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Student : Shin-Chin Lin Adviser: Dr. Kien-Wen Sun
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National Chiao Tung University

Abstract

Semiconductor spintronics has open a researchdaldted to the
manipulation of the spin degree of freedom and dbeeloping of electronic
devices with energy conservation,ilow heat disgmatand high operation speed.
The studies of spin-based devices;including sgection, phase coherence and
spin detection, are closely related to'spin-dynamiderefore, the research of
spin dynamics in semiconductors-is‘essential- to dbeeclopment of pratical
spin-based electronic devices.

This thesis begins with the investigations pim slynamics in bulk GaAs
and gradually moves toward the dynamics in InAs/&gBantum rings in order
to understand the difference of spin propertiessbeth macroscopic and
mesoscopic materials. However, before the explumain spin dynamics, we
must fully understand the carrier dynamics in thms materials. Therefore, this
thesis is divided into two parts: the first paraldewith the carrier dynamics in
semiconductor nanostructures, and the secondmastigated the spin

dynamics of bulk and semiconductor quantum rings.

In the first part, we investigate the carriapture and relaxation processes
in undoped and modulation-doped self-assembled/(B&&s QRS using time-
resolved photoluminescence up-conversion spectpyse@h a time resolution

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



of the charged QRs are faster in compared to tdeped rings even at a low
excitation level. This is attributed to the preseon€the build-in cold carriers in
the charged rings, which lead to the acceleratetkecaarrier scattering and
capturing of holes or electrons into the excited ground states.

In the second part, we use a time-resolvedgbnminescence polarization
spectroscopy system to investigate the spin dyraaofielectrons and holes in
p-, n-, and undoped bulk GaAs. From the time-re=bipolarization decay rate,
we analyze the relative importance of spin relaxathechanisms, including
Elliott-Yafet (EY) model, D'yakonov-Perel (DP) mddad Bir-Aronov-Pikus
(BAP) model at room temperature for GaAs. We fimat the spin relaxation
time of the electrons is only on'the order of a fems of ps and the DP
mechanism plays an important role for spin‘relaxain bulk GaAs. In addition,
the hole spin relaxation time'is also determingtth &irate of less than 300 fs.
Finally, we study the spin-dynamics in InAs/GaAssJRwhich a longer spin
coherence time than the GaAs.is predicted duestthitee-dimensional quantum
confinement. However, the spin relaxation timexaoieed and ground was
found to be less than 1 ps. This is because tkatdlriers are excited above the
barriers and they have to go through many cooliages (such as, carrier-
carrier, carrier-phonon, and inter-subband scatysjibefore they can arrive at
the excited or ground states in the ring, whiclléet® the observed ultrafast
spin relaxation. The spin dynamics in quantum risigsuld be carefully

re-examined by direct excitation of the carriergde the rings.

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

GaAsspin relaxation mechanisntsarriercooling stages
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FI R+ e- BRI EaE@EBPET (RF ) 5

€% 1 2
_j_2<f‘a[7p‘|>‘ S, -E, -hw), 2.9)

Interaction of electromagnetic wave and semiconduot
i(Rm-oot) —— f
E=E,e

B
| E

O gmdD \//T k

v

Bl 2lemte L gt s v [2.1]




22 E3 Hp P I HFRE RFIRY

hoB2.247 0§ - » sk EF I GaAs barriersd i g oo gt B A
PRERFEEFERFI IR E  FRIEFI A pd TF 08 B FReDP S
i&i’%%@ﬁiﬂé}ézfﬁﬁ,ﬂ? (i) & barrier it # 1 » §3 s frz

; (1) §4=+ & barrier & WL = = {7 34+ #H4c (ambipolar
diffusion ) ; (i) §*+ j&_ barrier  #3 WL > £ & WL &> QRs; (iv)
n QRsehm 2 P B A+ R dde (V) EFHRPA DT F T
#+4g & (radiative recombination ¥ & &t 2t-{g #+4F & ( non-radiative

recombination )2z #[ 2.2 ] -

Thermalization
and diffusion Capture into WL and QRS

(—)\ﬁ

| }Relaxation

A

O™

A

Recombination
from QRs

Excitation into barrier
Recombination from the barrier

NN
.
B\ 1
L

Barrier WL QRs Barrier
> Growth direction

v

B 22 85 e s f i o Bh
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2-2-1 Barrier % e+ crd frgr e

fags+ s e+l (cooling mechanismi ip § € & &1
VAR DHEITT AR T A .
PLEMAZTH Y HBRPF, F 752 THR L 3 EAT R

> kg:Boltzmann # #ic ) THZ AT F[2.3]° G 4 FE R

LR 150 R R ARG BT T A T i

» §2_ % "nonthermal”e

-3 Bgcw i £ % > GaAs barrierst B0 A 24 3F 4
B

g Ak AR )*I%F:'? dei TRAGEARR 0 X A 5w BiEAR [2.4]
(1) B 4p425 (coherent process ) /5 il — & A2 J-7% ek 5o 15 > & 4

B g A g S R s AR chpE T R BRI DA
o kAot 2 > AApPER (dephaseitime ) X 5 10085 3 g

:ﬁ:’ o

(2) 2T = 5 ( non-thermal process’)

G B AP EARES » R A RCTReER R 0 5 d 345 -8 3 4T (carrier-
carrierscattering ¢ #3 +F R FEFT R B2 E L > o PHAT

fg’" SRR J\ar.}i = TC ’ Eﬁifﬁ%&ﬁ Zﬁ\?f"/ °

(3) #3+ 45 (hot carrier process):
PETHEAT MR N RREART TR 285 (LO-LA)
3 iE kP g EERFRF YL 1-1004 §) -

(4) @445 (isothermal process)

ﬁ%?i‘ﬁﬁgﬁéﬁﬁﬁﬁﬁ%ﬁg,%ﬁ+ B T, %

PIET G TR ERAE 12 4 -

T
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Subsidiary
Valleys

I Valley

7 TerTy| Te=T,

» -~ T

i b

1§

’ \

o

{ 1(E)
\ A t=0

= B 22ps

= C ~1-100ps

/‘T ” D >100ps

i

P

2.3 {5 o #iER [2.5]

2-2-2 FiEHIT

¥R E £ 30 barnier A auninEE A2 T F TR HETF - I
§ E424F & (recombinationym £ R4S\ d  barrier i WL 7 w
Wi o Risa WL 3 o8 GRS 3§ ket X barrier & - A2 £ &
TP » d NRTFEFTFAFICRE I EREFETF
FETFRDAIZILGEA LN ETH A AL PR
& Tk A FORH - B (ambipolar diffusion ) @ s
% [2.2][2.6]

g\
=3
4_
|§;

(g8
X
L3
v
N
ﬁ’

b

o

i

e

=3

4.¢
=3

=it
H

g
AT
>

D, =220 (2.10)
D, +D,

BY Do~ D, A% 5T F 8Tk P G (diffusivity ) o

d § Flér B 2 5¢ (Einstein relation)

D, =( Ke T jue and D, =(kBTjuh, (2.11),(2.12)
q q

He g~ P A5 5T 32Tk B F (mobility)
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Da_ p‘ep'h [ZkBTJ1 (213)
p'e +|J'h q

F1#* pump-probe i 5t € B|& 2 H 5 bulk GaAs i i i
v 4o B12.4577 0 F U RERFAICY BEF R R A TR L R T o

200 I T I L) I L] I T l T l L] '
E 150 -
3
E ?
g 100 | i
5 ;
2T ) i
]
2 . B
D 1 " 1 X | " 1 " 1 " 1 L 1
0 50 100 150 200 250 300

Lattice Temperature (K)

Bl 2.4 EiEdE i GBcHE B o [2.7 ]

2-2-3 & -J-Iﬁm;\—:-}ﬁ‘;}&\& 256

-L,J-f’\ = ‘Em barrler }é] 2 5§‘m % s 77 ,“ *%—-E; %’3‘ (LO‘LA) ?'Q
it 0 PP e dp g i o LR RDE SR LI FEH LT
) m,%ﬁﬁgyggz@@ﬁw’aié;ﬂiﬂﬁaﬁﬁiﬁ%

%A 0 (1) g ad R¥EIEFRY PR (2) 1+ 132

F YRGB OB U PR DR M (BRl) e - BRI ERE S

=P Ed P R R R R T T A BRI I AL LO B
Feni B 0 L R LA B3 gl i £

B Uiy FE ok cnpE > IR fE2 5 %5 #g§E (phonon bottleneck )

[2.8-2.10]-

o r
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gL o R PR R G B A 4) (picosecond ) Ak G H s 4
ALY > A G S BRI RE S S OR G o REFRAS A
oo ARSTRFFRAR ) B25 ST 0 R 4D BrskEAR T F 0 N
fﬁ‘—? f%fiéﬁi%ﬁ%v PR RS S o 3 T A AR ahie B

£ 0PI E [211-2.12) § A EE RAPE > 157 0 jEd E
Foae ¥ oS R r e A (quasi-continum )&
cross-transitions ek Jz sk 3%[2.13] > 4rB]2.6 #7o1 » H ¢ ek E e 7 1 (1)
W F e WL TiFacd (WLh) Z#¥ % - BA = EF i (1Se)
2 % WLh-1Se## ;(2) % # ech% - BT ¥ A =i ks (1Sh) 3 § % &

WL £+i¥ (WLe)> #2 3 1Sh-WLe ## > 4oB2.7 #777 o Flt £+
Boenid o %0 A e LR g R G e f
Fa BB E ST RDY 2 BRI rdeBl2.8. () om0 P A

o LA B amoiiRls ksl d o2k g qhs 5 5 LO B

( multi-LO phonon )*x é4£45¢ T ke 5 i st 8 =30 % = B A 2wy 0 4o
B2.8 (b) o t 4 = it pF g B i 3 £ A g% 55k dhefe o 22 §]2.9 (a)
- R A g LA avicst s R 5 LOS amit ki Bl R
5 [2.14] -

