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Resonant optical Stark effect in monolayer WS2
Paul D. Cunningham 1*, Aubrey T. Hanbicki 1,2, Thomas L. Reinecke1, Kathleen M. McCreary 1 &

Berend T. Jonker1

Breaking the valley degeneracy in monolayer transition metal dichalcogenides through the

valley-selective optical Stark effect (OSE) can be exploited for classical and quantum val-

leytronic operations such as coherent manipulation of valley superposition states. The strong

light-matter interactions responsible for the OSE have historically been described by a two-

level dressed-atom model, which assumes noninteracting particles. Here we experimentally

show that this model, which works well in semiconductors far from resonance, does not apply

for excitation near the exciton resonance in monolayer WS2. Instead, we show that an

excitonic model of the OSE, which includes many-body Coulomb interactions, is required. We

confirm the prediction from this theory that many-body effects between virtual excitons

produce a dominant blue-shift for photoexcitation detuned from resonance by less than the

exciton binding energy. As such, we suggest that our findings are general to low-dimensional

semiconductors that support bound excitons and other many-body Coulomb interactions.
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Broken inversion symmetry gives rise to valley selective elec-
tron populations and valley pseudospin in monolayer tran-
sition metal dichalcogenides (TMDs)1,2. The ability to

control this valley degree of freedom has implications for both
spintronics and the emerging field of valleytronics. Through the
valley-selective optical Stark effect (OSE), intense circularly polar-
ized light can break the valley degeneracy and allow selective tuning
of the exciton energy levels in each valley3,4, which would otherwise
require large magnetic fields through the valley Zeeman effect5,6.
This process can be exploited for coherent manipulation of valley-
superposition states for quantum information7,8, and may allow for
high-speed valley-switching or the generation of polarization-
entangled photon pairs9. Additionally, the OSE can provide insight
into other strong light−matter interactions, such as exciton-
polariton formation, that emerge due to near-field enhancement in
cavities10–12 and around plasmonic nanostructures13.

The OSE is a coherent interaction between electronic energy
levels in matter and a pump photon field that results in a shift of
the transition energies14. This coherent interaction is enhanced
by the strong light−matter coupling found in quantum wells15,
quantum dots16, atomically thin semiconductors3,17, and recently
discovered in bulk organometallic perovskite films18. Optical
selection rules cause these interactions to be dependent on the
polarization of the light field. In monolayer transition metal
dichalcogenides, this manifests as a valley-selective OSE due to
the opposite chiral optical selection rules for the degenerate K-
and K′-valleys.

Typically, the OSE is accessed through a nonresonant photon
field to avoid the dissipation and incoherent effects associated with
excited state populations. Far from resonance, higher-lying
excited states are typically unimportant and the material is trea-
ted as a two-level system. Traditionally, the OSE is understood
using the dressed-atom picture19. In this picture, the coherent
interaction of the ground and excited states with the light field
gives rise to so-called Floquet states. These are hybrid light−matter
states consisting of the electronic energy levels, e.g. ground and
exciton states |g〉 and |x〉 respectively, dressed by a photon, e.g. to
form |g ± hυ〉 and |x ± hυ〉 respectively. These short-lived Floquet
states interact with the equilibrium matter states via the Coulomb
potential and hybridize, leading to energy-level repulsion. The
underlying physics of this process is similar to the formation
of molecular excitons20 and is analogous to avoided crossing
behavior between light and matter states through strong coupling
in photonic cavities21. Though this picture treats the excited states
as noninteracting particles, it has been applied to low-dimensional
semiconductors where reduced electrostatic screening produces
strong many-body interactions. For example, many-body
Coulomb interactions give rise to observations of biexciton for-
mation22, many-particle complexes23–25, efficient Auger recombi-
nation26–28, enhanced bandgap renormalization29–31, and the
formation of electron-hole liquids32 in monolayer TMDs. Such
many-body effects require a theoretical description that goes
beyond the dressed-atom picture in order to understand the OSE
in the strongly interacting limit.

Here we report the behavior of the valley-selective optical Stark
effect for excitation near the A-exciton exciton resonance in
monolayer WS2. We observe that both below- and above-
resonance pumping with positive helicity pulses (σ+) produces a
blue-shift of the K-valley in monolayer WS2. By contrast, no
change is observed in the K-valley energy when pumped with
negative helicity pulses (σ−). In that case, a photo-induced
absorption associated with coherent creation of intervalley biex-
citons is observed. While these observations are indicative of a
valley-selective optical Stark effect, only the below-resonance
behavior is qualitatively consistent with the dressed-atom picture.
We show that an understanding of the OSE near-resonance

requires accounting for many-body interactions between excitons,
as proposed by Schmitt-Rink and Chemla33, Combescot and
Combescot34, and Zimmerman35. The observed blue-shift arises
from repulsion between coherently created virtual excitons, which
dominates when the applied photon field is detuned from reso-
nance by less than the exciton binding energy. These interactions
contribute significantly to the light−matter interactions in low-
dimensional semiconductors, like TMDs, that support bound
excitons.

