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ABSTRACT

Semiconductors that are atomically thin can exhibit novel optical properties beyond those encountered in the bulk
compounds. Monolayer transition-metal dichalcogenides (TMDs) are leading examples of such semiconductors that
possess remarkable optical properties. They obey unique selection rules where light with different circular polarization
can be used for selective photoexcitation at two different valleys in the momentum space. These valleys constitute
bandgaps that are normally locked in the same energy. Selectively varying their energies is of great interest for
applications because it unlocks the potential to control valley degree of freedom, and offers a new promising way to
carry information in next-generation valleytronics. In this proceeding paper, we show that the energy gaps at the two
valleys can be shifted relative to each other by means of the optical Stark effect in a controllable valley-selective
manner. We discuss the physics of the optical Stark effect, and we describe the mechanism that leads to its valley-
selectivity in monolayer TMD tungsten disulfide (WS,).

Keywords: Optical Stark effect, transition metal dichalcogenide, transient absorption, valleytronics, Floquet, WS,,
monolayer, valley
*gedik@mit.edu

1. INTRODUCTION

Monolayer transition-metal dichalcogenides (TMDs) comprise a new class of atomically thin semiconducting crystals
such as MoS,, WS,, MoSe,, and WSe,. They have a honeycomb lattice structure, and a corresponding hexagonal
Brillouin zone with two inequivalent valleys, K and K’, where the electronic band edges are located. These materials
possess a strong spin-orbit coupling inherited from their atomic orbitals. But, unlike their bulk counterparts, the
crystalline structure of these monolayer TMDs have no inversion symmetry. This leads to a unique spin-valley coupling
at the band edges that results in novel valleytronic properties when interrogated with circularly polarized light [1]. In
particular, this system obeys a selection rule where the two valleys couple differently with left and right circularly
polarized light. This allows photoexcitation across the band gap that can be made valley-selective. In this way, the
electron population imbalance between the two valleys can be utilized to carry information for valleytronic applications.

Alternative approach to control the valley degree of freedom can also be pursued by tuning the energy level between the
two valleys. Note that, the two valleys are energetically degenerate because they are protected by time-reversal
symmetry. Applying a magnetic field can in principle be used to break time-reversal symmetry and lift the valley
degeneracy through Zeeman effect. However, experiments to date have shown an energy splitting by only 1-2 meV at
fields commonly accessible in the laboratory [2-4]. In this proceeding paper, we show that the valley degeneracy in
monolayer TMD WS, can be lifted optically, as we reported recently in E. J. Sie et. al., Nature Materials 14, 290 (2015)
[5]- By applying intense circularly polarized light, which also breaks time-reversal symmetry, the exciton level in each
valley can be selectively tuned by as much as 18 meV via the optical Stark effect.

2. THEORY OF THE OPTICAL STARK EFFECT

The physics of the optical Stark effect can be presented semi-classically by a Hamiltonian in which light is represented
by classical fields as external perturbation. The perturbed Hamiltonian can be diagonalized to obtain the altered energy
levels, and the optical Stark effect can be perceived from the induced change of the energy spectrum. An equilibrium
system that is coherently driven by light will acquire newly created photon-dressed states (or Floquet states, [6]) with
energy spacing in units of the photon energy. These Floquet states can also be seen from the energy denominator of the
energy shift as will be described below. On the other hand, in the quantum-mechanical description of the optical Stark
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effect, light is represented by quantized oscillators, from which the Floquet states are seen in the quantized photon
energy spacing in the energy spectrum. In the following, we will begin by discussing the semi-classical picture of the
optical Stark effect, and later compare with the quantum picture.

2.1 Semi-classical physics of the optical Stark effect

Semi-classical

(a) Static Stark effect

(b) Optical Stark effect

Quantum

(c) Optical Stark effect
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Figure 1. (a) Energy level diagram of the static Stark effect in a two-level system. (b) Semi-classical and (c) quantum
description of the optical Stark effect.

