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Light-valley interactions in 2D semiconductors

Kin Fai Mak?*, Di Xiao3* and Jie Shan"**

The emergence of two-dimensional Dirac materials, particularly transition metal dichalcogenides (TMDs), has reinvigorated
interest in valleytronics, which utilizes the electronic valley degree of freedom for information storage and processing. Here,
we review the basic valley-dependent properties and their experimental demonstrations in single-layer semiconductor TMDs
with an emphasis on the effects of band topology and light-valley interactions. We also provide a brief summary of the recent
advances on controlling the valley degree of freedom in TMDs with light and other means for potential applications.

roles in many areas of modern science and technology. In

particular, they form the basis for information storage and
processing. The ability to understand and manipulate a new quan-
tum degree of freedom can potentially open up a new paradigm for
information technology. Electrons in certain crystalline solids pos-
sess a valley degree of freedom in addition to charge and spin. The
valley degree of freedom describes which of the multiple degenerate
energy extrema (or valleys) in the conduction or valence bands the
electrons occupy. Because the valleys are often separated by a large
crystal momentum, the electron intervalley scattering time can be
long in clean materials with few atomic-scale defects. As a result, the
electronic valley has been proposed as an information carrier for a
new technology known as valleytronics. Table 1 briefly compares
valley with charge and spin, two well-known quantum degrees of
freedom of electrons, as information carriers.

Many crystalline solids are known to host electronic valleys.
They include conventional semiconductors or insulators such as
Si (ref. '), diamond? and AlAs (ref. °), semimetal Bi (ref. *), two-
dimensional (2D) materials such as graphene™* and TMDs"*, and
Weyl semimetals”'’. The idea of valleytronics has been explored for
some time, but in most materials it is difficult to address and con-
trol the valley state of electrons due to the lack of valley-dependent
physical quantities. The emergence of 2D materials with hexago-
nal lattices, particularly TMDs, has reinvigorated the field in the
past several years. These materials have two valleys at the K and
K’ (or -K) points in the Brillouin zone, which are time-reversal
copies of each other’. As we discuss below, the valley-contrasting
Berry curvature Q and orbital magnetic moment p, that interact
directly with applied electric and magnetic fields, respectively, have
provided powerful handles to control the valley degree of free-
dom. However, not all 2D materials with hexagonal lattices possess
non-vanishing Berry curvatures and orbital magnetic moments.
Being pseudovectors, (k) and p(k) are odd under time rever-
sal (Q(k) =—Q(—k), where k is the crystal momentum) and even
under inversion (Q(k)=€(—k)). Therefore, valley-contrasting
phenomena can manifest only in materials with broken inversion
symmetry’. (This symmetry argument does not consider spins,
which also need to be flipped under time reversal.) These materials
include single-layer hexagonal TMDs and gapped graphene.

This Review will focus on the understating and manipulation of
the electronic valleys in single-layer hexagonal TMDs (MX,) that are
semiconductors. They consist of a layer of transition metal atoms

_|_he quantum degrees of freedom of electrons play important

(M = Mo, W) between two layers of chalcogen atoms (X =S, Se,
Te) in a trigonal prismatic structure'' (Fig. 1a). The lattice possesses
three-fold rotational symmetry, out-of-plane mirror symmetry,
and, most importantly, broken inversion symmetry. These materi-
als are direct-gap semiconductors with gaps located at the K and K’
points'>'* (Fig. 1b). Since the optical gaps are in the infrared-vis-
ible spectral range and the light-matter interactions are extremely
strong'’, optical control and probe are particularly effective and suit-
able for these materials. Furthermore, high-mobility electron trans-
port has been recently reported in these materials'>'>, making them
truly unique for valleytronics.

We will start with a discussion of the two valley-contrasting
physical quantities, namely the Berry curvature and the orbital mag-
netic moment, and their influence on the basic electrical transport
and optical properties of single-layer TMDs. This will be followed
by a brief review of the recent experimental advances on controlling
the valley degree of freedom in TMDs optically and electrically. We
will conclude with a brief outlook on future challenges and oppor-
tunities in TMD-based valleytronics. We refer the reader to other
recent reviews for more detailed discussions on the physics of spin
and pseudospins'®, electronics', photonics and optoelectronics'"'
of 2D TMDs.