Results
Valley-selective optical Stark effect in monolayer WS2. We
monitored the photo-induced changes in the K- and K′-valleys in
monolayer WS2 using transient absorption (TA) spectroscopy,
schematically shown in Fig. 1a. To exploit the chiral optical
selection rules in WS21, shown in Fig. 1b, we use both a circularly
polarized pump excitation pulse to drive dynamics in a particular
valley as well as a circularly polarized white-light probe pulse to
observe the changes induced in either valley. This technique
allows for the time-dependent evolution of the absorption spectra
of each valley to be directly measured just after photoexcitation.
In this way, we can observe reduced absorption associated with
state filling28, photo-induced absorption associated with excited
state transitions, changes in absorption line width, and spectral
shifts in energy levels associated with the OSE4, dynamic Cou-
lomb screening31,36, and lattice heating37. While time-resolved
Kerr rotation is a more sensitive technique than TA and is cap-
able of resolving <1 meV spectral shifts38, for excitation near
resonance we expect large optical Stark shifts that can be easily
observed with TA.

Figure 1c, d shows a compilation of the room temperature
valley-resolved TA spectra in monolayer WS2 for a photoexcita-
tion wavelength of 610 nm, which is just above the A-exciton
resonance located at 616 ± 1 nm. When both pump and probe
pulses are right-hand circularly polarized (σ+σ+), i.e. are
cocircularly polarized, we observe an instrument limited blue-
shift of the absorption spectrum of the K-valley, as shown in
Fig. 1c. This blue-shift occurs only at time zero, when pump and
probe are temporally overlapped. This indicates that the observed
shift arises from coherent light−matter interactions between the
pump pulse and the sample rather than incoherent processes
associated with photoexcited excitons or charge carriers. By
contrast, no significant shift is observed in the K-valley for cross-
circular polarizations (σ−σ+), i.e. when a left-hand circularly
polarized pump coherently drives the K′-valley, as shown in
Fig. 1d. This behavior is consistent with a valley-selective OSE in
WS24. The applied field of the σ+ (σ−) pulses couples selectively
with the K− (K′−) valley. Driving the K′-valley has no effect on
the K-valley energies. Therefore, this coherent light−matter
interaction is well isolated to a single valley so that we only
observe an optical Stark shift for cocircularly polarized light. The
small residual blue-shift (~1 meV) that persists for picoseconds
after photoexcitation is associated with bandgap renormalization
from the photoexcited exciton population31, which is an
incoherent process unrelated to the OSE and occurs on a
significantly slower timescale.

Coherent intervalley biexciton generation in monolayer WS2. It
is important to note that for cross-circular polarizations (σ−σ+), a
photo-induced absorption band appears below the A-exciton
resonance in Fig. 1d, centered at 631 ± 2 nm; see Supplementary
Note 1 and Supplementary Fig. 1 for details. Strong Coulomb
interactions in TMDs produce many-body interactions that give
rise to the formation of stable biexcitons22. Owing to the
degenerate K- and K′-valleys as well as the small spin-orbit
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splitting of the conduction band, there are a number of possible
biexcitons in TMDs: intra- and intervalley, charged and neutral,
and those consisting of combinations of bright and dark excitons.
The optical selection rules tell us that a σ−σ+ pulse progression
will not create intravalley biexcitons, which would also have a
higher energy due to Pauli repulsion of the two holes in the
valence band. While bright-dark intervalley biexcitons form
preferentially in tungsten-based TMDs due to the reservoir of
energetically favorable dark excitons39, they are spin and
momentum forbidden and will not be directly photoexcited.
Instead, a scattering process is required to create the dark exciton
such that bright-dark intervalley biexcitons cannot be created
coherently. We therefore tentatively assign the photo-induced
absorption feature to the coherent creation of intervalley biexci-
tons. Figure 2 shows schematically how the neutral intervalley
biexciton is generated. The σ- pump photon creates an exciton in
the K′-valley. The subsequent σ+ probe photon can then access
the |xK′〉 → |xK, xK′〉 transition. This process is expected to be
general to the monolayer TMD semiconductors. The photo-
induced absorption feature is located approximately 48 ± 7 meV
below the A-exciton, consistent with recent measurements of
biexciton emission in monolayer WS239. Because this absorption
band is also near the emission band reported for charged biex-
citons in the tungsten-based TMDs23–25, we cannot exclude their
participation in this photo-induced absorption. It should be noted
that in those measurements the TMDs were encapsulated in hBN
and graphene, both of which have been shown to reduce exciton
binding energies through screening of Coulomb interactions40. It
is likely that such an effect would reduce the binding energy of
multiparticle complexes as well, so that we may expect the
observed binding energies to be larger for our case of monolayer
WS2 on fused silica. Also, since charged biexcitons are exciton-
trion complexes, we do not expect their contribution to be large
due to the lack of trionic character of the A-exciton absorption at
room temperature. Additionally, the trion formation time is too
slow, >1 ps41,42, for trions to have a large contribution to the
observed ultrafast photo-induced absorption. It is worth noting
that we are able to identify features associated with trions and
those potentially arising from charged biexcitons in WS2 at low

temperature; see Supplementary Note 2 and Supplementary
Figs. 2 and 3 for details. The relatively short timescale over which
coherent biexciton creation can proceed may be related to the
short valley coherence times for the A-exciton in TMDs at room
temperature8. While this induced absorption feature is a coherent
process, it is unrelated to the OSE.

