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Tunable Valley Polarization and 
Valley Orbital Magnetic Moment 
Hall Effect in Honeycomb Systems 
with Broken Inversion Symmetry
Zhigang Song1, Ruge Quhe1,4,5, Shunquan Liu1, Yan Li1,2, Ji Feng2,3, Yingchang Yang1, 
Jing Lu1,2 & Jinbo Yang1,2

In this Letter, a tunable valley polarization is investigated for honeycomb systems with broken 
inversion symmetry such as transition-metal dichalcogenide MX2 (M = Mo, W; X = S, Se) monolayers 
through elliptical pumping. Compared to circular pumping, elliptical pumping is a more universal 
and effective method to create coherent valley polarization. When two valleys of MX2 monolayers 
are doped or polarized, a novel anomalous Hall effect (called valley orbital magnetic moment Hall 
effect) is predicted. Valley orbital magnetic moment Hall effect can generate an orbital magnetic 
moment current without the accompaniment of a charge current, which opens a new avenue for 
exploration of valleytronics and orbitronics. Valley orbital magnetic moment Hall effect is expected 
to overshadow spin Hall effect and is tunable under elliptical pumping.

Valleytronics has generated great interest1–5 in the field of condensed matter physics because it involves 
many novel phenomena such as valley Hall effect (namely, electrons belong to different valleys separate 
to opposite sides in the presence of an transverse electric field)6, valley-coupled spin Hall effect7, and 
valley magnetic moment (it stems from self-rotating of the wave packet and has opposite value at differ-
ent valley)8. The valleys refer to the conduction-band minima (CBM) and valence-band maxima (VBM). 
In some materials, the valleys are located at inequivalent positions in the momentum space, leading to 
a novel degree of freedom. Manipulation of such a degree of freedom forms the basis of valleytronics. 
Transition-metal dichalcogenide MX2 (M =  Mo, W; X =  S, Se) monolayers are a perfect platform for 
valleytronics due to their intrinsic valley degree of freedom on honeycomb lattice and direct band gap 
in the range of visible light.

In order to realize 100% valley polarization, circularly polarized optical field is used to selectively 
excite either of the two valleys9–11. However, circularly polarized optical field cannot tune the valley 
polarization. If valley polarization is tunable, physical phenomena associated with the intermediate states 
between the unpolarized and fully polarized valley states can be observed, for examples, valley quantum 
coherence12 and some fractional-quantum-Hall states13. In the meantime, spin Hall effect from different 
valleys can be summed up, and thus valley-coupled spin Hall effect14 becomes more apparent in a partial 
valley-polarized state7.

A strong spin-orbital coupling (SOC) is required to generate valley-coupled spin Hall effect. 
However, SOC is not strong for most valleytronic materials, such as graphene, silicene and silicon. The 
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Zeeman-type spin splittings in the VBM of MX2 monolayers are large enough (0.15–0.46 eV)7,15 to observe 
valley-coupled spin Hall effect with hole carriers. Unfortunately, the spin splittings in the CBM of MX2 
monolayers are too small to observe the valley-coupled spin Hall effect with electron carriers. In analogy 
to spin Hall effect, there should be an orbital magnetic moment Hall effect16, which does not depend 
on SOC. Manipulation of orbital magnetic moment is the basis of orbitronics17. The valley-contrasting 
orbital magnetic moment (valley orbital magnetic moment) in MX2 monolayers consists of two parts: 
one is from the parent atomic orbitals, and the other is from lattice structure (valley magnetic moment). 
Remarkably, valley orbital magnetic moment is a few times larger than spin magnetic moment in MX2 
monolayers. Atomic orbital magnetic moment Hall effect has been reported in p-doped Si bulk16,17, but 
valley-coupled orbital magnetic moment Hall effect, especially the part from lattice structure, has been 
rarely reported.

In this Letter, we have investigated the degree of polarization for two different valleys under elliptical 
pumping in MX2 monolayers. A novel Hall effect (called valley orbital magnetic moment Hall effect) 
driven by opposite Berry curvature of different valleys is proposed. Valley orbital magnetic moment Hall 
effect is tunable by elliptical pumping. Hence, a new avenue is opened to the exploration of valleytronics 
and orbitronics.

