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Signatures of a degenerate many-body state of interlayer excitons in a van der Waals heterostack
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Atomistic van der Waals heterostacks are ideal systems for high-temperature exciton condensation because
of large exciton binding energies and long lifetimes. Charge transport and electron energy-loss spectroscopy
showed first evidence of excitonic many-body states in such two-dimensional materials. Pure optical studies,
the most obvious way to access the phase diagram of photogenerated excitons, have been elusive. We observe
several criticalities in photogenerated exciton ensembles hosted in MoSe,-WSe, heterostacks with respect to
photoluminescence intensity, linewidth, and temporal coherence pointing towards the transition to a coherent
many-body quantum state, consistent with the predicted critical degeneracy temperature. For this state, the
estimated occupation is approximately 100% and the phenomena survive above 10 K.

DOLI: 10.1103/PhysRevResearch.2.042044

Increasing the interaction strength between quasiparticles
can cause strong correlations, collective phenomena, and
even the transition to new emergent quantum phases of the
many-body state that are substantially different from proper-
ties of the weakly interacting system. Many examples exist
in condensed matter systems where interacting electrons,
spins, and phonons form novel many-body ground states
including superconductivity, superfluidity, charge-density-
wave phases, polariton condensates, and spin liquids [1-4].
Another predicted many-body state of quasiparticles is a
Bose-Einstein condensate of interacting excitons [5-7], that
are bound electron-hole pairs in semiconductors. Their
many-body phase diagram predicts quantum degeneracy and
Bose-Einstein condensation at reduced temperatures and
sufficiently high exciton densities [8—12]. In transport ex-
periments, condensed phases of excitons have been reported
in quantum Hall bilayer systems for both graphene and
coupled semiconductor quantum wells [13,14]. The weak ex-
citon binding in these systems, together with the presence
of low-energy Goldstone modes, makes it difficult to ac-
cess the condensates optically and limits the condensation
temperature to about 1 K or lower [5]. Atomically thin,
semiconducting monolayers such as transition metal dichalco-
genides (TMDCs) exhibit a large exciton binding energy
(about 0.5 eV) [15] and the possibility to form van der Waals
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heterostacks [16,17]. In turn, they provide a promising solid
state platform for exploring high-temperature exciton con-
densation and realizing condensate-based applications on a
chip [10,18,19]. To diminish the limitations, such as short
radiative lifetimes [20] and biexcitons [21] present for in-
tralayer excitons in individual monolayers, the spatial overlap
of the Coulomb-bound electron-hole pairs can be reduced
by placing them in adjacent layers in a double-layer het-
erostack [22]. Long lifetimes of several tens of nanoseconds,
while the binding energies remain substantial (>0.1 eV),
have been demonstrated for such photogenerated interlayer
excitons [22-24]. Moreover, they act as oriented electric
dipoles supporting dipole-dipole interactions and inducing ex-
citon correlations at high densities [18,25-28]. Theoretically,
a room-temperature quasicondensation may be possible for
these interlayer excitons in TMDC double layers since the
maximum condensation temperature is limited by exciton ion-
ization in the high-density regime, and it has been predicted to
be a fraction of the exciton binding energy [10]. Nevertheless,
the exploration of the many-body phase diagram of photo-
generated interlayer excitons in TMDCs including quantum
degeneracy and condensation has remained elusive so far.

We present clear signatures of a many-body state of pho-
togenerated excitons in MoSe,-W Se, heterostacks at elevated
temperatures via several criticalities. The device structure un-
der investigation consists of two rotationally aligned TMDC
monolayers [Figs. 1(a) and S1] [23,29]. The cryogenic pho-
toluminescence spectra exhibit only one very sharp emission
line (1) at low excitation powers, which dominates all other
optical transitions including those arising from intralayer ex-
citons Xll\:_["sez, X]V: ¢ and the trions X}W’SCZ, X}N ¢ in the
monolayer MoSe, and WSe, (Fig. S2) [29]. The emission
energy of this state is about 6-7 meV below two further
emission peaks named (2) and (3) in Fig. 1(b) that appear
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FIG. 1. (a) Schematic of a MoSe,/W Se, heterostack encapsulated in hBN. (b) Photoluminescence spectra with a many-body-state-emission
peak (1)—as it is observable at a low excitation power of 200 nW, and peaks (2) and (3) at 420 W (excitation energy Eppoon = 1.946 €V and
bath temperature 7 = 4 K). All emission peaks stem from interlayer excitons. (c) Sketch of MoSe, conduction band and WSe, valence band.
The dashed lines indicate the momentum indirect interlayer transitions explaining peaks (2) and (3). (d) Intensity (top) and lifetime (bottom)
of the many-body state vs bath temperature. The black line is a guide to the eye (Eppoon = 1.59 €V). (€) Bath temperature vs estimated exciton
density with the dotted line according to Eq. (1) and 7, the degeneracy temperature. The dashed line is for a transition density 7asion bEtWeen
the regimes where peak (1) dominates and the regime where peaks (2) and (3) occur. Open triangles are data also presented in Fig. 3.

