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Increasing the speed limits of conventional electronics requires innovative approaches to manipulate other quantum properties of
electrons besides their charge. An alternative approach utilizes the valley degree of freedom in low-dimensional semiconductors.
Here we demonstrate that the valley degeneracy of exciton energies in transition metal dichalcogenide monolayers may be lifted
by coherent optical interactions on timescales corresponding to few tens of femtoseconds. The optical Stark and Bloch-Siegert
effects generated by strong nonresonant circularly-polarized light induce valley-selective blue shifts of exciton quantum levels by
more than 30 meV. We show these phenomena by studying the two most intensive exciton resonances in transiton metal
dichalcogenide monolayers and compare the results to a theoretical model, which properly includes the Coulomb interaction and
exciton dispersion. These results open the door for ultrafast valleytronics working at multiterahertz frequencies.
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INTRODUCTION

Valleytronics aims at information processing and storage by
utilizing the valley degree of freedom of electrons instead of their
charge. This new quantum number is associated with the
inequivalent groups of energy degenerate valleys of the conduc-
tion or valence bands, which are occupied by an electron or a
hole. Principles allowing to generate, control and read imbalanced
valley populations of charge carriers have been demonstrated and
studied in several dielectric and semiconductor materials such as
diamond'?, silicon?, or AlAs* in semimetallic bismuth® and in two-
dimensional materials including graphene® and transition metal
dichalcogenides monolayers (TMDs)”.

Among the other materials, two-dimensional TMDs have
exceptional properties, which make them attractive for valley-
tronic applications. Two typical examples of TMDs are WSe, and
MoS,. These materials belong to the direct band gap 2D
semiconductors with band gap minima in the K* points (valleys)
of the Brillouin zone®'". Due to the spatial and time-reversal
symmetries of the electronic wave functions in the Kt and K~
points determined by the symmetry point group of the crystal Dy,
these materials exhibit valley-dependent optical selection rules.
Resonant light with right- (o") or left-handed (0™) circular
polarization induces optical transitions only in K or K~ valley,
respectively. The optically allowed transitions lead to the
generation of so-called intravalley bright excitons, the
electron-hole pairs tightly bound by the Coulomb interaction
that strongly interact with photons.

The exciton states in opposite valleys have the same energies,
i.e., they are doubly degenerate by valley. They form a basis for a
two-level system and superpositions of these states belong to the
valley pseudospin space'>'*. The controllable probing and
manipulation of such states are necessary prerequisites for
valleytronic devices’®'>5, One of the crucial elements of the
pseudospin operations is the control of the energies of the two-
level system, i.e., the energies of the exciton states in each valley.

Lifting the energy degeneracy of the excitons in K and K~
valleys may be reached by Zeeman-type splitting in static
magnetic field'”=2° or by DC Stark effect due to electric field®'
applied perpendicularly to the sample plane. However, these two
effects are not practical for several reasons: (i) the fields required
to observe significant shifts are extremely high, e.g., magnetic field
of 10T generates Zeeman splitting of the exciton states of only
2meV, (ii) the application of static fields allows neither ultrafast
operation nor high spatial resolution, (iii) the experiments are
typically limited to low-temperatures due to the small splitting.

An alternative approach, which simultaneously solves all the
aforementioned problems, is to use the strong coupling of the
excitons to light fields and to lift the energy degeneracy of the
exciton states by coherent optical phenomena. The corresponding
coupling is different in the K™ and K~ points (valleys) of the
monolayer for the light fields of a fixed circular polarization due to
optical selection rules in TMDs. Such a difference can be observed
in the change of the optical response of the TMD monolayer
irradiated with off-resonant circularly polarized light. Namely, the
off-resonant o* circularly-polarized light applied to TMDs gen-
erates large optical Stark (OS) and weaker Bloch-Siegert (BS) shifts
in K* and K™ valleys of the monolayer, respectively®>—2%,

Since the OS and BS shifts appear in different corners of the
Brillouin zone of the TMD monolayer, they can be independently
detected using the resonant probe pulse of fixed circular
polarization. Let us consider for example the case of the off-
resonant pump pulse of o;rump polarization. It induces the OS shift
in the K* valley and the BS shift in the K~ valley. Therefore, to
probe the OS and BS shifts in the monolayer one needs to apply
the resonant o, . and o, probe pulses, respectively. In other
words, one can measure the OS and BS shifts in the 0),,,/0 7 ope
and 0mp/Oprobe 9OMetries of the experiment.