EEEN..

b i

|

(a) (b) (c) (d) (e} (f) (&)

Elections

Haoles

B 2.5 ®r #ATET B AL
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?{} I I 1 I 1 I 1 I , 1 o “ vr—y '_l | I
- 25 =) 23434
60— 5 J| #| Z|Z| 3 —{=4| 2Ph-gpe
H-_-H -
- 30 A/
= 40 .
= 34h-154 4
= |Dh- 10k y
£ 30 251-2fe =|
= I5h-158 / ~
Z 2Ph-1Pe = 4
E [t
< 20 | Ph-1Pe Jﬂh-!ﬁil |}m-:ﬁpe / y
- 25h-1se | 15p-2S \ // H
101 ‘ 194 L
i A —/ /7
q ! | ] | _..":‘». LA ] | ] | A
200 250 300 350 400 450 500

Energy (meV)

Bl 2.6) & +Zhau [R5 Tk G B

___________ o | WLe
-5 1Se
Barrier WL QRs
< 1sh
L WLh

®B2.7 Cross-transition* Jz 7+ 3, B
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(a) nLO

Bl 2.8 7 B ol » 8 5 6 7z

=l £ (radiative recombination }¥ s

g
4y
ey
=
3
=H
4
IS
e

2L 45 5+4F & (non-radiative recombination¥c#t » & PL g k55 & 22 5 i
o2 B IR AR M o Ao B2.997F 0 Bk £ R 45
il P AT ] R MR 38R 0 T T vk R B4 R oek ( state filling
effect ) Bl 5 = 25t 5[2.15]

n
@:_E_£+_W’ (214)
d 1 1, T
n
an:_nW_nW_nW +£+_g’ (2.15)
dt TW TC Tew Te TCW
dn n, n
_g:__g__g+n_w+g’ (2.16)
dt Ty Tow  Tew



H

n-n, ~n,~% &+ % WL - barrier ﬁ;t;iiéﬁxﬁ

w

T, £+ d WL HEDEF Rl ¥ &
39 B3 RLRI WL hpFfF ¥ &
A4+ 4 barrier g2 WL chpF

Toy % +d WL %3 barrier (ps &

T, ~ Ty # 5 E WL fr barrier et =+ 2 &

w g
f35% 2.14-2.16:00 = 4 dE %S AN 0 T RE RS ey KA A
1
1= =g 19c s LpdsEps TR R (2.17)
T rg = |F| T\ T,
He
_TC _TCW
R=1E0n R, = o (2.18),(2.19)
Te TeW

.[ T s, > "
BT EART o M <<l <<l ff it 2179

9 Tw

=

1
I=—=g{1+iR+T—CR+lRWR} , (2.20)
T Tg T

w

EMERF R=R, =0 #FMEPL% A | =g & »3;12.30 %

-1
1= {1+—R+ R+R R:l | (2.21)
T
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F12.9 £ 5 N 5 A2 R AT % 1
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3-1 (k515

FRORSEGR AU BT F AR E Lk 2 8 L] &5
% % & ( Molecular Beam Epitaxy, MBE B & - 4 54 4] 2 A 333
( undoped QRs ) n ¥ + 3% ( ndoped QRs )2 p & 3 %

(p-doped QRs) @ n 2 p e FHA W Tiapz 20 BR 32T

3-1-1 & 3 e £ 484

i p ek £ 3% 5 L fI* Stranski-Krastanow ( S-K §=
FREREFE (EFRSRSRY ) & LERR 3.1 7 0 & GaAs A
PR ABAF R D INASFE2 & BIRE  (Wetting Layer, WL ) » 4
A g R A cnd 1 F B4 e (lattice:mismatch xE 7.2 % ¥Rk & @
S (strain ) 4eig b0 LT BRGRE LR B 0 IR R LT 5

2 2 e E 5 2[3.1-3.3]

s &5

B 3.1 p 2% InAs & F BLens £ iF AR

\ GaAs Substrate

21



< D>
QDs

¥

m-'_lig.lllll!alI_é!
QRs

B 3.2 p 2% InAs £ F e £ 42 [3.4]

3-1-2 £ 3 % & in g

1.4 433 InAs/GaAs ¥ 5k il & mde

f1* MBE # & 5 "Varian GEN-H-Salid-source MBE System “#-§ 2%
otk S &30 GaAs A (001 ) b FEREAEA & A ST BRI
(1) & 600C:mk#: ™ » &GaAsihs + itf 200nm 0 GaAs ¥ ik
( buffer layer )

(2) mfa—- & 30nm AlgsGaAs: ¢ & 5§+ k'L (carrier confine
layer )-

(3) - & 150 nm GaAs * & F % = ik (barrier layer) ¥ &= & F¥
Boehgc g o R R 600C*: = 520C -

(4) MM S 0.05¢um/hr tf 2.6 » + & (Molecular layers, MLs )
(% 0.8nm)er InAs d >+ GaAs & InAs & 1% #ic? 7 fiesd

7.2% % 7 "%k kLenddae £ 0 INAS i}ua FEE S BT g

22



R Aok b |

(5) #g A %=1 600C > mifk- & ¥ 2nmGaAs » K5 REH
(capping layer) @ & & gk ¢ % | GaAs Eiref 4 » ¢ ki
INAs ¢ A *tiB# > &A% 8 3 REH

(6) - % 30NnmGaAsh F EF %+ -

(7) €4 #HF 4-5 4 6 — = > ;% 5

&
*yb
[
e
|k
4y
=

(8) £AFH I 45 - > L5 =K EF %o

(9) - & 150nm GaAsh # & + %+ -

(10) #cHf - & 30nm Aly;GaAs-

(11) #tHf - & 50 nm GaAs

(12) €4 #H & 45 - > 2 AR A €+ > N IT5 &6 2 RELR] -

InAs / GaAs QRs

50nm GaAs
30nm Al, .GaAs
150nm GaAs

30nm GaAs
30nm GaAs

150nm GaAs

30nm Al .GaAs
200nm GaAs

S.l. GaAs Substrate

F13.3 p %k xiE3e INAs/ GaAs £ + Tk
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2.n 3 p B%¥H#E 3% (modulation doped QRs ) e8] & in4e .

H NPz pEerEIkaofle TUASREI Rl A
AR AU GHT 36 2 7T (5 ARBE Si 2 Be ¥ GaAs %

7
B 20 BRFE TR EEFRY -

InAs / GaAs QRs

50nm GaAs
30nm Al .GaAs

150nm GaAs

"""""" 30nmGaAs T
"""""" 30nmGaAs T

150nm GaAs
30nm Al .GaAs

200nm GaAs

S.l. GaAs Substrate

B 3.4p% nizie InAs/ GaAs QRsT 1R

3-1-3 £ F Hinik a AR

F1* &+ 4 Eicse (Atomic Force Microscopy , AFM Y& 7 4 54 o

A B o kR BE > Tapping Mode %]%2 5 Digital-Instrument-D3100

» AX-Y T 5 enf3dr & 5 0.5 nme

24



AFM 21 * % G sB i R RF 5 shen— L o] eniE 41 S L e RS
o FAF T ERXINEREF DT 4 > XHE 4 ]
MEER AR B SEA ER XL R ehd G (FF 4 A TR
TR BT ARA L g SR Bk B d T RE N A F B S

+ = s34 B
z‘\'\]!z]/ﬂ,\y\/lg'\o

A | 3507 beam

cantilever

- Torce between
suirface and tip

Atomic Force
Microscope (AFM)

surface of sample

B 3.5 AFM o it & 52[3.5]

B 3.6-3.8~ % 5 A NPz pBREFIFDAFM B B R F 4
A 21x107cm? e A pERIERT B RS ) 0 HY ABRE S RORY
A7nm % % 0.3nmr ¥ BRWREER S 0.6 nm; ndEfes F Bk 9 50 nme
35 04nm P FUEGERESO0S5mm; pigeE F R kK 58nme 3 4
0.5nNm: ¢ FwimgER % 0.7 nme X "L%ETF w14 31
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undoped QRs ,




InAs WL

Bl 3.8.5pi23EE 3 3% AR F)

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 & 3%k |
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32 BEEH AN
3-2-1 £HFEFE 5

WA KA 5 @ % kiR G Ar 3t 3 s skt £ A 488 nmeud ik
( continue wave, CW ) sk i jp| ® 2 7 /=48 & ~ ¢ ( Charge Coupled Device,
CCD) # InGaAs ( Indium Gallium Arsenide & & i £ 4 %] & 200-1000 nm
& 800-1600 nm ;-k 4 f247 & 5 1200/ mmz — B &Nz i d T 5 o

Confocal Pinhole c;TTu”‘:;

!

