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Abstract 

 

Semiconductor spintronics has open a research field devoted to the 

manipulation of the spin degree of freedom and the developing of electronic 

devices with energy conservation, low heat disspiation, and high operation speed. 

The studies of spin-based devices including spin injection, phase coherence and 

spin detection, are closely related to spin dynamics. Therefore, the research of 

spin dynamics in semiconductors is essential to the development of pratical 

spin-based electronic devices.   

    This thesis begins with the investigations on spin dynamics in bulk GaAs 

and gradually moves toward the dynamics in InAs/GaAs quantum rings in order 

to understand the difference of spin properties between macroscopic and 

mesoscopic materials. However, before the exploration on spin dynamics, we 

must fully understand the carrier dynamics in the same materials. Therefore, this 

thesis is divided into two parts: the first part deals with the carrier dynamics in 

semiconductor nanostructures, and the second part investigated the spin 

dynamics of bulk and semiconductor quantum rings.   

    In the first part, we investigate the carrier capture and relaxation processes 

in undoped and modulation-doped self-assembled InAs/GaAs QRs using time- 

resolved photoluminescence up-conversion spectroscopy with a time resolution 

of 200 fs. We find that carrier capture in the ground state and the excited states 



 
 

 IV  

of the charged QRs are faster in compared to the undoped rings even at a low 

excitation level. This is attributed to the presence of the build-in cold carriers in 

the charged rings, which lead to the accelerated carrier-carrier scattering and 

capturing of holes or electrons into the excited and ground states.    

    In the second part, we use a time-resolved photoluminescence polarization 

spectroscopy system to investigate the spin dynamics of electrons and holes in 

p-, n-, and undoped bulk GaAs. From the time-resolved polarization decay rate, 

we analyze the relative importance of spin relaxation mechanisms, including 

Elliott-Yafet (EY) model, D'yakonov-Perel (DP) model and Bir-Aronov-Pikus 

(BAP) model at room temperature for GaAs. We find that the spin relaxation 

time of the electrons is only on the order of a few tens of ps and the DP 

mechanism plays an important role for spin relaxation in bulk GaAs. In addition, 

the hole spin relaxation time is also determined with a rate of less than 300 fs. 

Finally, we study the spin dynamics in InAs/GaAs QRs in which a longer spin 

coherence time than the GaAs is predicted due to the three-dimensional quantum 

confinement. However, the spin relaxation time in excited and ground was 

found to be less than 1 ps. This is because that the carriers are excited above the 

barriers and they have to go through many cooling stages (such as, carrier- 

carrier, carrier-phonon, and inter-subband scatterings) before they can arrive at 

the excited or ground states in the ring, which leads to the observed ultrafast 

spin relaxation. The spin dynamics in quantum rings should be carefully 

re-examined by direct excitation of the carriers inside the rings. 

 

Keywords : carrier dynamics , spin dynamics, InAs/GaAs quantum rings, bulk  

            GaAs, spin relaxation mechanisms, carrier cooling stages 
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3-1  

( Molecular Beam Epitaxy, MBE ) 

( undoped QRs ) n  ( n-doped QRs )  p  

( p-doped QRs )  n  p  20  

 

3-1-1   

     Stranski-Krastanow ( S-K ) 

 (  )  3.1  GaAs 

 InAs  ( Wetting Layer, WL ) 

 ( lattice mismatch )  7.2 %

 ( strain ) 

[3.1-3.3]  

GaAs Substrate

InAs WL

3.1  InAs 17 

     GaAs  3.2 

 InAs 

GaAs  InAs 

 GaAs  
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3.2  InAs  [3.4]18 

 

 

3-1-2   

1.  InAs/GaAs  :  

 MBE  ”Varian GEN II Solid-source MBE System “

 GaAs ( 001 )  :  

( 1 )   600 GaAs  200nm  GaAs         

     ( buffer layer )  

( 2 )   30nm Al 0.3 GaAs  ( carrier confine  

     layer )  

( 3 )   150 nm GaAs  ( barrier layer )   

      600  520  

( 4 )   hr / m 0.056µ   2.6 ( Molecular layers, MLs )  

     (  0.8 nm )  InAs  GaAs  InAs   

     7.2% InAs   
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( 5 )   600  2nm GaAs   

     ( capping layer )  GaAs   

     InAs  

( 6 )   30 nm GaAs  

( 7 )   4 5  6  

( 8 )   4 5  

( 9 )   150 nm GaAs  

( 10 )  30nm Al 0.3 GaAs  

( 11 )  50 nm GaAs  

( 12 )  4 5  

 

150nm GaAs

50nm GaAs

S.I. GaAs Substrate

200nm GaAs

30nm Al
0.3

GaAs

30nm GaAs

30nm GaAs

150nm GaAs

30nm Al
0.3

GaAs

InAs / GaAs QRs

 

