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Because materials matter 

Inversion Symmetry 

Pg 2 

K. Behnia, Nature Nanotech. 7, 488 (2012) 

Broken in 2D Transition Metal 
Dichalcogenides (MX2) 
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Valley Physics in 2D Materials 
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Optical Selection Rules 

Valley 
Hall Effect 

Broken Inversion Symmetry 
⇒  Valley contrasting 

properties (spin texture, 
Berry curvature) 
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Opportunities in the Valley 
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Electrical Generation 
(in-plane E) 

+ 
Optical Detection 

(Kerr Rotation) 

Strained Unstrained 
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Photo (1st Valleytronics Workshop @MIT) 
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Key Challenges 
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K. Behnia, Nature Nanotech. 7, 488 
(2012) 

X. Xu et. al. Nature Phys. 10, 343 (2014) 

Detection 
Control 

Generation 
Detection 

Valley 
Polarization 

Valley 
Current 
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Spin- & Angle-resolved Photoemission 
Spectroscopy 
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 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 = ℎ𝜈𝜈 −𝑊𝑊 − |𝐸𝐸𝐵𝐵(𝑘𝑘
||
)| 

 𝑘𝑘|| =
1
ℏ

2𝑚𝑚𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 sin𝜃𝜃 

 𝒌𝒌|| 

 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 

A. Damascelli et al. 
Rev. Mod. Phys. 
75, 473, (2003) 
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Band-structures - Synchrotron ARPES on TMDCs 

Pg 9 

W. Jin et al. 
PRL 111, 106801 
(2013) 

Direct-to-indirect 
bandgap transition in 

MoS2 

Ulstrup et al. 
ACS Nano 10,10058 
(2016) 

ML WS2 grown by CVD 
transferred onto TiO2; 
Like free-standing WS2 

J. Miwa  et al.  
PRL 114, 046802 
(2015) 

Tuning ML MoS2 by K 
doping 

J. Miwa  et al.  
PRL 114, 046802 
(2015) 
M. Dendzik et al. 
PRB 92, 245442 (2015) 
  

Spin-orbit split bands 

ML 
MoS2/Au 

ML WS2/Au 
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Valley Polarization in 2D TMDCs 
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K. Sugawara et al. 
APL 107, 071601 (2015) 

Out-of-plane/In-plane 
spin components, epi-

ML WSe2 at 300K 

S. Ulstrup et al. 
PRB 95 041405R 
(2017) 

TR-ARPES with CP 
laser source; Selective 
valley polarization in 

ML WS2 

Epi-SL 
WS2 on 
Ag(111) 

Lab TR-ARPES Lab SARPES 
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Valley Polarization in TMDCs 
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J.M Riley et al. 
Nat. Phys. 10, 835 
(2014) 

Spin-polarized bulk 
bands even with BL 

WSe2 inversion-
symmetry 

CP SARPES on bulk 
MoS2 reveals valley- 

and layer-locked spins 
in top 2 layers 

E. Razzoli et al. 
PRL 118, 086402 
(2017) 

M. Gehlmann et al. 
Sci. Rep. 6, 26197 
(2016) 

SARPES reveals valley 
polarization in 

centrosymmetric bulk 
MoS2 

Synchrotron SARPES 
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Lab-based ARPES/SARPES in IMRE (A*STAR)  
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ADVANCED PHOTOELECTRON SPECTROSCOPY lab (B2-07 Synthesis Bld ) (Since Sept 2016) 

2D Mott detector 

SCIENTA 
DA30 

(b) 

1. UFO transfer chamber 
2. Preparation chamber 
3. Analysis chamber 

• UHV 
• 11 – 300 K 
• ARPES: 20 meV resolution 
• SARPES: 150 meV resolution 
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ARPES/SARPES Capabilities in IMRE 
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Spin-orbit Splitting at K 

WS2: ∆s-o ∼0.45 eV  

MoS2 
single 
crystal 
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MoS2: ∆s-o ∼0.15 eV  

Spin polarization at K, K’ 

WS2 single crystal 

Layer dependence 

Grown MoS2 

Bussolotti, in prep. 



