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For pioneering contribution to Valleytronics in 2D semiconductors & van der Waals

heterostructures.

Description of the work

Yao's work has defined an important new research direction — valley optoelectronics in 2D
semiconductors and their heterostructures. In many crystals the Bloch bands have degenerate but
inequivalent energy extrema in momentum space, known as valleys. The notion of addressing and
exploiting this internal quantum degree of freedom of carriers is referred to as valleytronics.
Valleytronics has become a burgeoning field of research since the emergence of atomically thin 2D
semiconductors (transition metal dichalcogenides (TMDs) etc.), where Yao has made
groundbreaking advances that has enabled versatile control of valley, transforming valleytronics
from a concept to an experimentally demonstrated reality in 2D semiconductors. These advances
have paved the way towards the exploitation of valley for versatile functionalities in future

optoelectronics.

Yao's theory papers made two fundamental predictions for the field of valleytronics: the valley
optical selection rule; and the valley Hall effect, which have created great excitement in the
theoretical and experimental research communities. The valley optical selection rule predicted by
Yao and collaborators makes possible the valley-selective optical transitions by circularly polarized
light. This intriguing phenomenon has driven the tremendous optoelectronic studies in the
semiconducting TMDs, and has enabled a series of milestones in the experimental demonstration
of optical valley control. The valley Hall effect, in which electrical field generates transverse valley
current, was predicted by Yao and collaborators in gapped single & bilayer graphene and in TMDs.
This topological valley transport phenomenon was subsequently observed in various 2D crystals,
and has become another cornerstone for the rapidly growing field of valleytronics. The three key
publications by Yao (PRL 108, 196802, 12”; PRL 99, 236809, 07”; PRB 77, 235406, 08”), in which he
is corresponding author or first author, have 3458, 1445, 726 citations respectively on Google

Scholar. They have become the key components in the vast research field of 2D semiconductors.




These works were the first of Yao’s many major theory contributions to elucidate the novel
electronic and optical properties of 2D semiconductors, revealing the versatile control possibilities
on valley and spin. His paper Nature Comm. 4, 2053, 13" (cited 266 times on Google Scholar)
discovered a new form of spin-orbit coupling in centrosymmetric layered crystals, from local
inversion symmetry breaking (in monolayer unit). It enables novel form of interplay between
valley and spin with layer pseudospin in TMDs, with a potential to integrate the three information
carriers of different characters. His paper Nature Comm. 5, 3876, 14" (cited 238 times) discovered
a new origin of Berry phase for exciton as a composite particle, coming from the Coulomb
interaction between its constituents, and the resultant exciton valley Hall effect. These effects are
being busy explored by the experimental community. In addition to the theoretical works, Yao's
impact on the field was greatly amplified by his important collaborative research with leading
experimentalists, which have led to several milestones on the experimental demonstration of
valleytronic controls based on his theory predictions. Yao is highly respected in the international
science community, frequently asked to give invited talks at leading international conferences (e.g.
APS March Meeting, 4 times in 2009, 2013, 2015, 2018; Simons Symposia; Gordon Conference
etc.).

Yao’s more recent works are leading the new trend of exploring valley and spin physics in the
moiré superlattices in van der Waals heterostructures. His theory paper Nature Phys. 13, 356, 17"
(cited 121 times) showed that moiré pattern in van der Waals heterobilayers can lead to a novel
superstructure of topological insulators, with moiré defined topological interfaces in the 2D bulk,
which can be remarkably engineered through electric gating and hetero-strain. The idea is waiting
for experimental tests when heterobilayers with suitable narrow or inverted gap band alignment
become available. On the optical properties, his theory paper Science Adv. 3, e1701696, 17" (cited
186 times) revealed rich opportunities of moiré engineering, and discovered a radically new exciton
system that can be exploited as programmable arrays of quantum emitters and strongly spin-orbit
coupled excitonic superlattice. Evidences of the predicted moiré exciton features were reported in
three independent experimental papers published on the same issue of Nature (Vol 567, Issue
7746, Mar 7, 2019).