The optical Stark effect, in principle, results from induced energy repulsion between two states, similar to the case of the
static Stark effect. We consider a two-level atomic system of states |a) and |b) with respective energies of E, and Ej,
(Fig 1a), and we put this atom in the presence of static electric field £. Since the atomic orbitals have a definite parity,
the Stark effect in atoms starts to emerge from a second-order perturbation with €, inducing a hybridization between
states |a) and |b) that results in shifted energy levels by as much as

blpEla))? M3 |EI?

g, ~ KOIPEIQP _ 95 le] 0
Eb_Ea Eb_Ea
b|pE|a)|? M2 |E|?

g5, MOIPEIQIP 2 €] o
Ea_Eb Eb_Ea

where P is the electric dipole moment operator of the atom, £ is the static electric field strength, and M, is the
polarization matrix element between |a) and |b). Such energy shifts result in a wider separation of the energy levels, also
known as the state repulsion, with magnitude

MZ | ng

—ab’™l (3)

Eb - Ea

where the magnitude is quadratic in € and is inversely proportional to the energy separation Ej, — E, before the
application of the field (Fig 1a). In the optical Stark effect, the perturbation is written as H'(t) = pE(t), where E(t) =

Epcos2mvt is the oscillating electric field with amplitude £, and frequency v. Here, we use a time-dependent
perturbation theory [7] to find the shift of the energy levels

53(0) = Hio 0 exp () [ enp (- HEE ar @
0

AE =2
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where AE,(t) has a similar expression after switching the indices. We can write the perturbation Hamiltonian as
H'(t) = pEy(e?™t + e~2™1) /2 in order to make apparent the coherent absorption and emission of light from the
atomic states. Equation (4) can be evaluated using this perturbation to obtain the time-averaged shift of the energy levels

- 1] M2 (e? ME(E?
AEb=— ab( ) + ab( ) (5)
2|/E,—E;,—hv E,—E;+hv
_ 1] MA(E? M2 (E?
AEaZ—— ab( ) ab< ) (6)
2 Eb_Ea_hV Eb_Ea+hV

where (£2) = £2/2 is the time-averaged value of the electric field squared. These expressions are consistent with the
case of the static electric field in equations (1) and (2) in which hv — 0 and (£2) - £Z. In our experiment, hv is detuned
only slightly below E},, — E, such that the contribution from the first term to the energy shift dominates, and that of the
second term can be neglected. As a result, the energy level separation increases by

Mip(€?)
E, —E,—hv
where the energy shift is linearly proportional to the light intensity and is inversely proportional to the light energy

detuning from the E, — E, transition. This phenomenon is known as the optical Stark effect [8, 9], and it has been
routinely employed in the study of atomic physics, and to facilitate the cooling of atoms below the Doppler limit [10].

AE = @)

2.2 Quantum-mechanical description of the optical Stark effect

The optical Stark effect can also be described using the Jaynes-Cummings model [11], where light is represented by
quantized oscillators with energy of hv, with a Hamiltonian

1 1
A =5 (B, — E)6, + hva*a + 5 g(6*a+6-a") (8)

where the three terms correspond to the two-level atom, the photon reservoir, and the atom-photon interactions,
respectively, g is the atom-photon coupling strength, while the Pauli matrices and the ladder operators are given by

aln) = vnln — 1) ©)
a*tln)y=vn+1n+1) (10)
6, = |bXb| — laXal (11)
6~ = la)b] (12)

6+ = |bXal (13)

where |n) is the number of photons. Note that this Hamiltonian only couples states |a,n + 1) and |b,n) (see Fig Ic),
which we can use as the basis for the Hamiltonian matrix

1 1(E,—E, — v 1
H=hv(n+—)(1 0)+—<” o —hv hogvnt ) (14)
2/N0 1V 2\ hwgVn+1 —(E, — E, — hv)
which can be diagonalized to give the energies
1y 1
En,i=hv<n+§>i§\/(Eb—Ea—hv)2+g2(n+1) (15)

The optical stark shift of |[a) — |b) optical transition can then be evaluated, after taking a weak field approximation
g L E, — E; — hv, from which we will obtain an energy shift identical to equation (7).