Results and Discussion
In a honeycomb system with C3h and particle-hole symmetry, to the first order in k, the two-band k·p 
Hamiltonian near the massive Dirac cone (around the Κ or K′  point) without including SOC can be 
described as follows7:

( )τ σ σ σ= + +
Δ
, ( )H at k k

2 1x x y y z

where σα denotes the Pauli matrices for the two basis functions, t represents the effective hopping inte-
gral, a is the lattice constant, τ =  ±  is the valley index, and Δ  is the band gap. The pseudospin τ is a 
good quantum number near the Κ (K′ ) point, while it is not a good one away from the Κ (K′ ) point. 
All of the above parameters can be obtained by fitting the first-principles band structures.

Different polarization states of a monochromatic light wave with electric field projecting in the x-y 
plane could yield time-dependent components Ex and Ey in cosine form as follows: ω= ( )E A tcosx x  and 

ω θ= ( + )E A tcosy y , where θ is the phase retardation between Ex and Ey, and the amplitude ratio is 
defined as γ = E

E
x

y
. The coupling strength with optical fields of elliptical polarization is given by
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where pα is the matrix element between the valence and conduction bands of the canonical momentum. 
pα is given by
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where ( )kuc  and ( )kuv  are the periodic parts of the conduction and valence bands of Bloch function, 
respectively, which are obtained by diagonalizing the matrix in Eq. 1, and me is the free electron mass. 
It is straightforward to derive an explicit form of p± from Eqs  1–3. The k-resolved degree of elliptical 
polarization is defined as

η ( ) =
| ( )| − | ( )|

| ( )| + | ( )|
,

( )

+ −

+ −

k
k k

k k

p p

p p 4

2 2

2 2

where η(k) is normalized by total absorption. According to Eqs 1–4, η(k) can be expressed as

( )
( )

( )
η

τ θ γ

γ γ γ θ
( ) =

Δ ( ) +

+ ( + ) − ( − ) − − ( )
.

( )

Δ

Δ
k

a t k

a t k a t k a t k cos a t k k

2 sin

1 1 4 5x y x y

2 2 2
2

2

2 2 2
2

2 2 2 2 2 2 2 2 2 22

Then, the degree of elliptical polarization near the Κ (K′ ) point is given by
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The term ( )γ γ θ−( − ) − − ( )a t k a t k a t k k1 4 cosx y x y
2 2 2 2 2 2 2 2 2  in Eq.  5 indicates that η(k) is aniso-

tropic. However, this term is a second-order small one and negligible in the vicinity of the K (K′ ) point.
According to Eq. 6, the value of η(K) can continuously vary from + 1 to − 1 as the optical helicity of 

the excitation light changes. The helicity of the incident light can be continuously tuned by both changing 
θ (using electronically-controlled-liquid crystal retarders18) or adjusting the angle between polarization 
direction of the incident light (linearly polarized) and the fast axis of the modulator angle (ϕ) (see 
Fig.  1(a)). It is obvious that γ =  tan(ϕ), and θ is π

2
, when a quarter-wave modulation is used. Thus, 

η(K) =  sin(2ϕ) (Fig. 1(a)), and Eq. 6 is established with the condition that Δ  >  0, namely, inversion sym-
metry is broken and the group of the wave vector at the band edges (the K and K′  points) is C3.

In order to further investigate the mechanism of the valley polarization, we performed density func-
tional theory (DFT) simulations of η(K) as a function of θ and γ. In the calculation, we only consider the 
direct optical excitation with Δ k =  0. There is no difference in the results of η(K) with and without SOC. 
Figure 1(a) plots the DFT calculated values of η(K) as a function of ϕ for MX2 monolayers, and (b) plots 
the DFT calculated values of η(K) as a function of γ and θ for MX2 monolayers. The DFT results of the 
four MX2 monolayers coincide with each other and are also in good agreement with the analytical ones. 
The elliptical pumping is illustrated in Fig. 1(c).

