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The main aspects of physical phenomena associated with the optical orientation of the spin and valley degrees
of freedom in transition metal dichalcogenide monolayers and in van der Waals heterostructures based on
them have been briefly reviewed. Owing to features of the band structure and spin–orbit coupling in such sys-
tems, circularly polarized light induces optical transitions in different valleys K+ and K– of the Brillouin zone;

consequently, the optical orientation of charge carriers and excitons is accompanied by their valley polariza-
tion. The main features of the band structure of transition metal dichalcogenide monolayers, excitonic
effects, and results of theoretical studies of the valley orientation of excitons and electrons at one-photon
absorption have been reported. The linear–circular dichroism and valley orientation of free charge carriers
and excitons at multiphoton absorption have been studied. Effects associated with the trigonal symmetry of
monolayers, including the inversion of valley polarization at two-photon transitions and the second har-
monic generation, have been discussed. The considered theoretical models have been illustrated by experi-
mental data.
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1. INTRODUCTION

The investigation of processes of optical orientation
of spins of charge carriers, spin dynamics, and mani-
festation of spin polarization in the optical response of
semiconductors and semiconductor nanosystems has
become an actively developing field of modern physics
[1–4]. The appearance of novel material systems with
unusual crystal and band structures stimulates theoret-
ical and experimental studies in this field.

Structures with “extreme” two-dimensionality
such as graphene, transition metal dichalcogenide
(TMDC) monolayers, hexagonal boron nitride
monolayers, and van der Waals heterostructures based
on them have become of particular interest in the last
several years in the physics of semiconductor nanosys-
tems [5, 6]. In TMDC monolayers [7–10], among
which MoS2, MoSe2, WS2, and WSe2 are the most

studied and which are considered in this brief review,
a direct band gap is formed at the points K+ and K– at

the edges of the hexagonal Brillouin zone because of
the strong spin–orbit coupling and a specific symme-
try of the crystal lattice. Light with a given circular

polarization  or  in the dipole approximation is

absorbed in the  or  valley, respectively, and the
spin orientation of charge carriers is accompanied by
their valley orientation [9, 11–16]. Another feature of

TMDC monolayers is a strong Coulomb interaction,
which is responsible for the connection of the optical
response of such structure with Wannier–Mott exci-
tons having a significant binding energy of 100–
500 meV [17–20]. The fine structure of the energy
spectrum, as well as the dynamics of spin and valley
degrees of freedom of excitons, in such extremely two-
dimensional systems is actively studied both experi-
mentally and theoretically [21–30].

The aim of this work is to briefly review features of
the valley orientation of charge carriers and excitons in
TMDC monolayers with the focus on effects associ-
ated with features of the symmetry of the system,
energy spectrum, and Coulomb interaction. The basic
information on the crystal and electronic structures of
TMDC monolayers, as well as the specificity of exci-
ton states, is presented in Section 2. Section 3 is
devoted to the optical orientation of electrons and
excitons at single-photon transitions, аs well as to fea-
tures of the valley dynamics of excitons caused by the
long-range electron–hole exchange interaction. The
specificity of multiphoton transitions in TMDC
monolayers is considered in Section 4. Section 5
describes the manifestations of the specific trigonal
symmetry and the absence of the inversion center in
the linear and nonlinear optical response of TMDC
monolayers.
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2. MAIN FEATURES OF TMDC MONOLAYERS

Figures 1a and 1b schematically show the crystal
structure and positions of atoms in TMDC monolay-
ers. The monomolecular layer is described by the

point group , and the horizontal plane of ref lection
passes through the layer of metal atoms. The unit cell
contains a metal atom and two chalcogenide atoms
located in planes above and below the metal plane.
The Brillouin zone is a regular hexagon (see Fig. 1c);
the direct band gap is formed at the points K+ and K–

related by the time reversal operation. The point group

of the wave vector at the points K+ and K– is . The

dispersion relation of electrons in the valence and con-
duction bands near the points K+ and K– is parabolic

(see Fig. 1d). We note that spin degeneracy of bands is
completely lifted at the points K+ and K–, and the time

reversal symmetry relates states with the opposite
spins in different valleys.

Within the minimal model, the effective 2 × 2
Hamiltonian describing the states of the conduction

and valence bands with the parallel spins 

near the point  has the form [9, 19, 31]

(1)

Here,  is the two-dimensional wave vector

of the electron measured from the point , γ is the
parameter proportional to the interband matrix ele-
ment of the momentum operator, and Eg is the width

of the band gap. The Hamiltonian for a pair of spin

sublevels with  in the same valley has the

form (1) with the substitution , where Δ
is the sum of the spin–orbit splittings of the conduc-
tion and valence bands. It is noteworthy that the order
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of spin conduction subbands is different in molybde-
num- and tungsten-based structures [19, 31]. The

effective Hamiltonian in the  valley is obtained from

Eq. (1) by the substitution . We

note that the characteristic Eg values are about 2 eV

and the effective masses of electrons and holes are

, where  is the mass of the free electron [19,

31–35]. The energy spectrum of the electron with the
Hamiltonian (1) has the Dirac form

(2)

where  and – correspond to the conduction and
valence bands, respectively.