only for higher excitation powers (Fig. S3) [29]. Peaks (2)
and (3) have been reported before, both by our group and
others [23,27,30-32]. We interpret them as arising from re-
ciprocally indirect transitions from spin-orbit-split states at X
in the conduction band (CBM°5¢2) of MoSe, to K (K’) in the
valence band (VBWYS¢2) of WSe, [Fig. 1(c)], where the photon
emission is linked with the emission or absorption of phonons
[31]. Intriguingly, the intensity of peak (1) is enhanced by
two orders of magnitude at the lowest temperature [Fig. 1(d)].
Since the decay time of this peak also increases by a factor of
2, the enhanced photon emission suggests that an increasingly
dense part of the exciton ensemble emits into the light cone.
Notably, this strong enhancement of emission is not observed
for peaks (2) and (3) (cf. Fig. S4) [29], and their decay times
remain constant in temperature and two orders of magnitude
below the one of the emission peak (1). Plotting the diagram
of temperature versus estimated exciton density n for peak
(1) (see Supplemental Material [29]), we observe that for a
temperature below 8 K [Fig. 1(e)], the excitons are below the
expected degeneracy limit obeying [6,10]

Below Tp, almost all interlayer excitons are estimated to
emit photons via peak (1) [Fig. 1(b)], i.e., the underlying
exciton state exhibits an estimated, relative occupation close
to 100% [Fig. 2(a)]. Figure 2(b) shows that the full width at
half maximum (FWHM) of peak (1) reduces to a constant
value less than ~5 meV below Tp, although the intensity and
lifetime still increase [Fig. 1(d)]. Furthermore, we observe
a blueshift of peak (1) up to 2 meV (Fig. S5) [29], that is
consistent with a repulsive dipole-dipole interaction within the
interlayer exciton ensemble [25,26], particularly since they
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with kg the Boltzmann constant, 7 the degeneracy tempera-
ture, 7 the reduced Planck’s constant, and my = m, + my, the
effective exciton mass with m, = 0.54 (m, = 0.36) the effec-
tive electron (hole) mass [33]. The presented measurements
were performed on two devices for temperatures between 3
and 150 K during several independent cooldowns demonstrat-
ing the robustness of the experimentally observed phenomena.
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FIG. 2. Temperature dependence and occupation saturation of
the many-body state. (a) Relative, estimated occupation of the many-
body state with respect to exciton states (2) and (3) vs temperature.
(b) Full width at half maximum (FWHM) of the many-body state vs
temperature (Ephoon = 1.59€V).
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have a longer lifetime and therefore an increasing density at
the lowest temperatures [Fig. 1(d) bottom and Fig. 1(e)].

The FWHM of peak (1) decreases as a function of the esti-
mated exciton density, until it reaches a minimum value below
~5 meV in the degenerate regime [triangles in Fig. 3(a)]. For
comparison, the dotted line in Fig. 3(a) marks the degeneracy
density np as described by Eq. (1) for the given temperature,
and we added the triangles of Fig. 3(a) into the diagram of
Fig. 1(e). The emission energy increases by ~1 meV versus
exciton density in the degenerate regime [Fig. 3(b)], which
is again consistent with a repulsive dipole-dipole interaction
[25,26]. For this experiment, the excitation energy is chosen to
be Ephoton = 1.59 €V, which is below the intralayer exciton en-
ergies in the MoSe, and WSe; monolayers to minimize their
impact on the interlayer excitons. The plotted density »n only
considers interlayer excitons which recombine via peak (1).
For an exciton density exceeding Ayansition ~ 2.5 X 10" cm~2,
we observe that the intensity of peak (1) saturates and then
peak (2) gradually occurs in the spectra (Fig. S6) [29]. In
our point of view, the repulsive dipole-dipole interaction in
combination with an excess energy in the exciton ensemble is
responsible for the transition at ngansiion. Above this critical
density, the FWHM of peak (1) rapidly increases [Fig. 3(a)]
and the estimated occupation of state (1) is less than 100%
(Fig. S7). [29] The transition cannot arise from a Mott transi-
tion, since all emission peaks have long decay times which
remain entirely consistent with the photon emission from
interlayer excitons (Fig. S8) [29]. For comparison, the ex-
pected theoretical value of nypo for our heterostack exceeds
102 ecm~2 [10,34].