As an example, the spin-resolved degrees of elliptical polarization η(k) for WSe2 monolayer in the 
irreducible Brillouin zone (BZ) with four different phase retardation are shown in Fig. 2. Our DFT cal-
culation implies that the probability of the spin-flipped inter-band transitions is 3 orders of magnitude 
smaller than that of spin-conservation inter-band transitions. Thus the spin-flipped inter-band transi-
tions can be neglected. We find that η η( ) ≅ ( )k K  in a large region around the K (K′ ) point, because 
both the VBM and CBM and their wide range of adjacent region (Corresponding to the six pieces of 
blue or red arrow-shaped regions in Fig. 2 consist of mainly d-orbitals of the M atoms. The BZ can be 
divided into two parts, one around the K (K′ ) point, and the other around the Γ  point. The former is 

Figure 1. (a) Degree of elliptical polarization at the K point η(K) as a function of the phase retardation θ 
between the two components of electric field and the amplitude ratio γ calculated from Eq. 6 and the DFT 
method in MX2 monolayers. The DFT results of the four MX2 monolayers coincide with each other and 
are also in good agreement with Eq. 6. (b) η(K) as a function of rotation angle of the quarter wave plate ϕ. 
SOC has no influence on valley polarization around the Κ (K′ ) point. (c) Diagrammatic sketch showing that 
coherent valley polarization is created by right-(left-)hand elliptical pumping. (d) η(K) of WSe2 monolayers 
under different uniaxial stresses or strains as a function of ϕ calculated from the DFT method.
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spin-independent, where spin splitting is Zeeman-type. The later part is spin-dependent, where spin 
spliting is Rashba-type associated with the nearest-neighbor hopping. We find that the η(k) around the 
Γ  point is spiral, determined by the Rashba-type spin texture19. It is interesting to find that 
η η(+, ↑) = − (−, ↓) for the k far from the Γ  point, where τ =  ±  is a good quantum number; while 
η η(↑) = − (↓) for the k near the Γ  point, where τ is not a good quantum number any more.

When an in-plane uniaxial stress or strain is applied, the C3 symmetry of MX2 monolayer is broken. 
The Valley-selective elliptical dichroism replaces the circular dichroism. A right-hand (left-hand) ellipti-
cally polarized photon could be selectively absorbed around the K (K′ ) point, while a left-hand 
(right-hand) one was completely prohibited. This conclusion is similar to that of the recent experiment 
in which an electric field is used to break the C3 symmetry of the WSe2 monolayer2. The calculated 
elliptical polarization η(K) under different stresses or strains are shown in Fig. 1(d). It is obvious that the 
maximums of η(K) deviate from ϕ = π

4
. This indicates that an elliptically polarized light is more universe 

than a circularly polarized light in order to create complete valley polarization. Therefore, elliptical 
dichroism could be used to detect the planar stress or strain in MX2 monolayers.

In order to understand the relationship among valley magnetization, valley orbital magnetic moment 
Hall effect, valley charge Hall current, and the degree of elliptical polarization, we proceed to derive 
analytic expression of local chemical potential μ, (see more details in Supplementary Information)
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where I is the intensity of the incident light, α is the probability of absorption of one photon, and T is 
the average illumination time. Local chemical potential μ as a function of the amplitude ratio γ is plotted 
in Fig. 3(a).

According to particle-hole symmetry without including SOC, valley magnetizations of the valence 
and conduction bands are similar. The valley magnetization contributed from the lattice structure in the 
conduction band can be described by the Berry curvature as follows6,20:

∫ π
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where Ω is Berry curvature and shown in Fig. 4(a). The integration is over all states below μ. The valley 
magnetism ml is measurable. The orbital magnetization of ml as a function of ϕ is plotted in Fig. 3(b), 
and the maximum peaks are at ϕ = ± π

4
.

Figure 2. Spin-resolved degree of elliptical polarization η(k) in irreducible Brillouin zone for WSe2 
monolayer with the phase retardation between the two components of electric field with θ = π/6, π/4, π/3, 
and π/2, respectively, calculated by the DFT method. The magnitude ratio is γ =  1. In cases of values  
of θ smaller than π /2, the lack of the C3 symmetry arises from the anisotropy of the elliptically polarized  
light.
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The valley-contrasting magnetic moment originated from the lattice structure has the format of 

 
μ μ= =τ τ

Δ Δv
ea t a t m

B
22 2 2 2

0
2  in the low power limit →k 0. μv is in close analogy to spin except that the 

isotropic part of the effective mass in μv takes place of the free electron mass m0 in Bohr magneton6. The 
valley magnetic moments of CBM and VBM are in same direction, but in the two different valleys, the 
directions of the valley magnetic moments are opposite (see Fig. 4). Around the Κ (K′ ) point of MX2 
monolayers, the particle-hole symmetry is totally preserved, and thus Berry curvatures of CBM and 
VBM are not absolutely opposite, leading to a result that the valley magnetic moments of CBM and VBM 