3.3  InAs / GaAs 19 
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2. n  p  ( modulation doped QRs )  :  

     n  p 

 3 6  7  Si  Be GaAs

 20  

 

150nm GaAs

50nm GaAs

S.I. GaAs Substrate

200nm GaAs

30nm Al
0.3

GaAs

30nm GaAs

30nm GaAs

150nm GaAs

30nm Al
0.3

GaAs

InAs / GaAs QRs

 

3.4 p n  InAs / GaAs QRs 20 

 

 

3-1-3   

     ( Atomic Force Microscopy , AFM ) 

 Tapping Mode  Digital-Instrument-D3100 

X-Y  0.5 nm  
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    AFM

 

 

3.5  AFM [3.5]21 

    3.6-3.8 n p AFM

 -210 cm 102.1×  

47 nm  0.3 nm 0.6 nm ; n  50 nm

 0.4 nm 0.5 nm ; p   58 nm  

0.5 nm 0.7 nm 3.1  
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undoped QRs

InAs WL

0.3 nm

47nm

0.6 nm

100 nm  

3.6 AFM 22 

n-doped QRs

InAs WL

0.4 nm

50 nm

0.5 nm

100 nm
 

3.7  n AFM 23 
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p-doped QRs

InAs WL 100 nm

0.4 nm 0.7 nm

58 nm

 

3.8  p AFM 24 

 Diameter ( nm ) Height ( nm ) Depth ( nm ) 

undoped QRs 47 0.3 0.6 

n-doped QRs 50 0.4 0.5 

p-doped QRs 58 0.5 0.7 

3.1 表格 1 
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3-2  

3-2-1   

   Ar 488 nm

( continue wave, CW ) ;  ( Charge Coupled Device, 

CCD ) InGaAs ( Indium Gallium Arsenide ) 200-1000 nm 

& 800-1600 nm ;  1200 / mm   

 

3.9 25 

    3.9  ( objective )  

( lens )  ( confocal focusing ) [3.7]

 ( focal plane ) 

 ( beam splitter ) 

 ( confocal pin hole )  ( photon detector )            
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 ; 

[3.6]    

 

3-2-2 Up-conversion   

3-2-2-1 Up-conversion  

    

 (  )

 Up-conversion 

 ( Sum frequency 

generation, SFG )  

    3.10  E 

 Maxwell [3.8] 

                    
2

2

02

2

2
2

t

P

t

E

c

1
E

∂
∂µ=

∂
∂−∇ ,                    (3.1) 

 

3.10 26 
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     ( polarization vector, P )  LP

NLP  

                        NLL PPP += ,                        (3.2) 

 

                     1)1()1(L E)t(PP χ== ,                      (3.3) 

            LL +χ+χ=++= 3)3(2)2()3()2(NL EE)t(P)t(PP         (3.4) 

)n(χ   n  ( susceptibility ) ( n = 1,2,3… ) 

     Up-conversion 

 

                        2)2(
2 E)t(P χ= ,                        (3.5) 

     (  : 1ω  : 2ω  )

 

                  .c.ceEeE)t(E ti
2

ti
1

21 ++= ω−ω− ,                  (3.6) 

 c.c.  ( complex conjugate )  

3.5 3.5  

( )
( )

( )∗∗

ω+ω−∗ω+ω−ω−ω−

ω−ω−

+χ+

++++χ=

++χ=

2211
)2(

t)(i
21

t)(i
21

ti22
2

ti22
1

)2(

2ti
2

ti
1

)2()2(

EEEE2

.c.ceEE2eEE2eEeE

c.ceEeE)t(P

212121

21

,             

(3.7) 

3ω  

( i ) Second harmonic generation ( SHG ) : 2
1

)2(
1 E)2(P χ=ω ,            (3.8) 

( ii ) Second harmonic generation ( SHG ) : 2
2

)2(
2 E)2(P χ=ω ,            (3.9) 

( iii ) Sum frequency generation ( SFG ) : 21
)2(

21 EE22)(P χ=ω+ω ,   (3.10) 

( iv ) Difference frequency generation ( DFG ) : ∗χ=ω−ω 21
)2(

21 EE22)(P , (3.11) 



 
 

 31 

( v ) Opticl Rectification ( OR ) : )EEEE(2)0(P 2211
)2( ∗∗ +χ= ,           (3.12)

 

( vi ) 2
1

)2(
1 E)2(P ∗χ=ω− ,                                       (3.13) 

( vii ) 2
2

)2(
2 E)2(P ∗χ=ω− ,                                      (3.14) 

( viii ) ∗∗χ=ω−ω− 21
)2(

21 EE22)(P ,                               (3.15) 

( ix ) ∗χ=ω−ω 21
)2(

12 EE22)(P ,                                 (3.16)

 3.13-3.16  3.8-3.12  

     3.11  ( 1ω 2ω 1ω > 2ω )