Berry curvature and valley Hall effect

We first give a brief overview of the Berry phase- and Berry curva-
ture-related properties of Bloch bands in 2D Dirac materials, which
underlie many valley-contrasting physical phenomena®”’. The sim-
plest Hamiltonian that describes a 2D Dirac system is*'°

Hyp. =7k 0, + k},ay +Ag, 6))

where 7=+1is the valley index (+1 for K and -1 for K'), k= (k,, k,)
is the crystal momentum counted from the K or K’ point, 24 is the
bandgap (4 =0 for graphene and A # 0 for single-layer TMDs), and
6 is the Pauli matrices defined in the space of atomic orbitals that
make up the Bloch functions at the band edge (k = 0). The band
dispersion of Hy,,,. near the K and K’ points is shown in Fig. 1b for
A#0. Because this Review mainly concerns the valley-dependent
physics, spin—orbit coupling’ is neglected here for simplicity. It is
useful to consider Hyy,,. as the Hamiltonian for a fictitious spin cou-
pled to a magnetic field Bi= (tk,, k},,A), where 0 is the unit vector
along the magnetic field (Fig. 1c). When an electron moves along a
circle in momentum space around k = 0, 1 traces out a circle on a
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Table 1| Comparison of charge, spin and valley as information carriers

Charge

Spin

Valley

Physical origin

Electron charge

Electron spin angular momentum

Pros Direct response to an electric field Non-volatile
Easy to initiate, control and detect No direct Joule heating
Direct optoelectronic coupling to light Long spin lifetime and decoherence time
intensity Direct coupling to photon spins
High speed
Cons Joule heating No direct response to an electric field

Typically volatile
Fast decoherence due to electron
scattering

Initiation, control and detection typically
rely on indirect spin-charge conversion
Low spin-charge conversion efficiency
May require magnetic field

Electron sublattice orbital angular
momentum

Large Berry curvature hotspot for physical
access with electric and magnetic fields
No direct Joule heating

Long valley lifetime (especially with spin-
valley locking)

Direct coupling to photon spins
Non-volatile (in a magnetic heterostructure)

No direct response to an electric field
Initiation, control and detection typically
rely on indirect valley-charge conversion
Low valley-charge conversion efficiency
May require magnetic field

unit sphere. As a result, the two-component spinor wavefunction
picks up a quantal phase (the Berry phase), which is equal to half
of the solid angle traced out by n. Moreover, because of the oppo-
site sign of 7, the Berry phase is of opposite sign at the two val-
leys, making it possible to distinguish them using the Berry phase.
However, if the bandgap A =0, the circle traced out by n would be
the equator of the unit sphere. In this case, the Berry phase at the
two valleys would be m and -= (ref. **), which are indistinguishable
since a phase is defined modulo 2x. Only when a gap is opened by
inversion symmetry breaking, does the Berry phase at the two val-
leys become distinguishable>®. This is the underlying reason why
the electronic valleys of single-layer TMDs can be readily addressed
and controlled whereas in graphene it is difficult.

Berry curvatures. The Berry phase can also be considered as a
magnetic flux in momentum space'. The corresponding magnetic
field is the Berry curvature Q. Analogous to a real magnetic field,
which is the curl of the vector potential in position space, the Berry
curvature is the curl in momentum space (V,X) of the Berry vec-
tor potential A(k)=i(u|V,|u) (ref. '), where u is the periodic part
of the Bloch function. Because of the broken inversion symmetry
in single-layer TMDs, Q(k) is finite at the K and K’ points and has
opposite sign for the conduction and the valence bands (Fig. 1d).
The Berry phase' can be obtained by an areal integral of Q(k) in
momentum space.

The valley Hall effect. The presence of Berry curvature (magnetic
field in momentum space) can significantly modify the electron
dynamics and generate new electrical transport phenomena. In par-
ticular, in the presence of an applied electric field E, the electrons
gain an anomalous velocity"’

e

v,=—EXQ
A= (2)

where e and /i denote the elementary charge and the Planck con-
stant, respectively. This is analogous to the consequence of a
Lorentz force for electrons moving under a perpendicular mag-
netic field. Since the Berry curvature is opposite at the two val-
leys (Fig. 1d), the anomalous velocity leads to the valley Hall effect
(VHE)*™"", that is, carriers from the two valleys flow in opposite
transverse directions in response to the bias electric field E (in
absence of any applied magnetic field). This opens the possibility of
controlling the electronic valleys by an electric field. Furthermore,
as we discuss below, because the K and K’ electrons carry an orbital
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Fast valley decoherence (so far)

magnetic moment p, of opposite sign®”'*%, their transverse flow
driven by the VHE generates a pure angular momentum current
Jy (valley current) without a net charge current (Fig. 2a). Such a
transverse valley current leads to an accumulation of excessive K
(K’) electrons on the left (right) edges of the sample, and a finite
valley polarization (that is, population imbalance) of opposite sign
arises within the valley mean free path from the edges”.