Light from above and
below the Focal Plane
dont pass the aperture &

l Excitation
light

Emission
light

Focal

Specimeny -

B 3.9 X R ERE

F SR ITAoR) 3.9 4977 o KB AL chd &0 (objective ) & B2 35 4
(lens) g~ % 3 404 > fL2 5 £ =R E (confocal focusing ) [3.74 &
T EpE kRS d PR ESE T (focal plane )ik 5t 0 A 4 el Sk
WELE T ok Bk o 5 d 2 k4 (beam splitter )& sk > AR (s R E A i

£ E 4+3¢ (confocal pin hole ) d sk i jp]® ( photon detector }& = 3 5L -
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FEREFH e B TR T B B F RS e
SRR 0 R BT G oork LRE R p S BLRCE R B enfe > BN
MR BT AR | A e FREREE FH R T

= —

o g A BRI G o EIY 20T SHEBBET G 0 BRFE R

ER B Tmd DA A 2 B 2B ]3.6] -

3-2-2 Up-conversion ,& YL % &

3-2-2-1 Up-conversion & & R 32

ERPAEF T AT PORMBAR N S P TE R R EFT g3 T
AL AR E IR % 0 1 BT 7 BN RAE (ol o~ AAE )~ kR
pRE -~ kI3 E o A Up-conversionk 5k sup § A 2Laafs ok B
Sfedf RIL o R GE A R e S R B st R Y Y F £
A OZLALIE B RE X P 5k T HGEY 5 4 4 X844 (Sum frequency
generation, SFG9 12 T ] * § g 5 kg i 2Lk Foarg

4eBl3.10%77 > FRTHF E - ERMEA TP Fi EATERE
Wit > ¥ d Maxwell * £23% 48 3 11[3.8]

... 10°E_  0°P
N E‘C—ZG?—UO—, (3.1)

B 3.10 £ T H i 4 2 B iR B4
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@ &1 » £ (polarization vector, P ¥ 2 £ 77 % s PUgrbanys

7 PN 2 4

P=pP- +pN, (3.2)
He
pt = p® (t) = X(l) E?, (3.3)
PV =PO@)+ PO () +--- = xPEZ +xOE +... » (3.4)

x™ 2% n przismpgs e a¥k (susceptibility ) (n=1,2,3...)
@ Up-conversion i 3t¥ » k& foaf 3L E 3o PEE it e £ 0 F)
P E BT B S PR TR
P,(t) =x ?E?, (3.5)

SEM ST TR ( ¥ W R oW, ) B s

ok
&t

3
£

B E AR BT o R R
E(t) = E,e¥ +Eje™ + /e (3.6)
H ¥ c.cA % 5 4f % ( complex conjugate”)
d ;8352 ;835 #
P@ (1) =x®@ (Ele‘“*‘lt +E,e7 + c.c)2

=x®@ (Efe‘z“*’lt +EZe 2! + 2F E o7 (@t 4 o Ele7 (@@t 4 C.C),

+2x® (ElElD + EzEg)
(3.7)
M AR R R R AT R - RPN b 4 ey TR S @,
(i) Second harmonic generation ( SHG P2w,) = x? EZ, (3.8)
(ii ) Second harmonic generation ( SH&2w,) = x? E2, (3.9)

(iii ) Sum frequency generation ( SFG P(w, +w,)=2x? 2E, E,, (3.10)

(iv) Difference frequency generation ( DFGP(w, - w,) = 2x @ 2E.E7, (3.11)

30



(v) Opticl Rectification ( OR )P(0) = 2x® (E,E, + E,E)), (3.12)

v

fof BeZE R AR R S

(vi) P(-2w,)=x"? E/, (3.13)
(vii) P(-2w,)=x? EZ, (3.14)
(viii ) P(-w, —w,)=2x? 2E]E}, (3.15)
(ix) Pw, -—w)=2x? 2E,E7, (3.16)

7 3.13-3.16 % 3¢ 3.8-3. 12 ek e AN 0 T3 AN ARt R
4oB3. 11977 > B EAFF A T B (W~ W, w>W,) 0 e~
PEHLRP LY > Gd DR ET AL S A FAE S sk
W=, +w, (SFG)4r w;=w;-w, (DFG)- K,értﬁhiﬂ » & - i
 EPE( W w, ) € ] A3k (first harmonic overtones ) 2w,

fr2w, » 4Bl 07 o i B B ARAL E=SHGY LASFG ¥ ) = w,y B e 5[3.9] -

(a) SFG (b) DFG
i --‘-‘-"‘:..- [ L1 L4
—_— o ) N _ i
;:.’#. 0 @, l
Nonlinear Monlinear
Crysial Crystal
(c) SHG
{0 2r-| ........
> SRS NG B
Monlinear
Crystal

B 3.11 = 1 2L4ULH D13L5L (@) SFG (b) DFG (¢) SHG
w0 #SFGE 1| B g dEsnF o~ E’T"""lﬁ’?ﬁ;‘iﬂﬂ % R ETp T -
( phase matching>) 4r 3t

Ak =k, -k, -k, = 0 (3.17)
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n, n, N _
2+ 2="3 or nw, +N,0, =N,Ww,, 3.18
A A, Ag ! 22 3 ( )

¥ % e 4 5 f8(isotropic crystal k> 3 ok Lk (A A, v A, )E
IFEF s 2l o J&mA e IR ET R (O Nwy +N,u, # Ngly) e R IR 18
* H Sk fhds 8 (anisotropic crystal ) H $H4idh (Zdh ) fz 2k E b

(optic axiss OA) > H ¥ 2 2 B edrét 3 2 > d Maxwell = f25;8481F >

2

N

X2
2
nx

+7 4+

:‘~<
<N
D‘N
N N

=1,n,=n,#n,, (3.19)

YeB3.1277 0 5 - RRFE N SHPAF o § A2 A E T L DRHIRE
2 - @i F 44 (ordinarywave ) T H IR w L 3t kgh o H ot
RAEFTEF L Nz ng=n, =N, 0 ¥ - i L 2LF ik (extraordinary wave )
» RH IR e 2k ghT RO TR TS S N, T ng =n, [3.10] £
An=n,—n, > § An>0pFo Fle s e 8 e ah 88 0 4oB 3.13 (ayir; %
An<Ops > B4 f 8 Ldni ke o 4oB 3.18 (b)) &7 [3.11] -

4oB3.14) F kst A BB E A0 A0 BAp T I B
Al ng@=0)=ny& n O=11/2)=n, Bk T HR £ chirit S nle 0
BE %58 4 [3.12]
NyN,

nl(6) = ,
JnZsin?0+n2cos’ B

(3.20)

i3 u;ﬁd P B d B O R BENI(0) 0 % AR T fie i

# (Ak=ky-k,=-k,=0)> k3|5 F o SFGEHH»TF o A 4pi7 el

38 B35 e MBAE R o E S B B iR e Ap T T AR

B35 A 1 A SFGRRA BIRS » f 4 MTEAT 7 ¥ 5 B

rERTREAE RIRD e AR T T ERE O LG A 7 4 SFG 3Bk
= ow g B S o] N BRI e [3.13]
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Bl (F)E RPna7 b8 o feanif AT £3.2 7Rk
FoHROFT RO K FEORY > T E AT e A2 B S
1 SFG i H L EL -

- =Incident Wave
=#=l= Ordinary Wave
<= Extraordinary Wave

= Optical Axis

Bl 312 T H&» HMWA 2 5 E BhiRk

Y IR
(@) uniaxial positive
Zic
ma birdringence e
circular section I
oot
X : =
a — "
b
zaro birclingonce |
e s metilite
i L]
(b)) uniaxial negative 1,681
e max biralringenco
- dero birefringenca =
i
i
Z 1.672 =55
~ 412
T circular section  birefringence sphore
| birefringance
n.-n,

Tha red Iime shows the VWG Cirechion of the bive plana

B 3.13 z5m 1 %48 (a)rHEkdh (b) § 5 ki
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Marked Surface

I‘.
>m\
a
1]
/

(b)

Inciident Ray
(Unpolarized)
| Reflected Ray

. (Plane Polarized)
e
Air ?("‘ : ..,r"

(Partially polarized)

Bl 3.14 » b 2 0 & sBx 2 skt ()= HEH (D) & B
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B 3.15 4p =7 fe ;Y (a) Typel(b) Type ll
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Type ( An=n_-n,>0) ( An=n_-n,<0)
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34




3-2-2-2 Up-conversion sk & % $u2e %

4eB3.16%7 7 0 5 FOG 1004z P-F &P AT fi247 £ 8 k> A & 4 3
Up-conversionp 3%k & e it « CDP2022 ¥ & i% ( monochromater? -k 3 &
# ¥ ( photon multiplier tube, PMT ) Ti:Sapphire § &% ek ik © f3 kT
mymk o L E AT 780 nm KRR R G 5 200 fs £ 4845 5 (repetition
rate) = 76 MHz> T35 F 5 5 800 mW [3.4]-

Ti:sapphire Laser
Pulse FWHM ~ 200 fs
700~980nm MIRA 900

Repetition Rate : 76 MHz

<

(¢

-

Fluorescence =

Up-conversion =
Optical Unit .

FOG 100 =

532nm

Monochromator PMT

B 3.16 Up-conversion: svenze 2% B

BANER BRACEEZER 0 4oB3.17 417 [3.4] 0 B A RAZ PR T S

or kBN ot kg A B INL 2 IN2» A PEEkfERE ST
(INL)» ro @ 4@ kg o Afer 2w % kik (pre-mirror) {6 » B % F 8455
d & k4 (beam splitter, BS ) 4 = g% #% = (pump pulse )& /i g #% i
(gate pulser} ig 7 &% > % — i prF R LS KB H X4 (break) 2 R E
S(L1) Spp R EAAPL Rid Joks AC Jek @ ¥ - i Wi %
frg i M2~ M3 Xt 3| ka4 (optical delay line ) %t &R+
DI ME R 2R L (NC2) arpFr > & enl =5 6.25fse pt
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s et A 4 PL (M © oL, THS e o Ep ) B W
(B P wg, ¥ >%  Eg) ¢- A2 r»REHK (L2 REr £ttt
S5 4 (Type Il BBO f 4| ¥ s 8 )> 4oB3.18 (@) “rr » 4 %8 £ 7l
FPLE - d 232 a0 (nfw;=njw +njw, )t EARET R LR
0 Fdd BBO T & > F7 &4 fodfk o 4oB3.18 (b)) #f7m » 324
* §ut s (Optical delay line )T 3% T & 2 RIePPF & - ¥ 4Ffh I =
$ir P Y A7 k28 [3.14] -

