Contents

1. Introduction — Mesoscopic Systems « -+ -« covveiiiiii 1

1.1 INtroduction « + -+t v v s cvesmona ot tontorancoscnsensaas 1
T. Ando

1.2 Length Scales Characterizing Mesoscopic Systems -« -«- .-« 3
T. Ando

1.2.1 Fermi Wavelength -« -« «ccvcevvnerrnaernnmeenenon, 3

1.2.2 Mean Free Path - - -« e i 3

1.2.3 System S R T T P 3

1.2.4 Thermal Diffusion Length and Thouless Energy--------- 4

1.2.5 Phase Coherence Length « -« «v«vvveveeneeaeaeaino.. 5

1.2.6 Diffusive Regime and Ballistic Regime -« -+« oo v evvv e 5

1.2.7 Quantum Wires, Dots, and Antidots -+ -«-ccvovverennnn 6

128 Anderson Locahzation ............................... 8

Be L OIICES: 5141555 5 5 15 & &5 5 68 15505 ) £16 5 %8 5 16 0006 1o 405 ok 0 ad 4 e okt 10

1.3 Landauer’s Formula ...................................... 11
T. Ando

1.3.1 Conductance and Transmission Probability:--«-----..-. 11

1.3.2 Some Applications .................................. 12

a. Universal Conductance Fluctuations - -+ -ccvovnvnn 12

b. Conductance Quantization «-:«c: e 13

RETCEEIIEES  wte s - e oo s inn o wrs o s e Fe S 3 SIS S 003 B MR 505 503 14

1.4 Fluctuations and Aharonov-Bohm Effect -+ -« --covvevevenn 15
H. Fukuyama

1.4.1 Aharonov—Bohm Effect ««+ - cvvvvrrnrninanareeerroens 15

1.4.2 Universal Conductance Fluctuations:----««-vvvvvevenn 16

1:4.3 Persistent CUrTemt » @ oo us 5 msae owemaimse s oo 17

1.4.4 Fluctuations of Orbital Susceptibility - - -+« --«cvervnres 19

T P ol b i oie G 0G0 & 5 O A1e 0 S8 B B8 6 5 a8 0 B 00 S S B R e Bloals 20

1.5 Ballistic Electron Transport « - -« «tececeresernesenseone . 29
A. Kawabata

1.5.1 Quantization of Conductance -« -«««--rrervnreeeeennn 22

1.5.2 Interaction Effects on Conductance Quantization ------- 25

1.5.3 Magnetic Focusing - -« ««cvorvrreornoreneeens P 27

1.5.4 Bend Resistance and Transfer Resistance -----------.-- 27

1.5.5 Anomaly in Weak-Field Hall Effect----------cvvvvvves 28

References -+« s+ v v vt eermiaiinniie it 30



VI

1.6 Coulomb Blockade - -+« -« - v v e v v v e i et e e 31
A. Kawabata,

1.6.1 Introduction - -« v tr it ittt e e e e 31
1.6.2 Slngle Electron ’I\unne]jng ............................ 31
1.6.3 SET Oscillation «« -« evenvmmmmmm i, 32
1.6.4 Tunneling in Superconducting Junctions - -« -+ +--....... 33
1.6.5 Coulomb Blockade in Quantum Dots -------. ... 36
1.6.6 Resonant Transmission and Kondo Effect « - -« -v.oo.... 37
1.6.7 KTB Transition in Junction Network -+« «---ccvvvvnnn 40
REfEIEIICES « - v« v v v et ettt e e 43

2. Transport in Quantum Structures ------- -+ .o 45
2.1 Tomonaga-Luttinger Liquid in Quantum Wires +---.......... 45

M. Ogata and H. Fukuyama

2.1.1 Introduction ....................................... 45
2.1.2 Tomonaga-Luttinger Liquid ««+ -+« -vcvovnvviient, 45
2.1.3 Conductance of Finite-Length Quantum Wire ---....... 49
2.1.4 Quantized Value of Conductance - «--+ oot 50
2.1.5 Mott—Hubbard Insulator -« -« - -+ v e v 52
ReTorences »:m: s msw s mans c0ams s 0w sin o mi@ia5 omemsme oo 59

2.2 Quantum MWIALES ¢ Hs @ s @ a i Wi @s L EmE B A BE FR B W TS F n e s me omin onn i o 54

A. Kawabata
2.2.1 Magnetoresistance and Boundary-Roughness Scattering - - 54
2.2.2 One-Dimensional Electron in Slowly Varying Potential- - - 56

