
which is the ν range where the prolongation of τrelax is the
most prominent. The reported WC melting temperature
exceeds 4 K, which may explain why the increase of τrelax in
this regime is prominent both at millikelvin and 4 K
temperatures. Reduced amplitude of τrelax oscillations at
ν > 1 for Tb ¼ 4 Kmay in turn be a consequence of a more
fragile nature of the corresponding correlated states.
The strong filling-factor dependence of spin-valley

relaxation uncovered by our work paves the way toward

future explorations of nonequilibrium dynamics of elec-
trons in atomically thin semiconductors. In parallel, the
large efficiency of the ν-dependent light-induced electron
spin depolarization mechanism utilized in our experiments
indicates that excitons might not constitute a nondestructive
probe of the electronic system in TMD monolayers even
when the electron density is orders of magnitude larger than
that of the excitons.

The data that support the findings of this Letter are
available in the ETH Research Collection [60].
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