In recognition of his achievements, Yao has received the OCPA Achievement in Asia Award from
the International Organization of Chinese Physicists and Astronomers (OCPA), a research honor
presented annually to a physicist/astronomer under 50 years of age, or a team of
physicists/astronomers, of Chinese ethnicity working in Asia who has made outstanding
contributions in physics or astronomy. Four past winners of the OCPA award have been the
presidents of Peking University, Shanghai Jiao-Tung University, and Univ. of Science &
Technology China. He has also received Croucher Innovation Award and Croucher Senior Research

Fellowship, the most prestigious research honors in Hong Kong with competition from all fields of




natural sciences, technology and medicine. In 2020, Yao was elected as Fellow of the American
Physical Society, with the citation “For pioneering contributions to valley optoelectronics by laying
down the theoretical foundation for versatile control of valley and spin in 2D semiconductors and

their heterostructures”.
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Coupled Spin and Valley Physics in Monolayers of MoS, and Other Group-VI Dichalcogenides
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We show that inversion symmetry breaking together with spin-orbit coupling leads to coupled spin and
valley physics in monolayers of MoS, and other group-VI dichalcogenides, making possible controls of
spin and valley in these 2D materials. The spin-valley coupling at the valence-band edges suppresses spin
and valley relaxation, as flip of each index alone is forbidden by the valley-contrasting spin splitting.
Valley Hall and spin Hall effects coexist in both electron-doped and hole-doped systems. Optical
interband transitions have frequency-dependent polarization selection rules which allow selective photo-
excitation of carriers with various combination of valley and spin indices. Photoinduced spin Hall and
valley Hall effects can generate long lived spin and valley accumulations on sample boundaries. The
physics discussed here provides a route towards the integration of valleytronics and spintronics in

®Department of Material Science and Engineering, University of Washington, Seattle, Washington 98195, USA

multivalley materials with strong spin-orbit coupling and inversion symmetry breaking.

DOI: 10.1103/PhysRevLett.108.196802

Since the celebrated discovery of graphene [1-3], there
has been a growing interest in atomically thin two-
dimensional (2D) crystals for potential applications in
next-generation nanoelectronic devices [4,5]. Layered
transition-metal dichalcogenides represent another class
of materials that can be shaped into monolayers [4], which
display distinct physical properties from their bulk coun-
terpart [6-9]. Recent experiments have demonstrated that
MoS,, a prototypical group-VI dichalcogenide, crossovers
from an indirect-gap semiconductor at multilayers to a
direct band-gap one at monolayer [6,7]. The direct band
gap is in the visible frequency range, most favorable for
optoelectronic applications. Monolayer MoS, transistor
was also realized, demonstrating a room-temperature mo-
bility over 200 cm?/(V - s) [8].

In monolayer MoS,, the conduction and valence-band
edges are located at the corners (K points) of the 2D
hexagonal Brillouin zone [10-12]. Similar to graphene,
the two inequivalent valleys constitute a binary index for
low energy carriers. Because of the large valley separation
in momentum space, the valley index is expected to be
robust against scattering by smooth deformations and long
wavelength phonons. The use of valley index as a potential
information carrier was first suggested in the studies of
conventional semiconductors such as AlAs and Si [13].
With the emergence of graphene, the concept of valley-
tronics based on manipulating the valley index has at-
tracted great interests [ 14—18].

MoS, monolayers have two important distinctions from
graphene. First, inversion symmetry is explicitly broken in
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monolayer MoS,, which can give rise to the valley Hall
effect where carriers in different valleys flow to opposite
transverse edges when an in-plane electric field is applied
[15]. Inversion symmetry breaking can also lead to valley-
dependent optical selection rules for interband transitions
at K points [16]. Second, MoS, has a strong spin-orbit
coupling (SOC) originated from the d orbitals of the heavy
metal atoms [12], and can be an interesting platform to
explore spin physics and spintronics applications absent in
graphene due to its vanishing SOC [19,20].

