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ABSTRACT

Spin dynamics in semiconductors have gained much interest in the
past years due to the emerging field of semiconductor spintronics. In this
thesis, we wuse a time-resolved photoluminescence polarization
spectroscopy system to investigate electron and hole spin dynamics in
GaAs/AlGaAs quantum wells grown on (001) wafers and compare the
results with the bulk GaAs.

We find that the DP mechanism plays an important role for spin
relaxation .in both GaAs quantum wells and in the bulk. The spin
relaxation time of the electrons is only on the order of a few tens of ps.
Due to the strong spin-orbit coupling effect the electron and hole spin
relaxation times are much faster in GaAs quantum wells in comparing
to the bulk.

The spin relaxation is dominated by the holes in the undoped GaAs
guantum_ wells at low excitation densities. It indicates that the
spin-orbit coupling is stronger in quantum wells than in the bulk. In
addition, the hole spin relaxation time is also determined with a rate of
less than 300 fs.

Due to the splitting of the heavy-hole and light-hole bands, as well as
the much shorter hole spin relaxation time than that of the electrons, we
are able to generate close to 80% spin polarization in the lightly n-doped

quantum wells at high excitation densities.
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d % 2-14c® 2-2 > #3395 Fermi-Golden Rule[2.3] > % H i pF
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hole, ) 2. B et ip w # B % F (transition

mj == 1/2
probability)

(/= ol 3/ _ (9. 4)
(/282132

H @ gup S R & SadE 0 4B 2-2

% 2-1 Tend 8§ 22 p "2k S ¥ic(wave funetion)

Symmetry |/, m J,-) Wave function
T 11/2,1/2) 1ST)
11/2,—172)  |S])
T, 1/2,1/2) |— (13 [(X+iY)|—Z1])
112.—172)  |(1B3)P[(X=iY)1+Z]|])
I'g 13/2,3/2) |(12)"2(X+iY)T)
13/2,1/2) |(1/6)2[(X+iY)|+2Z71])
3/2,—12) | (16)"[(X-iY)]—2Z]])
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2-2 p *= i 48 & (spin-orbit coupling, SOC)

rdk 2 F fLitfE(inversion symmetry) sy #8547 o 4ok it 4
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Dresselhaus £ Rashba 72 [2.5] [2.6] [2.7] = %k p 3> A48 F
B A2 S A7 HAE

’+@’L3~E%§A |1d ;l:l:,\,

2 ¥ (precession) I ¥ & EE

T

A i BB, (k) deds i 0 B K SRR 0 AR g R T HRT A

i # e Larmor precession frequency vectorQ(k) kfn it p 24 % o

14



PPE S B g 0% 3 1% 4 2 Homitonian & T A
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™

d » X PEF L f S e e [E A (barrier) B4 0 Flpt

BERFTUAEFL c G BIMATEIE - BT E (k2 ¥ &

é(g)z’ﬁdéi-?f?ﬁﬁ’)if’ﬁ. FO0DZA 5 2 rengF+2 ¢

R [2.9] (2.9

T batan) = 1 - [k (K — (k2)), ey ((K2) = 1), O]

Ao 2D e 3 kY T G bt B (k)R Lot (k2) o T > TG

bends (k) ¥ 7 0 g v T - H R % - BT E 4R 2-8(a)
5(k)D001 = % [—kx; ky, 0] (2.10)

H ¢ B =vy(k7)

BT WEd el g P&k = (ky, k) B AR T R AR

T4+ Dresselhaus 72 (linear Dresselhaus term)

15



~

+ 20 s TG B s L F 4 (structural inversion

g 5 2
asymmetry) ¥ 3% p £ diE 8 & % - 3F > 4L 5 Rashba 3 > 4o [

2-8(b)

-(_i(k)Rashba = % ) [ky» Ky, 0] (2.11)

AT LD AR A e R iR A (barrier) & ALY ¢ H -
BRI R 0 B T 2 $fL doping VR R Kid S B F A R

(structural inversion asymmetry) - Rashba #%-#caf]= 3|7 4

-

BB KA T R FE 0 T b EEAR hd > Rashba 7 i

k [110] [110]

[100] [100]

[110] [110]

B 2-8 (a)(001) = e+ Dresselhaus field (b) Rashba field

16



2-3 p WEe

¥ AP k& Bew (optical orientation) kX & # 22T frenp
R A b e A R B ORR T A LT R A T LR
B3 o #t p % L % (spin relaxation) fv p &4 4p = (spin
dephasing) &% L3 it ¥ 123 % 3| Bloch = #234[2.10] » i B = 2
NV RSP fhp gkt B 4 8 o T L2 Bloch-Torrey — 4%
PR ERPEPEFR > TARF AL RS s S o
2-3-1Bloch-Torrey * #23;%

AT H B HR S AP T 3 G % aE# (spin
precession) * % i¥(decay) % #Hic(diffusion) 7~ 4258 K @&k p *_
#3 ER (G )T fep B2 A EEF(R e )T, » #2355

B(t) = By2 + B,(t) (2.12)

H Y By »27 i thbes B FREI BN Edr %z fhihliie BT
¥-(transverse oscillating field) - 223 B(t)? hq F &1 ahp

e s s Y
Ak E L

oM M
X — _ X 2 (2 13)
5% y(M X B), T, + DV-M,

17



oM, M, — M?
—~ = y(M x B), - ——% + DV?M, (2.15)
ot T,

Hey= %—«‘i? + g% (electron gyromagnetic ratio) @ ug E_g
A g+ (Bohr magneton) ~ g %t Zeeman 4~ % s g F|+ o

p gt I (spinrelaxation time)id ¥ AR FEFT PFRF * H 5

B4 B porE—dh 2L (spin longitudinal or spin-lattice

relaxation) B/ » 4 (2. 15) % ’Ti?i % st T frenp s T
1
o F 20 BBy B A R DE R 5 K 1y ) e

i

-~

L

<o @ p 2 4p 2 pF & (spin dephasing time)3d ¥ A4 (FT, p%
X s P Ef v ey p 2 4P+ &% (spin transverse or spin
decoherence ) F# & > d 3% (2. 13)Fw(2. 14) %57 o 4w i §00 L8 F RS
By = wene AR i FIR P A L e i i i N e EeoAp
(precessing frequencies) % & 2 priF F gk $2 0 @ B *E4p iR jordp
LB AR AP RO ERP FRT ARG T 4 €5 i R adp Ao