2.3 Optical Stark effect in semiconductors

Semiconductors have an electronic bandgap that separates the fully-occupied valence band from an unoccupied
conduction band. Therefore, the low-energy excitation in semiconductors can often be described as a simplified two-
level system, in which the optical Stark effect can also occur. Prior to this work, however, this effect has only been
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reported in a very limited number of materials, with Cu,O [12], GaAs [13-17] and Ge [18] semiconductors among the
few examples. Here we report the observation of the optical Stark effect in a monolayer TMD WS,, and we found that
the effect can be made valley-selective using circularly polarized light [5].

3. METHODS

3.1 Transient absorption spectroscopy

In our experiments, we used a Ti:sapphire amplifier producing laser pulses with duration of 50 fs and at 30 kHz
repetition rate. Each pulse was split into two arms. For the pump arm, the pulses were sent to an optical parametric
amplifier to generate tunable photon energy below the exciton absorption (hv < E,.), while for the probe arm the pulses
were sent through a delay stage and a white-light continuum generator (hv = 1.78-2.48 eV, chirp-corrected). The two
beams were focused at the sample, and the probe beam was reflected to a monochromator and a photodiode for lock-in
detection [19]. By scanning the grating and the delay stage, we were able to measure AR /R (and hence Aa) as a function
of energy and time delay. Here, Aa(w,t) = a(w,t) — ay(w). The pump and probe polarizations were varied separately
by two sets of polarizers and quarter-wave plates, allowing us to perform valley-selective measurements, and an
additional half-wave plate for tuning the pump pulse intensity (Fig 2a). The sample consists of high-quality monolayers
of WS, that were CVD-grown on sapphire substrates [20-22], and all measurements in this study were conducted at
ambient condition (300 K, 1 atm).

4. RESULTS

In monolayer WS,, the energy of the lowest exciton state is 2.00 eV at room temperature (Fig 2b, black). In order to
induce an optical Stark effect on this exciton (as simulated and exaggerated for clarity in Fig 2b, dashed), we use pump
pulses with photon energy slightly lower than the exciton energy (1.68—1.88 eV). To measure the energy shift we use
transient absorption spectroscopy (Fig 2a), which is a powerful technique capable of probing the resulting change in the
absorption spectrum A, as simulated in Fig 2¢ [19]. The unique optical selection rules of monolayer TMDs allow for
Aa at the K (or K’) valley to be measured with valley-specificity by using left (or right) circularly polarized probe light

(inset in Fig 2d).
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Figure 2. (a) Schematic of transient absorption spectroscopy set-up. (b) Measured absorbance of monolayer WS, (black) and
hypothetical absorbance curve (dashed) that simulates the optical Stark effect. (c) The simulated change of absorption
induced by the pump pulses. (d) Time trace of Aa, induced by pump pulses of o~ helicity, measured using probe pulses of
the same (o™, red) and opposite (g *, black, with offset for clarity) helicities.

4.1 Probing the optical Stark effect in monolayer WS,

In order to search for the optical Stark effect in WS,, we start by measuring the change in the optical absorption Ax as a
function of time delay At between the pump and probe laser pulses (Fig 2d). We tune the pump photon energy to 1.82
eV so that it is just below the absorption peak, with pulse duration 160 fs at FEWHM, fluence 60 wJ/cm?, and polarization
o~ (left circularly polarized). Since the optical Stark effect is expected to shift the absorption peak to higher energy, the
probe photon energy is chosen to be 2.03 eV, which is above the equilibrium absorption peak. Fig 2d shows that when
o~ is used to probe A« (red trace), there is a sharp peak that only exists at At = 0 when the pump pulse is present. This
signifies that we are sensitive to a coherent light-matter interaction occurring between the pump pulse and the sample.
When o is used to probe Aa (black trace), we observe no discernible signal above the noise level at all time delays.
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This shows that probing the optical Stark effect in this material is strongly sensitive to the selection of pump and probe
helicities.

4.2 Time-resolved absorption spectra

Closer examination of Aa spectrum in the extended range of 1.85-2.15 eV reveals a faint but noticeable background
signal that is present at both valleys. In Fig 3, we present a pair of experimentally measured Aa spectra as a function of
pump-probe time delay. The probe helicity is tuned to be the same (¢, Fig 3a) and opposite (¢*, Fig 3b) to the pump
helicity. Fig 3a shows a distinct feature centered at around At = 0, which consists of positive Aa above the original
absorption peak and negative below it. In contrast, Fig 3b shows only a faint and premature signal at At = 0. They
eventually share a common feature at At > 200 fs, where Aa is negative at the absorption peak and positive below it.