The OS and BS shifts can be described qualitatively in the
framework of a two-level system driven by light with photon
energy Awgyump detuned from the energy of the transition E. In
the case of small detuning Ej— Awpump <Eo the OS shift
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Coherent optical Stark and Bloch Siegert shifts in 2D TMDs. a Layout of the experimental setup used for transient reflection

spectroscopy of TMDs. The monolayer is pumped with an infrared circularly polarized pump pulse and probed by a broadband circularly
polarized pulse, whose spectrum is measured. b, ¢ Optical microscope images of the studied samples of TMDs. White polygons mark the
monolayers. The size of the white scale bar is 10 um. Differential reflectivity spectra of WSe, (d) and MoS; (e) monolayers. f Sketch of the
monolayer reflectivities without (Ro(Aw)) and with the pump pulse at zero delay time 6t = 0 between the pump and probe pulses R(Aw, 6t = 0).
The distance AE between the two extrema of the reflectivities manifests the shift of exciton energy due to pump pulse. g Sketch of the transient
reflectance contrast [R(Aw, 6t = 0) — Ro(hw)]/Ro(Aw). Its peak-and-dip shape explains the experimental data presented in Figs. 2c and 3c.

dominates®>?%, The magnitude of the shift of the resonance
energy can be expressed as AEps 5§ump/(E0 — hWpump ), Where
Epump is the amplitude of the electric field of the pump pulse.
When the pump photon energy is small, E; — Awpump ~ Eo, then
the contribution to the energy shift due to the Bloch-Siegert
effect?’ AEgs g;ump/(EO + hwpump) becomes similar to the OS.
However, the simple two-level model, which was applied for the
description of coherent optical phenomena in TMDs in the
past?>24, completely neglects the effects of the Coulomb
interaction, which bring significant corrections to the OS and BS
effects?®. Moreover, these coherent phenomena were observed so
far i) only for the lowest resonance in system (1sA-exciton line); ii)
in a limited number of materials?2-242°; and iii) at large time scales
(several hundreds of femtoseconds), where the coherent nature of
observed OS and BS shifts becomes disputable.

In this study we report on an ultrafast valley-selective control of
the blue spectral shifts of 1sA as well as 1sB exciton resonances in
WSe, and MoS, monolayers via the interaction with off-resonant
circularly-polarized laser pulses with sub-50 femtosecond dura-
tions. Furthermore, we present a theoretical approach for the
description of the observed effects, which is based on the
semiconductor Bloch equations (SBE) and goes beyond the simple
two-level approximation used in the previous works??-243°, This
description takes into account i) the excitonic (many-body) nature
of the observed shifts, and ii) the Rytova-Keldysh potential, i.e., the
Coulomb potential in TMD monolayers, modified due to
inhomogeneity of the system3'-33,

RESULTS AND DISCUSSION

Characterization of MoS, and WSe, monolayers

The studied TMDs are fabricated by exfoliation from bulk crystals.
The monolayers are transferred to a Si/SiO, substrate and are
covered by multilayer of hBN to preserve their optical properties
in ambient air. In our experiments we measure the spectrum of
transient change of reflectivity of monolayers WSe, and MoS; as a
function of the time delay between a femtosecond infrared pump
pulse (central photon energy 0.62 eV, FWHM pulse duration of
Toump = 38fs) and a broadband supercontinuum probe pulse
(photon energy 1.3-2.25V), see Supplementary Note 1 for the
details. The layout of the experimental setup is shown in Fig. 1a
(detailed scheme can be found in Supplementary Fig. 1). During
the experiments, the samples are imaged in situ using an optical
microscope setup to ensure the spatial overlap of the pump and
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probe pulses and their position at the monolayer (each sample is
about 20-30 um in size, see Fig. 1b and c). The polarization state of
both pump and probe beams is controlled using broadband
quarter-wave plates, which generate circular polarizations. The
experiments are carried out at room temperature with laser
repetition rate of 50 kHz.