213 ω+ω=ω  ( SFG )  213 ω−ω=ω  ( DFG )

( 1ω 2ω  )  ( first harmonic overtones ) : 12ω

22ω  SHG  SFG 21 ω=ω [3.9]  

( a ) ( b )

( c )

 

3.11  ( a ) SFG ( b ) DFG ( c ) SHG 27 

    SFG  

( phase matching )   

                    0kkkk 123 =−−=∆ ,                      (3.17) 
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              332211
3

3

2

2

1

1 nnnor
nnn ω=ω+ω
λ

=
λ

+
λ

⇒ ,             (3.18) 

( isotropic crystal )  ( 1λ 2λ 3λ  )

 ( 332211 nnn ω≠ω+ω )  

 ( anisotropic crystal )  ( Z  )  

( optic axis OA )  Maxwell  

                zyx2
z

2

2
y

2

2
x

2

nnn,1
n

z

n

y

n

x ≠==++ ,                 (3.19)   

3.12

 ( ordinary wave )  

 0n yx0 nnn == ( extraordinary wave ) 

en ze nn =  [3.10]  

0e nnn −=∆ 0n >∆  3.13 ( a ) ; 

0n <∆  3.13 ( b ) [3.11]  

    3.14 θ

 0e n)0(n ==θ∗  ee n)2/(n =π=θ∗ ∗
en θ

[3.12] 

                  
θ+θ

=θ∗
22

e
22

o

eo
e

cosnsinn

nn
)(n ,                 (3.20) 

    θ )(ne θ∗

 ( 0kkkk 123 =−−=∆  )  SFG

3.15

 I  SFG  ; 

 II  SFG 

[3.13]  
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    ( ) 3.2

 SFG  

Incident WaveIncident Wave

Ordinary WaveOrdinary Wave

Extraordinary WaveExtraordinary Wave

Optical AxisOptical Axis

 

3.12 28 

( a )

( b )

 

3.13  ( a )  ( b )  29 
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(a)

(b)

 

3.14 θ  (a)  (b)  30 

(a) (b)

 

3.15  ( a ) Type I ( b ) Type II  31 

    

          NLO 

   Type 

Uniaxial Positive 

( 0nnn oe >−=∆  ) 

Uniaxial Negtive 

( 0nnn oe <−=∆  ) 

I 2
e
21

e
13

o
3 nnn ω+ω=ω  2

e
21

o
13

o
3 nnn ω+ω=ω  

II 2
o
21

e
13

o
3 nnn ω+ω=ω  2

e
21

o
13

e
3 nnn ω+ω=ω  

3.2 表格 2 
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3-2-2-2 Up-conversion  

3.16  FOG 100  

Up-conversion CDP2022 ( monochromater )

( photon multiplier tube, PMT ) Ti:Sapphire  : 

 780 nm  200 fs  ( repetition 

rate )  76 MHz  800 mW [3.4]  

~ 200 fs

 

3.16 Up-conversion  32 

    3.17 [3.4]

 IN1  IN2  

( IN1 )  ( pre-mirror ) 

 ( beam splitter, BS )  ( pump pulse )  

( gate pulse )  ( break ) 

(L1) PL  AC  ; 

 M2 M3  ( optical delay line )

 ( NC2 )  6.25 fs
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PL (  : PLω ,  : PLE  )  

(  : Gω ,  : GE )  ( L2 )

 ( Type II BBO  ) 3.18 ( a ) 

PL 3.2  ( 2
e
21

o
13

e
3 nnn ω+ω=ω  )

θ  BBO 3.18 ( b ) 

 ( Optical delay line ) 

 [3.14]  

 

3.17 Up-conversion 33 

 

3.18 ( a ) SFG  ( b ) 34 
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4-1  

    

 

    PL  ( Confocal 

System ) Ar 488nm ND filter 

 

    4.1 4.2 4.3 n p

3000 W/cm2 300K

Gaussian ( 4.1)  ( barrier )  

( wetting layer, WL)  ( excited state, ES )  ( ground state, GS ) 

4.1  

            ∑
=
















 λλ×⋅








π×
+=

n

1k

2

c
0 w

-
2-exp

/2w

A
II ,          ( 4.1 ) 

I PL 0I A n w  

( Full width at half maximum, FWHM ) cλ  

    4.2 p n

5meV  ( blue-shift )  ( red-shift ) p

( interdiffusion )

 ; n

[4.1-4.3]  

    4.4- 4.6 n p 300 

W/cm2  

( energy band filling effect )

 



 
 

 39 

 

800 900 1000 1100 1200

0.0

0.1

0.2

0.3

Barrier
WL

1
st

 ES

GS

 

 

In
te

ns
ity

 (
 a

.u
. )

Wavelength ( nm )

 undoped QRs

 Gaussian fitting

N
ex
 = 300 W /cm

2

T = 300K
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800 900 1000 1100 1200

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Barrier
WL

1
st
 ES

GS

 

 

In
te

ns
ity

 (
 a

.u
. )

Wavelength ( nm )

 n-doped QRs

 Gaussian fitting

N
ex
 = 300 W /cm

-2

T = 300K
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800 900 1000 1100 1200

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Barrier

WL

1
st
 ES

GS

 

 

In
te

ns
ity

 (
 a

.u
. 