Figure 4(a) shows the temporal coherence visibility mea-
sured for emission peak (1) in the degenerate regime below
Tp demonstrating that the coherence adheres to the Wiener-
Khinchine theorem [35,36]. In other words, the Fourier
transform of the Lorentzian-shaped emission spectra as in
Fig. 1(b) overlaps with the experimentally determined coher-
ence visibility with a maximum value of (88 4+ 7%). Above
Tp, the temporal coherence drops significantly [Figs. 4(b) and
4(c)]. Fitting the visibility with exponential decays [black

optical path (um) n (cm?)

FIG. 4. Fourier-limited temporal coherence in the many-body
regime. (a)—(c) Temporal coherence visibility vs optical path for
the many-body state for temperatures of 7, 12, and 22 K (Ephoion =
1.59eV). Black lines are exponential fits. (d) Temporal coherence
length /. and corresponding coherence time 7. for the many-body
state vs temperature with an exponential fit above Tp. (e) Tempo-
ral coherence length vs exciton density in the many-body state at
T =7K.

lines in Figs. 4(a)-4(c)] reveals a fast drop of the temporal
coherence time 7. and length /. [Figs. 4(d) and S9] [29].
Above Tp, 1. is most likely limited by thermal broadening of
the energy levels as well as thermal activation and interaction
with thermally excited acoustic phonons within the two-
dimensional (2D) materials but also in the adjacent hexagonal
boron nitride (hBN). Moreover, the reduced lifetime results
in a reduced exciton density and finally an increasing nonde-
generate Bose gas that is coexistent for temperatures above
Tp. Below Tp, the optical coherence time is limited to a
timescale of ~300 fs (~14 meV), which is approximately
five to six orders of magnitude faster than the decay time
of peak (1) as depicted in Fig. 4(d). In turn, the Lorentzian-
shaped emission spectrum of state (1) as in Fig. 1(b) is not
radiation limited (Figs. S10 and S11) [29]. Instead, the fast
timescale suggests that below 7p, the coherence is limited by
the coupling to acoustic phonons [longitudinal acoustic (LA),
transverse acoustic (TA), or z-axis acoustic (ZA)] during the
photon emission [37]. The phonon scattering then tentatively
has an effect similar to collisional broadening in atom en-
sembles [38] as the interaction with acoustic phonons gives
rise to a phase shift of the emitted photons. This phase shift
due to phonon-assisted interband recombination dominates
the FWHM of the Lorentzian-shaped lines. The temperature
dependence of the interlayer exciton emission energies yields
an energy of E, ~ 14meV of phonons interacting with the
interlayer excitons (Fig. S12) [29].

The observed energy difference between peaks (2) and (3)
(~25 meV) is consistent with the spin-orbit splitting of the
CBMoSe2 [ASOI in Fig. 1(c)] and not with the one in the
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VBWYSe2 (~450 meV) [33,39]. A phenomenological polaron fit
for the temperature-dependent emission energies below 150 K
gives an exciton-phonon coupling with a Huang-Rhys factor
of § ~ 1.70 for peak (2) and 1.85 for peak (3) and an average
energy of interacting (acoustic) phonons of E, ~ 14 meV for
both peaks (Fig. S12) [29,31]. Emission peak (1) can be de-
tected only below 50 K with an emission energy that, unusu-
ally, first reduces below and then increases beyond 7p ~ 8 K
(Fig. S5) [29]. However, as discussed above, its temporal
coherence is limited to a timescale of ~300 fs (~14 meV). For
comparison, the polaron fit for the direct 1 s-exciton transition
in MoSe; (WSe») gives § ~ 2.39 (2.28) and E, ~ 16 meV
(18.7 meV). Since the Huang-Rhys factors are different from
the ones of the direct transitions at K (K’) and since they
interact with phonons, we identify peaks (2) and (3) arising
from reciprocally indirect transitions from SO-split states at
¥ in the CBMoSe2 to K (K’) in the VBWS® [as sketched in
Fig. 1(c)] [31].