Figure 3. (a) Local chemical potential, (b) valley magnetization, (c) valley Hall conductivity, and (d) valley 
charge current in MX2 monolayers as a function of the rotation angle of the quarter wave plate ϕ. The red 
curve corresponds to the K point, green to the K′  point, and blue to the total. All these data are calculated 
from the analytic method. The experimental valley Hall current1 after transformation (see Supplementary 
Information) as a function of ϕ is given as a comparison. In our calculation, we adapt suitable I, α and T in 
Eq. 7 to make sure that the calculated amplitude of the Hall current equals to the measured value.

Figure 4. (a) Berry curvature Ω(k) and (b) valley magnetic moment μ(k) of MX2 monolayers calculated 
from the DFT method without including SOC. The solid and dashed curves represent values of the valence 
and conduction bands, respectively. The Berry curvatures of the conduction bands are cut off near the Γ  
point, where the values of Berry curvature are exceptionally large as a result of the band degeneracy.
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are inequivalent. Values of μ μ≈ .2 4v B for the CBM and μ μ≈ .3 6v B for the VBM are obtained for WSe2 
monolayer.

In addition to the lattice structure contribution, the parent atomic orbital magnetic moment also 
contributes to the orbital magnetic moment. The CBM is mainly composed of d z 2-orbitals with m =  0, 
while the VBM is mainly of +−d idx y xy2 2 -orbitals with an atomic orbital magnetic moment of 2μB 
around the K point and −−d idx y xy2 2 -orbitals with an atomic orbital magnetic moment of − 2μB around 
the K′  point11. The atomic orbital magnetic moment is also approximately twice of the spin moment, and 
its direction is the same as that of the valley magnetic moment21. Therefore, the valley orbital magnetic 
moment of the CBM is approximately 2.4 times of the spin magnetic moment, and that of the VBM is 
5.6 times of the spin magnetic moment in the monolayer WSe2. The valley orbital magnetic moments of 
the conduction (valence) bands of two different spins are parallel.

It was well established that an electron will acquire an anomalous transverse velocity when an in-plane 
electric field is applied6, which is proportional to the Berry curvature. Thus the carriers from different 
valleys (around the K and K′  points) carry opposite valley orbital magnetic moments and flow to the 
opposite transverse edges in the presence of an in-plane electric field. This will lead to an anomalous 
valley orbital magnetic moment Hall effect in close analogy to valley-coupled spin Hall effect. Valley 
orbital magnetic moment current (J) is defined as the average of the valley orbital magnetic moment per 
electron ( )τm  times the velocity operator = →

τ τJ m v , σ= ∑ ×τ τ τ
τ ˆJ z Em

e
, where E  is electric field, ẑ 

is the unit vector in the vertical direction, and στ is the valley Hall conductivity given by7
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where the integration is over all states below μ. There are three kinds of valley orbital magnetic moment 
Hall effect: electron-doped, hole-doped and electron-hole pair (see Fig. 5). The former two are accompa-
nied with no charge current. In the last case, μ is a function of θ and ϕ, and thus στ can be adjusted by the 
helicity of incident light. If the edge states of samples are insulating, there is an accumulation of carriers 
with opposite orbital magnetic moment and Berry phase on opposite sides, which can be detected by 
Kerr or Faraday effects. If the edge states of samples are metallic, there may be one-dimensional channel 
for valley orbital magnetic moment. Although orbital magnetic moment current is not directly measura-
ble, magnetic current can induce an electric field, which is an indirect signal to detect magnetic current. 
We should emphasize that valley orbital magnetic moment Hall effect is different from valley-coupled 
spin Hall effect in the origin of the magnetic moment, even though they both induce a magnetic current. 
With the improvement of technology, they may be distinguished in experiment not just in theory22.

