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Coupling of electron’s spin with its momentum. 
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Spin-Orbit Coupling in semiconductors 

No spin splitting 



Rashba effect 
Due to the spin-orbit interaction in inversion asymmetric systems. 

E. I. Rashba, Sov. Phys. Solid state (1960).  

Momentum space Real space 



Possible application  

Source DrainGate

Source DrainGate (Vg=0) 

Source DrainGate (Vg>0)

FET Transistor

Spin-FET Transistor

Non-magnetic semiconductor with large spin-orbit coupling 
Rashba semiconductors ideal candidates! 
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Surface Rashba effect 



Relocation of the Dirac point and formation of 2D 
Rashba-split subbands at the surface of Bi2Se3 
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Giant bulk Rashba spin splitting in BiTeI 

K. Ishizaka, MSB et al., Nat. Mater. 10, 521 (2011).   

Angle-Resolved Photoemission spectroscopy (ARPES) 
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K. Ishizaka, MSB et al., Nat. Mater. 10, 521 (2011).   
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Comparison with 2D Rashba systems 
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Rashba effect in BiTeBr and BiTeCl 
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M. Sakano, MSB et al., PRL 110, 107204  (2013). 
 

Spin texture        Out-of-plane spin polarization 



Band bending at the surface of BiTeX 

M. Sakano, MSB et al., PRL 110, 107204  (2013). 
 



Band bending at the surface of BiTeX 

M. Sakano, MSB et al., PRL 110, 107204  (2013). 
 



Quantum confinement at BiTeI surface 
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Both conduction and valence bands 
are quantized at the surface. 



Origin of bulk Rashba ffect 
•  k.p Hamiltonian for spin splitting: 

Eσ (k) =

m0

ψm H (2) ψn ψn


k ⋅ p ψm + c.c.

Em −Enn≠m
∑ →

ψm H (2) ψn ⇑

Em −En ⇓

(

)
*

+
*

H (2) = (∇V ⋅ p) ⋅σ = (kxσ y − kyσ x )

MSB, R. Arita and N. Nagaosa PRB 84, 041202(R) (2011) 

Necessary conditions: 
 
1. Strong spin-orbit coupling 

without inversion symmetry 

2. Narrow band gap 

3. Symmetrically same Valence 
and conduction bands.  



Novel features of bulk Rashba effect 

①  Unique features in optical spectra	

②  Enhanced magneto-optical response 

③  Enhanced orbital dia- and paramagnetism 

④  Spin polarized photocurrent 

 
 



Optical conductivity in Rashba semiconductor BiTeI 

0.0 0.2 0.4 0.6       0.8
0

300

600

0

300

600

0

300

600

0.0 0.2 0.4 0.6

n=7.0x1019 cm-3

Eedge

n=0.4x1019 cm-3

n=4.0x1019 cm-3

Experiment

Δ
σ

1 (Ω
-1
cm

-1
)

Photon energy (eV)

α β
γ δ

α
β

γ

δ

δ
γ

βα

Theory

-0.2 0.0 0.2
-0.8

-0.4

0.0

0.4

0.8
(L)(H) A

δ γ

β

 k (Å-1)

E-
E F (

eV
)

α

J. S. Lee et al., PRL 107, 117401 (2012). 

α, β: Intra-band transition 
δ, γ: Inter-band transition 

α, β, δ: Due to Rashba effect 



Enhanced Infrared magneto optical response 

Experiment Theory

Fukuyama formula (H. Fukuyama 1969) 

MO Kerr angle spectra 

L. Demko et al., PRL 109, 167401 (2012). 



Enhanced orbital dia/para-magnetism 
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PRL 108, 247208 (2012) 



Topological phase transition by pressure 
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Effect of pressure on Rashba splitting A L

M K
H

Γ

kz
ky
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P<Pc                     P=Pc                              P>Pc   Gapless along A-H 
at Pc 

Enhancement of Rashba spin splitting for P<Pc 



Pressure-induced band inversion 
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Z2 topological invariant of BiTeI 

Z2 =ν0;(ν1ν2ν3)
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Computation of Z2 topological invariants 
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Z2 topological invariants in 3D 
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Pressure-induced topological phase transition in BiTeI   

Te-terminated side                                  I-terminated side 
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Nature Communications (2012). 



Inequivalence of Dirac surface states  
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Unconventional quantum phase transition 

Band 
Insulator Semimetal Topological 

Insulator 

Band 
Insulator 

Topological 
Insulator 

Pc1 Pc2 

I-asymmetric 

I-symmetric 

Pc 

S. Murakami, and S. Kuga PRB 78, 165313 (2008).   
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Theory of topological phase transition 
H2×2 (k,P) = fi (k,P)

i=1

3

∑  τ i

                 = f0 (k,P)τ 0 + f1(k,P)τ1 + f2 (k,P)τ 2 + f3(k,P)τ 3
fi (k,P) : real   functions
τ 0 : unit  matrix
τ1−3 : Pauli matrices

At band touching point: 

f1(kc,Pc ) = f2 (kc,Pc ) = f3(kc,Pc ) = 0
(kc,Pc ) : (kxc, kyc, kzc,P)
3 conditions can not be uniquely satisfied by 4 parameters.  

S. Murakami, New J. Phys. 9, 356 (2007). 
S. Murakami, and S. Kuga PRB 78, 165313 (2008).   
 



Monopole-Antimonopole creation/annihilation  

S. Murakami, New J. Phys. 9, 356 (2007). 



Topological phase transition in BiTeI 
A L

M K
H

Γ

kz
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(kx,kz ) = (0,π / c)

M = iσ y;   T = iσ yK⇒ Ω =MT = K

ΩH2×2 (kyc,Pc )Ω
−1 = H2×2

* (kyc,Pc ) = H2×2 (kyc,Pc )
⇒ f2 (kyc,Pc ) = 0

f1(kyc,Pc ) = f3(kyc,Pc ) = 0

Band touching along A-H directions 

MSB, B. –J. Yang, R. Arita, N. Nagaosa, Nature Commun. 3, 679 (2012). 
B. –J. Yang, MSB, R. Arita, H. Isobe, E. Moon, N. Nagaosa, PRL 110, 086402 (2013). 
 

A

H

L
Mirror 
plane

Remaining 2 conditions can be uniquely satisfied by kyc and Pc 

M: Mirror symmetry, T: Time reversal symmetry 



Evolution of band dispersions at band touching point 
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Comparison with centrosymmetric TI’s 
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Similar spin helicities 
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Evolution of Dirac cone on side surface 

Assuming EF is within the bulk band gap 

Magnetically doped 

Insulating stripe 



Estimation of critical pressure 
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Experimental demonstration 

arXiv: 1305.0959v1 



Conclusions 

•  BiTeX exhibit giant bulk Rashba spin splitting 

•  This effect leads to many novel phenomena (enhanced 
magneto-optical response, divergent dia/para-
magnetism, spin-polarized photcurrent ….) 

•  BiTeI is expected to become a strong TI under pressure 

•  The material is expected to undergo an unusual 
topological phase transition 

  




