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Splitting of cyclotron resonance Electron spin resonance
[D. Stein, K.von Klitzing, and       
G. Weimann, PRL 51, 130 (1983)][H.L. Stormer et.al., PRL 51, 126 (1983)]

GaAs/AlxGa1-xAs heterostructures –
electrons

GaAs/AlxGa1-xAs heterostructures –
holes

Motivation: Two Experimental Papers 

[Yu.A. Bychkov and E.I. Rashba, JETP Lett.  39, 78 (1984)]:
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Spin-Orbit Hamiltonian: Energy Spectrum

[ ]σ× k nSOH α= ( )SO x x y yH k kβ σ σ= −

[Yu.A. Bychkov and E.I. Rashba, 
JETP Lett.  39, 78 (1984)]

Confinement asymmetry Inversion asymmetry of the host crystal

[G. Dresselhaus, Phys. Rev. 100, 
580 (1955)]

Energy Spectrum:

• without magnetic field:
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Observation of SO-splitting in 2D Electron Gas

GaSb  - InAs  - GaSb
narrow gap 
heterostructure
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SO-Induced Anisotropy of the In-Plane Magnetoresistance
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Experimentally Observed Effects that are due to Finite         :
“hidden” period in conductance fluctuations

SO∆

• diameter 

•AlSb/InAs/AlSb 
heterostructure 

•

•

0.9 2.1 mµ÷

15 -2~ 2.4 10 mn ×

~ 1 ml µ

• GaAs/AlGaAs herero-
structure – 2D  hole system

• diameter 
•

•

16 -2~ 1.0 10 mn ×

~ 2 3 ml µ÷

1 mµ

Splitting due to SO

Aharonov-Bohm effect

h/e



SO-induced Magnetic Field   

2

2 2 2

0

0

krk(r)
(2 ) (k σ)n

2

n(σ r)
2

( )

id eG
kE
m

iq

G re

π
α

= =
− − ×

 
− × 
 =

∫

For localized electrons,  E < 0

12 13 32
ˆ ˆ ˆ ˆA (r ) (r ) (r )G Q G G= +

1

2
ˆˆ , ...ˆˆˆˆ B CB CB Ce e e

 
  

++ +
=

[ ]
2

0 0
13 32 0 13 0 32 12 13 32

ˆ ˆ(r ) (r ) ( ) ( ) exp n(σ r ) n(σ r ), n(σ r )
2 8

iq qG G G r G r
 

= ⋅ − × − × × 
 

4 (S n)(σ n)i × ×

0

0 2 (B S)

0 12 0 13 0 32
12n(σ r )
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Suppression of Mesoscopic Fluctuations in Quantum Dots

• GaAs/AlGaAs hetero-
structure

•

• dots:              and

• Ne=    2000    and  16000 

21 mµ 28 mµ

214m / sVµ ≈ ~ 1.5 ml µThe variance of fluctuations at high parallel field is 
reduced compared to the low-field value:

• due to Zeeman splitting – reduction factor – 2.

• experimentally – reduction factor – from 2 to 5.5

• larger reduction factor is due to SO

0Z∆ =

0Z∆ >



Weak Antilocalization

• magnetoconductance of Mg films 
with different coverages of Au
• spin-relaxation mechanism –
scattering by Au impurities 

S. Hikami, A.I Larkin, and 
Y. Nagaoka, Prog. Theor. 
Phys. 63, 707 (1980)

magnetoconductance

magnetoconductance

GaAs/Al0.3Ga0.7As  heterostructure
15 -2~ 6.4 10 mn ×

2~ 10 m / V secµ • SO determines spin-relaxation mechanism 

SOτ∆• SO enters in the combination



Weak Antilocalization

16 -2~ 1 10 mn ×
2~ 4 m / V secµ

AlGaAs/InGaAs/GaAs     quantum well 

540 A   /  130 A /  8000 A

APS March Meeting 2002
Vg=-70 mV

Vg=+10 mV

Vg=+110 mV

22 mSOl µ=

17 mSOl µ=

10 mSOl µ=

SO Fkα∆ =

[D19.002] Gate-Controlled Spin-Orbit Coupling in a
GaAs Two-Dimensional Electron Gas
J. B. Miller, D. M. Zumbuhl, C. M. Marcus (Harvard 
University), 
K. Campman, A. C. Gossard (UC Santa Barbara)

crossover in magnetotransport from weak localization to weak 
antilocalization in a gated Hall bar as a function of gate 
voltage…

http://www.aps.org/meet/MAR02/baps/abs/S1390.html
http://www.aps.org/meet/MAR02/baps/abs/S1390.html