4@ 2-9 -
e b BeenP s 2R R - p % (single-spin) ko @ F_
BRI Pp 50 bldr- TRR SR EME S AFW T ¢
i# =+ 7 353 (inhomogeneous) » F|}* R BL R T chp 53 4p PR T,"

Pl F € @ H - foRd AprpERT, o
18



Is  ots
T ece =
D"s Ti=1/2 3
l T|: Decay of S time
Incoherent state  (spin lifetime) precession time
S = <«—>
1 Q X .I -t
precession 2
l E
time

T»: Decay of S

Coherent state ;. dccohmnocz

l’ 96
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2-3-2 B eRati%H

BLEEMY > LR A RRBET A Y hp 1R
A% % EY 41 ~DP #8412 BAP 41 > 4-® 2-10 - (1DEY #4182 A
HEAE S e p AR EARM o d B FE P SR m e S
(2)DP 418327 = 3 > = p @AM - d 5 F 7
ALl g p i 48 & i = 0 (3)BAP B4R L P AL Ewe £&
WA o d BE F IR F h < iT* (electron-hole exchange

interaction) » 3142 A& & i # ¥ 12 & p S iedd o

MECHANISMS OF SPIN RELAXATION

ELLIOTT-YAFET

A : $ METALS
SMALL GAP
SEMICONDUCTORS
s \I/\\“ (InSb)
D’YAKONOV-PEREL’
n 1-V (GaAs)
M n 1I-V1 (ZnSe)

BIR-ARONOV-PIKUS

o p 1I-V (GaAs)

R oA s

20



2-3-2-1EY #+#I(Elliott-Yafet Mechanism)

Elliott 1955 & & s # I ¥ LM+ A E A 2 p T8 s >
Pl g B AT A2 b R Aa o I e
(spin-flip) » X p 3T F Rl3 [2.11] » 4cB 2-11 -

Fli p g < 3 8% 4 073 & Hamitonian e it &

HSO = VVSC Xﬁé'\ (2.16)

4m?2c?
M 5Ad REDFE > Voo 7 4 enfy # =it (spin-independent) -
p=—iAVisM&#HEEE >0 & Pauli w &4 > 2 L H - 73
1Bloch & & #ic? - H.o,7neigenstate’ m £.m & Pauli p &+ * |T)
2 p e T )R fgiR & o

% FIMPER Yoo HAL o ik Elliott #tde i e > Bloch B a
|T)e2 poe T ) aose FE ¥ 2 d B 252 & (lattice momentum) k fric

+ 4p % (energy index)n & =

kanT(r) = [akn(r)|T> = bkn(r)ll)]eik-r (2 17)

Wens (1) = [ en (ML) + by ()M (2.18)
iz® B Bloch % ff Wac ke 2 & 2 B fope B SHAE -
B 1 e aringE o5 B4t B &5 3 ¥ (phonon-induced)
il Yafet(1963)F 43 & Jidn R o723 (2. 12] - 5 4ot

(phonon scattering)ik = tr1p *Eis¢ i# ¥ 7 11 d Eliashberg p *afs
21



= 2 alF(Q) % f2 1

2 =8nT [, d0alF(Q) (2.19)

Ts

HONQ) B AT S
1
hQ

exp (kB_T) -1

% Eliashberg p e 4258 afF (Q) & & F e A58 2 i 17 5oap 3

(2.20)

N(Q) =

QO B3 p g T +-% F 23 iF % 4 (spin-flip

electron—phonon interaction) °

g ]
a2F (@) =522 (Gntunn® (@qu 20, Mm% 2D

HYgen & Bp%E R+ tFermi i FaT P F 18 E M5 s

o}
Il

B {8 o 7 J %'ﬁﬁ:‘ EY El %/“Eﬁﬁéﬂﬂ—;']’:'&‘[EYm‘a ;"—';é}PJ-_;i_r A Fa*j.q'\
G BT BRGS0k P62 T L MY REEHETA

T p R R SRS

I A(L)Z (&)2 1 (2.22)
Tgy (Ex) Eg+Aso) \Eg) Ti(Ex)

# ¢ E, % i I (energy bandgap) > Ago & F 1 p Sadrusg A A it o 1y A

B R ELS PR 0 A LR IS F e 80 A s A M (TR

22



BASICS OF THEORY
Elliott-1954, Yafet-1963
1) No Spin-Orbit Coupling: H=T + V

K, 11>

>
R o=K-K'

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

’

K, >+ by 11>

b

> Vso

AE

.-
"

g=KK

2
1/T1 = lyp-down 7 <b >FS .Rp-up
= LB D p

B 2-11 EY #8541 p 48 & F & p s

d (2207 FAEY R PR Tyy Bt R

|
3
~

s
3
=

23
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2-3-2-2 DP #+#] (D’ yakonov-Perel’ mechanism)
DP 4] % GaAs bulk fr quantum well S# ¢ & MR PFE 3 & 4
A YERE 4] > 1971 # D yakonov and Perel’ #ILF) 5 & sivP 4
IF AR RE 8 S T ag & p R [2.13]0d *t Bravais
et Fad faR RS o d Sk fLF A Flet R F Pauli p o
B b Ty p e T)ad T A [ E(Eg £ Ey) 0w R fEH
AR RS AT 12D 4 % Larnor 43O = (2) B ()T
+ prgigddep a2t g k ApM I B (k) Kdy it 0 @ P AR