Dressed-atom model of the optical Stark effect. The valley-
selective OSE in TMD monolayers has been previously described
in the context of a dressed-atom picture, where the exciton
states are treated as noninteracting atom-like states3,4. In this
semi-classical theory, the ground state, |g〉, and A-exciton, |x〉,
hybridize with the Floquet (i.e. photon-dressed) states, |g+ hυ〉
and |x − hυ〉 through light−matter coupling. This is shown
schematically in Fig. 3. In this simple two-level model, we can use
the equilibrium and photon-dressed states as a basis set to
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Fig. 2 Intervalley biexciton formation from sequential photon absorption. A
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construct the effective Hamiltonian for the light−matter inter-
action,

Heff ¼

0 V 0 0

V Δ 0 0

0 0 EA � Δ V

0 0 V EA

0
BBB@

1
CCCA: ð1Þ

Here the light−matter coupling, V, can be expressed as
V ¼ MgxE, where E is the applied photon field and Mgx

corresponds to the polarization matrix element between the
ground state and A-exciton. It should be noted that the Rabi

frequency associated with the light−matter coupling is νR ¼
MgxE=h so that the light−matter coupling can also be expressed
as V ¼ hνR. For simplicity we also introduce the photon energy
detuning, Δ ¼ EA � hυ. Diagonalizing the Hamiltonian yields
energy eigenstates

E xj iupperlower
¼ E xj i � Δ

2 ± 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2 þ 4V2

p

E gj iupperlower
¼ E gj i þ Δ

2 ± 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2 þ 4V2

p ; ð2Þ

where E|g〉= 0 and E|x〉= EA. As expected, Eq. (2) shows that the
quantum mechanical coupling between the equilibrium matter
and photon-dressed states leads to energy-level repulsion and
results in the formation of upper and lower exciton-polariton
bands. The optical absorption spectrum can be computed as the
transitions between these eigenstates. For positive detunings,
where the photon energy is below resonance, the typical blue-
shifted absorption band due to the OSE is the transition between
the lower ground-state band, |g〉lower, and the upper exciton band,
|x〉upper. The energy-shift of the exciton resonance is given by

ΔE ¼ �Δ±
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2 þ 4V2

p
; ð3Þ

where
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2 þ 4V2

p
is the generalized Rabi frequency. Far from

resonance, the weak field approximation, M2
gxE2=Δ � 1;typically

applies and the energy-shift reduces to the familiar expression

ΔE ffi 2
M2

gxE2

Δ
: ð4Þ

Importantly, the two-level dressed-atom model predicts that
for increasing photon energies, the OSE energy-shift will change
signs from a blue-shift for hυ < EA to a red-shift for hυ > EA.
Experimentally, as is shown in Fig. 1c, we instead observe that the
blue-shift persists even for photon energies above the A-exciton
resonance. Extending the two-level dressed-atom model to
include biexciton levels34,43,44 does not describe our observations.

Excitonic model of the optical Stark effect. The dressed-atom
model has successfully described semiconductors excited far from
resonance15, where the effective Rabi frequency is larger than the
inverse time required to form an exciton. In that limit, Coulomb
interactions are unimportant on the timescale of the light−matter
interaction. However, near resonance these interactions play an
important role. Schmitt-Rink and Chemla33 developed a theore-
tical description of the excitonic OSE in semiconductors that
includes these many-body Coulomb interactions. There a two-
level system Hamiltonian, similar to Eq. (1), is used with the
addition of an interaction potential that depends on the Coulomb
coupling. Optical excitation coherently creates a virtual exciton
population, present only during the duration of the pulse. This
coherent nature implies that relaxation processes, e.g. electron
−phonon interactions, are not present for the virtual exciton
population. The many-body interactions between virtual excitons
are treated within a Hartree-Fock approximation. The optical
Stark shift is obtained by evaluating the coherent polarization
induced by the pump photon field and felt by a weak probe field.
It gives the optical Stark shift in terms of contributions from
exciton−photon interactions and exciton−exciton interactions.
For simplicity, the exciton spectrum is approximated by the
lowest lying 1S exciton, which describes the overall behavior
well35. Full details of the derivation of this theory, hereafter
referred to as the excitonic OSE model, are given in the review by
Schmitt-Rink et al.45. The optical Stark shift can be expressed for
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a 2D system in the low excitation limit, Na20 � 1, as

ΔE ffi 2
M2

gxE2

Δ

ϕ1s r ¼ 0ð Þ�� ��2
NPSF
s

 !
þ 8πNa20 1� 315π2

4096

� �
Eb; ð5Þ

where N is the virtual exciton density and a0 is the exciton Bohr
radius. For a Bohr radius of 1 nm, typical of TMDs46, this
approximation should hold for virtual exciton densities N≪
1.1 × 10−14 cm−2. The first term in Eq. (5) arises from the exciton
−photon interaction, and is identical to the dressed-atom result
in Eq. (4) renormalized by a multiplicative factor accounting for
excitonic effects. The numerator, ϕ1s r ¼ 0ð Þ�� ��2, is the 1S exciton
wave function and reflects the fact that excitons are built from
linear combinations of atomic Bloch states. The denominator
contains the saturation density due to phase-space filling, which is
approximated as NPSF

s � 1=2πa20 when thermal energy is much
less than the exciton binding energy, Eb. Phase-space filling
gives rise to a decrease in the 1S exciton oscillator strength
and saturation of the optical Stark shift for high fields, which
have previously been experimentally confirmed47. In two
dimensions, the excitonic factor can be approximated as
ϕ1s r ¼ 0ð Þ�� ��2=NPSF