We now describe the exciton states in TMDC
monolayers. A feature of such structures is their signif-
icant dielectric contrast, which leads to the difference
of the potential energy of attraction between the elec-

tron and hole from the Coulomb law ,
where ρ is the distance between the electron and hole
in the monolayer plane. The Rytova–Keldysh model
[36, 37] is usually used to take into account the dielec-
tric screening (see [38, 39], where the applicability and
generalizations of this model for structures with
extreme two-dimensionality were discussed), in which
the Fourier transform of the potential energy has the
compact form

(3)

Here, q is the wave vector, ̹ is the relative permittivity

of the medium surrounding the monolayer, and  is
the effective screening radius, which is determined by
the polarizability of the monolayer. The Fourier image

of the potential at low q values (distances  large
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Fig. 1. (Color online) (a) Schematic of the crystal structure of the monomolecular TMDC layer described by the chemical for-

mula MX2. The black and yellow balls are metal (M) and chalcogenide (X) atoms, respectively. (b) Projections of atoms on the

plane. (с) Two-dimensional Brillouin zone. (d) Scheme of energy bands near the points K+ and K– and the selection rules at nor-

mal incidence of radiation. Light with a given circular polarization induces transitions with the conservation of the electron spin

and change in the component of the angular momentum of the orbital Bloch function by ±1.

(c)
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compared to ) behaves as 1/q; i.e., the two-dimen-
sional Coulomb law is valid in real space, whereas the

potential at high q values (small distances )

behaves as  or, in the coordinate space, as

. This leads to the deviation of the binding
energy of exciton states from a hydrogen-like series
[18], to the lifting of “accidental” Coulomb degener-
acy [39], and to the relative increase in the oscillator
strength of excited states of the exciton [40]. Another
reason for the deviation of the exciton series in TMDC
monolayers from the hydrogen-like series is the non-
parabolicity of the energy spectrum of charge carriers
[41–44]. The dispersion relation (2) at low k values
can be approximated by the parabola

where  is the effective mass and

 is the velocity. With increasing k, the disper-
sion relation changes from parabolic to linear. If the
binding energy of the exciton is not too low compared
to the width of the band gap Eg, nonparabolicity
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changes the structure of the exciton wavefunction: it
becomes four-component and includes the electron–
hole excitations with electron and hole states having

both signs of the energy  and , respec-
tively (see Eq. (2)). In TMDC monolayers, nonpara-
bolicity results not only in the renormalization of the
binding energy of the exciton but also in a noticeable
change in the oscillator strength [44].

In single-photon processes within the axial
approximation, to describe the energy spectrum of
charge carriers, s-excitons with the zero component of
the angular momentum of the envelope function are
optically active. The analysis shows that the experi-
mentally observed positions of exciton resonances are
satisfactorily described within the method of the
effective mass taking into account the screened poten-
tial (3) [18, 40]. To compare the calculated and mea-
sured oscillator strengths, it is necessary to take into
account that multiple reflection of light from the
boundaries of dielectric layers of the sample surround-
ing TMDC monolayers in experimentally studied van
der Waals heterostructures like that presented in
Figs. 2a and 2b. As a result, depending on the thick-
nesses of these layers, resonances in the reflection

λ = ±e λ = ±h

Fig. 2. (Color online) (a) Optical microscopy image of the structure with the MoS2 monolayer. (b) Scheme of the structure.

(с) Differential reflection coefficient , where  is the difference of the light reflection coefficients from the structure with
and without the monolayer: (points 1) experimental data; (lines 2–5) model calculations with different thicknesses of the layers:

(green line 2)  nm,  nm; (blue line 3)  nm,  nm; (violet line 4)  nm,

 nm; and (red line 5)  nm,  = 83 nm. The best agreement is reached with the last pair of layer thick-

nesses according to the atomic force microscopy (AFM) data. The thickness of the covering layer was  nm. The figure

is taken from [40].
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spectra associated with excited exciton states can have
an intensity comparable to the intensity of the ground
state, despite an order of magnitude difference in the
oscillator strengths. The calculations within the trans-
fer-matrix method make it possible to adequately
describe the reflection spectra of such structures; the
fitted thicknesses of the layers correspond to those
measured by atomic force microscopy [40].