Because the samples are prepared on an absorptive substrate,
an increase of absorption in the monolayer corresponds to a
decrease of reflectivity of the sample®*. This was verified both by
measuring the differential reflectivity [Ro(w) — Rsup(Aw)]l/Rsup(Aw)
of the monolayers, where Ry(hw) (Rs,p(Aw)) is the reflectivity of the
sample (substrate), and by using finite-difference time-domain
method simulations (for details see ref. 28). The energies of the 1sA
and 1sB exciton transitions obtained from our differential
reflectivity measurements in the WSe, monolayer (Fig. 1d) are
EYoer = 1.639eV and Ej? =2.083eV. In the MoS, monolayer
(Fig. 1e), the excitonic transitions are shifted to E}o? = 1.886eV
and EY'%> = 2.032eV. These values are in a good agreement with
the previously measured values®® and with the theoretical
calculations of the spin-orbit splitting energy'".

Optical Stark and Bloch-Siegert shifts

When the sample is illuminated by the non-resonant pump pulse,
the excitonic transitions move to higher energies leading to a blue
shift AE of the resonances in the reflectivity spectra. The
information about this shift is encoded in the reflectivity of the
sample R(hw, 6t) measured after time 6t of the pulse application
(see Fig. 1f). We consider the difference AR(Aw, 6t) = R(hw, 6t) —
Ro(Aw) to eliminate the contribution of the optical response of the
Si/SiO, substrate. Hence, AR(Aiw, 8t) contains only the contribution
from the excitons in the monolayer. In the following we consider
the experimentally measurable ratio AR(fiw, 6t = 0)/Ro(hw),
sketched in Fig. 1g.

In Figs. 2a and 3a, we show the delay time dependence of the
transient reflectivity spectra AR(Aw, 6t)/Ro(Aiw) in monolayers WSe,
and MoS;. In Figs. 2b and 3b the temporal profile of the signal at
the energy of 1sA exciton fiw = E,s, is presented for WSe, and
MoS,, respectively. In both materials we identify two features
corresponding to the shifts of 1sA and 1sB excitons. The spectra at
the zero time delay are plotted in Figs. 2c and 3c for different
combinations of circular polarization handedness of the pump
and probe pulses, namely for 0;,.../0% be @aNd Opmn/Oprope- The
measurements with opposite combinations of the polarizations,

: - - n : P
2, Opump/Oprobe AN Opimo/Opioper Provide the same shifts in

pump
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Fig.2 Transient reflectivity spectra of WSe, monolayer. a Transient reflectivity spectra of WSe, monolayer AR(7iw, 5t)/Ro(Aiw) as a function of
the time delay between pump (photon energy of 0.62 eV) and broadband probe pulses both of the same circular polarization handedness.
b Profile of the signal in time-domain for the same (black curve) and opposite (red curve) circular polarization handedness of the pump and
probe pulses. ¢ Transient reflectivity spectrum at zero time delay for peak intensity of the pump pulse of 30 GW/cm?. d Maximum energy shift
obtained from the measured spectra at zero time delay as a function of the peak intensity of the pump pulse for 1sA and 1sB excitonic
resonances. Black/red dashed and dotted curves represent the linear fitting of the OS/BS shifts of 1sA and 1sB excitons, respectively.
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Fig.3 Transient reflectivity spectra of MoS, monolayer. a Transient reflectivity spectra of MoS, monolayer AR(Aw, 6t)/Ro(Aw) as a function of
the time delay between the pump (photon energy of 0.62eV) and broadband probe pulses both of the same circular polarization
handedness. b Profile of the signal in time-domain for the same (black curve) and opposite (red curve) circular polarization handedness of the
pump and probe pulses. ¢ Transient reflectivity spectrum at zero time delay for peak intensity of the pump pulse of 36 GW/cm? d Maximum
energy shifts obtained from the measured spectra at zero time delay as a function of the peak intensity of the pump pulse for 1sA and 1sB
excitonic resonances. Black/red dashed and dotted curves represent the linear fitting of the OS/BS shifts of 1sA and 1sB excitons, respectively.

accordance with the time-reversal symmetry of TMDs (see details
in Supplementary Note 2 and Supplementary Fig. 2).