The VHE in single-layer TMDs was first demonstrated by detect-
ing a Hall voltage while circularly polarized light was employed to
create an imbalance between the two valleys in a MoS, Hall bar
device?'. Subsequently, the effect was directly imaged in MoS§, tran-
sistors by magneto-optical Kerr rotation microscopy** (Fig. 2a,b).
The experimental scheme is similar to that used to detect the spin
Hall effect”’. The edge valley polarization was imaged through the
polarization rotation or ellipticity of linearly polarized probe light
near the fundamental exciton resonance. These experiments rely
on the exclusive coupling between the valley degree of freedom
and handedness of circularly polarized light discussed in the next
section. These studies are further contrasted with the study of the
VHE in bilayer 2H-MoS, (refs %) (Fig. 2¢). Pristine 2H-bilayers are
inversion symmetric (in contrast, 3R-MoS, is non-centrosymmetric
for any layer thicknesses). The Berry curvature in bilayer 2H-MoS,
is zero and the VHE is absent. The inversion symmetry can be
broken by application of a vertical electric field through gating®.
The Berry curvature and the VHE can thus be continuously tuned
by the vertical electric field”. In particular, the direction of the val-
ley current can be switched by reversing the direction of the vertical
electric field* (Fig. 2¢,d).

Valley magnetic moment and optical selection rules

The broken inversion symmetry also allows the existence of an
orbital magnetic moment p,. Intuitively, it can be regarded as aris-
ing from the self-rotation of the electron wavepacket®. Since the
motion is in the 2D plane, the orbital magnetic moment is out of
plane. For a system described by the 2D Dirac Hamiltonian of equa-
tion (1), the orbital magnetic moment has a simple expression at
the K and K’ points n,=1 eh 5 (ref. ), where m* (>0) is the effec-

2m*
tive mass of the Bloch band and Z is the out-of-plane unit vector. In
contrast to the Berry curvature, the orbital magnetic moment car-
ries identical sign for the conduction and the valence bands at the
same valley. It behaves like a spin magnetic moment with an effec-
tive Bohr magneton + ;2 with the upper and lower sign for the con-
duction and valence band, respectively. As a result, the conduction
and the valence states at the K point carry a valley orbital angular
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Fig. 1| Dirac electrons in single-layer TMDs. a, Side and top view of the crystal structure of hexagonal TMDs (MX,, M = Mo, W; X =S, Se, Te).

b, Electronic band dispersions near the K and K’ points of the Brillouin zone. The interband transitions in the two valleys (red arrows) are allowed for
circularly polarized light of opposite helicity. ¢, Fictitious magnetic field §, as defined in the text, couples to the valley pseudospin. A Berry phase is acquired
when an electron undergoes an adiabatic rotation along the red circle. d, Berry curvature distribution for the conduction (orange) and valence band (blue)
near the K and K’ points. e, The electron (e) and hole (h) in each valley form an exciton under a central potential V. They experience an anomalous velocity
v, due to the Berry curvatures (€, ), lifting the degeneracy between the left- and right-rotating exciton states.

momentum #/2 and —h/2, respectively. The sign is switched at the
K’ valley to satisfy the time-reversal symmetry. The orbital mag-
netic moment couples to an applied magnetic field B via a Zeeman-
like interaction, —p-B. Below we discuss in more detail how the
valley magnetic moment allows the control of the valley degree of
freedom in single-layer TMDs by circularly polarized light and an
out-of-plane magnetic field.

Optical selection rules. Let us consider the total magnetic quan-
tum number of the electronic states near the K and K’ points. The
wavefunction for the conduction band is largely composed of the
transition metal atom d > orbital with a magnetic quantum number
0, and for the valence band, the (d,2_ ytitdy)/ /2 orbital with
a magnetic quantum number 27 (refs “**). No interband optical
transitions are thus allowed if only the atomic orbitals are taken into
account since the change in the magnetic quantum number is -27
(the spin contributions are cancelled here). However, including the
change in the valley orbital angular momentum (a valley pseudospin
flip¥’), the total change in the magnetic quantum number becomes
—7. This gives rise to the optical dipole selection rules: the direct
interband transitions at the K and K’ points are coupled exclusively
to left and right circularly polarized light® (Fig. 1b). Detailed calcula-
tions have also shown that the selection rules hold well even for a
significant portion of the K and K’ valleys away from the band edges.