The possibility of controlled modification of the
radiative lifetime of the exciton in TMDC monolayers
owing to the variation of the dielectric environment
was demonstrated in [45] (see also [46–48]). It can be
shown [45] that the radiative decay rate of the exciton
in the structure with the TMDC monolayer placed on
the substrate with the amplitude reflection coefficient
r can be written as

(4)

where  is the radiative decay rate of the exciton in
the monolayer without the substrate. Figure 3 shows
the dependence of the radiative lifetime of the exciton

, measured by the time-resolved photo-
luminescence method, on the thickness d of the hex-
agonal boron nitride (hBN) layer (see the inset).
Experimental data are quantitatively described by the
theory developed in [45] taking into account the Pur-
cell effect in the van der Waals heterostructure. Oscil-

latory dependence  is due to the interference of
electromagnetic wave in the hBN layer, which leads to
oscillations of r in Eq. (4) as a function of the thickness
of the layer. Fitting the experimental data, we found
that the radiative decay time of the exciton for the
monolayer in vacuum is 2.7 ps in agreement with the-
oretical estimates [21].

3. VALLEY ORIENTATION OF ELECTRONS 
AND EXCITONS AT SINGLE-PHOTON 

TRANSITIONS

Important features of TMDC monolayers are the
so-called chiral selection rules for optical transitions:

light with the polarization  ( ) at normal incidence

is absorbed in the valley  ( ) and the optical tran-
sition occurs with the conservation of the spin of the
electron (see Eq. (1) and Fig. 1d). This allows optically
selective excitation and detection of charge carriers
and excitons in the valleys K+ and K– [12–16]. We note
that spin-flip transitions in the polarization orthogo-
nal to the monolayer are possible at oblique incidence
of radiation [21, 49]. The situation is richer in struc-
tures with TMDC bilayers [50, 51]. Below, we con-
sider only structures with monolayers.

As in structures with quantum wells [52, 53], the
main mechanism of depolarization of excitons is the
long-range exchange interaction between an electron
and a hole. The theory of long-range exchange inter-
action for TMDC monolayers was developed in [21]

Γ = Γ + ℜ ,eff
0 0(1 { })r

Γ0

−τ = Γeff 1
0(2 )X

τ ( )X d

+σ −σ

+K −K

(see also [23, 24] and [54], where features of van der
Waals heterostructures with TMDCs were analyzed).
It can be shown that the effective Hamiltonian
describing the radiative doublet of the exciton in the
basis of circularly polarized states has the form

(5)

Here, K is the wave vector of the exciton as a whole, σ
is the vector composed of the Pauli matrices describ-
ing the pseudospin operator of the exciton, and

(6)

is the effective spin precession frequency, where  is
the angle of the wave vector in the monolayer plane

and  is the longitudinal–transverse splitting,

which can be represented at  in the form [54]

(7)

Here,  is the exciton excitation frequency, and the
effective permittivity �eff depends on the structure and
thicknesses of the layers and depends very weakly
on K.

Figure 4a shows the experimental data from [55] on
the valley dynamics of excitons obtained by the
pump–probe method, where the circularly polarized
pump pulse creates excitons with the corresponding
pseudospin component and the linearly polarized
pulse is used to detect the polarization from the spin
Kerr effect. As the temperature increases, the depolar-
ization of excitons becomes faster: the effect is qualita-
tively due to an increase in the splitting  (see
Eq. (7)) with an increase in the temperature of the
exciton gas. The kinetic theory of the effect developed
in [55] within the density matrix method reproduces
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Fig. 3. (Color online) Radiative lifetime of the exciton in
the MoSe2 monolayer versus the thickness of the hBN

layer: the experimental points in comparison with the the-
oretical solid line. The dashed line is the relative intensity
of the electromagnetic field on the monolayer. The inset
shows the scheme of the structure. The figure is taken from
[45].
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the experiment (see Fig. 4b); the comparison of the
theory and experiment makes it possible to estimate
the time of scattering of excitons.

The excitation of doped structures by circularly
polarized light results in the polarization of resident
charge carriers [3, 4, 56]. The optical valley orienta-
tion of electrons and holes was observed in TMDC
monolayers (see, e.g., [57, 58]). Figure 5 shows the
results from [57], where the time resolved Kerr rota-
tion method was used to study the spin dynamics of
electrons and holes in doped structures with the WSe2

monolayer. It is seen that the relaxation times of resi-
dent electrons are significantly longer than the relax-
ation times of excitons (cf. Fig. 4b and Figs. 5d, 5e)
because the mechanism associated with long-range
exchange interaction between electrons and holes is
suppressed and the relaxation of spin/valley degrees of
freedom of free charge carriers is due to processes of
spin-flip scattering and/or intervalley scattering [24,
59]. The depolarization times of charge carriers in the
n- and p-type structures are about 0.1 and 1 μs,
respectively. The relaxation times of electrons and
holes are strongly different apparently because spin
splitting in the valence band is much larger than that in
the conduction band and only the intervalley spin-flip
transitions occur for holes under the condition of the
experiment reported in [57], whereas the depolariza-
tion of electrons can be due both to intravalley spin-
flip transitions and to intervalley transitions with the
conservation of the spin (cf. Figs. 5g and 5f).