Fluorescence Up-conversion

Optical Unit FOG 100
..> M1 QABS
N2 =< Pump/ M3
A2 Pulse
Berek
FE= F2 Delay Line
L1 L2 yc L3 A3 . CDP2022
M35 VF3 Slitl  Slit2
S _— <
g —d \~ AC PL ﬁ ) K‘s

NI "} NS - PMT

Monochromator

IN: Input; A: Aperture; F: Filter; M: Mirror; BS: Beamsplitter; R: Retroreflector
L: Lens; AC: Achromatic Lens; S: Sample Cell; NC: Nonlinear Crystal (BBO)

B 3.17 Up-conversiom %k & % Yooz 2% B

Excitation pulse

LU”_U'"'@SC@T‘C@ Up-Converted Signal

Luminescence

S —

=
> :
N N Up-Converted Signal
Nonlinear :
b : Gate Pulse

we

Gate Pulse H T

'
t
F13.18 (@) SFGit sLendy it (b) /8 47 % 3
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A4

F-F PR pERE B

2-1p %imitchAa 2 — kBB

4oie 5 Pxeng 2 p ek it (spin polarizationu 5L & 3 E p L+ ~
Bend &R J1r RS T aupF Rk A 2 AT granp et o st A
Fesk A EPE 0 R TR - % 300 R R R Y
IR E o B ERFRPT R AR ER BT S
2o FARMR S AT A R AR > T KB B
( optical orientationg= 3% 4 2 p ik i Lag 4 [2.1] o

ke F P F R ﬁ*n\i‘a‘rvﬂ g % 2 ,(.conservation law of angular

momentum ) * o T 3 B iFARRGE B i # 5 (selection rule ) %

#ESEE G b A= -REEl i BT S AR iR s
> Am=m'-m=0pF > 3 gﬁfﬁt«;ﬁ? o A R G RlmIRE > B Am
O s #1[2.3] Fltf R Rl e (07 & 07) S r kT 2 HH

o Ml s d ERIAAES IR FPR T FoTF > LPELEPN P
& it (spin polarization, P # & 7 [2.2]

n —n
Pp=—"t—t (2.1)
n +n

Nlud
e

g fen, ANG R R R T R A
- BRSO B RA R (de GaAs) fhk AR 2T R d
(40 Si) & 0 o Lampel Bl £ # @ dhp ede it &0 B 0.1% 7

St

ERRE* Y E > = GaAsz b KiZFE L E Bep i 47 > 4oB 2.1 iF T

g
i Fizph B S MA G o R BAw i By 8 Ej +Ag

S
Ik
s

Bengt x btk (22 w) oo BB T |I=3/2;m; =-3/2) fr
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[J=3/2;m; =-1/2) » W8 1 |I=1/2;m; =-1/2) f= [I=1/2;m; =1/2)
VT BT R A R 2 BB BT ARG Y p s
B SPUE B P AS B AL Tt R E RN 0 T3 A F Y 2 B

e d ¢ 4§ £ 2= (Fermi golden rulei i 7

r, o=2" (¢|Hie |0) | 8 (Ec -E, -hw), (2.2)
—dry, .= Zh" (€| Hi |0)|8 (Ec -E, -7w)p (E¢ )dEq, (2.3)
21 2
:>F=?H<C\Him\u>‘ 3 (Ec -E, -hw)p (Eq )dE, (2.4)
2
00 =Y (el Hin [0 P (E) e e (2.5)

H o
O fel) & o127 55 2 5

H, Sk & L i 5 758 F & % & ( Hamitonian operator )

Excitation

CB

' HH , LH
+1/2 +3/2 |

SO

Bl 2.1 GaAs ¢k & B
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Bk k sLeig F f % 8 ¢ (Hamitonian operator , H Y_1& i 5%

P2

Ho =

Cc

Hine ¥ * 7 B 1& (electric dipole )& * 171217

H

g A~ Bk g it ihike £ o

RE=
Yeim (e’q)) =
g 6§

#-7 T ae

TE (=l Adicm=+1 38
¥ rist R 9 SR oGO 7

Tﬁ?g f;&\:lllgtx ‘Y ‘Zx:lllgt&’ﬁ'?':g_: 2

+V(r)2 kB LEMTF LT iT*BH 2 fo > H= HetHiy > @

1\ (X v
=eRO|+i| OY =XiW[L{L1, (2.6)
0) \Z Vi

F/3/8msin® & ¥z 4] s L & i, ( spherical harmonic function )

. u+n ’f‘_"“-" /;,7\ Vv‘J ﬁ"]’}?&%& ()_+ ?f’o_ y
e BFIR T & 2.1

band||J; m;) angular part of wavefunction in spherical harmonics

CB ||1/2;1/2) ||ST) Yoo |
1/2; —1/2)(|S | Yoo |

HH (|3/2;3/2) \21{;2(1\’+ﬂ’) 1) Yii]
3/2;-3/2)||lz(X —4Y) 1) —¥y |

LH ||3/2;1/2) |31i,.3[211._,-j X +iY) | +2Y2Z 1)) 311;1[3”11 | —242y15 1]
3/2; —1/2)|| — st [5m(X — 1Y) 1 _oli2g ) 312[ Y5 T+ 91@}301]

SO |11/2;1/2) || = () laa(X +4Y) | —z=Z 1)|—(3)"*[Yu | +502 Y10 1]
1/2, ~1/2)[|(2) e (X — i) T +5iZ 1]) (g)“’*[ Yii 1 —5imYi0 ]

221 EF B ST L
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K (2.5 £ (2.7) 7

g ENAEF AL A
Z_#& 4% ¥ 5 (transition probability }

T b B

(clemw) _
(ceRu)f

Ty &+
(1/2;-1/2]Y,,|3/2;-3/2)
(172172 Y, 3/2;-1/2))

(2.7)
n
= — =3, (2.8)
nT
EF 4T F it g
n. -n i
P.(t=0)=Ry=1"+ =1 3=—3, (2.9)
n:+n. . 1+3 2
TR Il P EHGE S TR )RR INAL iR Rl o Ao @] 2.2 Apor o I
pump probe s > 12t £ 800nm (1.55.eM )N’ » btk g o 4w B
PL ;4 & 5 3200 nm: 3000nm & 3800nm 70" fro” > d B] 2.3 .5 % &
T Rk ERERE G H110fs T F e R RER S FIP TR
RKERFTETHFBTELE > Tk 7 i 1 [2.4]
F D30T AT Lk o fro ko 4of] 24977 o ABT GERERY 1
P s W Sk enlF] 4 - 5 (the degree of circular polarizatios )
1" =17 _(h +3n)-Gn, +n)) k1
T 41T (n, +3n )+ @ +n) 2 4

= 25%), (2.10)
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BT % B

E
E

Bl 2.2 i §io P 247

10%AT ~AT YT 10'(AT —AT )T 10°(AT ~AT )T

Lt IR e R = Y e I v S s N — Ty
= . = " .
e = .
L .
[ .
L) L
-.__-_--_ . *
'I‘.l.l_ s -
l-_-_ * .

— ) — By
= . v u- .
© Illl »ﬁ_+ 'b?
Ty
i A n N
gmmnm l_ll brf ] |
-.RU. .nRU.
T =° % 2° § 3
| |
JALV 01 JALVO1 LAV 01

500

500 0

0 500

500

Delay (fs)

-

Bl 2.3 T i £i3¢ PE I R4

Delay (fs)

5

+
=7
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Recombination

cB

_3_
-1/2 +1/2

TIS-
+3/2

SO
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2-2 p *z g 48 & ( spin-orbit coupling, SOC)
TR BRTFALLERT RASV(Y 0 A VIERE L
T3 pELE N 3 1T 4 0 12 Homitonian % T :

__Mac10V()

L [&, (2.11)
r or

(V) xv)®

h
Hgo(r) =
SO() 4m C2

(0]

#§ > 64 Pauli » 4% > Diracgap : -2m,c’ =1 MeV» F]p ¥ gk § 3
(3 %0 SOCHy » rii £t BB KF » v L S i 1

¥ 4 & 7 ¢ i Dirac gap : -2m,c? =~1MeV - & HF4p L. 9FF &

<

E, =l
L ERAASOCH R AZ 7T S o 27 L EHPE D B F fi
7 ¥ = SOC 4rdk £ F fLdy=(inversion center )k iy e - BT
+ % k(kzox,értﬂ ) AR R ER - ARG E 0 32 SOCrR[2.5]
[2.6] -
- 4k > SOCA & ¥y a7 > Dresselhauge Rashbag
(1) Dresselhaug % p ** 344 B4 2§t F(bulk inversion asymmetry, BIA )
s H d 4B, %ﬁj‘:ﬁ;&#iﬁ #¢ = (inversion center y'rid = 0 $f=
&% % 2 Homitonian % -+ %

HY =By (01K), (2.12)

e B AW B K, =kx(k§ _kg)‘Ky :ky(kg _ki)‘Kz :k2(ki _ki)

(2) Rashbag ] &_% p ** 4k 7 $H4L (structure inversion asymmetry,

SIA)> &4 »t & i ehB F 54 ((heterostructure J ¢ 4o § 3473 =

v

Hgo(r) % 7 &
He =ag(ok, -0k, ), (2.13)

zNy?
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2-3 p EEL

F1# LB g 4 chb T frehp ik it > § ko ﬁ.é’f’liﬁi"sfi/ﬁlﬁ“ff
B p osdE it UL T riE AR p R o 7 L Bloch equationk z_&
éﬁg%%@’ﬁ¥ﬁgéﬁﬂ%ﬁ;%%ﬂo
2-3-1 Bloch = g5\

B (5) AFMTF a0 Fhz o - BEESB AT
¥- (oscillating field ) B, (t) Pl g3 5 B=B, §+ By(t) > ¥ p T 5 en
p Rt PR (spin relaxation timdy) ¥ p 23 4p =PF R ( spin dephasing
time, T, ) ?;{%‘E’ Bloch equationk z_s [2.7]

a<;>x - S §>2x | (2.14)
a<a§t>y - (88, - % | (2.15)
S Zisie), _@ (2.16)