Lo i Bl e e A 3o dhd #7 4 L aue s o

Hamiltonian & %

1
H(k) = Eha-n(k) (2.23)
B AR R R B A e I 2L (k) fg;gd foE N Aaneds k

R 2F L EEO S BRI RE TR < C A SRRy
TR % Larmor i@ e EER A R 2 o

BF AT 13 ()1, 00 = 1e(i)T, Q0 S 1

\rm\-

St

P QL E R E AT R B g Larmor 3 5 Q(k) T 354 ) T, 48§
R

()7 Q = 1

AT EEAHBER LN p L FEd - BT HERF < |1 s7 R

24



LR T 3 p e a- B

st
NS

AT T b BRI
EREE I R NOEE S S E e ORE=
S SERE I T,  F AR NS A P BT o T p
TN AL pEREME pER F R R g 2 e QK

FARL P RDT 6 LI IRE PR R F AT RS e )

()T, Qay S 1

SN R R AL DR 0 B A S R (1)E 0 T A
H - 2 hil SHT g e KRR o] 2-12 0 B R L
LB ET,T AR P2 A F A AT A A
BHERED 3 P R BT &R S = T, 0 3 4

[ A} ’ fk — - 2.4 LA . e = ~ t
7 e ek R e e ggg o F P SRR R L2 180 p e ::g.f:;;‘_:ﬁr—ﬁ
D

(2.24)

4

FEAEPERPERFGEOE) =18 BV 2 EDEH F 4 (notion
narrowing)»c /g :

= 02,1, (2.25)
d (2.2 g M p R RE FR AR RSP R, kvl

P Tt Peid it B ATE € S poERle o



B 2-12 DP i3 #5+1

(a)= 7 *%8.4 (Bulk I1I-V)X #43
Bz I CERAME R 0T LR A HA0 8 (2.23)¢ o & Larmor
EEAE S e & 52, 14]

Q(k) = ahZ(ngEg)_l/ZK (2.26)
0= [k, (k3 = kZ), by (k7 — k2), ke (k3 —k3)| » me = #24 T 5
S ROE, 5 i Moo B AR & M 0p ey 5 4 g R S
GaAs 7% > a =~ 0.07[2. 15]
Bis o d DR P s R S

1 32 B3
.- -1 2 Pk (2.27)
o (B 10512 e n2E,

(b= %L ERR IR

homz 7T EM kY > A EF Y > 5 A 4 Hamiltonian B ¥
# =% DP p %3 4p = ¢ Hpyu (bulk inversion asymmetry) §e
Hg;q(structure inversion asymmetry) > i@ B + 2 2
TRRY A g R R AR > 0B 2-13 -
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SIA 1

BIA
[111]

B 2-13 SIA fr BIA &3 Larmorr :£& 47 5w €
BIA 78k B #* Dresselhaus p *&4 4
Ky = k2[2n,(nyky — nsk,) + ke(nd — n2)] (2.28)
y frz fm ik gt fpdn > B3V (2. 28)F w N (2.26) 0 ¥ raqE 3

1 a’h?(k2)? (2.29)
TDP(Ek)_ chZ'Eg EkTp(Ek)

SIA 78 % p *> Bychkov-Rashba p *&4 %] » Hiedvm £ &

BH A w0 (2.23) 0 WHERE TR
1
Tpp (Ex)

mC
= 4aéRﬁEkTp(Ek) (2. 31)
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2-3-2-3 BAP 4] (Bir-Aronov-Pikus mechanism)

~

Bir & 1970 ##Md T ¥z > TFIrT F 7 ILE BiE(T

LHAEH o p R [2.16] 0 A H A p AL EH o S H T D

Hamiltonian 78 &

A ¥ A LA EF 2 F R 24 4 2 (exchange integral) - S5 %
_;_E,L@T%;,jé ﬁ:iﬁv’g_-ﬁ%"‘ 'y ”;"_‘Q-k_ #E}‘f\&%ﬁg

fp R AT e g Bt mzlﬁﬁﬂ#iﬁ’ﬁrﬁ?faéﬂ&? YL
=7 && BAP p eRbe g4l oF iR TiF kA (critical hole
concentration)Ngyeh= | k| w] L H g8 T @& o

Hav2hf BT LSRNy < Np)o | BB PR S

L Ly [ [p(0)]* + N_p]
onr s aa NAED 3N, (2.33)
;E_[r‘
ag em&;r-r,ﬁt i’ﬁ‘_’pééé?iﬁ%@i’lw(O)IZ{%%iEﬂ—?

(Sommerfeld factor) @ vy = (zm—EC) ‘REF TSR

e

To % R 3~ % % #ic(exchange splitting parameter) :

h (3ﬂ>A3x (2.34)
T 64/ Eg

EB=2 /}5?'3'551%_
W BEDTF SR (Ng>N) » PREF R IFIERYU AT D

Fermi i B > p *2Rl5 PFRF 5
28



1 3 3 Vi kT
= —1ap ——
Tgap 7o B vp Erp (2° 35)

Epp 2 % 'k enFermi st &

1 2| ~ v/ r ~ 1, re5 ’
TBApﬁLd 2R RAPM |P(0)|2rp #TA F o HAIT LY B enT O Lk Sen
2, T A 1 3 LS5 INE 2T “ A v o
S8 %DX@’EOCNA’ifj'%/\FE? 13 mﬁ Dl .\ifbm,f ﬁfu;é%ﬁdtg OC(NA) /30




Z4${¢$

[2.1] D. T. Pierce, R. J. Celotta, G.-C. Wang, W. N. Unertl, A. Galejs, C.
E. Kuyatt, and S. R. Mielczarek, Rev. Sci. Instrum. 51, 478-499 (1980).
[2.2] 1. Zutic, J. Fabian, and S. Das Sarma, Rev. Mod. Phys. 76, 323
(2004).

[23] A5 # ¥, L EWMEFPF, chap.2, 4 554k (1992) -

[2.4] D.J. Hilton and C.L. Tang, Phys. Rewv. Lett. 89, 146601(2002).

[2.5] Bychkov, Yu. A., and E. I. Rashba, J. Phys. C 17, 6039-6045, 1984.
[2.6] Bychkay, Yu. A,, and E. I. Rashba, JETP Lett. 39, 78-81, 1984.

[2.7] G. Dresselhaus, Phys. Rev. 100, 580 1955.

[2.8] F. Meier, B.P.-Zakharchenya (Eds.), Optical Orientation, North
Holland, Amsterdam, 1984.