s � 16=7. The second term in Eq. (5) is due to
exciton-exciton interactions for 1 S excitons in a 2D system.
The virtual exciton density can be approximated as N �
2M2

gxE2 ϕ1s r ¼ 0ð Þ�� ��2=Δ245. Then Eq. (5) becomes

ΔE � 2
M2

gxE2

Δ

16
7

� �
þ 8

M2
gxE2

Δ2

16
7

� �
1� 315π2

4096

� �
Eb: ð6Þ

An independent derivation by Combescot and Combescot34

arrives at a similar expression for the optical Stark shift in the
presence of Coulomb repulsion between virtual excitons. The two
terms in Eq. (6) are shown in Fig. 4. The exciton−photon
interaction produces a shift in the exciton energy that changes
sign as the photon field is tuned through resonance, while the
exciton−exciton interaction is repulsive and produces a blue-shift
for all detunings. The exciton−exciton interaction dominates
when the detuning from the exciton resonance is less than the
exciton binding energy, Δ < Eb. Numerical calculations of the
optical Stark effect by Zimmerman35 that include the full
spectrum of exciton states confirm that exciton−exciton repul-
sion, proportional to 1/Δ2, dominates for small detuning.
Therefore, inclusion of such exciton−exciton interactions is
important for understanding the OSE in low-dimensional
semiconductors that support bound excitons, such as TMDs.

Power dependence of the optical Stark effect. To further
understand the behavior of the OSE, we examined the pump
power dependence. Figure 5 shows that for 610 nm excitation, the
blue-shift observed for co-circular polarizations increases with
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pump power, here expressed as incident fluence. The corre-
sponding incident optical fields span 17.2–138MW/cm2, and the
absorbed photon density range of 3.9 × 1011–3.1 × 1012 photons/
cm2 is below the Mott density of 1013−1014 cm−2. The maximum
photo-induced shifts were estimated by fitting the time-
dependent absorption spectra with a Gaussian peak; see Supple-
mentary Note 3 and Supplementary Fig. 4 for details. The
observed optical Stark shift, ΔE, is well-described by the excitonic
OSE model33 in Eq. (6) for Mgx= 5.2 ± 0.4 D. Here we have used
the experimentally determined exciton binding energy, Eb, of
320 ± 40 meV for WS2 on fused silica31,48. Note that the binding
energy is located between estimates of the 3D exciton Rydberg,
Ry ¼ e4μð Þ= 2�h2ε2

� � � 167meV, and 2D exciton Rydberg, 4Ry ≈
668 meV49, which is consistent with quasi-two-dimensionality
and with the Hamiltonian used in the excitonic OSE model. The
estimated dipole moment is similar to previous estimations of
Mgx= 6.7 D and 7.7 D from OSE3 and absorption50 measure-
ments of monolayer WSe2, respectively. For the largest power
density, which corresponds to hνR ~ 3.5 ± 0.4 meV and a Rabi
frequency of 28 ± 3 cm−1, we observe an optical Stark shift of
32 ± 5 meV, which is the largest optical Stark shift reported for
a TMD monolayer. To achieve such a large spectral shift
through the valley-Zeeman effect would require magnetic fields
near 190 T3. Despite pumping so close to resonance, we do not
observe any Autler−Townes-type splitting of the A-exciton
absorption band14. Such splitting has recently been observed
when accessing the OSE in MoSe2 by pumping the 1S-2P tran-
sitions in the mid-infrared51.

Detuning dependence of the optical Stark effect. We also
examined the excitation wavelength dependence of the observed
optical Stark shift for photoexcitation near the A-exciton reso-
nance; see Supplementary Note 4 and Supplementary Fig. 5.
Again, the maximum photo-induced shifts were estimated by
fitting the time-dependent absorption spectra with a Gaussian
peak (see Supplementary Note 3 and Supplementary Fig. 4 for
details). Figure 6 shows the optical Stark shift observed for both
co- and cross-circular polarizations as a function of pump
detuning. Regardless of excitation wavelength, the observed Stark
shift is nearly zero for cross-circular polarizations, which is
consistent with the valley-selective OSE. Also, we do not observe
the small Stark shifts predicted for cross-circular polarization
when the pump photon energies are near the intervalley biexciton
resonance34. Recent experimental observations of that effect in
MoSe2 required narrow band pump excitation not available in the
experiments presented here44. There, a ~2 meV optical Stark shift
was observed for excitation at hυ= EA− Eb with an optical
field of 65MW/cm2; the similarly small shift expected here for
10 µJ/cm2 may be too small for our resolution. For co-circular
polarization, we observe the familiar blue-shift for excitation
energy below the A-exciton resonance, consistent with the valley-
selective OSE. As expected, the induced Stark shift becomes larger
as the excitation energy approaches the A-exciton resonance. For
excitation above resonance, we continue to see a blue-shift. This
detuning-dependent behavior is consistent with the excitonic
OSE model33, where repulsion among virtual excitons can pro-
duce a blue-shift for excitation above the exciton resonance35.
The observed detuning dependence of the optical Stark shift,
ΔE(Δ), is well-described by Eq. (6) for an energy density corre-
sponding to 150 fs 10 µJ/cm2 pulses, Eb= 320 meV, and Mgx=
6.1 ± 0.7 D, consistent with hνR of 2.9 ± 0.2 meV and a Rabi fre-
quency of 22 ± 2 cm−1. The value of polarization matrix element
Mgx is in agreement with the value estimated from power-
dependent measurements in Fig. 5 as well as estimates in litera-
ture for monolayer WSe23.