If the average valley orbital magnetic moment τm  is replaced by electric charge in Jτ, the common 
valley charge current is obtained:



μ μ

π μ μ
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Similar to the valley Hall conductivity, the valley charge current is tunable by the helicity of inci-
dent light. Figure 3(c,d) show the valley Hall conductivity of the conduction bands (στ) and the valley 

Figure 5. Valley orbital magnetic moment Hall effect in MX2 monolayers: (a) hole doping, (b) electron 
doping, and (c) electrons and holes excited by circularly polarized optical field. The blue spheres are 
electrons, while red ones are holes. Light blue arrows indicate movement of electrons or holes. Empty arrows 
indicate directions of electric fields. The helical line is light beam with left or right charity.
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charge current jx(j ∝  J) vs. angle ϕ, respectively. The dependence of valley charge current on ϕ shows a 
sine-shape format. Recently, valley charge Hall effect was successfully observed1. The observed period of 
the valley electric current on ϕ is in agreement with our theoretical results (see Fig. 3(d)).

MX2 monolayers are different from graphene mainly in two aspects. One is that inversion symmetry 
is explicitly broken in MX2 monolayers, and the other is that the band gaps of MX2 monolayers are in 
the visible frequency range23–26. Both of the two features are critical to realize valley orbital magnetic 
moment Hall effect. A large band gap corresponds to a long lifetime of electron-hole pairs and a broad 
distribution range of Berry curvature in momentum space. As a result, the number of the carriers car-
rying nonzero valley orbital magnetic moment is large, resulting in a high magnetization according to 
Eq. 8. In addition, since the two valleys in momentum space are far away, the inter-valley scattering can 
be strongly suppressed in MX2 monolayers27 and graphene28 (note that the inter-valley scattering here is 
supperessed but can still be observed29,30). The combination of a relatively long lifetime of electron-hole 
pairs and a suppressed inter-valley scattering induces a lifetime (about ten picoseconds) of the valley 
carriers long enough to detect valleytronics29,31–33. Actually, carriers with long lifetime and high density 
have been realized only in MX2 monolayers by circular pumping at the corners of the Brillouin zone9,29. 
In contrast, the band gap of graphene opened by inversion asymmetry is very small (< 0.3 eV and in 
the infrared region)34,35, and Berry curvature is localized in the vicinity of the K(K′ ) point. Therefore, 
the carriers carrying nonzero valley orbital magnetic moment are few, resulting in a low magnetization 
value according to Eq.  8, although the valley magnetic moment is very large. Besides, the lifetime of 
electron-hole pairs at massive Dirac cones is very short in the graphene due to the small band gap. 
Taken together, it is difficult to realize and observe the valley orbital magnetic moment Hall effect in 
the graphene, while MX2 monolayers are perfect systems to realize and observe valley orbital magnetic 
moment Hall effect.

In summary, a concise analytical expression of η(K) related to the phase retardation θ between the two 
components of the electric field and the amplitude ratio γ is derived. It is found that elliptical pumping is 
a more general and effective method to create coherent valley polarization. A novel Hall effect driven by 
opposite Berry curvature at different valleys, namely, valley orbital magnetic moment Hall effect, is pre-
dicted and is expected to mask spin Hall effect in MX2 monolayers. The valley orbital magnetic moment 
Hall effect can generate orbital magnetic moment current without the accompaniment of a charge cur-
rent. This valley orbital magnetic moment Hall effect can be tuned by elliptical pumping.

Method
The calculation is performed with the VASP package within the framework of the projector augmented 
wave (PAW) pseudopotential method. The plane-wave basis set is used with a cutoff energy of 350 eV. 
The exchange-correlation functional is treated within Perdew-Burke-Ernzerh of generalized gradient 
approximation.

References
1. Mak, K. F., McGill, K. L., Park, J. & McEuen, P. L. The valley Hall effect in MoS2 transistors. Science 344, 1489–1492, doi: 10.1126/

science.1250140 (2014).
2. Zhang, Y. J., Oka, T., Suzuki, R., Ye, J. T. & Iwasa, Y. Electrically Switchable Chiral Light-Emitting Transistor. Science 344, 

725–728, doi: 10.1126/science.1251329 (2014).
3. Nebel, C. E. Valleytronics: Electrons dance in diamond. Nat. Mater. 12, 690–691 (2013).
4. Rycerz, A., Tworzydło, J. & Beenakker, C. Valley filter and valley valve in graphene. Nat. Phys. 3, 172–175 (2007).
5. Song, Z. et al. Quantum spin Hall insulators and quantum valley Hall insulators of BiX/SbX (X=  H, F, Cl and Br) monolayers 

with a record bulk band gap. NPG Asia Mater. 6, e147 (2014).
6. Xiao, D., Yao, W. & Niu, Q. Valley-contrasting physics in graphene: magnetic moment and topological transport. Phys. Rev. Lett. 