4. LINEAR–CIRCULAR DICHROISM
AND VALLEY ORIENTATION 

AT MULTIPHOTON TRANSITIONS

The investigation of nonlinear optical processes in
semiconductors, including processes of higher har-

monic generation and multiphoton absorption, opens
access to the symmetry of a system, features of the
energy spectrum, and selection rules at optical transi-
tions [2, 60]. In particular, cubic crystals having iso-
tropic linear optical properties demonstrate a signifi-
cant polarization dependence of the nonlinear
response, including linear–circular dichroism and the
anisotropy of absorption of linearly polarized light
[61–68]. In this section, we discuss the valley orienta-
tion of charge carriers and excitons in TMDC mono-
layers, as well as linear–circular dichroism in the case
of two- and three-photon absorption, within the two-
band model (1). Additional effects occurring in real
crystals, which are beyond this minimal model, are
described in the next section.

We first analyze effects of nonlinear absorption of
light, neglecting the Coulomb interaction between an
electron and a hole. The rate of the n-photon transi-
tion between states of the valence and conduction

bands in the  ( ) valley, which are described by
the Hamiltonian (1), can be represented in the form

(8)

Here,  is the amplitude of the vector potential of the
incident field; ω is the radiation frequency; e is the

complex polarization vector of radiation;  is the

energy given by Eq. (2), so that  is the energy of the

photoexcited electron–hole pair;  is the matrix

element of n-photon absorption in the  valley; and
the normalization area is taken as unity. We consider
the normal incidence of light on the monolayer plane,
at which the polarization vector e = (ex, ey) is parallel
to this plane.
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Fig. 4. (Color online) (a) Kerr rotation signal induced by the polarization of excitons in the WSe2 monolayer versus the time delay
between pump and probe pulses. (b) Time of valley depolarization of excitons. The circles are the experimental data and the red
solid and black dashed lines are the calculations with excitation scattering times τ = 0.066 and 0.25 ps, respectively. The figure is
taken from [55].
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To characterize n-photon absorption, we introduce

the linear–circular dichroism

(9)

where circ and lin mean circular polarization (  or

) and linear polarization, e.g., , respectively,
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Because of the axial symmetry of the Hamiltonian (1)
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Fig. 5. (Color online) (a) Layout of the time-resolved Kerr rotation experiment on the structure with the WSe2 monolayer and

the electrostatic gate. (b, c) Normalized reflection spectra of the n- and p-type structures. (d, e) Kerr rotation versus the time

delay at (d) gate voltage  V, electron density  cm–2, and magnetic field By = (red line) 0, (orange line)
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(f, g) Scheme of scattering of charge carriers in doped structures; K and  denote the  and  valleys, respectively; and RCP
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dent of the sign of the circular polarization and of the
direction of the vector  of linear polarization. In
addition, the probabilities of absorption in different

valleys are related as  and

. Consequently, the numerator
and denominator in Eq. (9) can be replaced by

 and , respectively.

The matrix element of the optical transition at the
single-photon absorption is the scalar product of the

interband matrix element of the velocity operator 
and the vector e:

where  and

(11)

Two-photon absorption includes one interband and
one intraband virtual transition and the composite
matrix element has the form

(12)

where , , and it

is taken into account that . The contribution
to three-photon absorption comes not only from the

 processes but also from the processes
with , , and

 intraband transitions. Taking into

account the equality , the total contribution
of these processes to the composite matrix element is
transformed to the form

(13)

where

Figure 6a shows the calculated absorption dichro-

ism  at . Linear–circular dichroism is
absent in the case of single-photon absorption.
Dichroism in the case of two-photon absorption is
absent at small detunings from the absorption edge. In
the case of three-photon absorption, circularly polar-

ized light is not absorbed at  because the pro-
jection of the total angular momentum of three circu-
larly polarized photons is +3 or –3, whereas the com-
ponent of the angular momentum in transitions
between the conduction and valence band within the
minimal model (1) changes by unity (cf. [63, 64]).
Three-photon transitions in the case of circular polar-
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ization are possible taking into account intraband pro-
cesses, their contribution increases sharply with the

frequency of light, and dichroism  is larger than

unity already at a small detuning . At ,
the excess angular momentum ±2 of circularly polar-
ized photons is transferred to free charge carriers
owing to the intraband transitions and the dichroism

, which is 1 at , increases monotonically
with the frequency.

Figure 6b shows the degree of valley polarization of

photoelectrons at excitation by  polarized light. It
can be shown that the degree of valley polarization

 is independent of n (at the same energy of the
photoelectron) and has the form

(14)

where k is the wave vector of the photoexcited electron

determined by the condition . A reason for
the independence from n is the possibility of repre-

senting  in the form , where the absolute

value of the factor  is independent of the sign of the

circular polarization  or . The degree of valley
polarization at the absorption edge reaches 100% (see

Fig. 1d), because  at  according to
the selection rules. This scalar product increases (from

zero) with the detuning , and the degree of

valley polarization decreases. The parameter  is
related to  as

We now briefly discuss excitonic effects under the
assumption that the binding energy of the exciton is
low compared to . This means that the Coulomb
interaction can be taken into account only in the final

state. The analysis in [69, 70] shows that 
in the considered model and light produces p-excitons
(component of the angular momentum of the enve-
lope is ). Three-photon transitions in the case
of linear polarization can excite s- and d-excitons (cf.
[71]) and only d-excitons in the case of circular polar-
ization.