[2.9] M.I. Dyakonov, V.Y. Kachorovskii, Sov. Phys. - Semicond. 20 (1986)
110.

[2.10] F. Bloch, Phys. Rev. 70 (1946) 460.

[2.11] Elliott, R. J., 1954, Phys. Rev. 96, 266-279.

[2.12] Y. Yafet, 1963, in Solid State Physics, Vol. 14, edited by F. Seitz
and D. Turnbull (Academic, New York), p. 2.

[2.13] D’yakonov, M. I.;and V. 1. Perel’, 1971e, Sov. Phys. Solid State 13,
3023-3026 (1971).

[2.14] D’yakonov, M. 1., and V. 1. Perel’, 1971d, Sov. Phys. JETP 33,
1053-1059 (1971).

[2.15] Marushchak, V. A., M. N. Stepanova, and A. N. Titkov, Sov. Phys.
Solid State 25, 2035-2038 (1983).

[2.16] Bir, G. L., A. G. Aronov, and G. E. Pikus, 1975, Sov. Phys. JETP
42, 705-712 (1976).

[2.17] T. Korn, 2010, Physics Reports 494 (2010) 415445.

[2.18] il f e i ab i — R 3 p g s g A
30


http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.1103/RevModPhys.76.323

L AE T 792-795 F > 2006 & 10 * o

[2.19]http://physik.kfunigraz.ac.at/~jaf/research/spintronics/spin_relaxati

on/relaxation.html



http://physik.kfunigraz.ac.at/~jaf/research/spintronics/spin_relaxation/relaxation.html
http://physik.kfunigraz.ac.at/~jaf/research/spintronics/spin_relaxation/relaxation.html

$2% BRALEIRRG
3-1 #&H %
FHRORSEAFR LA FR 31 i f Lo 8L 1)
+ & % do (Molecular Beam Epitaxy, MBE)= & » A+ & & ¥

WA E R AL EMARE P AL - PR ARELL

) ~
3\
Ty

b F Ol A- BARF EZ (~10-10mmHg ) =:=4%% (chamber) * -
TR R e - e et Y RS - LR A
o b B R € LR R A S E A kR e ik
I FRAORR A T AT R R REE LG TR

BERAE RS HH SR OE S 2 H T R IR £ 5
SR LR PRI TR Y ¥ R T Y
RSP AN SO e e E L Ry R
B 5K G B AT BEA S 100 o 3-2 foF 3-3 -

It X s + # (undoped W)~ % ik & nd% i€ + # (n-doped

QW2 p s+ 2 (p-doped QW) k A& B » & fs £ #-% % 22 GaAs

32



- ~ GaAs #.44

(1) ¥&- : undoped GaAs

(2) #&%=- : p-doped GaAs (n, =5.8x 10¥cm=3)
(3) #&%= : n-doped GaAs (n, = 4.2 x 107cm™3)

(4 ) #&z : n-doped GaAs (n, = 1.0 x 107cm™3)

= ~ GaAs/AlvsGaciAs £
(1) #%&& doped GaAs QW
(2 ) &= : p-doped Ga

(3 /
( 4

(5

33



Al,;GaAs 70nm

Al, ;GaAs 20nm
GaAs QW 10nm
Al,;GaAs 20nm
Al, ;GaAs 100nm

GaAs Buffer 500nm

N* GaAs Substrate

Energy (eV)
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—— Lm5192
—— Lmb193
—— Lm5194
— BG

|

Intensity (mV)

e
?ﬂ ‘ﬁﬁhhwﬂy“ﬂ

f

T T T T T T T T T T T
800 820 840 860 880 900

Wavelength (nm)

® 3-4 LM5192-P, 93-undoped, 94 N %] GaAs QW % & PL
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— LM5241
—— LM5242

Intensity (a.u.)

| I I T N AN ST U (PO SN U U T N .

i8] 3-3 k-3
& k3 k%

TRLRHE % LM5192 ~ LM5193 4~
LM5194 2% 7 ip] & 7 )3 "laa-___-wn"‘/‘ 42 P % & 849nm

L Sk
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3-2 RE%EEH
3-2-1 Up—conversion , $v2 &
3-2-1-1 Up-conversion % & R 32

KB LHBESFEEY ¢ At E AP A SRS TSR

B EAFA LM 7L AR (linear optical media) > 1960
g s AR MRS b i s o
PR AR AR LRG0T L R e LA o

(nonlinear behavior) e

PRm SN LA Ry iR A R T A 2 kA B enid
Fo2b@d s 5872 P i B 27 34 o K ke 3 ien 1§
EEAAGAH 4 cho X8 1 ATl oa 4~ @57 -
ko HF e Rk aviag ko

@ Up-conversion P| & f]* 24+ £ & (Nonlinear Optics) =k
T8> BV PR S AR T e ok o 1960 £ g sE 28 o
Franlen & A % B2 F 7§ 555 » 2 182 ¢ j:'»%flﬁu",lrt T RA
AENFEG FE U L5 HERTOMELA L > A Pk AR
AFERAEL - L oigs 5% - TPk FRBMEaE T2 @
bR TR T (3. 1]

PR F ¢ ik 7ok gl F 4 & 3 8 47 (harmonic
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generation > HG) ~ =4 (sum frequency generation > SFG)Ffr % #f
(difference frequency generation @ DFG)[3.2] [3.3] - =
Up-conversion T # zbaud £ 5 ¢ cnfodf 12 - H-m 3 7 A 5 en
EFE  BE RN LAY o om 2R B P 5k R HeniEr
B4 K oUT o 11T Mg S S SR TR pAGE m chdTat o

¥4 % F(dielectric materials)® » - & T3¢ - B 3-6 -
P4 € AEIE T - B & 1 % & (induced polarization)

ol 3.1

HYai it ¥ (polarizability)

ETIRS

SRR, N
P = gyxE (3.2)

g0 %% W % (electric permeability) » x &% 5t g & (electric

susceptibility)

B 3-6 4 T4 T

38



AR Ed TR T R R AL S HTIAF  fE

kg L4 ¢ eh 247 (positive charge) & § T (negative

charge)&tR 7 B ~ ey it > 4o 3-7 -

(3.3)