H¢ y=gug/h I (gyromagnetic ratio) g €3 <% &+ g FF o
B F_4 B+ (Bohr magneton) g ¥ % Zeemans %] sh g #]+ o

B PERF(T)x A5 P 4w & p Y- f R PR (spin
longitudinal or spin-lattice relaxation time Y& 2.6 #7777 » 1/ T, % 7 22T §

T)FE Y B R TG

l>m

Bk SL(S) i F BB AR it

AL A p R AR (TR R B R & A RS T R R
( spin transverse or spin decoherence timg 3 -2 **#F £ 34-B, = w ik 4p
TR XD p R et > @ 2T P R larmor A S igd 0 p o

AP B BE X iEAR > frp HREFERT, 2R > L3 7 s EdE A o
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Is s

T eeo é

l D B T=12  Z
T: Decay of S | time

Incoherent state  (spin lifetime) precession time
S, 2, +—>

T @A k - - ¢’ 'E

precession %

| — -
time

T»5: Decay of S

Coherent state (spin decoherence)

Bl 2.6 f i BE [2.9]
bt i AR A T AR o H R PUNT S e s Rk
& (donor states?) z F e17 BAG P RIRRELE ik § > ¥ EF BT, - L
T f b B AR eV s 4P AR A7 FEE A SR B (Spin-echo ) &% £ R -

2.7%1% » 7 5 T, [2.1)2.9]¢

The Gradient Spin Echo for Selective Excitation

> FT
One Pulse RE | ———— ]

a0, soft 180

B 2.7 pew B9 %
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2-3-2 f 3 1

$LER AR = fAE R hp R B dof] 2.8977 [2.10-2.11] ;
(1) Elliott-Yafet4 422 | & Ffrds p s & L HH 3 B > 5d T 3-8 4¢
Stooslggppadedd (2)DPBAIF R AL F FIFHEDHFE EF T F €
WAPEME R AL FFE ERIT
W4 A F 3 oF F B eh% #% 17 (exchange interaction) = # #_p 3] &

R i

Wehp %3 3 5% (3)BAP

ELLIOTT-YAFET

A g $ METALS
SMALL GAP
SEMICONDUCTORS
4 \]/L““‘ (InSb)

D'YAKONQOV-PEREL

n 11-V (GaAs)
/'\ n II-V1 (ZnSe)

BIR-ARONOV-PIKUS

- p LIV (GaAs)

N N7 1‘$ (GaSb)
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2-3-2-1 EY #+#| ( Elliott-Yafet Mechanism)
4o 2.9 2 B 2.10%7 7 [2.11-2.12] 4% SH A4S 35 E g 4 &

EF S hiEr o R T g TR A 518 p e

( Spin-flip) » @ %3k p *engks > d p g Hamitoniands i 5 [2.9]

L V), (2.17)

h
H\Y} [0 = —
- (0V><p) 2m2c?r or

AmZc

Heo =
He VEESHOERF pEHELE > oF Pauliped @ LI 4dd§

¢} o

B oa ST REREE
st E P 3 4 Sdie( Bloch function ) 7 £ §_ 0, & f#cfy ( eigenstate )

» @ 4_Pauli p *_# F‘ >bt’ﬁ UrT‘ >m,§l€

W, (0= [akn (o)1 > +b,, (r)\l>Je”‘m, (2.18)

Wy, (0 2RT0]) - bl e, (2.19)

oo 122 £ (lattice momentum=)-n- 4.+ 1p #%( energy index )

#2d kA
d BT R B ER TR 2 s
2
1 _p[keT | o(1-n2) 1 (2.20)
Ty E, 1-n/3)1,

H ¢ E, 4t M (energy bandgap) n = Ago/(E, +Ago) * AgoAif # e f i

EA B T AR R R R 0 A B T F B(4 4 2~6)-

d X221 MEY BB BRI, IUNBHEHRSERT A TR

BROH 6 BB F 0 5 398 B OH G 00t R
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a Elliott-Yafet scattering

_"ES'!'.I;'Eﬂ
* ¥ é
N

B 2.9 EY %¢it7 2 B

—>

1) No Spin-Orbit Coupling: H=T + V

K, 11>

K, 11> K

: \
P
s

2) With Spin-Orbit Coupling: H + Vg Vgo = ALeS

K,, |\J/>+bK! |T>

K 11 +by 14> AE
g=K-K

P { wa@

Bl 2.10 p *e48 & F 3% p e
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2-3-2-2 DP#+] (D'yakonov-Perel' Mechanism )
D'yakonov{r Perels . F #7 £+ (inversion asymmetry yrtfsd » 4o

GaAs: Pauli p % 1 [1) 8§ 5w T [1) 5 25 & (g, 2, ) BRAEED

) #
¢ Paulip ed b [t) e T L) E AL RS 0 - B ED
4g%ﬁ§¢puo
BRI E FEAL PR E R FR kIR AN K
pEA AR E - BEd M ap R B(k) 0 4 Hamitonian#
% [2.2]
rgBR ="K

e e

HY o ZopREA AL gl QUOES T F s 4E S (Larmor

h2k?

H= +hQ(K) o, (2.21)

procession vector } & + fs # o ji s B & 7 4
-1/2 p ~ R

a(k) = an?(2miE, i) (k2 -k Rk (k- k2 + k(2 k2B L (2.22)
boB] 2,117 [2.13] » DR #1F & AR (i)1,Q,, 214

(i) TyQq <<l ¢ Q 2 FF it & 4 F %3 chQ(K) T304 | » T, L
T AR

(1) &1,Q,,2L1HhfERT™ » Td R4 PR 1 &30 p 78 + - B5T
R LT pRend Apitad F g & QK) g - B GS
g =AQ » 5 S e ad 2 p5 > 2854 ¢ Paulip & ¢ ‘ >bt3

é%:iwwgﬁ fopiE e o foRR b R § 84 g R

Q(k)z 2 it p g+ gﬁf‘l% TS R (L F AT TR
WRAVHap 7+ e [2.1] -
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S - JP SO | Y
H?L@’Eﬁa’E”a@?v}?-g,f::»u;i?g%i{*r-gmjé WA A o i

w

¥ ¢ ’é’?i?,ii?-zﬁ?%&’f%’fg?j}? £ < (et arh R R
Zoprgdmit g ), o pRE AR R s AT ER RN T

Pt dEd A ARSI RRF O S BHIT A fRA RS RFLIE (R

2R ) ARG A R S A B (R % 23 4p )[2.14] -

(i) &T,Q, <<Lenfin™ » 1 <10 %2 WFRAN0F - e 2
s F A0 drd] 0 57 003 2 £ & ( nuclear magnetic resonance , NMR g

@ F it (motion narrowing )»<fi > d DP 5 =t 3 B h % L [2.15]

3
1 - CaZ(kg—T)rp, (2.23)
Top n°E,
H¥ CEF 24058417 MefimF=t B ( ditnensionless factor)s o ¥ -
4n m,

g2 = 2 5 S(cubic band-structuref) i <l 1T 2 A=

«/3-r]m_0
' M A k=0FF 5 22T FHE > My pad T+ & o

§ 2,247 v 0 p R PR, B B AR T A R L
Flot i b B AT -6 I LM p SRR o SRR s e R4t

g B R T 50 @ A chfs R ATE G et A dage i F[2.2] -

B 2.11 DP£t5 #8541
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2-3-2-2 BAP# 4] ( Bir-Aronov-Pikus Mechanism )

BAP 4] & £t % + {7 ik B eh 2 4% i¥ * (exchange interaction) # %
iz EBOp AL EH > BAP T it # 2+ 1 F 4] 0 4 Hamitonian# 7 2
[2.2]

H,.=ASL3(r), (2.24)

e AEAEF &KL DS A (exchange integral)S 2.7 + p 0
JE T FenddE 0 O(r) Z_pk 5 6 Sn#e( Dirac delta function) » r 3 +
8T B enp RS

g 7k kA (critical hole concentration N )e+ -] & 2] w] L 48
A E g E o T T A BAP p R RR 8] o

2@l Tk SNy SN S g s itk PR 5 [2.16]

1 203N,u=fn A5(. N
— = k{ £ ¥ ©O)l +—(1— bﬂ (2.25)
S T,Ug N A 3 N A

T

H v

1/2
—_ 2EC 3 - -
Vg = EEFRTFERD
me

ag =(mg/mg)e a, #ig+ 4 B 2 j2 (exciton Bohr radius )
Npo=Ngp +Np R FRIER

Nat ~Nop” %l 5 pd ~ RETFDER

T, 4 % # » % ¥ #(exchange splitting parameter)

\LIJ(O)\2 H_% % 373 (Sommerfeld factor) ;

$H0f H Tk k(N >Ng) o B B 5 [2.17]

(2.26)
T

S

1 _ 203N, [ Eg ) Ju, = (2. /m,)"* if Eg, <E.(m./m,)
el ToUg Een ) (U = (2B, /m, )" if Egy >Eg(Me/m,)’
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| ~ [ 2 22 13 LI IN 02 ~ 3 [ 3 "
T Ed 2R BAPE H|W(0) frn,, #TL F o4 B ehT R K AL kALK

2 - | ’ 2 2 Kig LTINS 2 ~ %,
W) =12 nyy =N, o @ T8 Ny eBl 0 $P0 250 8 ang o 5 5t

;f;b ’
sk /TP A N, o S B Dk k sen k Bk 1/ TP

e NY3[2.1] -
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$2F BERALERBREA