Discussion
Our measurements show that the dressed-atom picture does not
describe the OSE for near resonance excitation of monolayer
WS2, where many-body Coulomb interactions become sig-
nificant. In this regime, an excitonic OSE model, like that
described by Schmitt-Rink and Chemla33, Combescot and
Combescot34, and Zimmerman35, is required. For pump photons
detuned from resonance by less than the exciton binding energy,
exciton−exciton interactions that arise due to repulsion among
coherently created virtual excitons dominate over the exciton
−photon interactions that typically describe the light−matter
interaction far from resonance. This produces an optical Stark
shift that is larger than expected for below-resonance excitation.
Additionally, and most strikingly, the exciton−exciton interac-
tion produces a blue-shift for optical excitation above the exciton
resonance. The measurements presented here are, to the best of
our knowledge, the first experimental confirmation of this pre-
dicted above-resonance blue-shift and the dominance of exciton
−exciton interactions. Our observations are likely general to
TMDs and should apply to other low-dimensional semi-
conductors that exhibit strong many-body Coulomb interactions.

Our observations have consequences for predicting the outcome
of other strong light−matter interactions in TMD monolayers. First,
a band-inversion and resulting Floquet-driven chiral topological
states have been predicted for above-resonance excitation based on
application of the two-level dressed-atom model to TMD mono-
layers4. Since that model is not applicable, it may introduce doubt
that such a band-inversion will occur, and may explain the absence
of evidence for these topological edge states. Additionally, we expect
that our observations may also affect the behavior of valley-polarized
interlayer excitons in TMDs52,53. For example, optical excitation
above the interlayer exciton resonance may not lead to the expected
red-shift of both intravalley excitons in the individual monolayers
due to repulsion among virtual interlayer excitons.

Recently, optical Stark shifts were reported in both the K- and
K′-valleys of WS2 for excitation above the A-exciton resonance
and assigned to coupling between the A-exciton and intervalley
biexcitons54. In that study, indirect evidence of a red-shift of the
K-valley and a larger blue-shift of the K′-valley for σ+ excitation
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Fig. 6 Optical Stark effect near A-exciton resonance in monolayer WS2. The
maximum photo-induced shift of the A-exciton energy recorded for co-
(blue) and cross-circularly polarized (red) pulses as a function of pump
photon energy detuning. The pump power was kept constant throughout.
The error bars in detuning represent the sum of the estimated bandwidth of
a 150 fs Gaussian pulse (~12 meV) and uncertainties in the center
wavelengths of both the pump pulse and the unperturbed A-exciton
absorption. The error bars in ΔE represent the sum of uncertainties in center
wavelength of the unperturbed A-exciton absorption and of the absorption
at time zero. The solid blue line is a fit to Eq. (6) for 150 fs 10 µJ/cm2 pulses,
Eb= 320meV, and Mgx= 6.1 ± 0.7 D.
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was inferred from two-color pump probe measurements. Such
single-wavelength measurements can be misleading; see Supple-
mentary Note 5. For example, the photo-induced absorption
feature associated with coherent creation of biexcitons could be
misinterpreted as evidence of an anomalous optical Stark shift;
see Supplementary Fig. 6. Here we directly measure changes to
the exciton absorption spectrum and do not observe evidence for
optical Stark shifts associated with intervalley or intravalley
biexcitons for photon energies above the exciton resonance. The
bound biexciton contribution to the OSE is predicted only for
photon energies red-shifted below the exciton resonance34, so no
bound biexciton contributions are expected for photoexcitation
above resonance. Bound intervalley biexciton contributions to the
OSE were recently experimentally confirmed in MoSe2 for photon
energies tuned just below the A-exciton resonance44.

It is noteworthy that the observed anomalous blue-shift of the
A-exciton energy due to the valley-selective OSE remains present
for linearly polarized pump and probe; see Supplementary Note 6
and Supplementary Fig. 7. Linearly polarized light, which is a
superposition of σ+ and σ− light, populates both the K- and
K′-valleys. Since a blue-shift has been observed for co-circular
polarization and no shift for cross-circular polarization, the blue-
shift remains for collinearly polarized pump and probe. This shift
is typically observed as a derivative-like feature in the photo-
induced change in transmission (ΔT/T0)31,37, which has pre-
viously been assigned to dynamic Coulomb screening36, and the
resulting bandgap renormalization29,30. However, such screening-
related spectral shifts should be relatively small and will persist
for the entire lifetime of the charge carrier and exciton popula-
tions31. The blue-shift we observe is present only near time zero,
while the pump pulse traverses the monolayer WS2. Therefore,
this blue-shift is not consistent with dynamic screening. As dis-
cussed above, this shift is instead due to the valley-selective OSE.