(3.4)

39



PA

AP

oY

2nd order

S 4

2

Linear 3" order

P E

P=4"E P=7"E+4"E P=2YE+ P
ip P 7 1P

//
' ' ' E ' ' ' E
- . )
] /// 7
Linear optical properties: Nonlinearities: Nonlinearities:

index of refraction
absorption

second harmonic generation
optical rectification
difference frequency generation

third harmonic generation
nonlinear index of refraction (Kerr)

Bl 3-9 ¥ g B [0 P en2b B
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% Up-conversion ® & B~{F Gate Pulse ¥tk & & £ chfcif > F]

ORI R R DD FEIRIRA
P(Z)(t) = gOX(Z)EZ(t) (3.6)

BAEBERS A3 R FPTEL (0~ wy) 0 12 E S (collinear)

3 N~ - B 2Ea 5 B (nonlinear optics crystal) ® o 4c
3-10 -

@, ®,

NLO — 77

Bl-3-10 = F& 78 sk 5 i3

PUPER iR B 4e (Superpose )2 18 T OB A

E(t) = E; + E; = EXcos wt +E2cos w,t (3.1
M= PRI EE T 5 R B R

PE(t) = o x WEX (1) (3.8)
= gox P (EYcos wyt +E2cos wyt)?
= gox @ [Efz cos? wyt +2ECE(cos w,t)(cos wyt) + EX*cos? wzt]
) (E9® + ES%) +
—— (2)
= 5 %X E%% cos 2w, t + E9% cos2w,t +
2EQEY cos(wy + wy) t+ 2EQEY cos(wy — wy) t

B AE N E R KGN )T IR ZFF R R A g w4

B 4 TR
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z(i,)l(t) = Zgox@EP? cos 2w, t (3.9
PY) (6) = 2oy @EL” cos 2wt (3.10)
PP, (£) = sox PELE cos(w; + w,) t (3.11)
Pé,zl)+w2 (t) = eogx PELEY cos(wy — w,) t (3.12)

2@ DN (3. 10) 4 B Fr 37 Bt (0 ~wy) B #E > 58 (3. 11)
AT ek andodp > @ 0 (3.12) PIE ST R NI > Ao B

3-11 -

MNonlinear
Crystal

Monlinear
Crystal

vy
Bl 3-11 = resd g gi(a)foig (b)) A4 (o) B H#
‘ért ptz ek s S RIFE g TR H01 2R X M (non-collinear) e775 3% ~ &
FIZLAS B AR 3 e » TR ke B (k)18 4o 3-120 %58 (3. 9)

PTE A

PP (1) = ggx@PE2(t)
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= 80X(2)[E{)C05(w1t —k—l. f) +ESCOS(w2t _E' F)]2

1
_ = (2) 2 2
= ZSOX 2 {(E{) + Eg ) (3 13)
+ E%% cos 2(wyt — ky - )+ E9? cos 2(w,t — ky - 7)
+ 2EQEQ cos[(w; + wy)t — (ky + ky) - 7]
+ 2EQES cos[(w; — w,)t — (k1 —kz) F]}
~ «~alENN .
O)I’kl \
_ -, o0k, 27
mz;kz /*x 32773

(3.14)

e E}%—r

o ™ ; THR R BFETT 2 B 3-13 -
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1.7

=
c
=
216
2
o
(=}
>
]
—
L5
1.4 i Lol i !
0 1000

Wavelength 2 (nm)

(3.16)

“n(w,) #n(Rw;) ~ Ak #0

2 . . o . )
e k="x= onl@) , 4 % 78+ % (refraction index)

A

Flpb oo d RS enBAE R B 4p 27 7 fe(Phase Mismatch) o 4]

3-14 - B % RIBIRE B s o @ P PRBAFAE € 210 Heds o
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dispersive medium

AW ALY
AVARVAMVI VAR VAR

W 3-14 4p =7 ™ e

B0 fRAAP A T fedtag o AU ELRN 4R 0 X RS T - BT
#F7In(w) = n(Rw)eig & > & Eirst(Birefrigent)F o v 1 @
&gty K o

@ H K fh 375 5 48 (uniaxial birefrigent crystals) % & ¥
A 1€ AR SR 2R S G R o B Gk g AT S R Y Y R et
B T3 B BIDE REfER 0 FLE K& gh(opticaxis OA) - § T
BAErThLENE F i RAhTHE I edE 00 Pl RAT
# % ordinary ray (O-ray) > ® HiFsSn, % € S F » 5 » @ i
% %L 0Av PIfE% extraordinary ray (E-ray) > @ E-ray

I En, 4 F A S B A @ TR B 3-15
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3
|
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c o

B 3-16 4 i 12 % T 7k
dokeniEies (k) 0A & ek B (0) 4o 3-15 L4+ § it 7
B3 e T Tk B ghE > VL Fan, =n, 0 APV 3 E[3. 4]

1 sinZ @ N cos2 6 (3.17)
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Ee o 0 k . —
0
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(for most NLO crystals used in laser labs)
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FP A5 35 - (Type 1) o @ i Mol 5Ll iRdm = § 52~ 34
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Type | Phase Matching

O —

NLO

3= TM,
0, — & 2

E /E, LE,
Positive birefrigence  (e) (e) (o)

Negatiye birefrigence crystals  1qp view

OA
1
/
. N
/

e

b

e !

SFG: o, o, 0;=0,+0,

SHG: o, @;=20,
O Input polarization LOA

BBOType L KDP Type | O Rotating axis // input polarization

B 3-18 Type I § A & %847 & 3% £ 7 B

Type Il Phase Matching

Q) —

NLO

3= 1+(!):

) —

El _LEz Es(//El) 0, <0, <0,

Positive birefrigence (0) (e) (0)

Negative birefrigence crystals Type II SFG (Top View)

Type II OA
o, ’
, / =0, +0,
il A8y
()T 45 | 7 IRRE!