Figure 7 shows the spectra of two- and one-photon
absorption of the WSe2 monolayer measured in exper-
iments on the excitation of the luminescence of the
1s-exciton. The two- and one-photon absorption
spectra clearly demonstrate p and s states of the exci-
ton, respectively, in agreement with the above model.
A significant circular polarization is also observed in
the case of two-photon absorption in the spectral
range of 2p- and 3p-excitons.
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5. EFFECTS OF TRIGONAL SYMMETRY

Features of the symmetry of monolayers—the
absence of the center of space inversion and the pres-
ence of a three-fold rotation axis perpendicular to the
monolayer—result in the important specificity of mul-
tiphoton absorption [70, 73, 74] and differences from
the simplest model described in Section 4. In particu-

lar, at normal incidence of radiation, the component
of the angular momentum is conserved only modulo
3; therefore, s-excitons can also be excited in two-pho-
ton transitions and the selection rules have the form

(15a)

(15b)

Here, K– and K+ indicate valleys in which the electron
is excited in the exciton. The description of such tran-
sitions cannot be carried out within the minimal
model (1) and requires the inclusion of intermediate
states in remote bands. The microscopic theory of this
effect was developed in [70], where it was shown that
excitons with different parities, in particular, s- and
p-excitons, are also mixed.

According to the selection rules (15a) and (15b), at
the resonant or quasi-resonant two-photon excitation
of the 1s-exciton, the circular polarization of lumines-
cence should be inverted compared to the circular
polarization of excitation. This effect is illustrated by
experimental data in Fig. 8, which shows the photolu-
minescence spectra at two-photon excitation of the
structure with a microcavity containing the MoSe2

monolayer [75]. The experiment clearly demonstrates
the inversion of the circular polarization in agreement
with predictions of the theory.

For the same reasons, TMDC monolayers demon-
strate the effective second optical harmonic genera-
tion [70, 72, 76, 77], which is phenomenologically
described by the relation
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Fig. 6. (Color online) (a) Linear–circular dichroism of n-photon absorption calculated by Eqs. (8) and (9) versus the relative

detuning ( )/Eg. (b) Degree of valley polarization calculated by Eq. (14).
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Fig. 7. (Color online) Excitation spectra of (a) two- and
(b) one-photon photoluminescence of the WSe2 mono-

layer detected on the 1s-exciton. The right axis shows the
degree of circular polarization of luminescence. The figure
is taken from [72].
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Here,  is the electric field vector of the fundamental

harmonic (at the frequency ω),  is the induced
polarization vector at the doubled frequency, χ is the
nonlinear susceptibility, and the x and y axes are cho-
sen according to Fig. 1b. The comparison of the
microscopic theory of the effect developed in [70] (see
also [78]) with the experimental data [70, 72] indicates
that the leading contribution to χ comes from transi-
tions with intermediate states in far bands; for this rea-
son, the second harmonic generation is the most effi-
cient on the 1s-exciton.

6. CONCLUSIONS

There are currently well-developed theoretical
concepts of the processes of optical orientation of spin
and valley degrees of freedom of charge carriers and
Coulomb complexes in atomically thin transition
metal dichalcogenide layers. Numerous optical exper-
iments demonstrate the effective control of the valley
polarization. However, this field of physics is far from
complete development. In our opinion, one of the
interesting open problems is the experimental obser-
vation and study of linear–circular dichroism of mul-
tiphoton absorption in the transition metal dichalco-
genide monolayers both in the region of exciton tran-
sitions and for transitions to the electron–hole
excitation continuum. In particular, such studies will
allow establishing the ranges of application of the sim-
plest Dirac model to describe the energy spectrum of
charge carriers in these systems.

FUNDING

Some works cited in this brief review were supported in
part by the Russian Foundation for Basic Research (project
nos. 17-02-00383_a and 17-52-16020-CNRS_a). Original
results reported in Section 4 were obtained under the sup-

ωE

ω2P

port of the Russian Science Foundation (project no. 19-12-
00051).

OPEN ACCESS

This article is distributed under the terms of the Creative
Commons Attribution 4.0 International license (http://cre-
ativecommons.org/licenses/by/4.0/), which permits unre-
stricted use, distribution, and reproduction in any medium,
provided 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.

REFERENCES

1. Optical Orientation, Ed. by F. Meier and B. Zakharch-
enya (North-Holland, Amsterdam, 1984).

2. E. L. Ivchenko, Optical Spectroscopy of Semiconductor
Nanostructures (Alpha Science, Harrow, UK, 2005).

3. Springer Ser. Solid-State Sci. 157 (2017).

4. M. Glazov, Electron and Nuclear Spin Dynamics in
Semiconductor Nanostructures, Series on Semiconductor
Science and Technology (Oxford Univ. Press, Oxford,
2018).