)

Wavelength ( nm )

 p-doped QRs

 Gaussian fitting

N
ex
 = 300 W /cm2

T = 300K
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Sample       State Barrier WL 1st ES GS 

  undoped QRs  
1066 nm 

( 1.163 eV ) 

1106 nm 

 ( 1.121 eV )  

n-doped QRs  
1060 nm 

( 1.170 eV ) 

1111 nm 

( 1.116 eV ) 

p-doped QRs  

 

 

873 nm 

( 1.420 eV ) 

  

 

 

932 nm 

( 1.330 eV ) 

 1065 nm 

( 1.164 eV ) 

1101 nm 

( 1.126 eV ) 

4.1  3 
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800 900 1000 1100 1200

0.0

0.5

1.0

1.5

2.0

2.5

 

 

In
te

n
si

ty
 (

 a
.u

. )

Wavelength ( nm )

undoped QRs
T =300 K

 3000 W / cm-2

 1000 W / cm-2

   300 W / cm-2
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800 900 1000 1100 1200

0.0

0.5

1.0

1.5

2.0

2.5

3.0

 

 

In
te

n
si

ty
 (

 a
.u

. )

Wavelength ( nm )

n-doped QRs
T =300 K

 3000 W / cm-2

 1000 W / cm-2

   300 W / cm-2
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800 900 1000 1100 1200

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

 

 

In
te

n
si

ty
 (

 a
.u

. )

Wavelength ( nm )

p-doped QRs
T =300 K

   300 W / cm-2

 1000 W / cm-2

 3000 W / cm-2

 

4.6  p 40 

 

4-2 Modulation-doped InAs/GaAs QRs  

     4.1  PL 

4.7 - 4.9 n  p 

 Ti sapphire Laser 

 eV59.1=ωh 2
ex 300W/cmN =    

     30 ps 

 GaAs  ( 50 ps )  WL 

p

 n 

( random filled ) 
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    4.10 - 4.12 n  p 

; 

4.13 - 4.15  

0 100 200 300 400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

 

 

N
or

m
al

iz
ed

 In
te

ns
ity

Delay time (ps)

undoped QRs
300 W/cm2

 barrier
 wetting layer

 1st excited state
 ground state
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 t I o rτ  
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-  ( carrier- 

carrier scatter ) 
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1-1  

     ( charge ) —

 ( spin )  ( spin-up state ) 

( spin-down state )[1.1]

 ; 

 

    ( i ) 

Non-Volatile MRA M ( Magnetic 

Random Access Memory ) DRAM 

( Dynamic Random Access Memory ) ; ( ii ) 

1.1 Spin-FET  ( source )

 ( drain ) 

 ( ON ) 1.1(b); 

( OFF ) 1.1(a) [1.2] (iii) ( )

( )  (  ) 

 ( exciton )

[1.3]  
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     : ( 1 )  

( 2 )  

Elliott-Yafet (EY), D'yakonov-Perel (DP), Bir-Aronov-Pikus (BAP)

 ( hyperfine interaction ) 

( 3 ) 

( 4 ) 

 

 

 

 

1.1 Spin-FET 51 
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1-2  
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[1.4]

Elliott Yafet 1954 1963 

[1.5-1.6] -  ( Spin-flip ) 

1971 D'yakonov Perel' 

( inversion asymmetry )

[1.7] 1975 Bir-Aronov-Pikus

( exchange interaction ) [1.8]

1990 Datta Das

( spin-field effect transtor ) [1.9-1.10]

1.2 (source)

( structure inversion asymmetry, SIA ) 

( precession ) ( drain )  

2002

1.3 1.4 EY

[1.11] D. J. Hilton  pump probe

GaAs 110 

[1.12]

K.Gündogdu InAs 1.5 77K

40%

120ps 29ps [1.13] 1.6 S. 

