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In doped transition metal dichalcogenides, optically created excitons (bound electron-hole pairs) can

strongly interact with a Fermi sea of electrons to form Fermi polaron quasiparticles. When there are two
distinct Fermi seas, as is the case in WSe,, there are two flavors of lowest-energy (attractive) polarons—
singlet and triplet—where the exciton is coupled to the Fermi sea in the same or opposite valley,

respectively. Using two-dimensional coherent electronic spectroscopy, we analyze how their quantum
decoherence evolves with doping density and determine the condition under which stable Fermi polarons
form. Because of the large oscillator strength associated with these resonances, intrinsic quantum dynamics

of polarons as well as valley coherence between coupled singlet- and triplet polarons occur on
subpicosecond timescales. Surprisingly, we find that a dark-to-bright state conversion process leads to
a particularly long-lived singlet polaron valley polarization, persisting up to 200—800 ps. Valley coherence
between the singlet- and triplet polaron is correlated with their energy fluctuations. Our finding provides
valuable guidance for the electrical and optical control of spin and valley indexes in atomically thin

semiconductors.

DOI: 10.1103/PhysRevLett.134.036901

The concept of the polaron, where a mobile impurity is
modified by a surrounding quantum medium, is funda-
mental in physics. First introduced in the solid-state context
to describe how electrons become dressed by phonon
excitations in a crystal lattice, it has since found applica-
tions from the densest nuclear matter to the most dilute cold
atomic gases [1,2]. More recently, Fermi polarons have
been proposed to describe new quasiparticles when opti-
cally created excitons are coherently coupled to a Fermi sea
of electrons or holes in doped van der Waals semiconduc-
tors, in particular, transition metal dichalcogenides (TMDs)
[3-6]. The attractive and repulsive polarons in TMDs
evolve into neutral excitons and trions (charged exciton
bound states), respectively, in the limit of vanishing
doping [3.4,7].

Polarons in TMDs exhibit complex quantum dynamics
and interaction effects as the electrons and excitons acquire
an additional valley index. Because of spin-valley locking,
one can selectively create excitons in one of the two valleys
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(K and K’) at the corners of the hexagonal Brillouin zone
by choosing the helicity of the circularly polarized exci-
tation light [8,9]. In WX, (X =S, Se) monolayers, the
lowest-energy bright exciton consists of an electron in the
second lowest conduction band and a hole in the highest
valence band. When electron dopants are introduced in
both WS, and WSe,, two types of attractive polarons,
singlet- and triplet- attractive polarons, form when the
optically created excitons are dressed by the Fermi sea in
the same (opposite) valley as illustrated in Fig. 1(a).
How quantum dynamics of polarons evolve with doping
density remain important yet open questions because it
serve as a critical criterion to distinguish different theo-
retical frameworks for describing fundamental optical
excitations in doped TMDs [10]. Here, we address these
questions by studying a doped WSe, monolayer using two-
dimensional coherent electronic spectroscopy (2DCES)
with a variety of pulse sequences and polarization schemes.
We find that, with increasing doping density, the quantum
dephasing rate of singlet and triplet polarons initially
remains constant, revealing the condition under which
stable Fermi polarons form. With higher doping density,
the triplet polaron dephasing increases faster than that of

© 2025 American Physical Society
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FIG. 1. Polaron resonances in a doped WSe, monolayer.

(a) Schematic of the singlet and triplet attractive polarons in a
WSe, monolayer. Here, APg, (APgy) refers to an o, (0_)
circularly polarized light excited exciton in the K (K’) valley
coupled to a Fermi sea in the same valley with spin down (up)
denoted by blue (red). For triplet polarons, excitons are coupled
to doped electrons in the opposite valley. (b) Reflectance spec-
trum as a function of gate voltage (left axis), i.e., doping density
(right axis). Different attractive and repulsive polarons (RP) are
identified. AP™: hole-doped AP; APg/AP;: electron-doped
singlet-triplet attractive polarons; AP~': a higher-order many-
body AP.

singlet polarons. Valley decoherence between coupled
singlet- and triplet polarons is found to correlate with their
energy fluctuations because of the shared Fermi sea.
Surprisingly, we observe a long-lived valley polarization
associated with both types of attractive polarons, where the
singlet polarons exhibit the most robust valley polarization.
We attribute this slow relaxation to the band inversion in
WSe, monolayers, which enables a dark-to-bright state
conversion process [11-13] that is absent in doped MoSe,
monolayers.