The photoexcited electron-hole (e-h) pairs are bound by strong
Coulomb interactions in TMDs to form excitons. The influence of
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the Dirac dispersion on the excitons is best viewed in terms of the
hydrogen model for excitons. In this model, the electron and the
hole with an effective mass derived from their band dispersions are
under the influence of a central Coulomb potential V. The exciton
state is labelled by (n,m), wheren=0, 1,2, ...and m =0, =1, +2, ...
denote the radial quantum number and the angular momentum
quantum number, respectively. The states (1, +m) with opposite
angular momentum are degenerate for conventional semiconduc-
tors with bandgap located at the I point of the Brillouin zone, a
general consequence of the time-reversal symmetry. In single-layer
TMDs, the bright excitons (optical dipole transition allowed) have
been shown to have |m|=1=+7 for right (+) and left (-) circu-
larly polarized light, respectively***. The first term ‘1’ arises from
the phase winding number (=1 in single-layer TMDs), which is
a topological quantity of the Bloch band and is absent in conven-
tional semiconductors. Both the s-like (m = 0) and d-like (m = 2)
exciton states are optically bright™. In the presence of N-fold rota-
tional symmetry, more exciton states are bright with m=1+17+jN,
where j is an integer’®”. On the other hand, the p-like (m = 1)
exciton states are optically dark. In this state, the electron and hole
acquire an anomalous velocity in the tangential direction due to
the Berry curvatures (Fig. le). This anomalous term breaks time-
reversal symmetry in each valley and leads to an energy difference
between the left-rotating (m = 1) and right-rotating (m = -1) states
(the time-reversal symmetry is preserved including both valleys).
A careful analysis shows that the energy splitting of the p levels is
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Fig. 2 | The valley Hall effect. a, Schematic of magneto-optical Kerr rotation microscopy of a back-gated transistor. V,, gate voltage. A longitudinal electron
current J drives a transverse valley current J,, by the VHE, giving rise to a Kerr rotation angle 860 on sample edges. b, Kerr rotation image of the VHE in a
MoS, transistor by linearly polarized light near the exciton resonance. Excess K and K’ electrons are accumulated on the right and left edges, respectively.
¢, Gate voltage dependence of the Kerr rotation along a horizontal cut of the channel of a bilayer MoS, transistor (boundaries shown in vertical dotted
lines). V,~5 V corresponds to vertical electric field on the sample E = 0. d, Effect of E on the VHE in bilayer MoS, (left) and the corresponding band
dispersions (right). Bands from the top (bold) and bottom (non-bold) layers are indexed by 1and 2, respectively, and the dashed line denotes the Fermi
level of an n-doped sample. Figure adapted from: a-¢, ref. 2, Macmillan Publishers Ltd.

proportional to the Berry curvature flux penetrating the exciton
envelope function in momentum space’-*.

The valley-contrasting exciton selection rules have been experi-
mentally demonstrated for the 1s (n = 0, m = 0) excitons in sin-
gle-layer TMDs by several groups independently®*. In these
experiments, a large value of the photoluminescence (PL) handed-
ness p = "+~ was observed in single-layer MoS, upon excitation by

I+ + I— . . .

near-resonant circularly polarized light (I, and I_ denote, respec-
tively, the PL intensity of the same and opposite helicity of the exci-
tation) (Fig. 3a). Moreover, it has been shown that p is independent
of in-plane magnetic fields up to 9 T (ref. *°) (Fig. 3a). This is in con-
trast to optical orientation of spins in conventional semiconductors,
where Hanle precession is observed™. The lack of the Hanle effect is
consistent with the fact that the valley-contrasting orbital magnetic
moment py is an out-of-plane vector for 2D systems and does not
couple to in-plane magnetic fields. These results open the path for
optical orientation of valley-polarized excitons in TMDs.