In this Letter, we show that inversion symmetry breaking
together with strong SOC lead to coupled spin and valley
physics in monolayer MoS, and other group-VI dichalco-
genides, making possible spin and valley control in these
2D materials. We find the conduction and valence-band
edges near K points are well described by massive Dirac
fermions with strong valley-spin coupling in the valence
band, which has several important consequences. First, the
valley Hall effect is accompanied by a spin Hall effect in
both electron-doped and hole-doped systems [21-24].
Second, spin and valley relaxation are suppressed at the
valence-band edges as flip of each index alone is forbidden
by the valley-contrasting spin splitting (~ 0.1-0.5 eV)
caused by inversion symmetry breaking. Third, the
valley-dependent optical selection rule also becomes
spin-dependent, and carriers with various combination of
valley and spin indices can be selectively excited by optical
fields of different circular polarizations and frequencies.
We predict photo-induced charge Hall, spin Hall and valley
Hall effects. The latter two phenomena can be used to

© 2012 American Physical Society
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generate long lived spin and valley accumulations on sam-
ple boundaries. The physics discussed here provides a
route towards the integration of valleytronics and spin-
tronics in multivalley materials with strong spin-orbit
coupling and inversion symmetry breaking.

The physics in monolayers is essentially the same for
group-VI dichalcogenides MX, (M = Mo, W, X = §, Se),
described below using MoS, as an example. Structurally,
MoS, can be regarded as strongly bonded 2D S-Mo-S
layers that are loosely coupled to one another by Van der
Waals interactions. Within each layer, the Mo and S atoms
form 2D hexagonal lattices, with the Mo atom being
coordinated by the six neighboring S atoms in a trigonal
prismatic geometry [Figs. 1(a) and 1(b)]. In its bulk form,
MoS, has the 2H stacking order with the space group Dgh,
which is inversion symmetric. When it is thinned down to a
monolayer, the crystal symmetry reduces to D},, and in-
version symmetry is explicitly broken: taking the Mo atom
as the inversion center, an S atom will be mapped onto an
empty location. As a consequence, the effects we predict
here are expected only in thin films with odd number of
layers, since inversion symmetry is preserved in films with
even number of layers.

We start by constructing a minimal band model on the
basis of general symmetry consideration. The band struc-
ture of MoS,, to a first approximation, consists of partially
filled Mo d bands lying between Mo-S s-p bonding and
antibonding bands [25]. The trigonal prismatic coordina-
tion of the Mo atom splits its d orbitals into three groups:
A(dp), E(d,y, d_y2) and E'(d,;, d,;). In the monolayer
limit, the reflection symmetry in the Z direction permits
hybridization only between A and E orbitals, which opens
a band gap at the K and —K points [25], schematically

(@)

FIG. 1 (color online). (a) The unit cell of bulk 2H-MoS,,
which has the inversion center located in the middle plane. It
contains two unit cells of MoS, monolayers, which lacks an
inversion center. (b) Top view of the MoS, monolayer. R; are the
vectors connecting nearest Mo atoms. (c) Schematic drawing of
the band structure at the band edges located at the K points.

shown in Fig. 1(c). The group of the wave vector at the
band edges (K) is C3, and the symmetry adapted basis
functions are

1

lpe) = ld2), |¢Z>=\/z(ldxzfyz}JriTldxy}), (D

where the subscript c(v) indicates conduction (valence)
band, and 7 = *1 is the valley index. The valence-band
wave functions at the two valleys, |¢; ) and |, ), are
related by time-reversal operation. To first order in k, the
Cy;, symmetry dictates that the two-band k - p Hamiltonian
has the form

Hy = at(tk,6, + k,6,) + %&Z, )
where & denotes the Pauli matrices for the two basis
functions, a is the lattice constant, ¢ the effective hopping
integral, and A the energy gap. These parameters are
obtained by fitting to first-principles band structure calcu-
lations and are listed in Table. I for the four group-VI
dichalcogenides [26]. We note that the same effective
Hamiltonian also describes monolayer graphene with stag-
gered sublattice potential [15,16]. This is not surprising, as
both systems have the same symmetry properties. What
distinguishes MoS, from graphene is the strong SOC
originated from the metal d orbitals. The conduction
band-edge state is made of d. orbitals and remains spin
degenerate at K points, whereas the valence-band-edge
state splits. Approximating the SOC by the intra-atomic
contribution L - S, we find the total Hamiltonian given by