Marcinkevičiusa InAs 80K p

n [1.14]  
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1.2 Datta –Das 52 
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1.5 55 

    

1.6 56 
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1-3  

    

InAs/GaAs 

[1.15-1.16]

(exciton)

[1-3]  

    —

[1.17-1.18] ; 

barrier

 

    GaAs -InAs/GaAs
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2-1  

  

    ( spin polarization )

( optical orientation ) [2.1]   

    ( conservation law of angular 

momentum )  ( selection rule )

 1±=−′=∆ lll   

0mmm =−′=∆  ;  m∆  

 ±1 [2.3]  ( +σ −σ ) 

 ( spin polarization, Pn )  [2.2]  

                         
↓↑

↓↑

+
−

=
nn

nn
Pn ,                        (2.1) 

 ↑n   ↓n   

     ( GaAs ) 

( Si ) Lampel 0.1%

GaAs 2.1

∧
z ωh  gE   SOgE ∆+  

+σ  ( z )  2/3m;2/3J j −==  
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2/1m;2/3J j −== 2/1m;2/1J j −==   2/1m;2/1J j ==  

p

s

 ( Fermi golden rule )  

              ) -E-E (     H  c   
2

vC

2

intCV ωδυπ=Γ → h
h

,            (2.2) 

      CCvC

2

intCV dE ) E (  ) -E-E (    H  c   
2

d ρωδυπ=Γ⇒ → h
h

,      (2.3)             

    ∫ ρωδυπ=Γ⇒ CCvC

2

int dE )E (  ) -E-E (    H  c   
2

h
h

,           (2.4)     

              ω+=ρυπ=Γ∴
h

h VC EEC

2

int  )E (   H  c   
2

    ,              (2.5) 

 

c v  

intH ( Hamitonian operator ) 

HH , LH

SO

-3/2 -1/2 +1/2 +3/2

+1/2

CB

＋＋＋ ＋

σσσσ+ σσσσ+

-

ExcitationExcitation

︱︱︱︱↓↓↓↓> ︱︱︱︱↑↑↑↑>---
-1/2
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     ( Hamitonian operator , H ) 

)r(V
m2

P
H

c

2

0 += intH H = Ho+Hint

Hint  ( electric dipole )   

 

             




∝±=
















⋅
















±∝⋅ε=
−1,1

1,1

T

int Y

Y
iYX

Z

Y

X

0

i

1

RH ,            (2.6) 

 

 

ε  

R X Y Z  

( ) ϕ±
± ⋅θπ=ϕθ i

m esin8/3,Y m
l

 ( spherical harmonic function )

 l =1 m = ±1  : “+” “-” +σ −σ  

2.1  

 

 

2.1 表格 4 
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    (2.5) (2.7)

 ( transition probability )  

 

              2

11

2

11
2

2

2/1;2/3Y2/1;2/1

2/3;2/3Y2/1;2/1

Rc

Rc

−

−−
=

υ⋅ε

υ′⋅ε′
,             (2.7) 

                           3
n

n
=⇒

↑

↓ ,                         (2.8) 

 

  

                 
2

1

31

3-1

nn

n-n
P0)(tP 0n −=

+
=

+
===

↑↑

↑↑ ,             (2.9)    

2.2  

pump probe  800nm ( 1.55 eV ) +σ   

PL  3200 nm 3000nm  3800nm +σ -σ 2.3 

110 fs

[2.4]  

    +σ -σ 2.4 τ

( the degree of circular polarization ) 

     %25
4

1

2

P

)nn3()n3n(

)nn3()n3n(

II

II
P 0

circular ==−=
+++
+−+

=
+
−=

↓↑↓↑

↓↑↓↑
−+

−+

,     (2.10) 
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HH , LH

SO

-3/2 -1/2 +1/2 +3/2

+1/2

CB

＋＋＋ ＋

σσσσ+ σσσσ+

-

RecombinationRecombination

︱︱︱︱↓↓↓↓> ︱︱︱︱↑↑↑↑>---
-1/2

σσσσ- σσσσ-

＋ ＋＋＋
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2-2 ( spin-orbit coupling, SOC ) 

    V(r) v

 Homitonian  

         ( ) σ⋅
∂

∂λ
−=σ⋅×∇= r

h

rrrh
L

r

V(r)

r

1
v(r)V

c4m
)r(H vac

2
o

SO ,        (2.11)

 V(r) om v
r

L

σr Pauli Dirac gap : MeV1c2m- 2

o ≈

SOC

eV1Eg ≈  Dirac gap : MeV1c2m- 2
o ≈

SOC

SOC  ( inversion center ) 

k ( k = 0  ) SOC [2.5] 

[2.6]  

    SOC Dresselhaus Rashba  掺  

( 1 ) Dresselhaus ( bulk inversion asymmetry, BIA ) 

    ( inversion center )   

   Homitonian   

                        ( )KH D3
D3

D ⋅σβ= ,                     (2.12) 

    D3β ( )2
z

2
yxx kkkK −= ( )2

x
2
zyy kkkK −= ( )2

y
2
xzz kkkK −=  

   k   

( 2 ) Rashba  ( structure inversion asymmetry,  

    SIA )  ( heterostructure )  