In Figs. 2d and 3d, we show the measured energy shifts of the
exciton lines for the two combinations of circular polarization
handedness of the pump and probe pulses as functions of the
peak intensity of the pump pulse. In all cases, we observed that OS
and BS shifts for 1sA and 1sB excitonic transitions scale linearly
with the pump pulse intensity. Using the linear fitting procedure
of the experimental data we obtained the ratios between the
shifts caused by OS and BS effects. We summarized the obtained
results in Table 1 and compared them to the theoretical values.
The observed deviations of the experimental and theoretical
results can be explained by an inaccuracy of the determination of
the parameters of the monolayer used for the theoretical
estimation as well as 2D crystal’s imperfections which reduce its
valley-dependent optical response.

The maximum observed energy shift of 1sA exciton in both
materials is about 30 meV, which is a much larger value compared
to the previously published results. Such a large transient shift is
reached due to high peak intensities of the pump pulse of
30-50 GW/cm?. Thanks to the short pump pulse duration
(Toump = 38 f3), the transient signal is not accompanied by a long
signal component corresponding to the real carrier population
generated by nonlinear absorption of the pump pulse. The
maximum relative transient change of the sample reflectivity of
about 20% is promising for applications of this effect in

Published in partnership with FCT NOVA with the support of E-MRS

Table 1. The ratio x = AEgs/AEgs of OS to BS shifts for 1sA and 1sB
excitons, derived experimentally (ex.) and calculated theoretically (th.).

X 1sA, ex. 1sA, th. 1sB, ex. 1sB, th.
WSe, 1.62+0.08 2.48 1.58+0.17 1.95
MoS, 1.67 £0.09 2.19 1.75+0.14 2

valleytronic devices working on femtosecond time scales. Note
that this reflectivity change is reached at room temperature and
without an enhancement by an optical cavity, which could further
increase the transient signal®®.

Theoretical model

The theoretical description of the observed blue shifts of the
exciton resonances is based on a perturbative solution of the SBE.
Since the 1sA and 1sB exciton transitions couple the valence and
conduction bands with the same spin, i.e., the fixed pair of the
bands, we restrict our consideration to an effective two band
model'". The interaction between ¢* polarized light, characterized
by electric field E. = £(cos(wt), + sin(wt)), with carriers in the
K=(t=4+) valleys of TMDs is defined by the Hamiltonian
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H' = Hj +H.m Here
HT —Z(Ee kak ak + Eh,kBrjkBT,k)
V,
+ > 3 a,iq i %k Tk
k.k',q=0
Ve . (1
+ Z Bk+q B
k.k',q=0
-3V ak+qB B{(,a{(
k.k' =0

is the two-band Hamiltonian with included Coulomb interaction.
The first term defines a spectrum of electrons E, = #%k*/2m, + E
and holes Ej, = #%k*/2my, in TMDs, where k = [k|| is an absolute
value of the vector k. m., m;, > 0 are the electron and hole effective
masses, Eq is the bandgap in the system, af and B are the
annihilation operators for electrons and holes, with momentum k
in 7 valley. The remaining terms describe the Coulomb interaction
in the system. Here V, is the Fourier transform of the Rytova-
Keldysh potential. The light-matter interaction term reads

HT Z dT g‘r

int — ‘Ex =

where P* and di, = 1d., are the polarization operator of the
system and the transition dipole moment between the valence
and conduction bands in T=+1 valley respectively, and
& (t) = Eexp( Fitwt). Note that H, has a similar form as the
light-matter interaction for a two-level system in the rotating-
wave approximation. However, H;  is exact and its form originates
from the specific structure of the interband transition dipole
moments in the K* points of TMDs. To describe the energy shift of
the exciton transitions we introduce the quantum average of
polarization P (t) = (B af) and the electron and hole population
nk(t) = (o o) = (B"\ B ). For the latter equality we omit the
damping and collision terms in the monolayer (see details of this
approximation in ref. 28). Then the SBE read

