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Fig. 1. The schematics of band structure of dia-

mond. The bottom of conduction band consists of
electron pockets (valley) with six-fold degeneracy (a);
the quantum confinement along the direction [100]
leads to broken valley degeneracy (b). The bulk sili-
con has similar band dispersion with diamond around
the Fermi level. Adapted from Ref. [30].
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Fig. 2. The band dispersion of graphene: there are
six massless Dirac point due to the touching of bot-
tom of conduction band and top of valence band in
the Brillouin zone. Adapted from Ref. [35].
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P A S R A SUE REHE, AATRT AR e AR 5 X i)
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Fig. 3. The schematic of band dispersion of graphene
without inversion symmetry: (a) Broken inversion
symmetry in graphene with massless Dirac fermion
leads to massive Dirac fermion; (b) the inequivalent
Dirac points correspond to intrinsic orbital magnetic
moments with opposite sign and same magnitudes,
which can be easily associated with valley degree of
freedom. Adapted from Ref. [74].
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Fig. 4. The optical selection rule of hexagonal struc-
tures without inversion symmetry have two parts of
contribution from the symmetry of bulk structures
(right) and the rotation of atomic orbitals (left).
Adapted from Ref. [77].
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Fig. 5. The atomic structures of bulk MoS>. Adapted from Ref. [84].

187301-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 38 % 3k Acta Phys. Sin.

Vol. 64, No. 18 (2015) 187301

B2 TR B R AR L, B AR
S0 FRD (53] R A PR Wi 2 DA B A I R B RLE RE. 45 T5F
S 1770 3@ 3o %5 B V7 R AR B8 (density functional
perturbation theory, DFPT) X} #. 2 MoS, ] 11 57
S5 RLH], AT L& B e E R G BUSIN, A Ti
FI) T R A 1) BB BRIE I A IRAGAE K A K
Je B 2 38 50 43 AR 1, T AE AR R S A AR
Her5 T, w6 (b) P, ERNEIZIERT, B
TAE DUE il R IR B N RAT SCH R, X K
B JZ MoSs & AR UF I 48 BE AR B B AA R 081 ok FE (1
B AR R Rk 55 17 e o Al RO, T FL R A
AERHA BU5 &, WA 1S MoS, H & 4H HAEH

AR 7S R A T AR A 2 B 8O BN
X I'—K #12 EH Q e B K 4 370 I Re
2 139900 A AT RE B R T 2 O /E F S B
e AR AT B — i 1t ) . AT T Rk
L (GoWo) FHLJZ MoSy HIE — dk 192 38 1 )%
DTFEE, AR A SL = (8] 1E A2 A I Wannier £ 41
Fox GoWo IRET, SR 5 725 BN X AT 35 5]
B (~10%), TFEERWE 6 (¢) Fin. Q B eRE
I FHT IR, X 22 BRARAS IR AE A8 B R T PR . R
Wk, FFEA S A YA .

HAL 2 MoSqg B R — €8 1 Hh s 2% BR O e % e )
YUE T TR AT A THUA 227 JES () BT TR P 1) 14

—— DFT

5
4
3
2
1
> 0
] L
o
>
o0
o
(o}
=}
&
K
(b) 0.8
E : K_ L 02
‘of; ' et -y | 0.2
iy 0.4
L 0.6
08
L —10

DFPT

DFT+GW+WANNIER

6 HJZ MoSo MEETFEMME Bk (a) DFT(KZk) K& Wannier 22U A (k) B2 MoSs 19
ARl M), Q MIE I—K BRI 1/2 4t (b) % FEZ R B 1045 3 (¥ 512 MoSo 1R — 4 (3 1 Sk
[77]); (c) FBAERL T, (GW) '~ Wannier JEA TG E FIRE W, EE N TDTEFRRE — A0 BIWIX, K1 Ml Ko

AT IR GALE, T2 R X AL

Fig. 6. The band structures and circular dichroism of monolayer MoSz: (a) The band structure of

monolayer MoSy obtained by DFT (gray line) and real space Wannier basis (dashed line), Q point is

located around the middle of I'-K path in the Brillouin zone; (b) the circular dichroism of monolayer

MoS3 obtained by density functional perturbation theory, adapted from Ref.[77]; (c) the Wannier

basis fitted band structure of monolayer MoSy corrected by quasi-particle approximation. The yellow

hexagon indicates the first Brillouin zone where I" and K indicates the central and valley points.
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Fig. 7. The schematics of coupled spin and valley in
monolayer MoSz. Adapted from Ref. [12].
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Abstract

Under the periodic potential of solid, the movement of an electron obeys the Bloch theorem. In addition to the charge
and real spin degree of freedom, Bloch electrons in solids are endowed with valley degree of freedom representing the
local energy extrema of the Bloch energy bands. Here we will review the intriguing electronic properties of valley degree
of freedom of solid materials ranging from conventional bulk semiconductors to two-dimensional atomic crystals such as
graphene, silicene, and transition metal dichalcogenides. The attention is paid to how to break the valley degeneracy via
different ways including strain, electric field, optic field, etc. Conventional semiconductors usually have multiple valley
degeneracy, which have to be lifted by quantum confinement or magnetic field. This can alleviate the valley degeneracy
problem, but lead to simultaneously more complex many-body problems due to the remnant valley interaction in the
bulk semiconductor. Two-dimensional materials provide a viable way to cope with the valley degeneracy problem. The
inequivalent valley points in it are in analogy with real spin as long as the inversion symmetry is broken. In the presence
of electric field, the nonvanishing Berry curvature drives the anomalous transverse velocity, leading to valley Hall effect.
The valley degree of freedom can be coupled with other degree of freedom, such as real spin, layer, etc, resulting in rich
physics uncovered to date. The effective utilization of valley degree of freedom as information carrier can make novel

optoelectronic devices, and cultivate next generation electronics—valleytronics.

Keywords: valley degree of freedom, two-dimensional atomic crystal, valleytronics, valley Hall effect
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