2.2.3 Interaction Effects in Quantum Wires - -+« --vvvvvnnn 58

S L e 60

2.3 Magnetophonon Resonance in Quantum Wires -« -+« oo oo .. 61
N. Mori and C. Hamaguchi

3.0 INtEOAUGELION, v v v i o s see o v ion mns o0 5 6o vos ot tas 6 401 6 5 @ 00 6 s 6 a1 61

D385 TIVEDEY =+ vwmsnos e om0 s et 5 e 405 0 i 62

2.3.3 Experiments ....................................... 64

REFEIEIICES « + « « v v e e et e e et et e et e e 65

2.4 Quantum Dots and Artificial Atoms -« - v e 66
S. Tarucha

2.4.1 Quantum Dots Containing a Few Electrons ---------- .. 66

2.4.2 Atom-like Properties — Shell Filling «-------vcovvevnnnn 67

2.4.3 Atom-like Properties — Spin Effects - -+« c-ov oot 68

References .............................................. 71

2.5 Antidot Lattices — Classical and Quantum Chaos -+ --+-+--. .. 72
T. Ando

251 Antidot Lattices + -+« v v e e i ittt 72

2.5.2 Commensurabi]ity Pealkg « s vms i cmvimi wn srargs i swiamy g 72

2.5.3 Aharonov-Bohm Type Oscillation: - -« -vovvvnonennnn 76

2.5.4 Altshuler—-Aronov—Spivak Oscillation -« -« -« --cvvvvvnen 80

2.5.5 Scattering Matrix Formalism -+ - -+ covveeenn 82



2.5.6 Anderson Localization - - -+« -« +vvevrnimnininiinnnn, 87

References .............................................. 88

2.6 Electric and Magnetic Lateral Superlattices « - -+« ccvovvvvvnnn 90
. Y. Iye

2.6.1 Lateral Modulation «---c«c-tvvermovreininneernrennnns 90

2.6.2 Weiss Osclllation « <« v scerrermemee ettt enens 90

2.6.3 Magnetic Weiss Oscillation -+ -+« -+ vvveevv i, 91

References « -« «ccveeeeineioiiiiitiiettinetntenoenosnansons a5

2.7 Terahertz Spectroscopy of Nanostructures -« -----c-cvveee.nn 96
K. Hirakawa

2.7.1 Introduction -« -« crerrrmmerm ettt 96

2.7.2 Swept-Frequency THz Spectroscopy -« -« ervvvvvnnnnn 96

2.7.3 Electronic States in Single Quantum Wire Structure- - - - - 96

2.7.4 Blackbody Radiation from Hot Carriers-----«--«--«-... 99

2.7:5 SUIMINATY =5 5555 55 0sws exseas (0 imsbasias sninigsss 102

Befarerioes: o 5w s w5 ts 50w s damies §mym i@EEEEES o0 ims £ 88 102

2.8 Wannier—Stark Effect in Transport - :-----cvovevevnen 104
M. Morifuji and C. Hamaguchi

2.8.1 Wannier-Stark Effect - - -« et v, 104

2.8.2 Zener Tunneling and Wannier—Stark States -------.. ... 105

2.8.3 Measurements of Zener Current through a p-i-n Diode - - - 106

References ««« st v v v er ettt iitniniitanennnss 107

3. Quantum Hall Effect- - - ccerie i, 109

3.1 Crossover from Quantum to Classical Regime --------cv0.tt 109
T. Ando

3.1.1 Bulk Versus Edge Current Picture - -« vovvvvvnnnn 109

3.1.2 Edge Transport and Bulk States -+« ccovvveoenonn 112

3.1.3 Voltage Distribution:«« -+« core et e 115

3.1.4 SUIMMATY « ¢« v v v v vererrnenenaenenaenenenee s 118

References .............................................. 1 19

3.2 Edge States and Nonlocal Effects - -+ -« ovvevevveennan 120
S. Komiyama

3.2.1 What Is Edge CUITent? - -« cccvvreeemenneeronnnnn 120

3.2.2 Halperin’s Edge Current «+ -« r et i e e 120

3.2.3 Local Current Distribution « -+« - -+ evevrvevenneee.n. 122

3.2.4 Bﬁttiker’s Edge Current -« r it e e i 123

3.2.5 Nonlocal Resistance » -+ o veriene i 125

References .............................................. 130

3.3 Magnetocapacitance and Edge States - -----cvcovvereeinn 132
K. Murase, S. Takaoka, and K. Oto

3.3.1 Spatial Dispersion of Edge States - -« ----cvvcvoveeren.n. 132

3.3.2 Edge States Width and Magnetocapacitance ««--------- 132

References - ¢ cccvveeminiraniiniitiiineenonnn 137



X

4. Electron-Photon Interaction in Nanostructures -----.--..... 139

A0 TOtroduction = :ms me s sms o amems £0 s 505 @ 05 @ a7 0 65 g i@ 65 139
Y. Arakawa