5. K. S. Novoselov, D. Jiang, F. Schedin, T. J. Booth,
V. V. Khotkevich, S. V. Morozov, and A. K. Geim,
Proc. Natl. Acad. Sci. U. S. A. 102, 10451 (2005).

6. A. K. Geim and I. V. Grigorieva, Nature (London,
U.K.) 499, 419 (2013).

7. A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim,
C.-Y. Chim, G. Galli, and F. Wang, Nano Lett. 10,
1271 (2010).

8. K. F. Mak, C. Lee, J. Hone, J. Shan, and T. F. Heinz,
Phys. Rev. Lett. 105, 136805 (2010).

9. D. Xiao, G.-B. Liu, W. Feng, X. Xu, and W. Yao, Phys.
Rev. Lett. 108, 196802 (2012).

10. A. V. Kolobov and J. Tominaga, Springer Ser. Mater.
Sci. 239 (2016).

Fig. 8. (Color online) Photoluminescence spectrum of the structure with the quantum microcavity containing the MoSe2 mono-

layer at the two-photon excitation of the (a)  and (b)  polarizations. The right axes show the degree of circular polarization.
The orange vertical band indicates the doubled excitation energy. The figure is taken from [75].

+σ −σ



16

JETP LETTERS  Vol. 113  No. 1  2021

GLAZOV, IVCHENKO

11. X. Xu, W. Yao, D. Xiao, and T. F. Heinz, Nat. Phys. 10,
343 (2014).

12. K. F. Mak, K. He, J. Shan, and T. F. Heinz, Nat. Nan-
otechnol. 7, 494 (2012).

13. G. Sallen, L. Bouet, X. Marie, G. Wang, C. R. Zhu,
W. P. Han, Y. Lu, P. H. Tan, T. Amand, B. L. Liu, and
B. Urbaszek, Phys. Rev. B 86, 081301 (2012).

14. G. Kioseoglou, A. T. Hanbicki, M. Currie, A. L. Fried-
man, D. Gunlycke, and B. T. Jonker, Appl. Phys. Lett.
101, 221907 (2012).

15. H. Zeng, J. Dai, W. Yao, D. Xiao, and X. Cui, Nat.
Nanotechnol. 7, 490 (2012).

16. A. M. Jones, H. Yu, N. J. Ghimire, S. Wu, G. Aivazian,
J. S. Ross, B. Zhao, J. Yan, D. G. Mandrus, D. Xiao,
W. Yao, and X. Xu, Nat. Nanotechnol. 8, 634 (2013).

17. K. He, N. Kumar, L. Zhao, Z. Wang, K. F. Mak,
H. Zhao, and J. Shan, Phys. Rev. Lett. 113, 026803
(2014).

18. A. Chernikov, T. C. Berkelbach, H. M. Hill, A. Rigosi,
Y. Li, O. B. Aslan, D. R. Reichman, M. S. Hybertsen,
and T. F. Heinz, Phys. Rev. Lett. 113, 076802 (2014).

19. M. V. Durnev and M. M. Glazov, Phys. Usp. 61, 825
(2018).

20. G. Wang, A. Chernikov, M. M. Glazov, T. F. Heinz,
X. Marie, T. Amand, and B. Urbaszek, Rev. Mod.
Phys. 90, 021001 (2018).

21. M. M. Glazov, T. Amand, X. Marie, D. Lagarde,
L. Bouet, and B. Urbaszek, Phys. Rev. B 89, 201302
(2014).

22. M. M. Glazov, E. L. Ivchenko, G. Wang, T. Amand,
X. Marie, B. Urbaszek, and B. L. Liu, Phys. Status Sol-
idi B 252, 2349 (2015).

23. H. Yu, G.-B. Liu, P. Gong, X. Xu, and W. Yao, Nat.
Commun. 5, 3876 (2014).

24. T. Yu and M. W. Wu, Phys. Rev. B 93, 045414 (2016).

25. M. Selig, F. Katsch, R. Schmidt, S. Michaelis de Vas-
concellos, R. Bratschitsch, E. Malic, and A. Knorr,
Phys. Rev. Res. 1, 022007 (2019).

26. K. Shinokita, X. Wang, Y. Miyauchi, K. Watanabe,
T. Taniguchi, and K. Matsuda, Adv. Funct. Mater. 29,
1900260 (2019).

27. Y. Tang, K. F. Mak, and J. Shan, Nat. Commun. 10,
4047 (2019).

28. S. Dufferwiel, T. P. Lyons, D. D. Solnyshkov, A. A. P. Tri-
chet, F. Withers, S. Schwarz, G. Malpuech, J. M. Smith,
K. S. Novoselov, M. S. Skolnick, D. N. Krizhanovskii,
and A. I. Tartakovskii, Nat. Photon. 11, 497 (2017).