-1 &N 5

BEE S & A 53 IR o GaAs B ¥ InAs/GaAs p e E 3 Tk
( self-assembled Quantum rings p &2 fh> %5 - M 5= F 41 %
WA E AR R
- ~ GaAs L.# -
(1) t# %- :undoped GaAs
(2) # 5= :p-doped GaAs (n, =58x10°cm™ )
(3) # 5= :n-doped GaAs (n, = 42x10"cm™ )

(4) # 52 :n-doped GaAs\n,=10%x10*cm™ )

= ~InAs/GaAs £ + % =

(1) ¥ &1 :undoped QRs

(2) # &+ :n-doped QRs(20-£QRs)
(3) &~ :p-doped QRs (20 WQRs)
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3-2 KB
poEdE i R R s AU FlmIR kR RS A2 7 5 RE
S e8] 0 A E R0 RE O K AFEL U RRHIEREKGF S 2

Bl i B R RAT SRGE k SLangE gk o

3-2-1 & ehg 4 [3.1-3.2]
VARG REAS- BN TR RHEfEEBERS G w IR
o LG Apkapi s VEEERAB A TRAGKRIER > A KT kA
Jdcgnd Efrilde s FIR 0 E Rfg R TRRZ B iRIRG -
FhAzZPh FE BIFEET AL XE YA BAI I PR RE

I

EMEE G 00 ApL 5 00 RlIRSR ARG

Xr=-arsinwt’, (3.1)
y = bsin(«t - ¢), (3.2)
258 3.1 3 3.1 08 = A N R S A s
xZiny?  2xy -
— e —=C08P = SIN“Q, 3.3
a2 peiap o o @ (33)

(1) §azbr ¢#0
PETHIRFEY 2 THRE S 2 EFRR & AN A a
& (elliptically polarized light)-

(2) sa=br¢=0>pRx=y
PEXEYRAEY RRRTHIRE D 2 AERFEFR 0 TEABIFER
i 4 £ (linearly polarized light }

() ¥a=br ¢z0> B x?+y?=a?
BEXEYEG AR RgY DRSS e FRER A TR P
[F] i #% & (circularly polarized lighty
Bbiben® % o BT E 310
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¢:0 0<(p<f (p:g —<@P<T
N— —
SR % e
= T F R 3R R
Y Y Y Y

A

¢=7n T[<(p<—T| (p_?’—ZT| @<(p<2T[
N— —
Ui 45 6 e
LRI i 4R %

B3 2. A5 ik ik

1% BEAT S S W3 17 L DIRIR G 0 4o B2 40 o BATH L AEN 5

BAP S & enBthgh o A WIALS PR Buh o F R SRS 3R R A R

B 1 ak Peph kR Bhih i 4R PR IR L > R 5 PPhk A bk o dod x bt

% 45 2 e=§ o Bk 2 ok R LG
At:R_R:(&_&)D,
U, Ug c C

0= 2rast=( 22, -n.)p = [i—”“} (v, -n,)D,

B DR BAAR 0 NG NgA H] L gl R i phindT i 1
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(1)% D kR s & AQ=

NS

P B REAL LS LA R B pES S ) Sk ehgp

v Q] A e B SRR R R o

R AR L IR - ded o~ Mk IR B 2 dhp 2

» ’ 2 ~ ﬂ Y D s , 2 Ly ¥ &
()% D e RS XAQ= > 2 HMAES L2 5% s G
HodR % o R Btk R 20 -

Slow

A

Fast
(i)
[mput

r/

Qutput
>

6=0" is the Tast axis

8=307 is the slow axis

Bl 372 F AT 5 o RH LA ]

Input Output
Quarter-wave
Lingar, G=45° Right circular
Linear, G=-45" Left circular
Right circular Lingar, &=-45°
Left circular Linear, B=45°
Lingar, any G#45° Elliptical
Half-wave
Linear, angle 8 Linear, angle -8
Left circular Right circular
Right circular Left circular
Any wave plate
Linear, 6=0° or 90° Unchanged

# 3.1 sk ehifh 4R i i
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3-2-2 p R PR R AR

4ol 3.3475% 0 p R 1t R PFRF R4 % SL 80 Up-conversion st i
A ZEHE 0 R CHIEK A e 14 ¥ (quarter wave plate, QWP)% — 2 28 3K
A kg BSE F22 B 0 fEz 5 QWPL; % = e )78 K Afe sk 8 AC {o
E& L2 2 7F > fLz 2 QWP2-

YoB3.4 T 0 b Ak ehT M RTER L RGIER 0 % QWPL #a

\“‘b

Hdr ke S Flihir LT gt A2 3 £ 8 chehd sk 2 4ok o
R 17 QWP2 #-% ~ 4 %k A Bl 4 8 R A LT SR RS 9 eh

koo BuldFly - EEFETRE o G TRREE T @R R 24k

o
Fluorescence Up-conversion
Optical Unit FOG 100
=Pl R
2 |=|< Pump/ M3
A2 Pulse
QWP S5 g“t Optical
FI] 2 “°  Delay Line
= Pulae 2 s a3 | CDP2022
NC .
M35 F3|Slitl  Slit2  Slit3
A\ o T | = S| = N s
g < \\*s \)— il % *
S VAC PL X:“"""'y
IN1 X QWP2 PMT
Monochromator

IN: Input; A: Aperture; F: Filter; M: Mirror; BS: Beamsplitter; R: Retroreflector
L: Lens; AC: Achromatic Lens; S: Sample Cell; NC: Nonlinear Crystal (BBO)

3.3 A el it o R 24T 0
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(a)

Linear Palarization

Circular Podarization
/I

] o r = 2
I|
I'. / Quarter-Wave Plate

(b)

Circutar Polarization Linear Polarization

‘i | I 14
N i
| II ', A : : | h i
|II T’ ,’T'* *.'L‘ :f f
|II I|.- o .'I 1 |I é ; II I' , .
I:I i |I II E ; |I ¥ 1‘:
II v - H b II
' g s e Glan-Thompson
| duartes-Wave Flaua\l. Potarizer

B34 w iz —p 4

7

3-3 %% ‘\5}}?&

[3.1] " %2> F81RES > vk ¢ L BE KA AL LD E o
[3.2] Polarization and Polarization Control, NEWEOS, Inc.

[3.3] &2 TR GRS BE RS RPR I BB LG
(2008) -
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Yr® FHREFEHG

A F AP S B GaAsiE » I R AR M- INAS/IGaASE F B - i
| NI-V 2 gl enp S8 i B g o

4-1 #H# GaAsihp 4 §
HEFWRTF =L & ahp g qle
DP #41 ; (3) BAP#s 1 - %g Bt ATHE D Pk a1 g

4-1-1 + % GaAs thf i %
B 4.1(a): * F GaAst z g copd Bjgivik 35> 24 & hw=15%V

1+ %A N, =50x10"cm? 07 Kk o IR (D) E1T(Y) * o~ s

orm-1rm
circular — I+(t)+|_(t);

d B 4.10byrT o VBRI ABT g o PL2 A B Aok

(4.1)

B0k P B chp dEdR i F( Py =50% ) RS p R B e R
AERAGA BRE (L)@ (t<lps):p *gdsi 58 50% L i# ™ % 3
15% ; (2) £ 42 (t>1ps):p *ed& i R/ engts » < & 90ps2 & -
() el (1) EbrE & > PR AR FRBEABITE F o

£ 4B 4.1(byr % - 1 P%)=Ae " +A e ki L 4rF 4.2
“ron o @RISR RN A P T,E T, 0 AW 5 0.38psk 50.49 ps ‘EAE
R ERFE PR T AL TR BRTRS BR8P fso 2
- F A 4-1-3-3p F > b BBk R AT S Op R R -
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Intensity (a.u.)

Polarization (%)

1(a) undoped GaAs
. N =5.0x1d"cm®
N ex
] — 1
] —_—
] o
-
60 T T T T T T
5] (b)
j — Firc
40
30
20_- L‘_\"A—-—v\_“
10
0 h e ——
o 25  s0 75 100 125

Delay Time (ps)

150

Bl 4.1 (a)d & GaAspr ¥ a7 (b (@)2- p ik it 5 £ 42

Spin Polarization (%)

50

40

tndoped GaAs
— N_ =5.0x10" cm’’

0 25 50 75 100 125 150

Delay Time (ps)

Bl 4.2 7 GaAsz f sdai S5 L ¥ &

82




A3E A GaAsth 7 i BAT 0 f R F AR E W S B 4.4
Lot B HHPEFEETRAESCAETE > £ 4105 D

60 undoped GaAs .
1 ° Ngy=5.0x10° e’
50 g
. ° Ngy=1.0x1d" eni’
g ] o N, =5.0x10" cm®
P 40 ex~ -
o _ 7 3
-,E . Ney = 7.5x10" cmi
— - _ 8 -3
5 Ny = 1.0x10° cm
[@]
o
£
o
w

0 25 50 75 100 125 150
Delay Time ( ps)

B 434 FLEM b T AT AR F s ¥ &R

100 undoped GaAs |
b —A— T

80 1 e T .
@ 60 .
o
N—r
()
£ 404 .
=
[¢]
=
-
= 20 -
o L L
n = e

0.50 + A A A B

0.00 —— ——————r
1016 1017 1018

Excitation Density ( cii)

Bl 4.4 & 1 GaAS & b s B A if Sl R
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N, (cm?®
o (CM) 5.(x10% | 1.Cx10" | 5.Cx1C" | 7.5x1C" | 1.Cx10"
Spin Lifetime (ps
T, 0.45 0.46 0.45 0.38 0.35
T, 65.80 77.39 72.18 50.49 29.73