We have examined the valley-selective optical Stark effect in
monolayer WS2 for excitation wavelengths near the A-exciton
resonance. We observe that a valley-selective blue-shift persists
for above-resonance excitation. This effect is well isolated to a
single valley, occurring in the K (K′) valley for σ+ (σ−) polarized
light and can be observed via transient absorption spectroscopy
for cocircularly polarized pump and probe pulses. This photo-
induced blue-shift exhibits behavior consistent with coherent
light−matter interactions and with a valley-selective optical Stark
effect. The observed pump wavelength dependence is inconsistent
with the two-level dressed-atom model that is typically employed
to explain the optical Stark effect. Instead, our observations are
consistent with an excitonic optical Stark effect model33–35 that
includes exciton−exciton interactions in addition to the exciton
−photon interactions. Here, we confirm the prediction from that
theory that repulsion between virtual excitons will dominate near
resonance and cause the optical Stark effect to produce a blue-shift
even for pump photon energies tuned above resonance. This
observation demonstrates the need to include many-body Coulomb
effects, such as exciton−exciton interactions, when describing the
optical Stark effect in low-dimensional semiconductors that support
bound excitons. It may also draw into question predictions of band-
inversion based on the two-level dressed-atom model. We also
observe that coherent intervalley biexciton formation occurs for
cross-circularly polarized pump and probe pulses, and proceeds via
induced absorption of a probe photon in the opposite valley from
the one initially excited. The sequential absorption of cross-circularly
polarized pulses, the first tuned to the A-exciton resonance and the
second detuned below it by the biexciton binding energy, represents
an efficient means of preparing intervalley biexcitons states in
monolayer transition metal dichalcogenides semiconductors for
further study. A similar technique was recently used to create and
then probe the fine structure of biexcitons in monolayer WSe255.

Such biexciton states are of interest for use as possible entangled
photon sources56 and quantum logic gates57.

Methods
CVD growth of WS2 monolayers. Monolayer WS2 on SiO2/Si (275 nm thickness of
SiO2) was prepared by chemical vapor deposition in a 2″ tube furnace. WO3 powder
and sulfur precursors are heated to 825 °C under a 65 sccm argon and 10 sccm
hydrogen flow. Perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt is used as
seed molecules to promote lateral growth. This procedure produces large (>20 µm)
grain uniform coverage monolayer WS2 that exhibits enhanced photoluminescence
(PL)58. After growth, the WS2 films were transferred onto 1-mm-thick double-side
polished fused silica substrates using a wet transfer technique59. The monolayer nature
of the films was confirmed by Raman and PL mapping. The PL spectrum is dominated
by the A-exciton emission with no significant trion character28.

Transient absorption spectroscopy. We use a standard transient absorption
spectroscopy setup that has been described elsewhere60. Monolayer WS2 films were
photoexcited using tunable ~150 fs pulses from an optical parametric amplifier
focused to 2.22 ± 0.7 mm, with power levels between 100 and 800 µW corre-
sponding to 5–20 µJ/cm2 and maximum absorbed fluences between 3.9 ×
1011–3.1 × 1012 photons/cm2 at 610 nm. Excited state dynamics were probed with
white-light continuum pulses that were derived from 1 kHz 150 fs 800 nm pulses
from a Ti:Sapphire amplifier that were focused into a sapphire plate and were
analyzed using a scanning monochromator. This white-light probe was sufficiently
stable as to not require referencing for additional noise reduction. To eliminate
artifacts in the TA spectra due to scatter from the excitation beam, simultaneous
modulation of the pump and probe beams with a mechanical chopper was
employed with lock-in detection at the sum of the two modulation frequencies.
Polarizers were used to purify both pump and probe polarization; superachromatic
quarter wave plates were used to create right- and left- hand circularly polarized
pulses. The circularly polarized white light transmitted through the sample was
rotated back to linear polarization prior to entering the monochromator via a
superachromatic quarter wave plate. The absorption spectrum at each time delay
was calculated from the measured normalized change in transmission, ΔT/T0

31.
Films were kept under dry air flow at room temperature during all measurements
unless otherwise noted.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.

Received: 6 June 2019; Accepted: 7 November 2019;

References
1. Xiao, D., Liu, G.-B., Feng, W., Xu, X. & Yao, W. Coupled spin and valley

physics in monolayers of MoS2 and other group-VI dichalcogenides. Phys.
Rev. Lett. 108, 196802 (2012).

2. Mak, K. F., He, K., Shan, J. & Heinz, T. F. Control of valley polarization in
monolayer MoS2 by optical helicity. Nat. Nanotechnol. 7, 494–498 (2012).

3. Kim, J. et al. Ultrafast generation of psuedo-magnetic field for valley excitons
in WSe2 monolayers. Science 346, 1205–1208 (2014).

4. Sie, E. J. et al. Valley-selective optical Stark effect in monolayer WS2. Nat.
Mater. 14, 290–294 (2015).

5. Srivastava, A. et al. Valley Zeeman effect in elementary optical excitations of
monolayer WSe2. Nat. Phys. 11, 141–147 (2015).

6. Nagler, P. et al. Giant magnetic splitting inducing near-unity valley
polarization in van der Waals heterostructures. Nat. Commun. 8, 1551 (2017).

7. Hao, K. et al. Direct measurement of exciton valley coherence in monolayer
WSe2. Nat. Phys. 12, 677–682 (2016).

8. Ye, Z., Sun, D. & Heinz, T. F. Optical manipulation of valley psuedospin. Nat.
Phys. 13, 26–30 (2017).

9. Muller, A., Fang, W., Lawall, J. & Solomon, G. S. Creating polarization-
entangled photon pairs from a semiconductor quantum dot using the optical
stark effect. Phys. Rev. Lett. 103, 217402 (2009).

10. Chen, Y.-J., Cain, J. D., Stanev, T. K., Dravid, V. P. & Stern, N. P. Valley-
polarized exciton–polaritons in a monolayer semiconductor. Nat. Photonics
11, 431–435 (2017).