    )r(HSO  

                     ( )xyyzRR k,kH σ−σα= ,                  (2.13) 
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2-3  

    

 Bloch equation 

 

2-3-1 Bloch  

     s
r

 z 0B

 ( oscillating field ) )t(B1 )t(BzBB 10 +=
∧

 ( spin relaxation time,1T )  ( spin dephasing 

time, 2T  )  Bloch equation  [2.7] 

                    ( )
2

x
x

x

T

s
Bs

t

s
r

r
r

−×γ=
∂

∂
,                   (2.14) 

                   ( )
2

y

y

y

T

s
Bs

t

s
r

r

r

−×γ=
∂

∂
,                   (2.15) 

                  ( )
1

z0z
z

z

T

ss
Bs

t

s
rr

r
r −

−×γ=
∂

∂
,               (2.16) 

 h/g Bµ=γ ( gyromagnetic ratio) g g  

β  ( Bohr magneton ) g Zeeman g  

    ( 1T ) -  ( spin 

longitudinal or spin-lattice relaxation time ) 2.6 1T/1

z
s
r

0B ↑ ↓

 ; ( 2T )  

( spin transverse or spin decoherence time ) 0B

larmor 

1T  
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2.6  [2.8]61 

    

 ( donor states ) 2T

 ( spin-echo ) 

2.7 ∗
2T  [2.1] [2.9]  
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2-3-2  

    2.8 [2.10-2.11] : 

( 1 ) Elliott-Yafet -

 ; ( 2 ) DP

 ; ( 3 ) BAP

(exchange interaction) p

 

 

 

2.8 63 
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2-3-2-1 EY  ( Elliott-Yafet Mechanism ) 

    2.9 2.10 [2.11-2.12]

-  

( Spin-flip) Hamitonian  [2.9] 

            ( ) SL
r

V

rc2m

1
pV

c4m
H

22
e

22
e

SO ⋅
∂
∂=σ⋅×∇= h

,          (2.17) 

V p σ Pauli L  

S  

    ( Bloch function ) Zσ  ( eigenstate ) 

Pauli ↑ ↓  

                 [ ] rik
knknkn e(r)b(r)a(r) ⋅

↑ ↓+↑=Ψ ,                (2.18) 

                 [ ] rik
kn-kn-kn e(r)b-(r)a(r) ⋅∗∗

↓ ↓↑=Ψ ,                (2.19) 

 k ( lattice momentum ) n ( energy index ) 

    kE  

                 
p

2

2

g

B

EY

1

/3-1

/2-1

E

Tk
A

1

τ









η
ηη














=

τ
,                 (2.20)

gE (energy bandgap) ( )SOgSO E/ ∆+∆=η SO∆  

pτ A ( 2~6)     

    2.21 EY EYτ  pτ
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2-3-2-2  DP  ( D'yakonov-Perel' Mechanism )  

   D'yakonov Perel'  ( inversion asymmetry ) 

GaAs Pauli ↑ ↓  ( ↓↑ ε≠ε kk )

Pauli ↑ ↓

[2.1]  

    k

B(k) Hamitonian

[2.2] 

             σ⋅Ω+=σ⋅µ+= ∗ (k)
2m

k
B(k)g

2m

k
H

e

22

B
e

22

h
hh

,          (2.21) 

α  ; (k)Ω  ( Larmor  

procession vector )  

   ( ) ( ) ( ) ( )[ ]ẑk-kkŷk-kkx̂k-kkE2m(k) 2
y

2
xz

2
z

2
zy

2
z

2
yx

-1/2

g
3
e

2 ++α=Ω h  ,  (2.22) 

    2.11 [2.13] DP  : ( i ) 1avp ≥Ωτ

( ii ) 1avp <<Ωτ avΩ (k)Ω pτ  

     

( i ) 1avp ≥Ωτ pτ  

    sτ  s1/τ   (k)Ω    

    ∆Ω≈τs1/ Pauli ↑    

    ↓   

    (k)Ω  

    [2.1]  
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2

3
-

2

1
-

2

3
-  ( 

 ) ; pτ

 ( 

 ) ( )[2.14]  

( ii ) 1avp <<Ωτ sp τ<τ (i)

( nuclear magnetic resonance , NMR )

 ( motion narrowing ) DP [2.15]  

                     
( )

p
g

2

3
B2

DP E

Tk
C
~1 τα=

τ h

,                    (2.23) 

C
~  ( dimensionless factor ) α

(cubic band-structure )  
0

e

m

m

-3

4

η
η≈α  

em k=0 0m  

    2.24 DPτ pτ

[2.2]  

 

2.11 DP 66 
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2-3-2-2 BAP  ( Bir-Aronov-Pikus Mechanism ) 

    BAP (exchange interaction)

p BAP Hamitonian

[2.2] 