We now summarize several arguments which indicate
that peak (1) cannot be identified as a single-quasiparticle
transition, while peaks (2) and (3) results from exciton recom-
bination in a single-particle framework. On the one hand, peak
(1) could correspond to an optical transition from the minima
at K (K') in the CBM©S¢2 {0 the maxima at K (K’) in the VBWSe2,
However, it is known that this reciprocally direct transition
should have a higher energy difference than the indirect one
between X in the CBM°S®2 to K (K’) in the VBY5¢2 especially
at high excess charge carrier densities [22,37,40], which is
contrary to our observations. On the other hand, peak (1)
could relate to a transition from ¥ (CBMSe2) to I' (VBWSe2),
However, it is counterintuitive that such a reciprocally indirect
state would have a strongly increasing luminescence intensity
at lowest temperatures. At the same time, the corresponding
phonon density supporting this indirect single-particle tran-
sition is known to be small with negligible electron-phonon
coupling [41].

Instead, we propose that the emission peak (1) corresponds
to a many-body state of interlayer excitons resulting from a
repulsive interaction with an energy at the few meV level, and
that this many-body state is intrinsically related to the single-
particle transitions of peaks (2) and (3) [cf. Fig. 1(c)]. Again,
two of the most prominent arguments for the interrelation are
that peak (1) changes its general behavior as soon as peak (2)
appears [dashed lines in Figs. 4(e) and 3], and that the exciton-
phonon coupling E;, ~ 14 meV for peaks (2) and (3) coincides
with the collision broadening of peak (1) (temporal coherence
time ~300 fs). The interrelation can be further seen in the
exciton density dependence of the decay time of peak (2). It
starts with a rather long time of ~20 ns close to 7¢ansition, When
peak (1) is saturated, and it steadily reduces to the rather short
lifetime of peak (3) of ~1 ns as soon as peak (1) is no longer
resolvable at an overall high exciton density (Fig. S8) [29].
Still, the lifetimes of peaks (2) and (3) at high exciton densities
are consistent with the photon emission from single-particle
interlayer excitons.

The evidence for a many-body state is threefold. First,
the state has an estimated relative occupancy of 100% for
experimental conditions such that Eq. (1) is fulfilled. Sec-
ond, below Tp, the intensity of peak (1) is consistent with

an increasingly dense exciton population emitting more and
more into the light cone. Third, below Tp, the FWHM of peak
(1) is independent from thermal broadening but it decreases
with increasing exciton density, with a limiting temporal co-
herence of 300 fs. From the polaron fits, we know that up
to ~100 K the energy (coherence time) of the interacting
phonons is E, ~ 14meV (300 fs). In turn, for approaching
Tp from higher temperatures, we deduce that the exponential
increase of the coherence stems from a reduced dephasing of
the excitons, as expected for a many-body state approaching
the quantum degeneracy [cf. the exponential fit in Fig. 4(d)].
Below Tp, the overall emission coherence seems to be limited
by the exciton-phonon interaction. Further studies are needed
to explore the spatial coherence [42] of the many-body exciton
system and the impact of interacting phonons. Peaks (1) and
(2) exhibit an energy difference of ~6—7 meV. The many-
body interaction most likely results from the dipole-dipole
interaction ~1-2 meV and possibly by the layer breathing
mode as is known for TMDC heterostacks with an energy
of 3.7-4.9 meV (30-40cm™'). Dynamic and static screening
effects might further impact the emission energy of peak (1)
[43,44]. In this picture, the underlying exciton state of peak
(2) limits the coherence of peak (1) as soon as the FWHM
of peak (1) exceeds the energy difference between the two
peaks either by exciton-exciton interactions within the dense
ensemble [dashed lines in Figs. 1(e), 3(a), and 4(e)] or by
thermal fluctuations [dotted line in Fig. 1(e)]. The FWHM of
line (1) of ~5 meV is consistent with the Wiener-Khinchine
theorem, i.e., given by the coherence of the emission process
(cf. Figs. S10 and S11) [29]. As was put forward by Fogler
et al. [10], it is expected that below the degeneracy temper-
ature, the formation of a quantum degenerate Bose gas leads
to local exciton superfluidity, where disorder does play a role
for the expansion and interaction of the exciton ensemble.
Strictly speaking, we cannot exclude possible moiré bands
with a flat energy dispersion. However, we do not detect any
sign for moiré excitons down to the lowest excitation powers
(cf. Fig. S13) [29,45]. Consistently, we detect a homogeneous
photoluminescence of peak 1 across the whole heterostack
(several micrometers).

In conclusion, we optically generated a high-density
ensemble of interlayer excitons in a 2D van der Waals het-
erostack. In photoluminescence studies, we have observed
a threshold behavior on temperature and density, which is
consistent with a degenerate many-body exciton state. The ob-
servations persist to a temperature between 10 and 20 K. Our
results open up opportunities to explore the optical properties
of exciton condensates and high-temperature superconductiv-
ity in exciton ensembles [10].
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