99, 236809 (2007).
7. Xiao, D., Liu, G.-B., Feng, W., Xu, X. & Yao, W. Coupled spin and valley physics in monolayers of MoS2 and other group-VI 

dichalcogenides. Phys. Rev. Lett. 108, 196802 (2012).
8. Wu, S. et al. Electrical tuning of valley magnetic moment through symmetry control in bilayer MoS2. Nat. Phys. 9, 149–153 

(2013).
9. Zeng, H., Dai, J., Yao, W., Xiao, D. & Cui, X. Valley polarization in MoS2 monolayers by optical pumping. Nat. Nanotech. 7, 

490–493 (2012).
10. Mak, K. F., He, K., Shan, J. & Heinz, T. F. Control of valley polarization in monolayer MoS2 by optical helicity. Nat. Nanotech. 7, 

494–498 (2012).
11. Cao, T. et al. Valley-selective circular dichroism of monolayer molybdenum disulphide. Nat. Commun. 3, 887 (2012).
12. Jones, A. M. et al. Optical generation of excitonic valley coherence in monolayer WSe2. Nat. Nanotech. 8, 634–638, doi: 10.1038/

nnano.2013.151 (2013).
13. Apalkov, V. M. & Chakraborty, T. Fractional Quantum Hall States of Dirac Electrons in Graphene. Phys. Rev. Lett. 97, 126801 

(2006).
14. Feng, W. et al. Intrinsic spin Hall effect in monolayers of group-VI dichalcogenides: A first-principles study. Phys. Rev. B 86, 

165108 (2012).
15. Yuan, H. T. et al. Zeeman-type spin splitting controlled by an electric field. Nat. Phys. 9, 563–569, doi: 10.1038/nphys2691 (2013).
16. Zhang, S. & Yang, Z. Intrinsic spin and orbital angular momentum Hall effect. Phys. Rev. Lett. 94, doi: 10.1103/

PhysRevLett.94.066602 (2005).
17. Bernevig, B. A., Hughes, T. L. & Zhang, S. C. Orbitronics: The intrinsic orbital current in p-doped silicon. Phys. Rev. Lett. 95, 

doi: 10.1103/PhysRevLett.95.066601 (2005).
18. Abrahamyan, V. et al. Investigation of characteristics of electrically-controlled liquid-crystal retarders. J. Constr. Psychol. 44, 

84–90 (2009).



www.nature.com/scientificreports/

8Scientific RepoRts | 5:13906 | DOi: 10.1038/srep13906

19. Cheng, Y., Zhu, Z., Tahir, M. & Schwingenschlögl, U. Spin-orbit–induced spin splittings in polar transition metal dichalcogenide 
monolayers. Europhys Lett. 102, 57001 (2013).

20. Xiao, D., Shi, J. & Niu, Q. Berry Phase Correction to Electron Density of States in Solids. Phys. Rev. Lett. 95, 137204 (2005).
21. Aivazian, G. et al. Magnetic Control of Valley Pseudospin in Monolayer WSe2. arXiv:1407.2645 (2014).
22. Neppl, S. et al. Direct observation of electron propagation and dielectric screening on the atomic length scale. Nature 517, 

342–346 (2015).
23. Tongay, S. et al. Thermally driven crossover from indirect toward direct bandgap in 2D semiconductors: MoSe2 versus MoS2. 

Nano Lett. 12, 5576–5580 (2012).
24. Zhao, W. et al. Evolution of electronic structure in atomically thin sheets of WS2 and WSe2. Acs Nano 7, 791–797 (2012).
25. Zeng, H. et al. Optical signature of symmetry variations and spin-valley coupling in atomically thin tungsten dichalcogenides. 

Sci. Rep. 3, 1608, doi: 10.1038/srep01608 (2013).
26. Ross, J. S. et al. Electrically tunable excitonic light-emitting diodes based on monolayer WSe2 pn junctions. Nat. Nanotech. 9, 

268–272 (2014).
27. Xu, X., Xiao, D. & Yao, W. Optical generation of valley polarization in atomically thin semiconductors. in SPIE OPTO. 8635, 

86350A (International Society for Optics and Photonics).
28. Lu, H.-Z., Yao, W., Xiao, D. & Shen, S.-Q. Intervalley scattering and localization behaviors of spin-valley coupled dirac fermions. 