                        )r(JASHexc δ⋅= ,                     (2.24) 

 A (exchange integral)S

J )r(δ δ ( Dirac delta function ) r

 

     ( critical hole concentration CN )

BAP  

    ( CA NN < ) [2.16] 

















−+Ψ

υτ
υα

=
τ A

b,a4

A

f,a

B0

kA
3
B

BAP
s N

n
1

3

5
)0(

N

nN21
,        (2.25) 

 

2/1

e

c
k m

E2








=υ  

( ) 00R0B a m/m ε=α ( exciton Bohr radius )  

b,af,aA nnN +=  

f,an 、 b,an 、  

0τ (exchange splitting parameter) 

2
)0(Ψ (Sommerfeld factor) ;  

 

    ( CA NN > ) [2.17] 

 
( )
( )




>=υ
<=υ










υτ
υα

=
τ )m/m(EEifm/E2

)m/m(EEifm/E2

E

EN21

hecFh
2/1

hck

hecFh
2/1

eck

Fh

c

B0

kA
3
B

BAP
s

,  (2.26)    
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BAP
sτ 2

)0(Ψ f,an

1)0(
2 =Ψ Af,a Nn = BAP

sτ AN

BAP
s/1 τ AN BAP

s/1 τ

3/1
AN [2.1]  
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3-1  

GaAs  InAs/GaAs   

( self-assembled Quantum rings )

 

GaAs  :  

( 1 )  : undoped GaAs  

( 2 )  : p-doped GaAs ( 318
h cm108.5n −×=  ) 

( 3 )  : n-doped GaAs ( 317
e cm102.4n −×=  ) 

( 4 )  : n-doped GaAs ( 318
e cm100.1n −×=  ) 

InAs / GaAs  :  

( 1 )  : undoped QRs 

( 2 )  : n-doped QRs ( 20 e
- / QRs ) 

( 3 )  : p-doped QRs ( 20 h
+ / QRs ) 
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3-2  

    

+σ −σ

 

 

3-2-1 [ 3.1-3.2 ] 

    E B

E B

E E  

    z x y

ω θ   

                              tsin ax ω= ,                        ( 3.1 ) 

                             ( )φω= -tsin by ,                     ( 3.2 ) 

3.1 3.1 t  

                       φ=φ+ 2
2

2

2

2

sincos
ab

2xy
-

b

y

a

x
,              ( 3.3 ) 

(1) ba ≠ 0≠φ  

   y  

   (elliptically polarized light)  

(2) ba = 0=φ x = y 

   x y  

   ( linearly polarized light )    

(3) ba = 0≠φ 222 ayx =+  

   x y  

   (circularly polarized light)  

    3.1  
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X

Y

X

Y

X

Y

X

Y

X

Y Y

X

Y

X

Y

0=φ
2

0
π<φ<

2

π=φ π<φ<π
2

π=φ
2

3π<φ<π
2

3π=φ π<φ<π
2

2

3
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    3.2

 
4

π=θ  

                     D 
C

n
-

C

nD
-

D
t eo

eo








=
υυ

=∆ ,               ( 3.4 ) 

 

          ( ) ( )D n-n 
2

D n-n
C

2
t2 eo

o
eo 









λ
πυ=







 πυ=∆πυ=φ∆ ,      ( 3.5 ) 

 D on en  
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(1) D
2

π=φ∆ ，  1/4  

   
2

π
 

  
4

π
 

(2) D
2

π=φ∆ ，  1/2  

  θ2 。 
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3.1 表格 5 
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3-2-2  

    3.3  Up-conversion

1/4 (quarter wave plate, QWP)

BS F2 QWP1; AC

L2 QWP2  

    3.4  QWP1 

 QWP2 

 

 

QWP1

QWP2

3.3 69 
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( a )

( b )

 

3.4 70 

 

 

 

 

 

3-3  

[3.1]   

[3.2] Polarization and Polarization Control, NEW FOCUS, Inc. 

[3.3] /    

    ( 2008 )  
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    GaAs -InAs/GaAs

III-V  

 

4-1 GaAs  

    ( 1 ) Elliott-Yafet  ; ( 2 ) 

DP  ; ( 3 ) BAP

 

 

4-1-1 GaAs  

    4.1(a) GaAs  eV59.1=ωh  

317
ex cm100.5N −×= +σ )t(I + )t(I −

 

                         
)t(I)t(I

)t(I)t(I
Pcircular −+

−+

+
−= ,                  (4.1) 

    4.1(b) PL +σ
−σ ( %50P0 ≈  )