The excitonic effect in single-layer TMDs is very strong. The
absorption spectrum is dominated by peaks rather than steps
that are characteristic of band-to-band transitions in two dimen-
sions'>”’. An exciton binding energy in the range of 0.3-1 eV has
been extracted for different TMDs from linear absorption®*, two-
photon absorption***’, and combined scanning tunnelling micros-
copy and optical measurements*. The result is also consistent with
the observations of charged excitons*** and biexcitons*~*’ around
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room temperature. It is further supported by the small exciton Bohr
radius (~1-2 nm) from exciton diamagnetic shift measurements up
to 65 T (refs ***°). The exciton level structure in single-layer TMDs
has also been examined by experiments****. From one-photon
differential absorption spectra of single-layer WS, and WSe,, it has
been possible to discern the 1s, 2s, 3s... exciton levels”***. To access
the one-photon ‘dark’ p levels, two-photon PL excitation spectros-
copy has been employed**~*. Figure 3b summarizes the exciton level
structure obtained from these experiments and compares it with that
of the 2D hydrogen model, 2D Dirac exciton model®, and ab initio
GW-BSE (GW-Bethe-Salpeter equation) calculations™ (all scaled to
the same binding energy). Significant discrepancy is visible between
the experimental result and the 2D hydrogen model, which predicts
amuch more uneven level spacing. A better agreement is obtained by
the 2D Dirac exciton model discussed above™. And the best agree-
ment is obtained by the GW-BSE calculations™, which have included
effects from both the Dirac dispersion and the non-local dielectric
screening of the e-h Coulomb interactions. The comparison high-
lights the importance of both the Dirac dispersion and the non-local
dielectric screening in understanding the exciton physics in single-
layer TMDs™. Finally, we note that the aforementioned finite energy
splitting for the p levels from the Berry curvature effect is quite vis-
ible in both the 2D Dirac exciton model*>*> and the GW-BSE cal-
culation®*"**-**. However, experimental results with well-resolved
p levels are currently not available to verify these predictions.
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Fig. 3 | Optical selection rules and valley magnetic response. a, Experimental demonstration of valley-contrasting optical selection rules in single-layer
MoS,: helicity-resolved PL under near-resonance o+ pumping (top); in-plane magnetic-field dependence of the PL handedness of the A exciton (bottom).
Top: L denotes the localized exciton PL. Bottom: the horizontal dashed line corresponds to the averaged PL handedness. Error bars are experimental
uncertainties in the handedness. b, Exciton level structure of single-layer WSe, (binding energy normalized to unity) determined by different methods.
Dark p-states (blue region) are not resolved in experiment. ¢, Left: Zeeman shift of the K and K’ valleys under an out-of-plane magnetic field. The dashed
and solid lines represent bands of opposite spin (split by spin-orbit coupling). us, u, and ug are the spin, valley and intra-atomic orbital magnetic moments,
respectively. Right: simplified LLs and inter-LL transitions (red arrows). The valley magnetic moment shifts the zero-energy LL to the band edges.

d,e, Helicity-resolved PL (d) and reflection, R, contrast spectra (e) of single-layer WSe, under an out-of-plane magnetic field. The high sample quality in

e allows the verification of the unique LL structure (right panel in €). Here | and r denote left and right circular polarizations, respectively. Figure adapted
from: a, ref. *>, APS; b (first and fourth columns), ref. *%, APS; b (second column), ref. *', APS; b (third column), ref. °°, APS; d, ref. °, Macmillan Publishers

Ltd; e, ref. ’°, Macmillan Publishers Ltd.

Valley magnetic response. The valley-contrasting orbital magnetic
moment P also allows the lifting of the K and K’ valley degener-
acy by an out-of-plane magnetic field via a Zeeman-like interac-
tion®’. By measuring the exciton resonance energy in the left- and
right-handed polarization channels under a perpendicular mag-
netic field, an exciton valley Zeeman splitting of ~0.2 meV T in
single-layer MoSe, and WSe, has been demonstrated indepen-
dently by several groups™° (Fig. 3d). This splitting can be largely
explained in the independent-particle picture by including contri-
butions from the spin (p;), intra-atomic d orbital (p,) and (inter-
atomic/valley) orbital (p,) magnetic moments. The orientation of
these moments is sketched in Fig. 3¢ for the W-based compounds™.
For the Mo-based compounds the spin magnetic moment for the
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conduction bands reverses its direction® because the W-based and
Mo-based compounds have opposite spin splitting order for the
conduction bands***'. The small valley magnetic response seems
to limit the applicability of magnetic control of the valley degree
of freedom in TMDs. However, recent experiments on high-quality
samples with controlled doping levels have shown evidence of a sig-
nificantly enhanced valley Zeeman effect driven by the strong elec-
tron-electron interactions® . Meanwhile, a significantly enhanced
valley Zeeman effect has also been reported in coupled TMD-fer-
romagnetic insulator heterostructures®>®. The magnetic proximity
effect induces a large exchange magnetic field on single-layer TMDs
that enhances the valley magnetic response. An exchange field on
the order of ~10 T has been inferred for WSe, on EuS, (ref. ¢) and
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Fig. 4 | Optical control of electronic valleys. a, Linearly polarized light (blue dashed line; left) near exciton resonance creates a coherent superposition of
|K) and |K’) exciton states, shown as the blue arrow in the Bloch sphere (right). b, When a strong o* below-gap control pulse (red arrow) is applied, the
|K) exciton energy is increased, resulting in a dynamic phase difference A¢ between the two valleys. The pseudospin in the Bloch sphere is rotated by an
angle A¢, just as would occur for an out-of-plane magnetic field (open arrow). ¢, Polarization-resolved PL spectra (black for s-polarization and red for
p-polarization) of single-layer WSe, under near resonance s-polarized excitation. d, Time- and spectral-resolved response of a 6* and 6~ probe pulse under
a o+ below-gap pump pulse shows the valley-dependent optical Stark effect. e, Dependence of the Stark shift on pump fluence normalized by detuning é.
The horizontal error bars correspond to the bandwidth of the pump pulse. The black line is a linear fit to the data with the orange shaded region showing
the 95% confidence band. f, Determination of the valley pseudospin rotation by the orientation of the PL polarization. Figure adapted from: a,bf, ref. &,
Macmillan Publishers Ltd; ¢, ref. **, Macmillan Publishers Ltd; d, ref. #°, AAAS; e, ref. °°, Macmillan Publishers Ltd.