(JkTBrjk + hc, )

oP;
i—=K = elPL + (2% — 1wk, (3)
ot ’
a T
a"t" = 2Im WPy @
where we have introduced the parameter
hej(t) = Eq + h?k?/2m — 3" Vic_qnG, with the exciton reduced
mass m= memh/(me+mh) and Rabi energy hwg,(t) =

di, €% () + Y quVi-aPq- We solve this set of equations for the
electrlc field given by a superposition of the pump and probe
fields (the algorithm of the derivation is discussed in the
“Methods” section). The solution of the equations for this case
contains a resonant term 6Py ~ 1/(Eex + AEY, — hwprobe) Near the
1sA(1sB) exciton energy Eex—a@) Which identifies the energy shift
of the 1sA (1sB) exciton resonance,

2HdCVH gpump ,O]SJF 2”15 . (5)
(Eex F hwpump) (Eex F hwpump)

Here AEZ, correspond to the OS and BS shifts in the K* points,
respectively. The first term in the multiplier C_, = p;+
2145/ (Eex Fhwpump) Of Eq. (5) corresponds to the exciton-pump-
field interaction, while the second term provides a correction due
to exciton-exciton interaction in the system3’. To evaluate p;,; and
nis we use the hydrogen-like 1s wavefunction, which is a
remarkably good approximation for the ground-state excitons®
In this case p;;=16/7, while the exciton-exciton correction is
material dependent and reaches ~ 10—20% of p, for the studied
monolayers. Hence, our predicted energy shift is ~2-3 times larger
than the two-level approximation result?®. It demonstrates the
importance of the Coulomb interaction and many-body effects in
the evaluation of the OS and BS shifts.

AEZ

ex —
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Table 2. The coefficient k = AE_, /82 calculated theoretically (th.)
and experimentally (ex.) for OS (AE )) and BS (AE;(B)) shifts of
1sA(1sB) excitons in WSe, and MoS, samples.

KleV - A2/v?) OS,1sA BS,1sA 0S,1sB BS,1sB
WSe,, th. 33.6 13.5 12.7 6.5
WSe,, ex. 264+0.7 16.3+0.5 41+04 26+04
MoS,, th. 17.7 8.1 13.1 6.4
MoS,. ex. 16.0+0.6 9.6+04 147 0.5 8404

Note the following properties of C,, coefficients. First, C/ >C_,,
for the same (ex = A or B) exciton transitions. Second, C; > CB for
the studied WSe, and MoS, monolayers. And finally, ||d.,(A)|| for
1sA exciton transition is always larger than ||d.,(B)|| for the 1sB
exciton transitions in the same material (see ref. 2 for details).
Based on these observations and Eq. (5) we conclude that i) the
OS shift is always larger than the BS shift in the same material for
the same optical transition AEf, > AE_,, and ii) the absolute value
of the OS (BS) shift for 1sA excitons is larger than for 1sB excitons
in the studied materials AE; > AEg . These theoretical conclusions
are consistent with the experimental observations.

Using the presented theory we have numerically calculated the
expected energy shifts for the parameters used in our experi-
ments®®. The results in form of coefficient k = AEZ /€2, are
presented in Table 2. Almost all experimental results are close to
the theoretical estimates. The observed deviations of both results,
in particular for 1sB excitons in WSe,, can be explained either by
the peculiarities of 2D crystals used in the experiment or by an
inaccuracy of the parameters of the monolayer used for the
theoretical study. For example, the inaccuracy of transition dipole
matrix element d., «x v/E, (see ref. 2 for details) come from the
inaccuracy of the numerical estimation of the Fermi velocity v and
the band energy E,V'39*1 for WSe, monolayer. Since

* o ||dev||?, the underestimation of d., can lead to significant
underestlmatlon of the value of the shift AEZ,.

The observed valley-specific energy shifts of excitonic reso-
nances in 2D TMDs WSe, and MoS, allow to lift the valley
degeneracy in these materials at extremely short time scales of
several tens of femtoseconds. The observed maximum relative
transient change of the reflectivity of the WSe, monolayer at the
1sA exciton resonance reaches 20%. Together with the large
circular dichroism of {max = (ARg+ o+ — ARyt /o~ ) /DRg+ )+ == 38% (
AR+ )5+ and ARy /- are reflectivity changes of the probe pulse for
the co- and counter-rotating circularly polarized pump and probe
fields) and the nonresonant ultrafast operation without a
significant population of real excitons, this effect is promising
for ultrafast valleytronic applications. Furthermore, by applying
circularly polarized pump pulses with low photon energy and high
intensity, strong-field nonlinear coherent phenomena may lead to
generation of valley-polarized currents observable in transport**+3
or optical** measurements.