7
/
Typell SHG (Front View)
®,>0, 20, . E®
®;>@,®, for largest @y 4° E

®

oA/

E(,e)

20

KD*P Type Il

B 3-19 Typell § 7] & 847 5 3% & o1 B

48



TRRONE RIS R R T g R SRR 5 015 i E(0) % it
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Phase Matching by Angle Tuning
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Ne(40) ; (800 nm)
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Refractive Index

] | ] I
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3-2-1-2 Up—conversion % & s L3 &

PR 24k R A d BECDP = 2 #72 & c7F0G 100 i s&»
4rB 3-21 2 2 & & % Up-conversion & & & ~(CDP2022 H k ix 1/
ZOPMT @Rl o 3BT kA 8 F shasb it 3% > 4o 3-220 F £ #-F
SR RE O~ FOG100 & 3ep » k5eé 53 B oA T o TiEH KSR
£oer v (IND) o 4ot ¥ g b enfe i o B4 B o F D = o~ Bk
B ie o ¥ » L si(beam splitter, BS) » #-F &4 = o 7% fir
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=d lens (LDE E g 4o & F @ k& PL pld Jek4(AC)
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g i M2~ M3 fxisFlaE kB (optical delay line) » % uf &
BT LA IR % ED)iE B ] - 5 (Step) kA2 £ £ 6. 25fs 0 I %ﬁ
d AF M2 M3 27 iRk ¢ Fls RRE L0 BAER
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IAREE e

F ok orie ¥ eng_f A 2badt 88 Typell BBO > 7R % hres
PL crj B g~ 1™ > Type Il BBO #&7 #ait chfdigsas » Fpt 7 & A K
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Ti:sapphire Laser
Pulse FWHM ~ 200 fs
700~980nm

MIRA 900

Repetition Rate : 76 MHz

<
(¢"]
-
Fluorescence =
Up-conversion =

Optical Unit

FOG 100 l CW

- j 532nm

Monochromator PMT
B 3-21 % TRPL % *iénzE 3k B

Fluorescence Up-conversion
Optical Unit FOG 100

’ M &_BS
m2 =< Pump M3
A2 Pulse
Berek g Optical
F1]| 2 date  pelay Line
Pulse
o L "l e L3 A3 |  CDP2022
M5 VFS Slitl ~ Slit2  Slit3
sl s
= | <3 s\ AC L _A /' *\
INT >\ Nl 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)

Bl 3-22 Up-conversion k5 % i enzf 2k ]

Phase Matching
Fluorescence, m,, 0 g, 20
KN e v
oz P
D™ a SFG, o, tog
Gate Pulse, o, Nonlmear Opy, 20,

Crystal

B 3-23 e 3L E
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B 3-25 [ i 47 % 7 2, B

7. 3=1 ki R s g

Input Dutput
Quarter-wave
Linear, 6=45° Right circular
Linear, @=-45° Left circular
Right circular Linear, @=-45°
Left circular Linear, 6=45°
Linear, any @=45° Elliptical
Half-wave
Linear, angle & Linear, angle -6
Left circular Right circular
Right circular Left circular
Any wave plate
Linear, 8=0° or 90° Unchanged
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3-3-2 p EBB BTN A RER

BYEdE Y R4 PER 245 % 3L Up-conversion & 5t 5 A A%
o w4 B KA 2 1/4 & 5 (quarter wave plate,
QWP) » % - X s k& BS & F2 2 & » 2 5 QWPL; % = =g
ER RS AC T RESL2 2 B > iz 5 QWP2 > 4@ 3-26 -

Fluorescence Up-conversion
Optical Unit

."’ Ml

IN2 | =
A2

FOG 100

M4 :
) Optical
Gate

pulse  De€lay Line

” L2 L CDP2022
NC F3|slit1  Slit2  Slit3

2} 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)

M35

me

Bl 3-26 Up-conversion *c % i & 4628 3K §

ABLETER G SR R AR R s T @ h QWPT AR 5 4R Sk

SR hEE T FE RS A2 2 E R ks Lok 2 15

QWP2 & ®|#-Z ~ L kg B Rk ke dp e AR ip PRk 0 TR

TR R R L 5d R E TV D P R R4 R o
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pravse ko RAEGF = A @i wal: (D EY #841; (2) DP 415 (3)

BAP 41 » &7 I ol B 5 T S R end 4o
4-1Undoped GaAs #1p %+ 4 %

B ARG 1 69eVeng T ek pegy o x Rpl @ el T (0) 2 T ()

BB 3 2 X defR] 4-1

I(t) =1 (1)

Peircutar = I+() + I-(t) (4.1)

. undoped GaAs QW
{@ N, =2.0x10"°cm*

Intensity (a.u.)
I_..7

o -
(62
o
N
o -
o
=
o -
o
N
o
o

709p)
60

g 0]
5 %7
= 304
N 1
E 20—_
[e] _
o 10.
0 -

T T T T T T T T T

0 50 100 150 200

Decay Time (ps)

Bl 4-1 (a)GaAs QW p e [ f247 £ 3# (b) p *ed,is &
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undoped GaAs QW
80 4 = e N_=2.0x10"cm”
a0

Polarization (%)
3

[ +] [T

y v T E T L T
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Decay Time (ps)

Bl 4-2 Gads QW f *ef& it S5 & o 4
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Bt H0% ez dodl it F o do@B) 4-4o A de R it F A v 2 iE D] 100% o
X EERREFINEETHFREDPE > T2 F 5 FEF100% -
GaAs Bulk AlGaAs/GaAs QW

Excitation Excitation
w>m & r> CB v > eee A > cB
+1/2 -1/2 +1/2
/ / o
7
HH, LH T o HH
3/2 -1/2 +1/2 +3/2 _3/2 _ +3/2 LH
S0 -1/2 +1/2
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Bl 4-3 (a)GaAs bulk =& i 12(b)GaAs QW -Ejxc% i 42
T T T T T y T T T
60 undoped GaAs 7
5 N, =5.0x10°cm’
50 17 3
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= X
£ i
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; Qo‘ OZ OBBOO: o §O ‘0388
04 = 5 — ,Of‘o',o:,oi
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(4.2)

o -1 L 25
= —e
Y27 \bde, (8, +i8,) 3

(4.3)

(4.4)

(4.5)

T % TR H i RERF ek e

rdoped Gate O
—m— Polarization

50 - - ="