on Crl; (ref. ’), demonstrating the potential of magnetic control of
the electronic valleys.

In the limit of high magnetic fields and clean samples, discrete
Landau levels (LLs) form. A hallmark for the massive Dirac sys-
tem is the presence of valley-polarized zero-energy LLs**®. For a
conventional 2D electron gas under an out-of-plane magnetic field
B, the quantized LL energy is given by ¢, =(v+1/2)hw, where
v=0, 1, 2, 3... and the cyclotron frequency wczfn—B In TMDs,
however, the valley Zeeman shift discussed above offsets ¢,

-
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by —thw, /2, thus producing zero-energy LLs (¢,,=0) for the con-
duction band at the K valley and for the valence band at the K’
valley*® (Fig. 3c). The formation of discrete LLs was first observed
by electrical transport measurements in single-layer TMDs fully
encapsulated between hexagonal boron nitride (hBN) substrates
in the relatively high doping regime'*". Subsequently, the inter-LL
transitions have been observed by performing polarization-resolved
magneto-optical spectroscopy on dual-gated field-effect devices
of single-layer WSe, (ref. °) (Fig. 3e). By examining the doping
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Table 2 | Reported population lifetime, valley lifetime and valley coherence time in single-layer TMDs

Neutral X Charged X Freee" Free h*
Population decay 150 fs (ref. 77) 10-20 ps (refs 7>7%)
time (WSe,, PP) (MoSe, and WSe,, TPL)

2-5 ps (refs 747678)

(MoS,, MoSe, and WSe,, TPL)

>10 ns (refs 89108)

(Interlayer X in MoSe,/WSe,, TPL)
Valley polarization <1-5 ps (refs '73) 4 psand >> 25 ps (ref. %) 3 ns (ref. ") 80 ns (ref. 82)

time (MoS, and WSe,, PP, TRK and TRF)
~40 ns (ref. £°)
(Interlayer X in MoSe,/WSe,, TPL) 1ns (ref. )

(WSe,, TPL)

100-800 fs (refs #5°)
(WSe,, 2DCS and AC Stark)

Valley coherence
time

(Intervalley and intravalley
trions in WSe,, PP)

(spin, MoS,, TRK) (WSe,, TRK)
70 ns (ref. ) 2 ps to >40 ps (refs #54)
(spin, WSe,, TRK) (WSe,, TRK)

The different quasiparticles, including the neutral exciton (X), charged exciton (X), free electron (e”) and free hole (h*), are separated into columns. The different decay lifetimes are separated into rows
and the experimental values are shown. The material system and the measurement technique are included in brackets. PP, pump-probe; TPL, time-resolved PL; TRK, time-resolved Kerr rotation; TRF, time-
resolved Faraday rotation; 2DCS, two-dimensional coherent spectroscopy; AC Stark, time-resolved optical Stark effect.

dependence and the Shubnikov-de Haas oscillations of the optical
conductivity, they have verified the presence of zero-energy LLs and
determined that each LL is both valley- and spin-polarized.

Optical control of the valley degree of freedom

The exclusive coupling of the valley excitons to photons of a partic-
ular helicity has provided a unique opportunity for the orientation
and control of the valley polarization in TMDs. Two parameters,
the exciton intervalley relaxation time or the valley lifetime for
short (z,) and the valley exciton coherence time (z), are of par-
ticular importance in this context. Time-resolved PL and pump-
probe experiments have revealed fast exciton intervalley relaxation
(zy <10 ps) even at low temperatures’~”. The strong intervalley
e-h exchange interaction is believed to mediate the fast depolariza-
tion’>”?. At the same time, due to the strong excitonic effect and the
fast non-radiative decays'’, the exciton lifetime (z4 ~ ps) is also rela-
tively short’*"%. This explains the large steady-state PL handedness
reported in the initial experiments on optical orientation of valley
excitons™. Recent pump-probe experiments have reported much
longer valley lifetimes for charged excitons’”* (>>25 ps), interlayer
excitons® (>10 ns) and resident carriers®-* (up to microseconds).
The long valley lifetimes make these excitations promising for val-
ley-based information storage and processing applications.