We control the doping density in a pristine WSe,
monolayer embedded in a device consisting of hBN
encapsulation layers, a few-layer graphite top gate (TG),
and a metal back gate (details in Supplemental
Material [14]). All optical measurements are performed
at 10 K. The reflectance spectra as a function of top gate
voltages (Vrg) feature several resonances as shown in
Fig. 1(b). In the intrinsic region with minimal doping (i.e.,
Vig < 0.2 V), the spectrum is dominated by a sharp
neutral exciton (X) resonance. When doping density
increases, excitons evolve into repulsive polarons that
exhibit a continuous blue shift of the resonant energy
[20-22]. At the same time, additional peaks corresponding
to attractive polarons appear at lower energies than the
neutral exciton and are continuously connected to bound
trions, or charged excitons, at vanishing doping density.

While there is only one attractive polaron branch (AP™)
with hole doping, two attractive polarons, singlet- and
triplet-attractive polarons (APg and AP7), are observed
with electron doping [23,24]. The simple band picture in
Fig. 1(a) does not include exchange interactions between
bands [25,26] and thus does not capture the observation
that the singlet state is lower in energy than the triplet state

by ~7 meV. At very high electron doping density, another
resonance (AP~") emerges and rapidly shifts to lower
energy with increasing electron doping density. This
resonance has been attributed to a higher-order many-body
state in a previous study [27].

The APy (APr) resonance consists of an exciton coupled
to a Fermi sea in the same (opposite) valley. We introduce
one more subscript (1 and |) to label the electron spin of
the Fermi sea. There are thus four different attractive
polaron states (APg, APr4, APg, APp)) for singlet
(intra-valley) and triplet (intervalley) coupling to electrons
in the K and K’ valleys, as shown in Fig. 1(a). While we do
not label the valley index explicitly to simplify the notation,
the transitions and notations are summarized in Fig. 1(a), in
which o, (o_) circularly polarized light creates excitons in
the K (K') valley.

To study quantum dynamics and interactions of APg and
AP, we use the collinear 2DCES setup [28] depicted in
Supplemental Material [14]. Three ~100 fs pulses at
80 MHz repetition rate derived from a Ti:sapphire laser
are focused via a microscope objective lens to the same spot
with a ~1 pm diameter. The emitted photon-echo signal is
collected in the reflection geometry via the same objective
lens and combined with a reference pulse for heterodyne
detection. The power of each beam is kept at 10 pW unless
otherwise stated, corresponding to an exciton density of
n, = 8 x 10'° cm™2. Both the high-quality sample and the
tightly focused spot in the collinear geometry are essential
to spectrally resolve the singlet and triplet states in the 2D
spectra, which is critical to reveal their different dynamics
and coupling.