Because materials matter 

Home-built CDPL System 
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594nm 

 Home-built  
 Continuous Wave laser ( λ= 594nm, 

2.087 eV) 
 Spot size  4 µm  
 Power: 30 µW-100 µW 

Degree of Circular Polarization 
(DOCP, ρ) 

𝝆𝝆 =
𝑰𝑰 𝝈𝝈+ − 𝑰𝑰 𝝈𝝈−

𝑰𝑰 𝝈𝝈+ + 𝑰𝑰 𝝈𝝈−
 

I(σ+): Intensity of co-polarized emission 
I(σ-): Intensity of counter-polarized emission 
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PL and CDPL in Monolayer WSe2 
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Chellappan, in prep. 
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Circular Dichoric PL 
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Inversion Symmetry Broken 

Layer 1 

Inversion Symmetry Restored 

Layer 2 

ML 

BL 
BL 

ML 
ML 

𝜌𝜌 =
𝐼𝐼 𝜎𝜎 + − 𝐼𝐼 𝜎𝜎 −
𝐼𝐼 𝜎𝜎 + + 𝐼𝐼 𝜎𝜎 −  
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Anomalous WS2 

17 

P ∼ 90% P ∼ 40% 

WS2 BL WS2 ML 
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Anomalous WS2 
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Huimin Su,a  Chengrong Wei,ab  Aiying Deng,a  Dongmei Deng,a  Chunlei Yangc  and  Jun-Feng Dai*a   
Author affiliations * Corresponding authors  
a Department of Physics, South University of Science and Technology of China, Shenzhen 518055, 
China  
b Physics Department, The University of Hong Kong, Pokfulam road, China  
c Center for Photovoltaic and Solar Energy, Shenzhen Institutes of Advanced Technology, CAS, 
Shenzhen 518055, China 

Nanoscale, 2017,9, 5148-5154 

http://pubs.rsc.org/en/results?searchtext=Author:Huimin%20Su
http://pubs.rsc.org/en/results?searchtext=Author:Chengrong%20Wei
http://pubs.rsc.org/en/results?searchtext=Author:Aiying%20Deng
http://pubs.rsc.org/en/results?searchtext=Author:Dongmei%20Deng
http://pubs.rsc.org/en/results?searchtext=Author:Chunlei%20Yang
http://pubs.rsc.org/en/results?searchtext=Author:Jun-Feng%20Dai
http://pubs.rsc.org/en/content/articlelanding/2017/nr/c7nr00554g
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CDPL on WS2 @ IMRE 

EX LHC 
ρ = 0.29 

EX RHC 
ρ = 0.26 

EX LHC 
ρ = 0.45 

EX RHC 
ρ = 0.47 

WS2 Monolayer @120K WS2 Bilayer @120K 

ρ enhanced instead of quenched! 

Chellappan, Ooi, in prep. 
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R2-D2 “Hidden” Local Spin Polarizations in Bulk 
Centrosymmetric Crystals 
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“Hidden” Spin Polarizations in Bulk TMDCs 
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22 

 
 

MoS2 
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Light in the valley? 
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Re-Learning Valley Polarization in TMDCs 
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Circular Dichoric PL in MoS2 due to R2-D2? 
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ML 

BL 
BL 

ML 
ML 
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Layer spin polarization in centrosymmetric TMDC single 
crystal: The case of bulk WS2 

WS2 ARPES @ 300K 

Detecting 1st Layer Spin Polarization 

Bussolotti, in prep. 

WS2 SARPES @ 300K 



Because materials matter 

27 

ρ increases with T, highest observed at ∼150 K 
ρ decreases for T > 150 K, but up to ∼40% remains at 300 K    
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Chellappan, Ooi, in prep. 

CDPL: Valley Polarization in WS2 mono- & multi-layers  
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Expectations vs Observations 
Expectation for Valley Polarization Observation/New understanding 

ONLY if inversion symmetry broken YES for MoS2 (CDPL: 2012) 
 
 
 

Quenched at high T 
(inter-valley scattering) 

YES for MoS2 and WSe2 in most studies 
 
 

Reduced as number of layers increases 
(inter-layer scattering) 

YES for MoS2 (CDPL: 2012) 
 
 
 

Expectation for Valley Polarization Observation/New understanding 

ONLY if inversion symmetry broken YES for MoS2 (CDPL: 2012) 
NO for WS2 (CDPL: 2015, 2017) 
NO for MoS2, WSe2 (SARPES: 2014, 2016, 2017) 
NO, local SOC dominates (Theory: 2015) 

Quenched at high T 
(inter-valley scattering) 

YES for MoS2 and WSe2 in most studies 
NO for WS2, in fact >70% for 4ML or more at 
300K (2017) 

Reduced as number of layers increases 
(inter-layer scattering) 

YES for MoS2 (CDPL: 2012) 
NO for MoS2, WSe2 (SARPES: 2014, 2016, 2017) 
NO for WS2, apparent correlation with bandgap 
decrease with number of layers (CDPL 2017) 



Because materials matter 

Valleytronics Team 
Team (IMRE):  

Fabio BUSSOLOTTI 
Zheng ZHANG 

Vijila CHELLAPPAN 
Christina PANG 

Zi En OOI 
Steven KOENIG 

Hiroyo KAWAI 
 

Collaborators: 
Chorng Haur SOW (NUS) 

E. M. Elbert CHIA(NTU) 

Pg 29 
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