METHODS
Sample preparation and characterization

The samples are prepared by gel-film assisted mechanical
exfoliation from bulk crystals. The monolayers are then transferred
to a Si substrate with 90 nm thick layer of SiO, at the surface.
Samples are covered by multilayer of hBN to protect them from
degradation at ambient atmosphere. The samples were character-
ized by differential reflectivity measurements by measuring the
spectrum of the probe pulse reflected from the sample and the
spectrum reflected from the bare substrate (differential reflectivity
spectra are shown in Fig. 1d, e) by shifting the sample in the
direction perpendicular to the probe beam.

Published in partnership with FCT NOVA with the support of E-MRS



The samples used in our experiments consist of a monolayer,
which is placed on the Si/SiO, substrate (90 nm thick layer of SiO;)
and covered from top by a thin layer of hBN, which is also
prepared by exfoliation. The presence of the SiO, layer on the
substrate decreases the peak intensity of the pump pulse in the
monolayer due to destructive interference. To determine the
electric field amplitude of the pump pulse in the monolayer we
perform 1D finite-difference time domain (FDTD) simulations of
light propagation in this multilayer structure using commercial
software Lumerical FDTD. To describe the structure with sufficient
spatial resolution we use spatial step of 0.25 nm in the simulation.
The monolayer is considered as 1 nm thick layer of material with
the real and imaginary parts of the dielectric function & =123
and &, = 0.2 in case of WSe,* and &; = 8.5 and &, = 0 for Mo0S,*.
The hBN layer is simulated as 10 nm thick layer of bulk hBN with
dielectric constant &, =4.3 (extrapolated for the wavelength of
2 um from*’. The silicon substrate and the SiO, layer are simulated
with real dielectric constants of & =11.89 and & =207,
respectively (imaginary parts of both are zero in this wavelength
region). In the simulation we propagate a short pulse with center
wavelength of 2 pm from air through the multilayer and evaluate
the square of absolute value of the frequency domain field
amplitude at the central frequency inside the monolayer ||Emono|\2.
The resulting ||Emono||* = 0.35||Eo||%, where Eq is the amplitude of
the incident pump pulse. We find that this value does practically
not depend on the material of the monolayer and it is solely
determined by the surrounding multilayered structure consisting
of much thicker materials.

Pump and probe experiment

The pump and probe experiment is carried out in the reflection
geometry with mid-infrared pump pulses (central photon energy
of 0.62eV, duration of Toump=38fs) and broadband super-
continuum pulses covering the visible and near-infrared spectral
region of 1.3-2.25 eV. The pump pulses are generated in a setup
based on a noncollinear optical parametric amplifier and
subsequent difference-frequency generation pumped by Yb:KGW
femtosecond laser (Pharos SP 6W, Light Conversion).

The output pulse parameters are the central wavelength of
1030 nm, the pulse duration of 170fs, the pulse energy of 120 pJ
and the pulse repetition rate of 50 kHz. The output is split to two
beams for generation of pump and probe pulses. The mid-infrared
pump pulse is generated in a noncolinear optical parametric
amplifier (NOPA) seeded with femtosecond supercontinuum with
subsequent difference frequency generation (DFG) between the
amplified NOPA output and the fundamental pulse at 1030 nm.
The seed supercontinuum is generated by focusing a fraction of
fundamental laser output to 3 mm long yttrium aluminum garnet,
which provides higher spectral power density of the generated
supercontinuum in the required spectral range 620-750 nm and
higher power stability than sapphire. Broadband part of the
supercontinuum is subsequently amplified in the NOPA pumped
by the second harmonic of the fundamental output at 515 nm.
The NOPA is based on 2 mm thick BBO crystal cut under 23.4°. The
amplified beam is sent to a prism compressor (fused silica prisms
with apex angles of 67°) for dispersion compensation.