REFEIIICES « - =« =« e o e e e e ae e e ae st teeieeennennes 139

4.2 Theory of Electron-Photon Interaction « -+« -+ oo, 140
A. Shimizu

4.2.1 Electron and Hole Operators in Insulating Solids- -+ ---- 140

4.2.2 Effective-Mass Approximation «--««+-»«ercevveian... 141

4.2.3 Optica] Matrix Elements« -« -« vveerremnneinnnnean.n 146

4.2.4 Quantum States in Nanostructures - - -+« «-ccevonnn 151

4.2.5 Quantum Optical Phenomena in Nanostructures - ------- 154

RETELEIICes =& s 5 ¢ 55 éos i o i s s oo da s 555 8@ o & 8 W86 50 %5 G e b6 4 s 154

4.3 Electron-Photon Interaction in Microcavities -« ---«-+c--vovtn 156
K. Ujihara

4.3.1 Concept of Spontaneous Emission Control ----------.-- 156

a. Outlime =i ws s ssmumes i meme g mimes @i msas 8 mms o 156

b. Spontaneous Emission in a Single Mode +« - -+« oot 157

c. Spontaneous Emission in Free Space -----ccvovvvnnnn 159

d. Controlled Spontaneous Emission «-:««-cvvvvneenon. 160

4.3.2 Experimental Results of Spontaneous Emission Control - - 163

4.3.3 Cavity_Polariton Effects -+« cveeiiiiiiiiiiiiii, 164

REfEIEREES «  « - v v e v v v v ot r ettt e 166

4.4 Photonic Crystals ........................................ 167
T. Baba

4.4.1 Photonic Crystals and Spontaneous Emission Control - --167

4.4.2 Band Structure of Photonic Crystals - -« vcrvevvenns 169

4.4.3 Technologies of Photonic Crystals - -+ ++cvvereveevnnnnn 171

RieCTEIICES: & 55 5 o 5 s 63 5098 066 FE %5 5 5 00046 £26 370 914 @ B0 § 090k i ¥ 3 8 70 175

4.5 Microcavity Surface Emitting Lasers - -« «cvovvveeeveeeennn 176
K. Iga

A:5.1 OVErVIew o sa s sisms s Ssm s Fmemais srass s snimsan 176

4.5.2 Technology for Low Threshold Surface Emitting Lasers - - 177

4.5.3 New Materials for Surface Emitting Lasers « - ---+---- .- 178

VT ca o bRt o s B8 AR 0S80 E R0 70 B e T0s Do RO 180

4.6 Toward Lasers of the Next Generation - «--«:-cvveeveereaenn 181
Y. Arakawa

4.6.1 Quantum Dot Lasers - -« -« -« cerrvoerarreaeiaaian, 181

4.6.2 Microcavity Quantum Dot Lasers « -+« c--vvvveevnnncn 183

TR ETTETIERE: = wne i« ein o o st e oot ook oo ot RS 3 855 2 S0 858 185

5. Quantum_Effect Devices .................................... 187

B TAEEGATEEAGTL - « o o v » e v e ¢ oo e s £55% 65005 505 06003 5 H W HE 00 B3 5 5 187
K. Furuya