L ALK GaAsh s %R A9f s

foEis PR (T,) XS R AR 4 > AR EH RS R R

o RMAE AR o d B 44577 0 F FF AN, ¢ 50x10°cm

tv 3 50x10" em PP 0 p RSP AORIER o 2B 5k Skt DP s

Fehsg B &
TF e X P

oo s ma N o

Rl BrF K @ deig gt

broadening )<\Qk\ -Q (k)>

4

K

+ %A e larmor

o endr il oAk g 4 poads &

N 4

,—

Ap i

TR

84

NI

o (1, Qu <L) [405 42 ¥ g R ent =2 0 p R
B R P
1.0%10" Cm_sigf bem 10x10%cemBpE > I
23 DR ¥ 4] 245 3 3% & (inhomogeneous
N; CE[A3] MR o R T A 0 PR

o prEm e e o WRp EEE R R



4-1-2 P3| GaAsehp g+ &4 §
A PR Ea 71 DP B4 7 g BAP #41] o BAP #8412 &>
%+ e Rk B et 3% 15 % (exchange interaction) 4% w4y 7 £ 3 fechp 3] &

Ry BAP Vi %2 4 F841[4.4] -

4-1-2-1 RFHF B R 2 A fR T &

EH BT oFERE n,=58x10°cm™® p-GaAs: 4§ 4.5 5 p-GaAs
iy B hw=158eVeiot ko A P EEF BAET 0 IR FadRE W R
B 48R L RAp B Sl > ¥ U RA AR F P(1=0) &
I E N 25% HRGE- K od B A6V r1g o o gE R RAR]
Bl it 5 i lpsw inpeid RREARA RS LB R T F IR I & ik
g o

FI#* 5 5 i B ARREREA A F 4o 4.7 477 0 i T A

Ik
|

O
F it zghd-E T LA A e 0GR A=1.58eV. 1 2t e T E, =142eV )

E, +0go =176€Ving” » L@ Fpifest » A4 & p i chd 5+ Tk $

-«
—
<

R BT I=U2m, =-12)fe[d=12m, =1/2) R T S ik
3:1 @ ¢ |J=3/2m =-3/2)¢1|3=3/2;m, =~1/2) }k ji T iF #c
ibon L 301
R R E > g A N, =10x10° ~1.0x10%cm™ % -] stk B
N, =58x10%cm™ » Fpt h ks S B A HTFTARL AR o Fpt &7
F R AR S AT ho B 4.8 BB RER B Ed T A% F RS
Fom ik 4f &3xstdi 0" fro ko ¥ kI F ki i 5 (the degree of circular

polarization )
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1 3 3 1
. .. |=n +=n |-|=n +°-n
=144 4 4
P
3
4

circular — |+ e - 1 1 3 = 250/0’ (42)
Z nT + n, + Z nT + Z n,
T T T T T T T T T T T
50 (a) p-doped GaAs ° .
n = 5.8x10%cm®
__40- ° Ngy=10x10°cni®
o
< © Ngy=5.0x10° e
2 %9 ° Ngy=1.0x10" cfi® ]
N _ 7 3
5 . °© Ngy= 5.0xlodo cm
g 20 Ngy = 1.0x10° cmi®
C © o
a 00 o
) 104
0 -
T T T v T T T T T T T T 1
0 25 50 75 100 125 150
Delay Time(\ps")
' ' ' ' ' ' p-doped GaAs
609 (b) 83 7
n=5.8x10"cmi ]
50 °© Ngy=1.0x10%cmi® -
g ° Ngy=5.0x10°cnt’
40+
5 ° Ngy= 1.0x10" cm?® |
Sosq © Ngy=5.0x10"cni® |
g Ny = 1.0x10° o’
o 20 o o o
c - e % O % 2 %0 9O
5_ 0000000060000
) o O O . 4
10 -
O - -
T T T T T

0 ' 1 ' 2 3 4 ' 5
Delay Time (ps)

Bl 4.5 p-GaAsp kit £ & & 5 (a X #2(150 ps) (bIE4Z(5 ps)
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T T T
504 p-GaAs B
3 g
n, =5.8x10°cm®
S 404 -
c
il
S
‘= 304 -
K]
@]
o ./.\o—/*\‘
£
o 204 -
N
s
c
= 104 -
0 T

I ']'-016 I I S I]I-(I)JJ I I S I1018

Excitation Density cm°)

B 4.6 p-GaASH A Te bk B eng=she p S dk it 5

Excitation ( p-GaAs)

B 4.7 p-GaAs 1 0" k o B AR
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Recombination (p-GaAs)

B 4.8p-GaAsigétis £ 6 /2

4-1-2-2 B pF B R2Z B PRF R
=0 R eE R T BAPRRIE T ¥ B pGaAshp it il o T

B A GaAstp s i di o d B 4.9977 0 E B A N o 5.OX1016cm_3igf4c
3 50x10YcmPpE > p B P T A ) 2 B_F L At DP 4] eh
LA E(T,Q,, <L) 2 LFFFRADL A > poRRE T IRY
Flag b B S endr ] 8 7 p ERE BT, 2 o % R 50x10°em™
¢ 50x10"cm™ @ - p-GaAsinp gty B ¥t A GaAsi® > & 7 BAP
WA ez T2AE ER o FEF R AN, 10x107cem™ 4 3

10x10%cm™ P p RSB PR TE A e B0 0 A & £2 5] DP 4
#£35 3 # & (inhomogeneous broadening<pk\2 - Qﬁ(k)> ONZ, chg 58

[4.3] » BAP #4113 £ £ & > % ¥ % B & 3§ 4r > Dresselhaug 248 &

[
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HSO=(2y/gB){xkx(k§—k§)+§ky(k§—k§)+§kz(k§—ki)} Y TR

Spin Lifetime (ps)

[4.3]- 7 ®A2 (<1 ps ) crp-id L5 T2 P AE > F]pt p %

150 : - .
p-GaAs
125 )
n=5.8x10"cm’
100 —A—T, -
— '|_' 2
75 -
50 - -
25 4 -
7 . 7
1.0 / \A L
0.5 7] A\A/A -
0.0 LR | L crrT] T y AL |
1016 1017 1018
Excitation Density (/GiT)
B 4.9 p-GaAsi 7 Fe s B R ahp T P R
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4-1-3 NI GaAschp L F &+ &

FONA LR LT PRES R AY TR TAF T L

w5 BAP 84 -

4-1-3-1 RpFRAZ I RBRERL f RN F

Er BT FERE n_=42x10"cm™® ¥ n_=1.0x10° cm>
n-GaAs> 4r] 4.10~ B] 4.11% %] 5= n-GaAs’ it £ hw=15%eVho” £
A REERRET o PRI THEREEY R A Bl 4128 R 5 1pspE
N-GaAsshp ek it F #icig o

T T T T T " 1 % T T T T
60 n-doped GaAs .
1 n = 4.2 x 16'em® 1
50 o Ngy = L.OX16 cni® ]
X i , _ € 3 |
% 40 - © Ngy=5.0x10" cm” |
% ] ° Ngy= 1.0x16" cmi® -
% 301 Ngy = 5.0x1G" eni® ]
Ie) T _ 1€ 3
o 5. Ny =1.0x16" cm™ |
£
o
)

' ' ' ' T ' r '
0 25 50 75 100 125 150
Delay Time (ps)

Bl 4.10 n_ = 42x10" " cm®#in-GaAsz p *efk it F e & 0 R
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60 n-doped GaAs
1 n,=1.0x10°cm’

_ 6 3
o Nex—l.Oxld cmi

a1
o
1

N
o
1

° Ng, = 5.0x10° cmi®
° Ng, = 1.0x1d" cm®
° Ng,=5.0x10" cm®
° Ngy = 1.0x10° cmi®

Spin Polarization (%)
S 8
1 1

1

Delay.Time (ps)

Bl 4.11 n, =10x10%cm P n:GaAss Fads i F 4t &

T T T
n-GaAs
30 t=1ps .
—A—n =42x10" cm?
—_ e
NS —e—n =1.0x10"%cm®
- e
20 -
[
il
=
<
N
S
o
S 104 i
2 10
£
3
(9]
04 4
L |

I I101(‘3 I I S I]I-(I)17 I I S I1018

Excitation Density ( cf)

B 4.12 P L 1psPF n-GaAs:shp ikt F #iiE
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B IGR $7 PR kR Sn-GaAsp IR F P (t=1ps ) F g

o R T A 35 R TR g% 0 P ong =4,2x10Y cm@ ehp Him e & g

Ne =10x107cm™= o 1% ff 8 9 ¥ B2 k%% 4o 413477 » ¥ n
O

3 GaAsL a3 L BT FER NEnoE AR EE S Lzt

LA oA R hw=15%V fi3ti BE, =142eV ¥ E +A = 176eV

107 r (23 B )EE 0 SRR RS

=-3/2)4r
\J 3/2;m, _—1/2>A>w £i81|J=12m =-1/2)4c[J=1/2;m =1/2) -

74+ £% % (Fermigoldenrule p* & %4 2 2 p*aw F & p 2% T o

T+ i £ 8 F (transition probability)

l:KC’ U'>2 :‘<1/2;_1/2‘Y11‘3/2;—3/2>‘2 ., -
N KO‘S DR\UW (cH2;1/2|Y, | 3/2;—1/2>‘2 ’ :
Nec S 0EE 40, ) (4.4)

FRTRFREF 4R 414 TEX DEERGE R EBE 0 B R

s

(&
(=i
e

19 0 RO DR PRG0S T AR T GERER T pF 0 TR C
7 EF prdei o ¥ n-GaAskiid g BRERN, =N ETH

J=3/2;m =-1/2) 2 [J=3/2;m, =1/2) T =ik 3 2 BR =+ o Bk

& it & (the degree of circular polarizatiof3 )

1 3 3 1
+ - CEn +—-n +n/2)-(-n_+=n +n/2
-l :(4 Cg ) =GN " ):l(;}(AS)
" +1 (En +§nl+n/2)+(1n +§n +n/2) 41+ (n. /4n)
4 1 4 4 1 4 !
2 Neg=n +n =4n_ 4fr n,=n
Ll P I:)cir(:ular = E ! < 2%, (46)
4 1+(ne/Nex)
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Excitation ( n-GaAs)