Polarization (%)
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# 4-1 undoped GaAs QW 7# [ g% % B T adzdaim it &

Ne«(em™®) | 1. 0x10" | 5. 0x10" | 2. 5x10" | 1. 2x10" | 6. 0x10" | 2. 0x10"
PC0)(%) | 51.5859 | 49. 9094 | 66. 1158 | 68. 9592 | 62. 7598 | 69. 5788
] undoped GaAs QW
70 ° o 2.0x10"cm
N - 1.0x10"%m

5.0x10"%cm
50 o 2.5x10%cm
T » 2 2.0x10"cm

Decay Time (ps)
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4-1-2 P R FE QB2 p EREPEFR

TP ERRP R REFRET AR DIERORT 0 Ao
4-7> i & §_% 1) 2£35 3 4 E (inhomogeneous broadening) eg: &8
(1Q]? = QZ(k)) o N& [4.3] > d v ipesf 3 R crsif 4o > AX 5 c107 3595
BER S+ 07 I larmor R S iE® 0 HIRp ifm Sk 0 i3

Undoped GaAs QW = 31 % i ££3% 082 284 GaAs bulk 3 7] > 4 H]
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7 I ()l (t) 23T Tps ye© L6 p gkl FARTHRE 0 A
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TR B R §4-2-3 fe NSRS # - g it
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Intensity (a.u.)
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Decay Time (ps)
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20 n-doped GaAs QW
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n-doped GaAs QW

N,=2.0x10"cm* 10-
1 n,=2.0¢10%m* . n-doped GaAs QW
= n,=2.0x10%m*
= 01 ¢ N,=2.0x10"cm”
; e~
= § 201
T T T T 1 S
40 0 2 6 §
— 304 % 10 4
=
— '8
= 20 4 ° %0
_§ 10
=
= 04
<
-10 T 1

o4

Decay Tim

Bl 4-16 n—G W T sy : o Sl 23 P A

Intensity (a.u.)

Polarization (%)

B 4-17 GaAs QW ™% : i A g Rt FHEE

70



4-3P 7] GaAs ehp %H 4 B

$90 P 21L HA 0 50 DPESAIH S B BAP #8410 d 2t L R

G pCERF ALY TFATLFE .
4-3-1 RFEFHRZIRHRERZ p IR F

A fpr g * 2k B, = 2.0x100%m %2 n, = 1.0 x 1012cm2
7P 4| GaAs £+ # > 4o® 4-19 ~ B 4-20 > 7 12 1.59eV et ek &
Pl g BT o o PR IR AR ICF AR & b A o

d Bl 4-18 > 7 e d| P Al GaAs € + 2 &% F 35k An, {7

s B R Ny, ™ 2 A2 dp iR (b FL G = X T o ier SRR W G OAT

Fp[ 0 Y F A ALK o DR F 2 Tk R PR AT 0 d

bl
(o)
QO
=
wn
Jh
4
It
g
™~
@H
4y
o
G
/ N
A
Py
e
g,
=H
4

A g

71



80 -

70
. .r-\l\-\./.

p-doped GaAs QW
50 + —=—e =2.0x1 0"cm?

—— eh=1 .0x10"cm™

Polarization (%)

ES "'

) /2 =+
.

ped GaAs Q
Omcm-z

2.0x10%cm”
- 5.0x10"em”
s 25x10"%cm?
1.2x10%cm?

30

20 +

Polarization (%)

10

0 50 100 150 200
Decay Time (ps)

Bl 4-19 MER B pGads £+ 2 2. p %ie it F e & b

72



?0—. p-doped GaAs QW
nh=2.0x101°cm'2
80 . 20x10%cm?
50 - > 5.0x10"cm”
] - 25x10“em”
2 40 - 12x10%em™
s
= 30
N
3 20-
o
10 4
- L= ] s :
0 - o 2 = fs} b
-10 I ! I = 1 1 U I
0 50 100 150 200
Decay Time (ps)
Bl 4-20 3 ERpsep-Gads £ F 22 p imit F g & d
4-3-2 RFFHAZ A RHBRERZ p TR FR
Bl 4-21 53k An, =2.0%x100%m 2P A GaAs £+ 2 27 F
FOE R R TR CREAE FR RS B R T BAP B2 E
2P Al GaAs £ 5 2 ehp SE Rl #8540 #-H 22 undoped GaAs £ + F
gy o d B 4-20 fe @ 4-10 APt R VOB IR kR EE R A
N,y =5.0x 1012em™2 7 chphig > d »% DP 48 4| chss & 8 £ 54 35
TpQay S 1EPF > p 28R l5 PR L > 12 27 undoped GaAs € + + 4@

73



80
70 ] p-doped GaAs QW

1 n =2.0x10"°cm?
60 h
50 - 12
0] - —m—t1
30 \\\\\
20 -

J |

10 T T T T T T T T T "
0.00E+000 5.00E+012 1.00E+013 1.50E+013 2.00E+013

Spin Lifetime (ps)

0.20
0.18
0.16

Spin Lifetime (ps)

B8, |
®F

\

NS
2]

!

£ 42 (1>0. 7hps) p Rk

74



4-4CaAs £ F 2 fHH g BB LB

GaAs #1444 *+ & T i (heavy hole, = =3/, ez % ¥ (light

hole,

m; = _1/2 ) 2. B oehot ip H # B % F (transition

probability) &

(4.8)

<1/2, 1/2

3, - 3/2>

<1/2 1/2

3, /2>

A defl it FFEE R a3 50% 0 @ & 5 d At E T OF fodE Tk e P

ARl FRECTHH o A sl L F IR FE i 1] 100% -

T T 80 4
805 undoped GaAs q undoped GaAs QW
¢ Ney = 5.0x10" e’ 20z o 2.0x10"%cm
504 4 5 u
, T\ = 1.0x10" em® 60 | 1.0x10‘2cm
- . = 5.0x107°cm
< 404 " T‘er 010" em’ | s0 25x10%m
5 T\ﬂ: 5x10" em” § 0 ‘ 2.0x10"cm
= c
299 N_ = 10x10%em® | 2
E 'ex X <m g 30
% 04 10 4
04
04
T T T T T T 1 -10 T T T T T
0 25 50 75 100 125 150 0 50 100 150 200