Applications: Spin Transistor

Appl. Phys. Lett  56, 665  (1990)
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• Spin precession of the injected electrons – due to SO splitting 

• Gate control of SO

• High mobility structures,  L< l

( )α



Gate Control of Spin-Orbit Splitting

InGaAs/InAlAs 
heterostructure

16 -2~ 1.9 10 mn ×
23.6m / sVµ ≈

From the beats of 
SdH oscillations

InP/InGaAs/InP 
quantum well 

16 -2~ 1.59 10 mn ×
220m / sVµ ≈

5meVSO∆ =

0.5L mθ π µ∆ = =
1l mµ=

From the beats of 
SdH oscillations



Spin-Orbit Splitting in AlGaAs/GaAs heterostructures

AlGaAs/GaAs 
heterostructure

16 -2~ 0.37 10 mn ×
238m / sVµ ≈

• SO splitting is deter-
mined from linear 
extrapolation  

• Results are ambiguous

0cω →
node



Tunneling into 2D Electron Gas

• Tunneling conductance       2D 
(tunneling) density of states,  

• Very fine feature can be 
resolved,   
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Zero Bias Anomaly (2D): Theory

Exchange correction
Diffusive regime (          ):

Interaction-induced corrections to 
the tunneling density of states:
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Zero Bias Anomaly (2D): Experiment

InOx films of    
various thicknesses

26 -3~ 0.95 10 mn ×

460 Ad < 460 Ad >

( )~ ~ lnT Vσ δν 2D behaviour 3D behaviour~ ~T Vσ δν



Zeeman Satellites of a Zero-Bias Anomaly

Two Zeeman-splitted Fermi surfaces

B.L. Altshuler and 
A.G. Aronov (1985)
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Zero-Bias Anomaly in the Presence of SO

• short range disorder large momentum transfer→
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A.M. Rudin, I.L. Aleiner, and L.I. Glazman PRL 78, 709 (1997)

A.P. Dmitriev and V.Yu. Kachorovskii, PRB 63, 113301 (2001)



Calculation of            : Hamiltonian( )δν ε
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Calculation of            : diffusive regime( )δν ε

Hartree correction:
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Calculation of            : Vertex Function ( )δν ε
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Calculation of            : Results ( )δν ε
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Limiting cases
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Limit of small SO coupling ( )SO Z∆ << ∆
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Limit of small SO coupling                   :quasiballistic regime( )SO Z∆ << ∆

A.M. Rudin, I.L. Aleiner, and L.I. Glazman, PRB  55, 9322 (1997)
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Tunneling into 2D Electron Gas: Accuracy

• Very fine feature can be 
resolved,   

• Accuracy is limited by the 
noise

• The accuracy is increased 
with increasing the bias voltage

~ 0.01 meVε∆

H.B. Chan, P.I. Glicofridis,     
R.C. Ashoori, and M.R. Melloch,  
PRL 79, 2867 (1997)

• AlGaAs/GaAs  -

• SO splitting, as the plateau of width
at the top of the Zeeman satellites, can be 
resolved in tunneling experiments at finite 
bias (                      )

0.5 meVSO∆ <
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Oscillations of the Screening Potential with Finite SO∆

G.-H. Chen and M.R. PRB 59, 5090 (1999)

0

0

( )( )
( )

qd J qV e dq e
q
ρ

ρ
ε

∞
−= ∫

( ) ( ) ( )2 0 0

0 k, ,

(k) (k q)( ) 2 ˆ ˆ1 Tr (k) (k q)
(k) (k q)

f E f Eq e
q E E

µ µ
µ µ

µ µµ µ

ε π
ε

′
′

′′

− +
= − Λ Λ +

− +∑
RPA:

Qe

Qd

Θρ

contains anomaly0q q−

Long-period contribution to ( )V ρ
22

0 0
2

0 0

cos( )2( )
2 ( )SO

B F

q qeV
a k q

ρ
δ ρ

ε ρ

   
= −    

  
not smeared out by 
the temperature

KV

KV
KSO

Qq0
θπ

Θδ

Θρ

Kk

KE
K+ K-

KE
KF K22∆

Qq0



Exchange-Induced Enhancement of  SO∆

G.-H. Chen and M.R. PRB 60, 4826 (1999)
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