We first perform one-quantum rephasing experiments
where delays between the first two pulses (7) and between
the third and the reference pulses (¢) are scanned and then
Fourier transformed to generate the absorption energy
(hw,) and emission energy (hw,), as illustrated in
Fig. 2(a). The waiting time 7 between the second and
third pulses is kept above 0.1 ps to avoid coherent artifacts
originating from nonlinear interaction terms during the
temporal overlap of the pulses. The normalized amplitude
spectrum with all co-circularly polarized pulses (++ ++)
is shown in Fig. 2(b). At the doping density of n,- =
7% 10" e~ /cm? and Vg = 1.2 V, two resonances, APz,
and APy, at 1693 and 1686 meV respectively, are
observed along the diagonal (white dashed line). The
absence of cross peaks in Fig. 2(b) suggests that APg
and AP; do not couple to each other because they do not
share the same Fermi sea; thus, they are not competing for
the same electrons. By contrast, the cross peaks dominate
the one-quantum spectrum taken with cross-circular polar-
ized pulses [+—+— in Fig. 2(c)] because singlet- and
triplet polarons in opposite valleys share the same Fermi
sea as illustrated in Fig. 1(a). These observations are
consistent with those found in WS, [6], indicating that
the polaron interaction mechanism is universal in TMDs.
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FIG. 2. Cocircular one-quantum rephasing spectra. (a) The one-
quantum rephasing pulse sequence. The time domain signals as a
function of delays 7 and ¢ are Fourier transformed to obtain the
absorption and emission frequency axes (Aw, and Aw,). (b) Nor-
malized 2D amplitude spectrum taken at 1.2 V top gate voltage
using ++ ++ polarization. The two diagonal peaks correspond
to singlet and triplet attractive polarons in the K valley (APg| and
APry). (¢) Normalized 2D amplitude spectrum obtained using
cross-circular polarization (+—-+—) at 1.2 V. Only two off-
diagonal higher (HCP) and lower (LCP) cross peaks are ob-
served, corresponding to the interaction between APy and APr.
(d) Homogeneous linewidth y and (e) oscillator strength weight
of AP, and APz, as a function of gate voltage (e.g., doping
density) and corresponding Fermi energy. The black dashed line
indicates the doping density n,- = 8 x 10'! cm™2.

We further perform a quantitative analysis of the quantum
dynamics of APr; and APg; and their evolution as a
function of doping density. The half width half maximum
(HWHM) of a line profile along the cross diagonal direction
indicated by arrows in Fig. 2(b) reveals the intrinsic
homogeneous linewidth y [29,30] or dephasing rate, which
is inversely proportional to the quantum coherence time
T, = h/y. We extract T, = 0.29 ps for APy and 0.4 ps for
APy from Fig. 2(b). The dephasing rates y of both AP74 and
APg, remain constant with increasing electron doping
density up to 8 x 10!'" e~ /cm? as shown in Fig. 2(d). Such
robust quantum coherence supports our choice of adapting
the polaron theory to describe these resonances [31].
At higher doping density, the dephasing rate of attractive
polarons starts to increase due to the appearance of an
additional decay channel to the higher-order many-body
state AP~’. We find that a Fermi polaron theory extended to
two Fermi seas [14], while not capturing the AP~ state,
correctly predicts the faster increase of the dephasing rate of
AP than APg because of the decay from AP; to APg.

The relative oscillator strengths of APy and APy, also
evolve with doping density as shown in Fig. 2(e). Initially,
at low density, both oscillator strengths increase linearly in
accordance with both polaron and trion theories [20,32]. At
higher densities, the APy oscillator strength reaches a
maximum around 0.7 x 10'? e~ /cm? before the oscillator
strength is transferred to the energetically favorable APj.
While this behavior cannot be captured within a trion
theory, it is qualitatively reproduced by a polaron theory
that accounts for the interactions with each of two Fermi
seas [14].

We evaluate the nonradiative valley coherence between
APg and AP; in opposite valleys by taking zero-
quantum spectra with alternating cross-circular polarization
(+ — +-). Here, the time delays T and ¢ are scanned and
subsequently Fourier transformed to obtain two frequency
axes as illustrated in Fig. 3(a). The delay between the first
two pulses 7 is fixed at 0.2 ps to avoid coherent artifact
terms. The first two cross-circularly polarized pulses create
attractive polarons involving electron-hole pairs in opposite
valleys. Because singlet and triplet states created in
opposite valleys share the same Fermi sea, their interaction
leads to a higher energy cross peak and a lower energy
cross peak (HCP and LCP) as observed in Fig. 3(b). The
nonradiative coherence between APg and APj; evolves
during the time delay 7, yielding a shift of the two peaks
(HCP and LCP) from w; =0 by ~7 meV, the energy
splitting between the APg and AP; resonances, as
expected. The elongation on the lower energy side of the
LCP depicted in Fig. 3(b) is attributed to bound bipolaron
(BP) states similar to a state reported in WS, [6] in one-
quantum spectrum. Despite the shared optical selection rule
with the biexciton, we suggest that the bipolaron should be
considered as a bound state between two polarons because
its doping density-dependent linewidth follows a similar
trend as polarons (details in Supplemental Material [14]).