( 1 )  ( t < 1ps ) : 50% 

15% ; ( 2 )  ( t > 1ps ) :  90 ps 

)t(I + )t(I −    

    4.1(b)  21 /t
2

/t
1 eAeA(%)P τ−τ− += 4.2

1τ 2τ 0.38 ps 50.49 ps

1τ fs

4-1-3-3  
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    4.3 GaAs 4.4

4.3 4.1
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         )(cmN -3
ex  

Spin Lifetime (ps)              

16105.0×  17101.0×  17105.0×  17107.5×  18101.0×  

1τ  0.45 0.46 0.45 0.38 0.35 

2τ  65.80 77.39 72.18 50.49 29.73 

4.1 GaAs 表格 6 

 

     ( 2τ ) 

4.4 exN 316 cm100.5 −×

317 cm100.5 −× DP

 ( 1avp <<Ωτ  ) [4.1 - 4.2]

exN  317 cm100.1 −×  318 cm100.1 −×

DP ( inhomogeneous 

broadening ) 2
ex

2
z

2

k N)k( ∝Ω−Ω [4.3]

larmor 
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4-1-2  P GaAs  

    P DP BAP BAP

(exchange interaction) p

BAP [4.4]   

 

4-1-2-1  

     318
h cm108.5n −×=  p-GaAs 4.5 p-GaAs

 eV59.1=ωh +σ

4.8 P( t = 0 ) 

25% 4.6

1ps

       

    4.7

∧

z  eV59.1=ωh eV42.1Eg =  

eV76.1E SOg =∆+ +σ (z )  

2/1m;2/1J j −== 2/1m;2/1J j ==   

3 : 1 2/3m;2/3J j −== 2/1m;2/3J j −==

3 : 1  

    31816
ex cm100.1~100.1N −××=

318
h cm108.5n −×=

4.8

+σ -σ ( the degree of circular 

polarization )  
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        %25
n

4

3
n
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n
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n
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1

II

II
Pcircular =








 ++






 +








 +−






 +
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,       (4.2) 
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HH , LH

SO
-3/2 -1/2 +1/2 +3/2

-1/2 +1/2

CB

＋
＋

-

＋ ＋

- - -

σσσσ+ σσσσ+

Excitation ( Excitation ( pp--GaAsGaAs ))

＋ ＋＋ ＋

︱︱︱︱↓↓↓↓> ︱︱︱︱↑↑↑↑>

＋
＋

＋＋
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HH , LH

SO
-3/2 -1/2 +1/2 +3/2

-1/2 +1/2

CB

＋＋

-

＋ ＋

- - -

σσσσ+ σσσσ+

Recombination ( Recombination ( pp--GaAsGaAs ))

＋ ＋＋ ＋

σσσσ- σσσσ-

︱︱︱︱↓↓↓↓> ︱︱︱︱↑↑↑↑>

＋ ＋ ＋＋

 

4.8 p-GaAs 78 

 

4-1-2-2  

    BAP p-GaAs

GaAs 4.9 exN 316 cm100.5 −×

 317 cm100.5 −× 2τ DP

( 1avp <<Ωτ )

2τ 316 cm100.5 −×  

 317 cm100.5 −× p-GaAs GaAs BAP

exN  317 cm100.1 −×   

318 cm100.1 −×  2τ DP

( inhomogeneous broadening ) 2
ex

2
z

2
k N)k( ∝Ω−Ω  

[4.3] BAP Dresselhaus  



 
 

 89 

( ) ( ) ( ) ( )




 −+−+−βγ=
∧∧∧
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2
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4-1-3  N GaAs  

    N

BAP   

 

4-1-3-1  

     317
e cm102.4n −×=   31

e cm10n −×= 81.0  

n-GaAs 4.10 4.11  n-GaAs  eV59.1=ωh +σ

4.12 1ps

n-GaAs  
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    n-GaAs P ( t = 1ps ) 

371
e cm104,2n −×=

381
e cm100.1n −×= 4.13 n

GaAs  nne =
∧

z

 eV59.1=ωh  eV42.1Eg = eV76.1E SOg =∆+

+σ (z ) 2/3m;2/3J j −==

2/1m;2/3J j −== 2/1m;2/1J j −== 2/1m;2/1J j ==

 ( Fermi golden rule ) 

(transition probability)  

         3
2/1;2/3Y2/1;2/1

2/3;2/3Y2/1;2/1
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    P  exe N/n en exN P

4.12 371
e cm102.4n −×=

381
e cm101.0n −×= GaAs exN P

371
e cm102.4n −×= exN  318 cm100.1 −× P

318
ex cm100.1N −×=

( inhomogeneous broadening ) 2
ex

2
z

2

k N)k( ∝Ω−Ω 2

kΩ

larmor 

P [4.3]  

   

 

4-1-3-2  
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1τ
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2τ  2τ

exN 316 cm100.1 −×  317 cm100.5 −×
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4-2  Modulation-doped InAs/GaAs QRs  
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