11. Dufferweil, S. et al. Valley-addressable polaritons in atomically thin
semiconductors. Nat. Photonics 11, 497–502 (2017).

12. Sun, Z. et al. Optical control of room-temperature valley polaritons. Nat.
Photonics 11, 491–497 (2017).

13. Kleemann, M.-E. et al. Strong-coupling of WSe2 in ultra-compact plasmonic
nanocavities at room temperature. Nat. Commun. 8, 1296 (2017).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-13501-x ARTICLE

NATURE COMMUNICATIONS |         (2019) 10:5539 | https://doi.org/10.1038/s41467-019-13501-x | www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


14. Autler, S. H. & Townes, C. H. Stark effect in rapidly varying fields. Phys. Rev.
100, 703–722 (1955).

15. Mysyrowicz, A. et al. “Dressed excitons” in a multiple-quantum-well structure:
evidence for an optical stark effect with femtosecond response time. Phys. Rev.
Lett. 56, 2748–2751 (1986).

16. Unold, T., Mueller, K., Lienau, C., Elsaesser, T. & Wieck, A. D. Optical Stark
effect in a quantum dot: ultrafast control of single exciton polarizations. Phys.
Rev. Lett. 92, 157401 (2004).

17. Sim, S. et al. Selectively tunable optical Stark effect of anisotropic excitons in
atomically thin ReS2. Nat. Commun. 7, 13569 (2016).

18. Yang, Y. et al. Large polarization-dependent exciton optical Stark effect in lead
iodide perovskites. Nat. Commun. 7, 12613 (2016).

19. Cohen-Tannoudji, C. & Haroche, S. Absorption et diffusion de photons
optiques par un atome en interaction avec des photons de radiofréquence. J.
Phys. Fr. 30, 153–168 (1969).

20. Cunningham, P. D. et al. Optical properties of vibronically coupled Cy3
dimers on DNA scaffolds. J. Phys. Chem. B 122, 5020–5029 (2018).

21. Miu, X. et al. Strong light–matter coupling in two-dimensional atomic crystals.
Nat. Photonics 9, 30–34 (2015).

22. You, Y. et al. Observation of biexcitons in monolayer WSe2. Nat. Phys. 11,
477–481 (2015).

23. Paur, M. et al. Electroluminescence from multi-particle exciton complexes in
transition metal dichalcogenide semiconductors. Nat. Commun. 10, 1709 (2019).

24. Barbone, M. et al. Charge-tunable biexciton complexes in monolayer WSe2.
Nat. Commun. 9, 3721 (2018).

25. Ye, Z. et al. Efficient generation of neutral and charged biexcitons in
encapsulated WSe2 monolayers. Nat. Commun. 9, 3718 (2018).

26. Kumar, N. et al. Exciton-exciton annihilation in MoSe2 monolayers. Phys. Rev.
B 89, 125427 (2014).

27. Sun, D. et al. Observation of rapid exciton−exciton annihilation in monolayer
molybdenum disulfide. Nano Lett. 14, 5625–5629 (2014).

28. Cunningham, P. D., McCreary, K. M. & Jonker, B. T. Auger recombination in
chemical vapor deposition-grown monolayer WS2. J. Phys. Chem. Lett. 7,
5242–5246 (2016).

29. Ugeda, M. M. et al. Giant bandgap renormalization and excitonic effects in a
monolayer transition metal dichalcogenide semiconductor. Nat. Mater. 13,
1091–1095 (2014).

30. Pogna, E. A. A. et al. Photo-induced bandgap renormalization governs the
ultrafast response of single-layer MoS2. ACS Nano 10, 1182–1188 (2016).

31. Cunningham, P. D., Hanbicki, A. T., McCreary, K. M. & Jonker, B. T.
Photoinduced bandgap renormalization and exciton binding energy reduction
in WS2. ACS Nano 11, 12601–12608 (2017).

32. Bataller, A. W. et al. Dense electron−hole plasma formation and ultralong
charge lifetime in monolayer MoS2 via material tuning. Nano Lett. 19,
1104–1111 (2019).

33. Schmitt-Rink, S. & Chemla, D. S. Collective excitations and the dynamical
Stark effect in a coherently driven exciton system. Phys. Rev. Lett. 57,
2752–2755 (1986).

34. Combescot, M. & Combescot, R. Excitonic Stark shift: a coupling to
“semivirtual” biexcitons. Phys. Rev. Lett. 61, 117–120 (1988).

35. Zimmermann, R., The dynamical Stark effect of excitons. In
Festkörperprobleme 30, Advances in Solid State Physics, Vol. 30 (ed. Rössler,
U.) (Springer, Berlin, Heidelberg, 1990).

36. Gao, S., Liang, Y., Spataruy, C. D. & Yang, L. Dynamical excitonic effects in
doped two-dimensional semiconductors. Nano Lett. 16, 5568–5573 (2016).

37. Ruppert, C., Chernikov, A., Hill, H. M., Rigosi, A. F. & Heinz, T. F. The role of
electronic and phononic excitation in the optical response of monolayer WS2
after ultrafast excitation. Nano Lett. 17, 644–651 (2017).

38. LaMountain, T. et al. Valley-selective optical Stark effect probed by Kerr
Rotation. Phys. Rev. B 97, 045307 (2018).

39. Nagler, P. et al. Zeeman splitting and inverted polarization of biexcion
emission in monolayer WS2. Phys. Rev. Lett. 121, 057402 (2018).