B 4.13% n-GaAsitg™ kil i 47

Recombination (n-GaAs)

Bl 4.14 n-GaAstgitif & A2
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[Ngy» N EAZ % 20 N A%] "Kgﬂi MPE¥
MHRER 41205 % 0 BT T ER B 0 n, = 42x107cm T 2

ne =1.0x10° cm™ ¢ GaAs> g ¥ N, 3 4 P @48 & b o84 %

’

AR

N, = 42x10" cm™® tjped %A N 4 2 10x10%cm™® » Pig s & © ¢
£d 304 18 AN, =10x10%em™ b g ko see Ef & 0 % P20 g HE

Q,|" & ¥ e

(inhomogeneous broadening(pk\2 —Qi(k)> O N2 ehgs 58
PR AeA H > pET F R T e larmor AE S i d > p SRR e i
I FE o @S PESRF[A43]-

4-1-3-2 RFFBRZ I EVRERL AR EFR

Bl 4.15 % ik By =42x107em> «7GaAs p i pF R
BAE R > T A AR PR R R A E R g e 0 R
BF 40 %55 03ps e tgeiss & N, =20x10°cm™ > &t % P & 1ps
Ffl~ 55 525% % 5 Fla el @ 2 P angd] F5kp R
PERY T, efRfeiEd (ot afd o R B o A LA F e R R A o A

PRGSO o e A N d 10x10° em s 4 3 50x10"7 em T pF
PPERT S B R AR ((T,Q,, <<1 ) T BAHPER T BN P RE G
B - BT PR L] T SEF T B R M S 0 AR BTG p K

Bego i 4 AR @ B p ERE BT L E e d pF %A N, d 50x10"7cm™
B4v 10x10%cmT e p R R E @ deig B 00 d 105 psiE b 3 45
ps> 1 & L& T3 A ¢ (|Q[° -Q2(K)) O NZ R - Tl e

P

%R Ny e 4o 0 20303 3B > AR P 87 0 R ki gl [4.3] -
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150 ~—r—rrrp ———rry ——
1251 N-GaAs B
7 -
ne:4.2xld cm’®
R 1004 . T, _
a T,
(D)
£
D 50+ L
|
£
3 254 L
N
0.50 C
1 — A—A— A, i
0.25 .
0.00 ———rry ——
1016 1017 1018

Excitation-Density,( cii)

Bl 4.15 n, = 42X10" cm® en-GaAs i1h i3 pF Y

$7 BT 5 kR GAASE BoRELW R T, 4B 4.16 X B
ERR A p P ERA Y AT RO ERAEI AR > F R
Dresselhaug *eiuif 48 & E 5k hzbia 3 3% B <‘Qk‘2 —Qi(k)> |j<g§> » He
Y Bl P2 1 5 [4.8]

;' D{jQ()” - Q2 (k) 4.7)
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150 " . " . "
N, =5.0x 10" cm®
125 —A— Momentum scatteringH
—e— Spin relaxation
100 .
w
=
O 754 .
£
o
- 50 -
25 - =
0

I T I T I
undoped 4.2E17 1E18

Dopirlg Concentration, icm”)
Bl 4.16 % [r 2 3eik B eh GaAs ey e fi s pF Y

AFEH G RIS ¥ g DEEF SRR R R e 0 T AT R
A o dpgat A4 GaAskE > BT 3 kAR N, = 42x07em @ T v
AgiggiE o R B R o 4ok BT F ik & n, i 1.0x1C8em
ARl S
N, = 50X10"cm ™ » T 5§ & X gl g IR

T
.
w

CHPER R G LA o A FL GaAsERET R R T BRER
el SR F o F @ g
A7 L PR ELAL b4 en

e d M P EL /L ®

18 EHE o 4o Bl 4.17 5757 > BB B & pF o
WX (e)~*1/2> 43 Pauli? 4p % B2 >

v [F E2475t 0 Tt & w478+ ( backward scatteringg) = 5 2 F @ 7 E_1 w4t
i+( forward scattering) #-4c8+id & 2 % % [4.6]

W =W, xf, xf,, (4.8)
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B Wya 2bf & 2 E oot F 5o f AR Ak b gp et o) (>12)
foBhh b Ak B Fp et b (<L) § B ST 3o R @bt 2
e Ao f AL B0 BlenT M > KRB R R R0 0 FRATHE F

W 8 o Flt 4 ngd 4.2x107 cm 4 2 10x10° em B > fgdti 5 W

€] REF LRI 25.78 psiii 1 76.70 ps

forward | | | E
scattering i S _,______L
"1t
l E,
T~ i E.
bacleward ————E ——————— E,
scattering i
|
l
i
- : |
1 oE ]
fF]

B 4.17 Foi K Segesy 542 [4.7]

8 B featemit g o 11452 AT ] @ 44734 Dresselhausp i
L Renziing R0

2 2 s nd ,n, < 50x10"cm™
o -aiw)oie)o{i b+ 69

§ h st A E R (0, <500 em” ) (10, -Q2(K)) 3 En, e
LA Tt A48 GaAs & n, = 42X10 cm th GaAsihizb o 5 i B

-Q (k)>

L e e g F B (02 50007em® ) g (|Q,f

ETFBREAN ST S A Fpln, =10x0°cmC h GaAs E § B
h2t 15 3
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R ko BACHPERF 0 on, = 10X0°em T GaAsE < & GaAs
2 ng = 42407em P i GaAsho L @ 255 R (|Q°-02(K)
'n, = 10x10¥cm™ 5 GaAsk + » & Ffe n, = 42x10"cm 7 GaAsk ) -
FpL f B PR T, D[<\Q(k)\2 —Qi(k)>Tp]_l : n, = 10X10®%cm ™t GaAs
B+ o A GaAs=z 0 n, = 42x107cm P h GaAsk | 2R L S A0

p;a@o

4-1-3-3 p R F PR
R FBRIER NGRS R EE R R N, BHP P ORR T R

n —n
=L 0BT T g BRSO
1 !

#ed TRATALFE o
B 4.18 5 n,=10xt0%cm ¥ Hin-GaAsthpr 7 j245 k3% » it £

hw=1.5%V > g5 %A N, =30x0°em cho fl ke % 7 UFRITZ |
&7 3 1psfr% cE Lo pEfR FARITI R RR p R F P R4
KEd B3RS B AR F g R e g4 o

F4t R 41805 % o 1 P=Ae " ks (fitting) 4B 4.19 p)
TP ERPERF 1, 95 02ps B 7 F p e EFRFE 84
ELFELTFRZAFME  FRPZDFPE - FTFET LS R
5 [4.9-4.10]-
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1(a)
S
S A n-doped GaAs
b 8 -3
3 n,= 1.0x1d° cm
] -
E N, = 3.0x10° cm®
—_—
] — |
_ 50 (lb) T T T T
~ 7]
S 40 —— Firc
S 37
8 207
& 104
£ o-
T T T T T

Delay Time (ps)

] 4.18 () N-GaAFHRY fai7 3k (D) B, et 5 pF A 1247 & 3

50 n-doped GaAs
1 ny= 1.0 x 10°cm”

—— N_=3.0x1d°cm?®
ex

Spin Polarization (%)

Delay Time (ps)

Bl 4.19 n-GaAsp ik it FHEE 4 R
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4-2 Modulation-doped InAs/GaAs QRsp & # + &

Bl 4.20-4.23% w4 & ¥ + 3% 7 barrier~ WL ~ ES~ GS ehp ik it e
BEW SR i hw=15%V -~ xF %A N, =800W/cm?io” kg o
4o 4209738 > AEE 0 3| 1psehp =Tk %45 B4 A F QRs (n-QRs)
B P RE AP AR e A p R T O8 WL 48% (42% FF 2
%) 20% (18% ) % I Er & F GaAssginehp *afis A2 > w4 T Bt
+ + Ik barrier_t ma;\—+ C € AT G FERg S TR F]t 43 e e barrier

PR AFTLEM > & p-QRSIEE R o BRI IEPE 0 P Y
it Fd 5 32%T '3 18% i Ad WEBINT Ik e 2 G A
TR F WACE QRSO Fla i+t & GaAs & p-GaAs
(n, =58x10°cm™ ) & ik A LB Y ¢

£ RBEZ L AESIG A H QRS-N-QRs{r p-QRs« barrier p g %5
PR A ) 5 38.29 ps 50.50 ps41:22ps N-QRsef L% PEF P AT A
B2 p-QRs% v iz¥ d ** n-QRs3 ~ Eehp Z2 T F 3 QRsp o FJpt fck i
FISEHp R F A R 3 2 QRsy R 43 2T 4 barrier (745 54 & Bk o

4 B 4.20~ 421 ¥ g did § i & barriers WL %0t 1psE L ik A
BAPE U 0 L B R FRP 2 B B psapE R o R B S
M s 2 b ESE GSEr R 17 87 s LI R F 45 ani) o
ES3 GSehp 7 F 2. % p 28 §_p > barrierer WL » @ barrierg? WL
PR F b lpsw i (B R ahp gk 86 30% ~ 509 "2 3 5 200 (=

wml ooy P RE R REE 0 PR N5 25%. ) 0 Bt i 1ps2 i
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P REA Rd pORR G TA F AT Mg PO QRSHES AR L R
BdR i B9 5 20-30%: 0% 4237 20% B PER EROF ST e R R R
AR S TR T Ao o § 58 1psPF - QRS SRt ¢ g T
"3 10%0 T o Bt Aekr T PR A BA0d pR R ST 3 o e £
FIRA G ) R T ] Ips o i A P g A8 5 R
barrier + - 3 AdE e G2 AL T A Ed 34 priE s (Ao
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