The valley exciton coherence was first demonstrated in single-
layer WSe, (Fig. 4c)*. By exciting the material with linearly polar-
ized light to prepare a coherent superposition of the K and K’ valley
excitons, they observed excessive PL along the excitation polariza-
tion direction (Fig. 4a). Subsequent time-resolved experiment® and
2D coherent spectroscopy® measured a decoherence time 7 <1 ps
for valley excitons. The short valley exciton coherence time remains
a challenge for applications. We summarize in Table 2 the experi-
mental results of 7y, 7y and 7. for different excitations in TMDs. We
note that there are some discrepancies between the values reported
for the Mo- and W-based compounds, which are not well under-
stood. The distinct spin-polarized conduction band structures of
these compounds®*' and the presence of low-lying dark exciton
states in W-based compounds®* are believed to play a role.

Another development on the optical control of the valley degree
of freedom came in the form of a valley-selective optical Stark effect,
that is, the optical selection rules remain valid even for non-reso-
nant excitations. The effect has been demonstrated in single-layer
WSe, (ref. ¥) and WS, (ref. *°) by pumping with a circularly polar-
ized femtosecond laser pulse that is red detuned from the funda-
mental exciton resonance. They observed a blue shift of the exciton
resonance only when the probe pulse has the same handedness as
the pump and when the two pulses coincide (Fig. 4d). The Stark
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shift was shown to scale as o £ with the (red) detuning energy 5 and
the pump fluence F (Fig. 4e). ’A shift of ~10 meV in the valley exci-
ton resonance has been demonstrated. Such a shift is equivalent to a
Zeeman shift under a perpendicular magnetic field exceeding 50 T
(refs #°°), which highlights the potential of this approach to coher-
ently control the valley degree of freedom. We note that the above
discussion is valid only for small red detuning of the optical pump
from the exciton resonance. For large detuning, the off-resonance
counter-rotating optical field becomes important and generates a
Bloch-Siegert shift in the opposite valley (recently demonstrated in
ref. °). In this case, the valley selectivity is lost.

By combining the valley-dependent optical Stark effect™** and
the optical generation of valley coherence*, coherent control of val-
ley pseudospin in single-layer TMDs and the concept of a valley
qubit for quantum computing have been demonstrated recently®.
The idea is illustrated in Fig. 4a,b using a Bloch sphere to represent
the SU(2) valley pseudospin space. The K and K’ excitons (|K) and
|K’)) that point to the north and south poles, are the basis. A near-
resonant linearly polarized pump pulse was used to generate a valley
coherent state M in single-layer WSe,. A below-gap circularly
polarized control pulse was then applied to induce an optical Stark
shift iA @ between the |K) and |K’) states. This leads to a dynamic
phase difference A@~AwAt between the two states for a control

pulse of duration At and results in w corresponding to

a vector rotation in the equator of the Bloch sphere. The phase shift
A¢p, which can be varied through the control pulse intensity, was
inferred from the output PL polarization (Fig. 4f). By varying the
delay between the pump and control pulses, a valley exciton coher-
ence time <1 ps has been determined®. Coherent control of the val-
ley pseudospin in the steady state has also been demonstrated by
application of a perpendicular magnetic field***.

Electrical generation of valley magnetization

Practical valleytronics applications require the generation and con-
trol of the valley degree of freedom by pure electrical means®***. The
VHE discussed earlier shows the generation of valley polarization
at the edges of a transistor channel of 2D TMDs by charge current.
Recently, the generation of bulk valley magnetization in strained
single-layer MoS, also by charge current has been reported”. The
resultant valley magnetization was imaged directly by Kerr rota-
tion microscopy (Fig. 5b). This kinematic magneto-electric effect
for valleys is understood by evoking the strain effect on the valley
orbital magnetic moment® (Fig. 5a). When strain breaks the three-
fold rotational symmetry of the hexagonal lattice, the distribution
of valley magnetic moment is shifted from the band minima®.
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Fig. 5 | Electrical control of electronic valleys. a, Origin of the valley magneto-electric effect in uniaxially strained single-layer MoS, (left), where ¢, is