29. M. Yang, C. Robert, Z. Lu, D. van Tuan, D. Smirnov,
X. Marie, and H. Dery, Phys. Rev. B 101, 115307
(2020).

30. Z. Li, T. Wang, S. Miao, Z. Lian, and S.-F. Shi, Nano-
photonics 9, 1811 (2020).

31. A. Kormányos, G. Burkard, M. Gmitra, J. Fabian,
V. Zólyomi, N. D. Drummond, and V. Fal’ko, 2D Ma-
ter. 2, 022001 (2015).

32. R. Pisoni, A. Kormányos, M. Brooks, Z. Lei, P. Back,
M. Eich, H. Overweg, Y. Lee, P. Rickhaus, K. Wata-
nabe, T. Taniguchi, A. Imamoglu, G. Burkard, T. Ihn,
and K. Ensslin, Phys. Rev. Lett. 121, 247701 (2018).

33. S. Larentis, H. C. P. Movva, B. Fallahazad, K. Kim,
A. Behroozi, T. Taniguchi, K. Watanabe, S. K. Baner-
jee, and E. Tutuc, Phys. Rev. B 97, 201407 (2018).

34. M. M. Glazov, M. A. Semina, C. Robert, B. Urbaszek,
T. Amand, and X. Marie, Phys. Rev. B 100, 041301
(2019).

35. M. Goryca, J. Li, A. V. Stier, T. Taniguchi, K. Wata-
nabe, E. Courtade, S. Shree, C. Robert, B. Urbaszek,
X. Marie, and S. A. Crooker, Nat. Commun. 10, 4172
(2019).

36. N. S. Rytova, Proc. MSU, Phys., Astron. 3, 18 (1967).

37. L. Keldysh, JETP Lett. 29, 658 (1979).

38. P. Cudazzo, I. V. Tokatly, and A. Rubio, Phys. Rev. B
84, 085406 (2011).

39. M. A. Semina, Phys. Solid State 61, 2218 (2019).

40. C. Robert, M. A. Semina, F. Cadiz, M. Manca, E. Cour-
tade, T. Taniguchi, K. Watanabe, H. Cai, S. Tongay,
B. Lassagne, P. Renucci, T. Amand, X. Marie,
M. M. Glazov, and B. Urbaszek, Phys. Rev. Mater. 2,
011001 (2018).

41. M. Trushin, M. O. Goerbig, and W. Belzig, Phys. Rev.
B 94, 041301 (2016).

42. M. Trushin, M. O. Goerbig, and W. Belzig, Phys. Rev.
Lett. 120, 187401 (2018).

43. M. Van der Donck, M. Zarenia, and F. M. Peeters,
Phys. Rev. B 96, 035131 (2017).

44. N. V. Leppenen, L. E. Golub, and E. L. Ivchenko,
Phys. Rev. B 102, 155305 (2020).

45. H. H. Fang, B. Han, C. Robert, M. A. Semina,
D. Lagarde, E. Courtade, T. Taniguchi, K. Watanabe,
T. Amand, B. Urbaszek, M. M. Glazov, and X. Marie,
Phys. Rev. Lett. 123, 067401 (2019).

46. Y. Zhou, G. Scuri, J. Sung, R. J. Gelly, D. S. Wild,
K. de Greve, A. Y. Joe, T. Taniguchi, K. Watanabe,
P. Kim, M. D. Lukin, and H. Park, Phys. Rev. Lett.
124, 027401 (2020).

47. C. Rogers, D. Gray, N. Bogdanowicz, T. Taniguchi,
K. Watanabe, and H. Mabuchi, Phys. Rev. Res. 2,
012029 (2020).

48. J. Horng, Y.-H. Chou, T.-C. Chang, C.-Y. Hsu,
T.-C. Lu, and H. Deng, Optica 6, 1443 (2019).

49. G. Wang, C. Robert, M. M. Glazov, F. Cadiz, E. Cour-
tade, T. Amand, D. Lagarde, T. Taniguchi, K. Wata-
nabe, B. Urbaszek, and X. Marie, Phys. Rev. Lett. 119,
047401 (2017).

50. H. Yu, G.-B. Liu, and W. Yao, 2D Mater. 5, 035021
(2018).

51. M. Förg, L. Colombier, R. K. Patel, J. Lindlau, A. D. Mo-
hite, H. Yamaguchi, M. M. Glazov, D. Hunger, and
A. Högele, Nat. Commun. 10, 3697 (2019).

52. M. Maialle, E. de Andrada e Silva, and L. Sham, Phys.
Rev. B 47, 15776 (1993).

53. S. V. Gupalov, E. L. Ivchenko, and A. V. Kavokin,
J. Exp. Theor. Phys. 86, 388 (1998).

54. A. I. Prazdnichnykh, M. M. Glazov, L. Ren, C. Robert,
B. Urbaszek, and X. Marie, Phys. Rev. B 103, 085302
(2021).

55. C. R. Zhu, K. Zhang, M. Glazov, B. Urbaszek, T. Amand,
Z. W. Ji, B. L. Liu, and X. Marie, Phys. Rev. B 90,
161302 (2014).