40. Raja, A. et al. Coulomb engineering of the bandgap and excitons in two-
dimensional materials. Nat. Commun. 8, 15251 (2017).

41. Singh, A. et al. Trion formation dynamics in monolayer transition metal
dichalcogenides. Phys. Rev. B 93, 041401(R) (2016).

42. Plechinger, G. et al. Trion fine structure and coupled spin–valley dynamics in
monolayer tungsten disulfide. Nat. Commun. 7, 12715 (2016).

43. Hulin, D. & Joffre, M. Excitonic optical Stark redshift: the biexciton signature.
Phys. Rev. Lett. 65, 3425–3428 (1990).

44. Yong, C.-K. et al. Biexciton optical Stark effects in monolayer molybdenum
diselenide. Nat. Phys. 14, 1092–1096 (2018).

45. Schmitt-Rink, S., Chemla, D. S. & Miller, R. J. D. Linear and nonlinear optical
properties of semiconductor quantum wells. Adv. Phys. 38, 89–188 (1989).

46. Cheiwchanchamnangij, T. & Lambrecht, W. R. L. Quasiparticle band structure
calculation of monolayer, bilayer, and bulk MoS2. Phys. Rev. B 85, 205302 (2012).

47. Joffre, M., Hulin, D. & Antonetti, A. Femtosecond study of the optical Stark
effect in multiple quantum well structures. J. Phys. Colloq. 48, C5-537–C5-540
(1987).

48. Chernikov, A. et al. Exciton binding energy and nonhydrogenic Rydberg series
in monolayer WS2. Phys. Rev. Lett. 113, 076802 (2014).

49. Ramasubramaniam, A. Large excitonic effects in monolayers of molybdenum
and tungsten dichalcogenides. Phys. Rev. B 86, 115409 (2012).

50. Zheng, D. et al. Manipulating coherent plasmon−exciton interaction in a
single silver nanorod on monolayer WSe2. Nano Lett. 17, 3809–3814 (2017).

51. Yong, C.-K. et al. Valley-dependent exciton fine structure and Autler−Townes
doublets from Berry phases in monolayer MoSe2. Nat. Mater. 18, 1065–1070
(2019).

52. Rivera, P. et al. Valley-polarized exciton dynamics in a 2D semiconductor
heterostructure. Science 351, 688–691 (2016).

53. Hanbicki, A. T. et al. Double indirect interlayer exciton in a MoSe2/WSe2 van
der Waals heterostructure. ACS Nano 12, 4719–4726 (2018).

54. Sie, E. J., Lui, C. H., Lee, Y.-H., Kong, J. & Gedik, N. Observation of intervalley
biexcitonic optical Stark effect in monolayer WS2. Nano Lett. 16, 7421–7426
(2016).

55. Steinhoff, A. et al. Biexciton fine structure in monolayer transition metal
dichalcogenides. Nat. Phys. 14, 1199–1204 (2018).

56. Shields, A. J. Semiconductor quantum light sources. Nat. Photonics 1, 215–223
(2007).

57. Li, X. et al. An all-optical quantum gate in a semiconductor quantum dot.
Science 301, 809–811 (2003).

58. McCreary, K. M., Hanbicki, A. T., Jernigan, G. C., Culbertson, J. C. & Jonker,
B. T. Synthesis of large-area WS2 monolayers with exceptional
photoluminescence. Sci. Rep. 6, 19159 (2016).

59. McCreary, K. M. et al. The effect of preparation conditions on Raman and
photoluminescence of monolayer WS2. Sci. Rep. 6, 35154 (2016).

60. Cunningham, P. D. et al. Charge trapping and exciton dynamics in large-area
CVD grown MoS2. J. Phys. Chem. C 120, 5819–5826 (2016).

Acknowledgements
The authors thank Dr. Alexander Steinhoff for helpful discussions. This work was
supported by the Office of Naval Research through core programs at the U.S. Naval
Research Laboratory (NRL), the NRL Nanoscience Institute, and by the Air Force
Office of Scientific Research under contract number AOARD 14IOA018-134141.

Author contributions
P.D.C. conceived and directed the experiments with help from A.T.H.; K.M.M. syn-
thesized and characterized the monolayer samples; P.D.C. performed TA and associated
analysis; P.D.C. applied the theory with help from T.L.R.; P.D.C., A.T.H., T.L.R. K.M.M.
and B.T.J. discussed the results and contributed to the written manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
019-13501-x.

Correspondence and requests for materials should be addressed to P.D.C.

Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

This is a U.S. government work and not under copyright protection in the U.S.; foreign
copyright protection may apply 2019

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-019-13501-x

8 NATURE COMMUNICATIONS |         (2019) 10:5539 | https://doi.org/10.1038/s41467-019-13501-x | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-019-13501-x
https://doi.org/10.1038/s41467-019-13501-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Resonant optical Stark effect in monolayer WS2
	Results
	Valley-selective optical Stark effect in monolayer WS2
	Coherent intervalley biexciton generation in monolayer WS2
	Dressed-atom model of the optical Stark effect
	Excitonic model of the optical Stark effect
	Power dependence of the optical Stark effect
	Detuning dependence of the optical Stark effect

	Discussion
	Methods
	CVD growth of WS2 monolayers
	Transient absorption spectroscopy

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