(a) K valley (b) K’ valley
215 i : : ' : : .
\>?L 2.10 i
;;:f 2t ' Aa(x1073)
£ 200F : 1 '
@ -
S 1951 1t | N
~
190 f | ” ' ‘ i
-400 -200 0 200 400 -400 -200 0 200 400
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Figure 3. Valley-specific Aa(w, t) spectra measured using pump-probe pulses of the same (a) and opposite (b) helicities.

The Aa spectra at At = 0 shown in Fig 3a indicate that the absorption peak is shifted to higher energy. The non-zero da
values at At > 200 fs in both panels, when the pump pulse no longer persist, are induced by photoexcited excitons, due
to excitonic bleaching and biexcitonic absorption [19, 23], and they are present in both valleys. These excitons, however,
do not contribute to the optical Stark effect and just add common background signals in both valleys. In the following
discussion, we only consider results taken at At = 0 for which the background have been subtracted in order to focus on
the optical Stark effect.

4.3 Polarization-resolved absorption spectra

Fig 4a shows the Aa spectra at K and K’ valleys as induced by ¢~ pump pulses. It shows that the optical Stark effect
occurs at the K valley, and not at the K’ valley. Fig 4b shows identical measurements using instead a 0™ pump pulses.
The effect is now switched to the K’ valley. This indicates that the optical Stark effect can be induced valley-selectively
using circularly polarized pump pulses, and the effect is well isolated within only the light-driven valley.
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0.04 K | Punlp g K’ ]
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Figure 4. Valley-specific Aa spectra induced by (a) o~ and (b) o pump pulses probed by using 6~ (K valley) and ot (K’
valley) helicities. (c) Band diagrams with the Floquet bands (dashed curves).
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The valley-selectivity of this optical Stark effect arises from the valley selection rules that are present in this class of
materials [24-26]. The relevant valence band (VB) and conduction band (CB) in monolayer WS, are associated with
magnetic quantum numbers m, shown in Fig 4c, which are different between the two valleys. Coherent absorption of
light by the VB creates a Floquet band |VB + hv) for which the magnetic quantum numbers are added by the light
helicity that carries Am = -1 () or +1 (o). Interaction between this Floquet band and the equilibrium CB can lead to
a state repulsion provided that they have the same quantum numbers. Note that, the inclusion of excitonic interaction
will still preserve the symmetry governing the valley-selectivity and, for the purpose of understanding the effect, the
energy of the equilibrium CB is essentially lowered by the exciton binding energy [27]. This explains the valley-
selective energy shift we observed in our experiments.

The magnitude of the effect in either valley can also be smoothly tuned as the pump helicity is continuously varied from
fully o~ to fully o*, as shown in Fig 5a-b. This arises from the shifting of energy levels as a function of pump
polarization, as is schematically depicted in Fig 5c-d. Note that any polarization of the pump pulse can be decomposed
into a superposition of ¢~ and o+ components, for which the effect can be maximized or minimized depending on the
valley. This is consistent with the valley selection rules with circularly polarized light in this material.
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Figure 5. (a, b) Valley-specific Aa(w, t = 0) spectra measured as a function of pump polarization. (c, d) Band diagrams
showing how the energies of the band edges are shifted as a function of pump polarization.