H = at(tk, 6, + k,6,) + %&Z — A5, (3)
where 2A is the spin splitting at the valence band top
caused by the SOC and §, is the Pauli matrix for spin.
The spin-up ( 1) and spin-down ( | ) components are com-
pletely decoupled and s, remains a good quantum number.
We emphasize that the spin splitting does not depend on
the model details; it is a general consequence of inversion
symmetry breaking, similar to the Dresselhaus spin split-
ting in zinc-blende semiconductors [27]. Time-reversal

TABLE I. Fitting result from first-principles band structure
calculations. The monolayer is relaxed. The sizes of spin split-
ting 2\ at valence-band edge were previously reported in the first
principle studies [12]. The unit is A for a,and eV for ¢, A, and A.
Q, (£,) is the Berry curvature in unit of A?, evaluated at —K
point for the spin-up (-down) conduction band.

a A t 2A Ql Qz
MoS, 3.193 1.66 1.10 0.15 9.88 8.26
WS, 3.197 1.79 1.37 0.43 15.51 9.57
MoSe, 3.313 1.47 0.94 0.18 10.23 7.96
WSe, 3.310 1.60 1.19 0.46 16.81 9.39
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symmetry requires that the spin splitting at different
valleys must be opposite [Fig. 1(c)] [28].

The valley Hall and spin Hall effects are driven by the
Berry phase associated with the Bloch electrons. It has
been well established that in the presence of an in-plane
electric field, an electron will acquire an anomalous veloc-
ity proportional to the Berry curvature in the transverse
direction [29], giving rise to an intrinsic contribution to the
Hall conductivity [30], o™ = (e2/h) [[dk]f(k)Q(k),
where f(k) is the Fermi-Dirac distribution function, and
[dk] is a shorthand for dk/(27)?. The Berry curvature is
defined by Q,(k) =2 -V, X (u,(k)|iVi|u,(k)), where
|u, (k)) is the periodic part of the Bloch function and n
is the band index. For massive Dirac fermions described by
the effective Hamiltonian in Eq. (3), the Berry curvature
in the conduction band is [15]:

2a%2 A/
T [AZ + 42212

Qc(k) == (4)
Note that the Berry curvatures have opposite sign in oppo-
site valleys. In the valence band, we have: Q,(k) =
—Q.(k). In the same valley, the Berry curvature is
dependent on spin through the spin-dependent band gap:
A’"= A — 75.A. The curvature is nearly constant in the
neighborhood of K points since A > atk (Table I). The
valley Hall conductivity (in unit of e/%) is then:

o =2 [ldRILF 100180 + 100,00
and the spin Hall conductivity (in unit of e/2) is

or =2 [ [dKLf 1 (R) 21 (K) = iRV ()],

where the integration is performed over the neighborhood
of one K point. For moderate hole doping with Fermi
energy lying between the two split valence-band tops
[illustrated by the dot-dashed line in Fig. 2(b)], the valley
and spin Hall conductivities of holes are the same, given by
LM

Voomr A= ®)
for w < A — A, where w is the Fermi energy measured
from the valence-band maximum. If the system is electron
doped, we must consider both conduction bands which are
degenerate at K points and have small spin-splitting qua-
dratic in k [see Fig. 2(b)]. We find that

1A 1
A2 — 2

ol =

oy = T = AT ek (6)
where w is the Fermi energy measured from the conduc-
tion band minimum. The spin Hall conductivity is about
A/A of the valley Hall conductivity.