JETP LETTERS  Vol. 113  No. 1  2021

VALLEY ORIENTATION OF ELECTRONS AND EXCITONS 17

56. E. A. Zhukov, D. R. Yakovlev, M. Bayer, M. M. Gla-
zov, E. L. Ivchenko, G. Karczewski, T. Wojtowicz, and
J. Kossut, Phys. Rev. B 76, 205310 (2007).

57. P. Dey, L. Yang, C. Robert, G. Wang, B. Urbaszek,
X. Marie, and S. A. Crooker, Phys. Rev. Lett. 119,
137401 (2017).

58. L. Yang, N. A. Sinitsyn, W. Chen, J. Yuan, J. Zhang,
J. Lou, and S. A. Crooker, Nat. Phys. 11, 830 (2015).

59. Y. Song and H. Dery, Phys. Rev. Lett. 111, 026601
(2013).

60. M. Lafrentz, D. Brunne, B. Kaminski, V. V. Pavlov,
A. V. Rodina, R. V. Pisarev, D. R. Yakovlev, A. Bakin,
and M. Bayer, Phys. Rev. Lett. 110, 116402 (2013).

61. E. L. Ivchenko, Sov. Phys. Solid State 14, 2942 (1972).

62. A. M. Danishevskii, E. L. Ivchenko, S. F. Kochegarov,
and M. Stepanova, JETP Lett. 16, 440 (1972).

63. E. L. Ivchenko and E. Yu. Perlin, Sov. Phys. Solid State
15, 1850 (1973).

64. S. B. Arifzhanov and E. L. Ivchenko, Sov. Phys. Solid
State 17, 46 (1975).

65. S. B. Arifzhanov, A. M. Danishevskii, E. L. Ivchenko,
S. F. Kochegarov, and V. K. Subashiev, Sov. Phys.
JETP 47, 88 (1978).

66. P. Motisuke, S. Durbin, V. I. Safarov, and Y. R. Shen,
Bull. Am. Phys. Soc. 25, 361 (1980).

67. S. Durbin, P. Motisuke, V. I. Safarov, and Y. R. Shen,
Bull. Am. Phys. Soc. 25, 361 (1980).

68. W. Warkentin, J. Mund, D. R. Yakovlev, V. V. Pavlov,
R. V. Pisarev, A. V. Rodina, M. A. Semina, M. M. Gla-

zov, E. L. Ivchenko, and M. Bayer, Phys. Rev. B 98,
075204 (2018).

69. G. D. Mahan, Phys. Rev. 170, 825 (1968).

70. M. M. Glazov, L. E. Golub, G. Wang, X. Marie,
T. Amand, and B. Urbaszek, Phys. Rev. B 95, 035311
(2017).

71. F. Zhou and W. Ji, Laser Photon. Rev. 11, 1700021
(2017).

72. G. Wang, X. Marie, I. Gerber, T. Amand, D. Lagarde,
L. Bouet, M. Vidal, A. Balocchi, and B. Urbaszek,
Phys. Rev. Lett. 114, 097403 (2015).

73. P. Gong, H. Yu, Y. Wang, and W. Yao, Phys. Rev. B 95,
125420 (2017).

74. A. Taghizadeh and T. G. Pedersen, Phys. Rev. B 99,
235433 (2019).

75. N. Lundt, L. Dusanowski, E. Sedov, P. Stepanov,
M. M. Glazov, S. Klembt, M. Klaas, J. Beierlein,
Y. Qin, S. Tongay, M. Richard, A. V. Kavokin, S. Hö-
fling, and C. Schneider, Nat. Nanotechnol. 14, 770
(2019).

76. K. L. Seyler, J. R. Schaibley, P. Gong, P. Rivera,
A. M. Jones, S. Wu, J. Yan, D. G. Mandrus, W. Yao,
and X. Xu, Nat. Nanotechnol. 10, 407 (2015).

77. M. L. Trolle, Y.-C. Tsao, K. Pedersen, and T. G. Ped-
ersen, Phys. Rev. B 92, 161409 (2015).

78. M. L. Trolle, G. Seifert, and T. G. Pedersen, Phys. Rev.
B 89, 235410 (2014).

Translated by R. Tyapaev


	1. INTRODUCTION
	2. MAIN FEATURES OF TMDC MONOLAYERS
	3. VALLEY ORIENTATION OF ELECTRONS AND EXCITONS AT SINGLE-PHOTON TRANSITIONS
	4. LINEAR–CIRCULAR DICHROISM AND VALLEY ORIENTATION AT MULTIPHOTON TRANSITIONS
	5. EFFECTS OF TRIGONAL SYMMETRY
	6. CONCLUSIONS
	REFERENCES