We show the energy level diagram corresponding to the
nonradiative valley coherence in Fig. 3(d), where the
ground state refers to that of the doped semiconductor
without any optical excitation. The nonradiative coherence
of APg and AP; manifests itself in the second order of the
perturbation theory describing the light-matter interaction
(more details in Supplemental Material [14]). In the
simplest picture, the analysis of these two peaks should
lead to the same nonradiative decoherence rate. The
average of the HWHM linewidths from Lorentzian fits
to the vertical line cuts of the HCP (blue) and LCP (red)
[Fig. 3(c)] is y, = 3.2 meV, corresponding to a nonradia-
tive coherence time of ~200 fs, faster than the predicted
valley coherence time ~0.7 ps limited by the population
relaxation. Thus, we conclude that this valley decoherence
is dominated by pure dephasing processes [14]. This
attractive polaron valley coherence persists longer than
exciton valley coherence (gray dots with a fitting curve as
solid line) ~100 fs, which is surprising given that the

036901-3



PHYSICAL REVIEW LETTERS 134, 036901 (2025)

(a) e T ——»l T

;<—t—>':
i fop fo=ff

S PE 'LO

PD
Time

N
o

N

L
o

Zero-quantum Energy hw, (meV) @
3 (=]
/i‘"’

1675 1685 1695 05 1
Intensity (a.u.)

Emission Energy hw, (meV)

FIG. 3. Zero-quantum spectra and valley coherence. (a) The pulse
sequence used in taking the zero-quantum spectra where delays T
and ¢ are scanned and Fourier transformed to obtain the zero-
quantum and emission frequency axes (A and Aw;). (b) Normal-
ized zero-quantum amplitude spectra under (+— +—) polarization
at gate voltages 1.2 V. (c) Lorentzian fits of the vertical linecut at
energies of APg, APy indicated by arrows in (b), and exciton X (2D
spectrum included in [14]). (d) The level diagram showing the
nonradiative valley coherence between APy and APy coupling to
the same Fermi sea.

attractive polaron dephasing times are comparable to that of
the excitons.

The pure polaron valley dephasing rate is related to other
dephasing processes via

Ye=7s+vi—2-R-\/v5rs (1)

where y§ and y; are the pure dephasing rates of APg and
APz, respectively. The coefficient R quantifies the level of
correlation between the energy fluctuations of the APy and
AP7. Its possible values range from —1 to 1 with R =0
representing completely uncorrelated energy fluctuations.
We extract a positive correlation coefficient R = 0.22 for
their transition energy fluctuations (see details in
Supplemental Material [14]). For comparison, dephasing
of excitons and trions in monolayer MoSe, was found to be
uncorrelated [33], while dephasing of light-hole and heavy-
hole excitons in GaAs quantum wells was found to even be
anticorrelated [34]. We attribute this surprising correlated
behavior to the unique coupling mechanism between APy
and AP; via a shared Fermi sea. In other systems, the
nonradiative decoherence may be dominated by coupling
between the electronic transitions and the phonon bath.
Although quantum dephasing of attractive polarons
occurs on an ultrafast subpicosecond timescale, consistent
with their large oscillator strength, we observe a surpris-
ingly long-lived valley polarization component associated
with both attractive polarons by taking zero-quantum
spectra with (++——) polarization configuration, as illus-
trated in Fig. 4(a). This valley polarization persists over a
few hundred picoseconds as evidenced by the ultranarrow
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FIG. 4. Zero-quantum spectra revealing a long-lived valley
polarization of APy and AP7. (a) The pulse sequence used in
taking the zero-quantum spectra, where the population decay or
valley relaxation occurs during the delay 7. (b) Normalized zero-
quantum amplitude spectrum with 7 scanned for 800 ps at 1.2 V
taken with the polarization of ++——. (c¢) Dark-to-bright state
conversion contributes to the long-lived valley polarization of
APy and APy. Possible processes leading to dark states in WX,.
The enclosed areas indicate the conduction-band electrons and
valence-band holes involved in the attractive polaron. The
double-headed blue or red arrows indicate the electrons that
are swapped between the bright and dark attractive polaron
configurations. (d) and (e) Relaxation dynamics in the time
domain for APy and APy, respectively, extracted at energies
indicated by vertical dashed lines in (b). The yellow (red) color
corresponds to the population (valley polarization) relaxation
dynamics with the gaps indicated by double-head black arrows,
and the fast decays within the initial 2 ps are displayed as insets.
Additional spectra taken with ++ 4+ polarization are included
in [14].