Phys. Rev. Lett. 110, 016806 (2013).
29. Mai, C. et al. Many-body effects in valleytronics: Direct measurement of valley lifetimes in single-layer MoS2. Nano Lett. 14, 

202–206 (2013).
30. Wang, G. et al. Valley dynamics probed through charged and neutral exciton emission in monolayer WSe2. Phys. Rev. B 90, 

075413 (2014).
31. Wang, Q. et al. Valley carrier dynamics in monolayer molybdenum disulfide from helicity-resolved ultrafast pump–probe 

spectroscopy. ACS nano 7, 11087–11093 (2013).
32. Shi, H. et al. Exciton dynamics in suspended monolayer and few-layer MoS2 2D crystals. ACS nano 7, 1072–1080 (2013).
33. Lagarde, D. et al. Carrier and polarization dynamics in monolayer MoS2. Phys. Rev. Lett. 112, 047401 (2014).
34. Quhe, R. et al. Tunable and sizable band gap of single-layer graphene sandwiched between hexagonal boron nitride. NPG Asia 

Mater. 4, e6, doi: 10.1038/am.2012.10 (2012).
35. Zhou, S. Y. et al. Substrate-induced bandgap opening in epitaxial graphene. Nat. Mater. 6, 916–916, doi: 10.1038/nmat2056 

(2007).

Acknowledgments
This work was supported by the MOST Project of China (Nos 2010CB833104 and 2013CB932604), the 
National Natural Science Foundation of China (Nos 51371009, 50971003, 51171001, and 11274016).

Author Contributions
The idea was conceived by Z.S., J.Y. and J.L. The calculation was performed by Z.S. The data analyses were 
performed by Z.S., R.Q., J.L., J.Y., S.L., Y.L., J.F. and Y.Y. took part in discussion. This manuscript was 
written by Z.S., J.Y. and J.L. This manuscript was reviewed by Z.S., R.Q., J.L., J.Y., S.L., Y.L., J.F. and Y.Y.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Song, Z. et al. Tunable Valley Polarization and Valley Orbital Magnetic 
Moment Hall Effect in Honeycomb Systems with Broken Inversion Symmetry. Sci. Rep. 5, 13906; doi: 
10.1038/srep13906 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The 
images or other third party material in this article are included in the article’s Creative Com-

mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Tunable Valley Polarization and Valley Orbital Magnetic Moment Hall Effect in Honeycomb Systems with Broken Inversion Symme ...
	Results and Discussion
	Method
	Acknowledgments
	Author Contributions
	Figure 1.  (a) Degree of elliptical polarization at the K point η(K) as a function of the phase retardation θ between the two components of electric field and the amplitude ratio γ calculated from Eq.
	Figure 2.  Spin-resolved degree of elliptical polarization η(k) in irreducible Brillouin zone for WSe2 monolayer with the phase retardation between the two components of electric field with θ = π/6, π/4, π/3, and π/2, respectively, calculated by the
	Figure 3.  (a) Local chemical potential, (b) valley magnetization, (c) valley Hall conductivity, and (d) valley charge current in MX2 monolayers as a function of the rotation angle of the quarter wave plate ϕ.
	Figure 4.  (a) Berry curvature Ω(k) and (b) valley magnetic moment μ(k) of MX2 monolayers calculated from the DFT method without including SOC.
	Figure 5.  Valley orbital magnetic moment Hall effect in MX2 monolayers: (a) hole doping, (b) electron doping, and (c) electrons and holes excited by circularly polarized optical field.



 
    
       
          application/pdf
          
             
                Tunable Valley Polarization and Valley Orbital Magnetic Moment Hall Effect in Honeycomb Systems with Broken Inversion Symmetry
            
         
          
             
                srep ,  (2015). doi:10.1038/srep13906
            
         
          
             
                Zhigang Song
                Ruge Quhe
                Shunquan Liu
                Yan Li
                Ji Feng
                Yingchang Yang
                Jing Lu
                Jinbo Yang
            
         
          doi:10.1038/srep13906
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep13906
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep13906
            
         
      
       
          
          
          
             
                doi:10.1038/srep13906
            
         
          
             
                srep ,  (2015). doi:10.1038/srep13906
            
         
          
          
      
       
       
          True
      
   