References «««csvvereeren ettt 187



5.2 Electron-Wave Reflection and Resonance Devices « - -+ -«- v v 188
M. Asada

5.2 1 TNErOAUCEION -+« -« v v rmvrmrnmnneeeneiananneeaennnn. 188

5.2.2 Epitaxial Growth of CoSi;/CaFyon Si ««-cvvvvvennnnt. 188

5.2.3 Resonant Tunneling Transistor ---«-«- coveveenonn 190

5.2.4 Observation of Hot Electron Interference:------. ... .. 191

5.2.5 Field-Effect Quantum Device -+ -+ covveviviien o 192

REFEICIIEES « + « « < = v« et e et e e et a et ettt 193

5.3 Electron-Wave Coherent Coupling Devices -+ -+« -+ covvvevvnen 195
N. Tsukada

5.3.1 Coherent Coupling in Double Quantum Well -------.. .. 195

5.3.2 Electron Directional Coupler -« -------vvvenvan 196

5.3.3 Coherent Oscillation Devices -+« -« ccveviiiia.. 198

5.3.4 Bloch Oscillation Devices <+« - -+ -occeveenen 199

5.3.5 Coherent Oscillations in ac-Field -+« «-ccvvvievin 200

REFEIEICES ~ «  + v v+ s v v o e eeenean e te e tatneea e 202

5.4 Electron-Wave Diffraction Devices -+ -+« - oot 204
K. Furuya

5.4.1 Electron Wavefront and Its Manipulation ------------ . 204

5.4.2 Coherence of Electron Wave - - - -+ -« oo vvveviiineinn 205

a. Phase Breaking Time Required for Interference:------- 205

b. Energy Sharpness Required for Interference----------. 206

c. Phase Breaking Time Estimated - -+« -+« -vcvvvvnnnnn 206

d. Coherence of Electron Wave - -« -+ ccvenvvienn. 207

5.4.3 Diffraction of Hot Electron Wave « -+« ... ovovinn. 210

Beferences o @ ms e msmes @ims o 9s s 8 G AmEns Bt SHiNs 25 212

5.5 Devices Using Ultimate Silicon Technology - +:-+covvvervennn 213
T. Hiramoto

5.5.1 Future of VLSI Device Technology -« -+ v vervvvenenn. 213

5.5.2 Silicon Single-Electron Devices -+ -« vvveveinnn 214

5.5.3 Integration of MOS and Single-Electron Devices «----- .- 218

References .............................................. 219

5.6 Circuit Systems Using Quantum-Effect Devices: -+« v cvvvvnn 220
Y. Amemiya

5.6.1 Information Processing Architectures -« -« ovovvennn 220

5.6.2 Binary-Decision-Diagram Circuits -« ---««+ocoveevenen 220

5.6.3 Local-Interaction Logic Circuits -« vovvvvavaenannn 221

5.6.4 Analog Computation Systems - -« -coovvvvirann 222

5.6.5 MOBILE Circuit SyStems - -« -+« v« vvrvrveneereeneen. 293

5.6.6 RHET Circuit Systems -« -« -« crevrvrveneeiaaen.. 294

References .............................................. 225



XII

6. Formation and Characterization of Quantum Structures - - - - 227

6.1 Introduction ............................................. 227
H. Nakashima

References - - -« v v ottt et e 297

6.2 Quantum Wires and Dots by MOCVD (I) -+ «-cvvveennnnnn. 228
T. Fukui

6.2.1 Quantum Wires on Vicinal Surfaces - -+ ««+ ovvenn... 228

6.2.2 Quantum Dot Formation on Masked Substrates:-----.-- 233

REfErONCES « «« - -+ vt v ettt e e e 236

6.3 Quantum Wires and Dots by MOCVD (II) «---vvooveenennnn. 238
Y. Arakawa

6.3.1 Quantum Wires by Selective MOCVD -+ .- -.....cvnn... 238

6.3.2 Quantum Dots by Selective MOCVD -+ -+« oovvvvinn. .. 240

6.3.3 Quantum Dots in 2D V-Grooves -+« «crvuinveen... 241

6.3.4 Self-Assembled InGaAs Quantum Dots «++---ccvvrvv... 243

6.3.5 Use of Spinodal Phase Separation -+« ---+ - vvviun... 244

RElerEriCes = v s v maim s s v 85 65088 5 4% 555 5% me v mnossm o s imieioeioe ot 245

6.4 Quantum Wires on Vicinal GaAs (110) Surfaces -+« -+« ... 247
H. Nakashima

6.4.1 INtrodUCLIOn -+« s 5« c s smsimsma s vis v smessssssnennneaes 247

6.4.2 Step SERTICTAITES « v s wisste 6o s M a5 S @8 B M S 56 i BEESE 5 o Lome s e e o 247

6.4.3 AlGaAs Quantum WILES cw s sismis swsmsme smsmsms smsmsan o 249

6.4.4 GaAs Quantum VWHLSE v v s wovwcmnm go Gomis @ s @i smmsms@s s 250

References .............................................. 254

6.5 Tilted T-Shaped and (775)B Quantum Wires - --«««vcvvvvnn.. 255
S. Hiyamizu

6.5.1 Introduction « -« v vt v v ittt e e e e e 255

6.5.2 GaAs/Alp 3Gag 7As Tilted T-shaped QWRs -+« ---- ... 255

6.5.3 Fabrication of GaAs/Aly 3Gag 7As Tilted T-QWRs - - - - - - 256

a. Cathodoluminescence Measurements - -+« -+ oot 257

b. Calculation of Electron and Hole States in T-QWRs - - - 257
6.5.4 Naturally Formed QWRs on (775)B GaAs Substrates- - - - 259

a. MBE Growth of GaAs/(GaAs),,(AlAs), QWRs----- .. 259
b. Photoluminescence Measurements -+« -+« ccvvveven s 261
References .............................................. 262
6_6 SiGe Quantum Structures ................................. 264
N. Usami and Y. Shiraki
6.6.1 Band Modification by SiGe/Si Heterostructures- -« .. 264
6.6.2 SlGe Quantum Wells ................................ 265
6.6.3 SiGe Quantum Wires and Dots -+« -« -+ o voeniiiiann. 268
References .............................................. 271
Index .......................................................... 273



	page1
	page2
	page3
	page4
	page5
	page6