line width for both APy and AP; along the vertical direction
(i.e., o7) in Fig. 4(b), approximately 1000 times narrower
than the linewidth reported in a 2DCES previous study on
WS, [6]. Converting this spectral feature to the time
domain, we observe a rapid initial decay (insets) followed
by long-lived population (4++ ++) and valley polarization
(++——) components in Figs. 4(d)—4(e).

Since the long-lived population and valley relaxation
components are only observed in WSe, monolayers but not
in MoSe, monolayers [35] (shown in Supplemental
Material [14]), we suggest that they originate from dark-
to-bright state conversion processes that are unique to
TMDs with inverted conduction bands. Several different
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types of dark states are known to exist in WX, monolayers,
including momentum-indirect transitions, spin forbidden
states, and defect bound states [36—41]. A likely candidate
for the dark state configuration involved in our experiment
is shown in Fig. 4(c): Here, the attractive polaron APy
(AP74) has swapped its electron from the upper | (1)
conduction band with an electron from the otherwise inert
J (1) Fermi sea in the lower conduction band. Crucially,
due to the band inversion in WSe,, the resulting configu-
ration cannot undergo valley relaxation and it is thus
expected to be long lived. This dark state is qualitatively
distinct from the case of attractive polarons in MoSe,, in
which all electrons involved in the polaron state already
reside in the lowest of the spin-split conduction bands and
valley relaxation is possible [14]. Furthermore, the WSe,
dark-to-bright state conversion process is incoherent, thus
only impacting the valley relaxation and not the valley
dephasing processes. Another prominent feature in
Fig. 4(b) is that the APy, intensity is much weaker than
that of APz . This is consistent with the fact that APg and
AP; exhibit different valley relaxation timescales in
Figs. 4(d)-4(e). While the population decays of singlet
and triplet attractive polarons measured using (+++-+)
polarization configuration are similar, APg has a lower
valley scattering rate indicated by the smaller signal under
(++——) polarization. The different APg and AP; valley
scattering processes are illustrated in Fig. 4(c). The
electron-electron scattering process that links APy to the
dark state is affected by exchange interactions, while this is
not the case for APy where the switched electrons have
different spins.

In conclusion, we have shown that the quantum dynam-
ics of singlet and triplet attractive polarons in a WSe,
monolayer systematically evolve with electron doping
density. While dephasing rates of attractive polarons are
stable at low doping density, they increase at higher doping
density likely due to additional decay channels via coupling
to higher-order many-body states. The nonradiative valley
coherence between the singlet- and triplet polarons persists
longer than that of excitons, and its dephasing is dominated
by pure dephasing processes rather than population relax-
ations. Analysis of valley and polaron pure dephasing
processes reveals correlated energy fluctuations between
the coupled singlet and triplet states sharing the same Fermi
sea. Remarkably, we have discovered a long-lived attractive
polaron valley polarization component originating from a
dark-to-bright state conversion. Notably, the scattering to
and from the dark state is different for the singlet and the
triplet polarons since there are electron-electron exchange
interactions between the singlet configuration and the
Fermi sea in the opposite valley. As a result, the singlet
state exhibits a longer-lived valley polarization than that of
the triplet state. Our studies identify crucial similarities and
distinctions of polaron dynamics among different TMD
monolayers and set the stage for exploring rich polaron

phenomena predicted for moiré superlattices consisting of
stacked TMD bilayers.
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