Subsequently, DFG of the NOPA output and the fundamental
laser output is performed in a 1 mm thick BBO crystal cut under
23° using type-l phase matching. The generated pulses have pulse
energy of 100 nJ, spectrum covering the range 1500-2500 nm and
passively stabilized carrier-envelope phase. An additional OPA
stage pumped with the fundamental laser output allows to
increase the mid-infrared pulse energy to 2 pJ with only a small
limitation of the spectral bandwidth. Visible and near-infrared light
is filtered from the beam at the output of the setup using
interference long-pass filter with transmission window of
1350-5000 nm. In the experiments, the pump pulses with the
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FWHM duration of 38 fs are used. The details of this laser source
can be found in ref. &,

The broadband supercontinuum probe pulse is generated by
focusing the fundamental laser output in a 2 mm thick sapphire
crystal. The supercontinuum is then partially compressed by 8
bounces at a pair of chirped mirrors DCM-9 (Venteon). The time
delay between the pulses is controlled using optical delay line.
The arrival time of each spectral component of the broadband
probe pulse with respect to the compressed pump pulse is
measured using nonresonant nonlinearity in a thin glass. Time
delays of different spectral components are then shifted accord-
ingly in the presented transient reflectivity data. The probe
spectrum is detected using grating spectrograph (Shamrock 163,
Andor) and cryo-cooled CCD camera (iDus 420, Andor).

To increase the signal/noise ratio, the probe beam is split to two
replicas. One of them propagates through the excited region on
the sample, while the second replica serves as reference spectrum.
By dividing the two spectra we significantly suppress the noise of
the supercontinuum probe. The circular polarizations of pump and
probe pulses are generated and controlled by two independent
broadband quarter-wave plates. The pump and probe pulses are
intersected on the sample under an angle of about 10°. An optical
microscope setup is used to ensure the optimal focusing of the
probe beam at the monolayers and to align the spatial overlap of
the pump and probe beams.

Theoretical background

We solve the system of Egs. (3) and (4) for the case of the
superposition of o™-polarized pump and o*-polarized probe
pulses for each valley 1=+ 1 separately. To this end we make a
substitution £ (1) — Epumpe ™Rt 4 Egropee TMorebet in  the
expression for wgy of the corresponding equations. Here wyymp
and wprope are the frequencies of the pump and probe pulses,
respectively. Since the electric field of the probe pulse Epope is
much smaller than the electric field of the pump pulse Egump the
polarization 6P generated by the probe field is much smaller than
the polarization P} induced by the pump field, ||6P; || < ||Pg|l- The
same arguments provide the relations between the occupation
numbers of the quasiparticles ény and nj induced by the probe
and pump pulses, ie, ||6ny|| < |[ni]l. It allows us to solve the
system of differential equations perturbatively using the terms 6P}
and &ny as small parameters.

Substituting Py + 6P} and m + 6*n{( into Eq. (3), then applying
the relation &nj, = [Py (6P)" + (Py) 6Py]/(1 — 2nf) (see ref. *® for
details) we obtain an equation for 5P in the presence of Pj. After
the linearization of this equation and introducing the new
variables P§ = pfe ™mmt,  §P] = (af ™+t + bye Th:t)e MWhmot,
with Ay = Wpump F Wprobes ONE Obtains the system of inhomoge-
neous equations for the parameters aj, and by. Solving this system
of equations, and returning back to the original notations we
observe that 8P} in energy domain has a resonance structure at
the energies close to the 1s exciton energy Eqy

Eprob
8PT o probe . 6
k Eex + AEZX - hwprobe ©)
Hence the parameter E, given by Eq. (5) defines the shift of the 1s
exciton energy in the presence of the o"-polarized pump pulse in
T==1 valley.
The parameters p;5 and 1y in AE;, read

—0
ors =% [ xoiw. )

'715 = (287;3 [lp1s(r = 0)]2X

21, 121" 935 (K91 (K) =3 (k)3 (K')
xJJ Ak d K e
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Here 14(r) is the 1s excitonic wave-function, ©15(K) = [d?r 14(r)
e~™ is its Fourier transform, € is the dielectric constant of the
medium surrounding the TMD monolayer, and r, is an in-plane

screening parameter of the Rytova-Keldysh potential®'~33

2
e {Ho (E) A (Eﬂ 9)
2ro ro ro

The technical details of calculation of the numerical values of the
parameters p;; and n;s; are presented in ref. 2® and for the
hydrogen like excitonic wave-functions they lead to the results
mentioned in the “Results and discussion” section.

VRK (I’) =
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