the local electric field along the polar axis of strained monolayer MoS,. Strain shifts the valley magnetic moment distribution (shaded peaks) away from
the two valleys by k, and -k, (right). A tilted Fermi pocket due to charge current (grey spheres) encloses a different amount of orbital magnetic moment
at the two valleys and generates a valley magnetization without polarization. b, Kerr rotation (KR) image of the resultant valley magnetization with two
different current directions (black arrows). The black and green dashed lines outline the electrical contacts and the semiconductor channel, respectively. ¢,
Schematic of a heterojunction consisting of a single-layer TMD and (Ga,Mn)As ferromagnetic semiconductor (top). Spins are aligned in the ferromagnetic
semiconductor by an external magnetic field H. A vertical forward bias current injects spin-polarized holes into the TMD and generates circularly polarized

electroluminescence. The bottom panel shows the magnetic-field dependence of the electroluminescence handedness with a clear hysteresis. Figure
adapted from: a(left) b, ref. 22, Macmillan Publishers Ltd; a(right), ref. °>, Macmillan Publishers Ltd; ¢, ref. °, Macmillan Publishers Ltd.

Time-reversal symmetry requires the shift in momentum to be
opposite in the two valleys. The Fermi pockets at the two valleys,
however, shift along the (same) current direction and enclose dif-
ferent amounts of magnetic moment. A net magnetization thus
emerges although no valley polarization is generated”. Electrical
generation of valley polarization in single-layer TMDs has also
been realized through the injection of spin-polarized carriers and
spin-momentum locking in single-layer TMDs* (Fig. 5¢). Using
a single-layer WS,/(Ga,Mn)As heterojunction, it has been shown
that spin-polarized holes can be injected from the dilute ferromag-
netic semiconductor, in which spins are aligned under an external
magnetic field, into single-layer WS, (ref. *). The resultant valley
polarization was detected from the handedness of the electrolumi-
nescence in which the injected spin-polarized holes recombine with
electrons of the same spin and same valley in WS,.

Outlook

The field of valleytronics is progressing rapidly. Light has played a
central role in the development of the basic concepts based on 2D
TMDs, ranging from the orientation of valley polarization, to real-
ization of a valley qubit, to imaging of the valley orbital magnetic
moment. However, turning these concepts into viable technology
presents grand challenges, at the same time, exciting opportuni-
ties. One of the challenges is to increase the valley exciton coher-
ence time. So far, application of the valley qubits has been hindered
by the short valley exciton coherence time (~ps) due to the rapid
intravalley scattering®®. The recent development of high-quality
TMD samples through encapsulation with hBN substrates'*'>%>7
has presented possibilities to prolong the valley exciton coherence
time. Low-temperature electron mobility on the order of thousands
of cm? V™' s7! (refs '***) and valley polarization lifetime of tens of
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microseconds®** have already been reported in these samples.
Alternatively, gate-defined quantum dots based on TMDs, the fab-
rication of which has been recently demonstrated”, may also sig-
nificantly suppress valley exciton decoherence.

Another challenge is to develop electrical methods to inject, con-
trol and read out valley polarization or magnetization for integra-
tion with the existing technologies. While some progress has been
made towards electrical injection®***, electrical readout remains
largely unexplored. Several valley-charge conversion schemes
can be envisaged and progress in the near future is expected. The
first is the inverse VHE. The effect has been demonstrated in gra-
phene®'™, but not yet in TMDs. The second is the inverse of the
magneto-electric effect discussed above that generates valley mag-
netization through charge current in strained single-layer MoS,.
The third relies on proximity coupling of TMDs to magnetic sub-
strates®®”’. The induced valley magnetic order in TMDs can create a
finite valley polarization under zero magnetic fields, which can also
be read out electrically. The recent development of layered magnetic
materials and the isolation of single-layer magnets'*>'* presents
exciting opportunities for electrical injection, control and detection
of valley polarization in single-layer TMDs.

Finally, we would like to mention several ongoing researches on
particles or quasiparticles other than electrons that also possess the
valley degree of freedom. For instance, exciton—polaritons with val-
leys addressable by photons have been realized in coupled TMD-
optical cavities'”. These hybrid systems may be used to realize
valley lasers, for which gain and lasing occur only in one valley. In
addition, valley plasmons that can support chiral edge modes have
been predicted in gapped Dirac systems with broken time reversal
symmetry'**'>. Meanwhile, topological edge states arising from the
VHE for light have been demonstrated in 2D honeycomb photonic
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lattices with broken inversion symmetry'*>'”. These different
research directions are intertwined and stimulated by one another.

The outlook of valleytronics is exciting.
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