The robustness of the valley and spin Hall effects is
closely related to the relaxation time of the valley and
spin index. Flipping of valley index require atomic scale

(a) Electron doped system

FIG. 2 (color online). Coupled spin and valley physics in
monolayer group-VI dichalcogenides. The electrons and holes
in valley K are denoted by white ‘—’, ‘+” symbol in dark circles
and their counterparts in valley — K are denoted by inverse color.
(a) Valley and spin Hall effects in electron and hole-doped
systems (see text). (b) Valley and spin optical transition selection
rules. Solid (dashed) curves denote bands with spin-down (-up)
quantized along the out-of-plane direction. The splitting in the
conduction band is exaggerated. w, and w, are, respectively,
the transition frequencies from the two split valence-band tops
to the conduction band bottom. (c) Spin and valley Hall effects
of electrons and holes excited by linearly polarized optical field
with frequency w,,. (d) Spin and valley Hall effects of electrons
and holes excited by two-color optical fields with frequencies w,,
and w, and opposite circular polarizations.

scatters, since the two valleys are separated by a wave
vector comparable with the size of Brillouin zone. Spin
flips requires the coupling with magnetic defects, since s,
is a good quantum number at the conduction and valence-
band edges. In the conduction band, valley scattering could
be slow in the bulk at the clean limit, but will be facilitated
on the boundaries by valley mixing except with perfect
zigzag edge. In the valence band, by the relatively large
valley-contrasting spin splitting (~ 0.1-0.5 eV), valley and
spin can only be simultaneously flipped to conserve energy
which require atomic scale magnetic scatters. In the ab-
sence of such scatters, we expect holes have long spin and
valley lifetimes both in the bulk and on the boundary.

Next we look at optical interband transitions from
the spin-split valence-band tops to the conduction band
bottoms. The coupling strength with optical fields
of o+ circular polarization is given by P.(k)=
P (k) £ iPy(k), where P, (k)= molu (k) & |u, (k)
is the interband matrix element of the canonical momen-
tum operator and my is the free electron mass [16,31]. For
transitions near K points, we find

2,272 l
) _ Mmpast A 2
P0F =1 ) O
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Since A’ > atk, the interband transitions are then coupled
exclusively with o+ (o —) circularly polarized optical
field at the K (— K) valley. Optical field couples only to the
orbital part of the wave function and spin is conserved in
the optical transitions. By the valley-contrasting spin split-
ting of the valence-band tops, the valley optical selection
rule becomes spin-dependent selection rules, as illustrated
in Fig. 2(b). w,; and w, denote here the two band-edge
excitonic transition frequencies from the spin-split
valence-band tops [see Fig. 2(b)]. Because of the spin-
valley coupling and the valley optical selection rule from
inversion symmetry breaking, spin and light polarization
are related in the opposite ways at the two frequencies,
similar to the interband transition involving heavy hole and
light hole in III-V semiconductors. One may expect a sign
reversal for magneto-optical effects such as Faraday rota-
tion and Kerr rotation by spin-polarized electron when the
frequency changes from w, to w,.

Selective excitation of carriers with various combination
of valley and spin index becomes possible using optical
fields of different circular polarizations and frequencies.
Optical field with o+ circular polarization and frequency
w, (wy) can generate spin-up (-down) electrons and spin-
down (-up) holes in valley K, while the excitation in the
—K valley is simply the time-reversal of the above [32].
Such a spin and valley-dependent selection rule can be
used to generate long lived spin and valley accumulations
on sample boundaries in a Hall bar geometry. Consider the
photo-excitation of electrons and holes, which are then
dissociated by an in-plane electric field, driving a longitu-
dinal charge current [Figs. 2(c) and 2(d)]. The photoexcited
electrons and holes will also acquire opposite transverse
velocities because of the Berry curvatures in the conduc-
tion and valence band, and moved to the two opposite
boundaries of the sample. This leads to Hall current of
valleys, spins or charges, depending on the polarization
and frequency of the optical field. In Table II, we give the
signs and order of magnitude estimation of the valley, spin
and charge Hall currents in the clean limit.