4.4 Determining the energy shift

In order to determine the energy shift, we can compare the obtained Aa spectra with what would be obtained from a
shifted Gaussian peak. The shifted absorption spectrum can be expressed as

(w— AE)Z)

2c2

a(w,AE) = Aexp (— (16)
where A is the absorption peak, AE is the energy shift, ¢ is the FWHM/2v2 In2, and A& = 1. The induced absorption
spectrum can be derived

Aa(w,AE) = :U—Za(a)) 17

where we only keep terms in the first order of AE. This result has been routinely used to estimate the energy shift AE via
optical Stark effect through measuring the change in the absorption A« at a particular energy w [14]. This method,
however, is insensitive to distinguishing a peak shift from a peak broadening. Thus, it is crucial to measure the full
spectrum of A, performed using transient absorption spectroscopy [19], and verify if the measured Aa spectrum profile
results from a peak shift. To determine the shift in the peak position, we can integrate the area of this Aa(w, AE) curve
in the range of 0 < w < oo, which is referred as the spectral weight transfer (SWT), and by using equations (16) and (17)
it can be evaluated as

f Aa(w,AE)dw = AAE (18)
0

By measuring the SWT and the absorption peak A (= 0.2), we can extract the energy shift AE due to the optical Stark
effect. In our analysis, it is sufficient to integrate A in the range of 2.00 < w < 2.18 eV because the signal vanishes
beyond this upper limit. We plot the estimated energy shift in Fig 6 (blue circles) as a function of fluence/A, together
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with accompanying results measured with smaller (black) and larger (red) laser detuning energies A. Not only the results
show a linear dependence with fluence but they also share a common slope when plotted this way. This is in excellent
agreement with equation (7), which estimates an energy shift of 18 meV measured at the highest fluence. We note that,

for a given fluence and energy detuning, this material exhibits the largest optical Stark shift in any materials reported to
date.

20 . . .
Ey =2.00 eV

18 F hv=188¢V @
hy =1.82¢eV @

16 1.68 ¢V @

hv

14
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10

Energy shift (meV)
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Pump fluence/A (uJ/cm? eV)
Figure 6. Optical Stark shift as a function of fluence/A, showing that all of the data points fall along a common slope. The

horizontal error bars correspond to the pump bandwidth of 43 meV. The fitting slope (black line) and the 95% confidence
band (green shading) show an excellent agreement with the optical Stark effect.

4.5 Comparison with the predicted Rabi frequency

We can compare the experimentally obtained energy shift with what would be theoretically expected from using an
estimated Rabi frequency. In theory, the optical Stark shift is completely described by the transition dipole moment
Mp, pump field strength £, and pump detuning 4, which can be calculated and compared with the data in Fig 6. The
energy shift has a simple expression given by

_ (hwg)?
= 19)

where Awgy (= M, &) is the Rabi frequency. We can estimate for M, from the study of quantum well semiconductors
[28] given as

AE

, _(¢€h 2 E,

M) = (57) 7 (20)
where Ej (= 2 eV) is the transition energy of the exciton, E; (= 2.3 eV) is the quasiparticle band gap [29], m. (= 0.32
m,) is the effective mass of the conduction electron [30]. This gives M, = 56 Debye for monolayer WS, (1 Debye =
3.3 X 10739 Cm), which is about twice the value obtained for GaAs quantum wells [31]. For the maximum energy shift
of 18 meV, as measured at 4 = 180 meV, we used pump fluence of 120 pJ/cm?® with pulse width of 160 fs (obtained
from Fig 2d). This gives the peak irradiance of I = fluence/width = 806802 /2 from which we can determine the field

strength of £, = 75MV/m and the Rabi frequency of Awy = 87 meV. This calculation yields the energy shift of
AE = 21 meV which is consistent with the measured value of 18 meV in our experiments.
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5. CONCLUSIONS

The observed large valley-selective optical Stark effect in monolayer WS, represents a clear demonstration of broken
valley degeneracy in a monolayer TMD. Similar results were also obtained in monolayer WSe, [32]. This is possible
because circularly polarized light breaks time-reversal symmetry, which allows for the lifting of the intervalley spin
degeneracy. We have demonstrated so far the optical Stark effect when the pump pulse is red-detuned with respect to the
exciton resonance. In principle, this effect can also be demonstrated in the blue-detuned pump regime where we should
expect the reverse of the exciton energy shift. However, the situation can become more complicated because of the
absorption for photoexcited carriers, which will obscure the signal of the anticipated optical Stark effect. Nevertheless, it
will allow us to investigate the effects of real excitons and their many-body interactions on the coherent light-matter
interaction in monolayer TMDs, as well as the possibility to create a new topological phase of matter [5, 33-37], and this
will be the interest for future works.
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