Delay Time ( ps) Decay Time (ps)

B 4-22 (a)GaAs bulk (b)GaAs QW p *Ei& i F g & o &0
d Bl 4-22(b) > ¥ F R GaAs £+ F FERIE D hiE > TG ET
100/0’wkqmﬁxm/}?mﬂb%ﬁeﬁﬁ*%ﬁ@- Z%m&ﬂ[ll IJ ’

4.2~ 5% 4.3"}]&[‘3&1']}5’%&%4\1% R F AR ER

75

M



FiodEm F Bt R &[4.2] > @ = p3gRic FaT "E o

E T TR

bl 1t

|l

o0 hoRl 4-23 -

v

A

3

n-doped GaAs QW

R i A

T R R

10 - As QW
80 n =2.0x10°cm* 80 4 n-doped Ga S,Q
i : — n,=1.0x10"cm*
70 o 2.0x10°cm™ 70? oo
60 190, 60+ : 1'ox1o"cm"
o 5.0x10"%cm” 5l0X10':cm';
= 504 25x10%m?| o 50 » S
& 122 =
z " 1.2x10 “em”™ z 0
s ] 2.0x10"em*| 8
© ©
N 304 N 30+
K S
& 204 & 20-
mi 104 ; s 2 3
Oﬁ 04 . o
'10 T T L T T T -‘0 T T T T T
0 50 100 150 200 0 50 100 150 200
Decay Time (ps) Decay Time (ps)

Bl 4-23 7 Ir ek &R Tn-Gads QW p “ed& it Sk & & &

% 4-2 undoped GaAs 5.41 p

s pE

Nex(cm™®)

5.0 x 1016

1.0 x 1017

5.0 x 107

7.5 x 107

1.0 x 108

71(ps)

0.45

0.46

0.45

0.38

0.35

72(ps)

65.80

77.39

72.18

50.49

29.73

% 4-3 undoped GaAs & =+

= p

B P

Nex(cm™2)

2.5 x 1012

5.0 x 1012

1.0 x 1013

2.0 x 1013

71(ps)

0.163

0.200

0.123

0.125

72(ps)

33.244

25.005

18.089

10.623

76



ook Ao a(001)GaAs £ F ¥ 22 = & GaAs Buif e p daitse
b f o Aok 4-2~ 4 4-3 Ao 0 PR D(001) 8 F F rp gt
o PR L HLH R ende > R E_F] S (001) 8+ # % Bl 7] p iy
BERE T F AT F pER 0 A2 AR hp g o
Aoy ;‘g d FF7 $FY - & Dresselhaus p “2s 2 p &

Larmor & ##f & » & Kz [4.4]

k) = ah?(2m2E,) -« (4.9)

ke = ka[2n (n ky — n,k,) +ke(nd — n2)] (4.10)
> 2 tensor # 7m 617 425V

— = vy (Q2 ap), i =y 10,9 (4.1D)

Ts,ii

B
1 (8;Try —vy) (4.12)
Ts,ij = Tpp (Ex)
H ¥
1 a’h?(ki)? (4.13)
= EkTp(Ek)

Top(Ex) 2méE,

B fo #-- a(001)GaAs £+ & K

V,, = 4n§(n,25 + nJZ,) — (n,zc — n32,)2(9n§ -1 (4.14)

ME xfey F e o B Rw 412

77



Bfe @ EFI DP 41T > = &(001) GaAs £+ # ¥ » &3 % p gl
PR b

1 1 1 1 (4.15)

Ts,xx Ts,yy 2Ts,zz Tpp (E k)

4 ,T.e{—s;,:tzkg AHA BTS00 EFF (8 d > pEg s &9 o

= 4 Dresselhaus ¥ # % % 1t armor &# - E - & (001)

s

ERERE T

78



4-5 3% %

[4.1] D’yakonov M I and Perel V 1, Optical Orientation ed F Meier and B
P Zakharchenya (Amsterdam:Elsevier) pp 11-71 (chapter 2) (1984)

[4.2] J H ubner and M Oestreich, Semicond. Sci. Technol. 23 (2008)
114006

[4.3] J H Jiang and M W Wu ; J. Phys. D, Appl. Phys. 42 238001(2009).
[4.4] D’yakonov, M. 1., and V. Y. Kachorovskii, Fiz. Tekh. Poluprovodn.
(S.-Peterburg) 20, (1986)

178-181 [Sov. Phys. Semicond. 20, 110-112 (1986)].

[45] it = T EZHM PR T 2 foeh S 8 AL

2011 & o

79



LESE

A p R B R SR 3 R 4R34 - 2 (001)GaAs/AlGaAs

B3 2 e s 4 8 50 2 RO O BB - 5 Ren

 ERR RIS AP S

6“34
4
R
( NN
\a\
=
fu
e
F_L
(*p)
Qo
=
wn
|
4

20 T AP 2 eplGaAs £ 2 AR A X I TiF T

Z M GaAs £ 5 A 4= GaAs Bt 3 B2 F o 1 B WX | DP

ke
P
RS
=g
kB
&
2.
&
'
[ref
-
3
=
T
o
5
SR
gt
=3
i
ki
N
ik
o
%
O~
[}
3
&

£ R - TR AR € Fl o 2H5 3 4 B (inhomogeneous
broadening) s xR 80 de ik p R 0 e § = M Gas B+ ¥ d 3

FIET LTS,

o
4
o
S
o
ﬁé
\ \l
e
)
&
=
7
&
—
=~
(s

& kg o
R GAs EF A NERFEETIF LA > VW LETIRE D
B YA & o N A A ’}@E’ N21(001)GaAs &£+ £ ¢ ;K%fiﬁu?"&i%’r’% A

BT o prpte Fad 2 FHTL

e

v 2 e N A1 (001)GaAs 14 B

HE R R FE o padRt F 7 3T 80% 0 Flptdaipl - & GaAs £ F

;3

il & fuis B ks cn T ok 2 R T B R R o

80