Excitation with circular polarizations will generate a
charge Hall current which can be detected as a voltage.
The sign of the voltage is exclusively determined by the
circular polarization and is independent of the frequency.
Excitation with linear polarizations has more interesting
consequences. For example, by excitation with linearly

TABLE II. Photoinduced spin, valley, and charge Hall effects. o'ﬁ(h) and oy

polarized optical field with frequency w,,, there is a spin
Hall current and a valley Hall current in the absence of a
charge Hall current. Spin-up electrons from the K valley
and spin-up holes from the —K valley are accumulated on
one boundary, while their time reversals are accumulated
on the other boundary [Fig. 2(c)]. Thus, each boundary can
remain charge neutral while carrying a net spin polariza-
tion as well as a net valley polarization. Recombination of
these excess electrons and holes are forbidden by the
optical transition selection rules unless assisted by pro-
cesses which flip both the valley and spin index. Holes
are expected to have much longer spin and valley lifetimes
on the boundary. Thus electrons will get unpolarized first
and recombine with the spin and valley polarized holes,
accompanied by the emission of photons with opposite
circular polarizations on the two boundaries. If there is
strong valley mixing for electrons on the boundary, the
decay of the overall spin and valley polarization is deter-
mined by the spin relaxation time of the electrons.

Another interesting excitation scenario is by a nonde-
generate optical excitation, consisted of a o+ polarized
component with frequency w, and a o— polarized com-
ponent with frequency w,. This will excite spin-up elec-
trons and spin-down holes in both valleys. The spin Hall
and charge Hall currents from the electrons will largely
cancel with those from the holes, while the valley Hall
currents from electrons and holes add constructively (see
Table IT). The electrons and holes accumulated on the same
boundary are of opposite spin and valley indice. When
electrons get valley unpolarized, they can recombine
with the spin and valley polarized holes, accompanied
by the photon emission with polarization and frequency
(o +, w,) on one boundary and (o — , w,) on the other.
This process may provide a direct measurement on the
valley lifetime of electrons on the boundary.

In summary, we have predicted the valley-dependent
optical selection rules for interband transitions near K
points in monolayer MoS, and other group-VI transition-
metal dichalcogenides. The spin-orbit interaction from the
metal d orbitals further leads to strong coupling of spin and
valley degrees of freedom, which makes possible selective
photoexcitation of carriers with various combination of
valley and spin indices. We have also predicted the coex-
istence of valley Hall and spin Hall effects in n-doped and
p-doped systems, and proposed photoinduced spin Hall

") denote the spin and valley Hall conductivity,

respectively, contributed by the photoexcited electrons (holes). o is the total charge Hall conductivity from both carriers. All
conductivities are normalized by the photoexcited carrier density of electron or hole, and only intrinsic contribution is considered.

Light frequency & polarization o ol o ol o
(@,, X or ) qQ, <qQ, cqQ, cqQ, 0
(wy, XorY) —5Q, —54, 1) AL 0
(w,, o +) £Q), $0, 0, £0, 2%91
(wg, 0 =) *592 *%Qz 592 ﬁﬂz *2%92
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and valley Hall effects for generating spin and valley
accumulations on edges. The strong spin-valley coupling
can further protect each index: with the valley-dependent
spin splitting of O(0.1) eV at the valence-band top, flip of
spin and valley alone is energetically forbidden. These
effects suggest the potential of integrated spintronic and
valleytronic applications. In hybrid systems of these mono-
layers with other spintronics materials, spin index may be
used as a universal information carrier across different
materials, while valley index provides a unique ancillary
information carrier in the monolayers with logic operations
between the two enabled by the spin-valley coupling.

We acknowledge useful discussions with D. Mandrus,
S. Okamoto, and J.-Q. Yan. We are grateful to W.-G. Zhu
for technical support in first-principles band structure
calculations. This work was supported by the U.S.
Department of Energy, Office of Basic Energy Sciences,
Materials Sciences and Engineering Division (D.X.), by
Research Grant Council of Hong Kong (G.B.L. and
W.Y.), and by the Laboratory Directed Research and
Development Program of ORNL (W. F.).

Note Added.—Recently, experimental evidence on the
optical selection rules for interband transitions at K points
was reported in monolayer MoS, [33].

Note Added in Proof.—We also note an independent
theoretical work discussing the circular dichroism in the
entire Brillouin zone [34].
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