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adiabatic deformation, 65

adiabatic principle, 37

adiabatic theorem, 36-37

Aharonov-Bohm caging and topology, 85

Aharonov-Bohm phase, 191

Anderson localization, 9

Andreev reflection, 82

angle-resolved photoemission spectroscopy
(ARPES), 114-115

angular momentum, 4344, 46, 81, 150, 175,
178-184, 196-197, 210

anomalous Hall effect (AHE), 162

anti-unitary operator, 46

anyon, 173-174, 199-204, 210

armchair graphene nanoribbon (AGNR),
115-116, 139-140

armchair ribbon, 126

average energy, 6

average number of particles, 6

Berry connection, 3941, 134, 139, 144, 147, 167,
170

Berry curvature, 37, 40-41, 134, 139, 144,
146-147, 170, 207

Berry-Pancharatnam phase, 37-39

Berry phase, 37-39, 60, 130, 133-135, 139, 144,
168, 199

bias voltage, 1

bilayer graphene, 130-132

Bloch band, 117, 168

Bloch functions, 40, 167-169

Bloch state, 47,103, 106, 115, 117

Bloch’s theorem, 36-37, 101-103

Bloch wave functions, 160, 168

Bogoliubov-de Gennes Hamiltonian, 48, 68

Bohr magneton, 17, 158

Bohr radius, 174

boundary condition, 85-86, 89, 102, 169

box quantization, 4

braid group, 201-204

Brillouin zone (BZ), 36-37, 53, 100, 134, 167, 207

bulk-boundary correspondence (BBC), 61, 95,
152-155, 209

canonical momentum, 12-13, 175-176
Cartesian coordinate system, 43
Cauchy-Riemann condition, 180
charge conductivity, 164
charge-conjugation operator, 93-95, 137
charge-conjugation symmetry, 3, 95, 136, 137
charge Hall conductivity, 155-156
Chern insulators, 137, 141-146, 150, 161
Chern number, 37, 39-41, 134-135, 139, 142,
145, 147, 207. See also Fukui’s method
chiral edge modes, 21, 137, 161
chirality, 49, 150, 183
chiral symmetry, 49, 63-65, 71-72, 94, 208
classification of the topological materials, 209
commutation relation, 176
complex conjugation operator, 46, 68-72, 93,
136, 151
composite fermions (CFs), 174, 189-195
compressibility, 22, 205
conductance, 7, 128, 146, 156, 173
conductivity tensor, 7-10, 12, 27
Corbino ring, 18-19
correlation, superconducting, 51, 65, 84, 96, 208
Creutz ladder
Aharonov-Bohm caging and topology, 85
energy spectrum of, 88
the Hamiltonian, 86-87
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lattice sites, 85
pictorial representation, 86
quantum interference yields, 85
quasi-1D system, 85
topological phases and winding number,
88-92
Cruetz ladder, 208
crystal lattice, 169, 173
crystalline state, 188
crystal momentum, 36-37, 54, 103, 115
crystal potential, 36-37, 116-117
crystal structure, 135, 157
cyclotron energy, 17, 174
cyclotron frequency, 11, 14, 127
cyclotron gap, 174
cyclotron mass, 113
cyclotron orbits, 190

daughter state, 195
degeneracy of the Landau levels, 15-17, 123
density of states (DOS), 6
density operator, 164
dielectric, 205
Dirac cones, 133, 136, 159
Dirac delta function, 188
Dirac electrons, 49
Dirac equation, 47, 65, 72, 112, 139
Dirac fermions, 82, 112, 115, 128-129, 135
Dirac Haldane model, 118-119
Dirac Hamiltonian, 68, 134-136
Dirac point, 49, 114-115, 119, 123-124, 128,
130-132, 135-138, 143, 147-150, 152, 154,
159, 209
Dirac spectrum, 114-115
direct lattice vectors, 107-108
discrete symmetries
chiral symmetry, 49
inversion, 42-43
particle-hole, 47-49
time reversal symmetry, 44—47
distribution function, Fermi, 6, 84, 147
doped semiconductor, 161-162

edge modes, 20-22, 55-56, 65, 77, 85-87, 90-91,
137, 141, 145-149, 152-155, 161, 167, 206,
208-209

edge states

chiral, 21, 137, 146, 149, 161, 209
conducting, 140, 146, 152-153, 155
gapless, 139, 147, 167

helical, 149, 155

effective mass, 5-6, 15, 103-105, 113
effective mass tensor, 5-6

electron creation (annihilation) operator, 52
equation of motion (EOM), 11
Euler—Poincare characteristics, 34-36
excitation spectrum in FQHE, 66

Fermi distribution, 6, 84, 147
Fermi distribution function, 6, 84, 147
Fermi energy, 6, 21, 32-33, 48-49, 84, 113-114,
126, 147-148, 156, 158, 206
Fermi level, 84
Fermi surface, 114-115, 130
Fermi temperature, 6
Fermi velocity, 113-114
Fermi wave vector, 114
field-effect transistors (FETs), 1
filling fraction, 16, 24, 174, 181, 183-185, 187,
190-191, 193, 196-197, 204-206, 210
flux quantization, 86-87, 117-118, 120, 125,
182-183, 185-186, 189
Fourier transform, 53, 67, 87, 108, 168
4 periodic Josephson junctions, 82-84
fractional charge, 196-197, 199, 204
and Hall conductivity, 185-187
fractional Hall fluid and plasma, 187-189
fractional quantum Hall effect (FQHE), 34
Coulomb interaction between electrons, 174
cyclotron gap, 174
GaAs and AlGaAs samples, 173
in graphene, 204206
hierarchy approach, 195-197
hierarchy of energy scales, 174
symmetric gauge, 175-181
fractional statistics, 197-199
Fu and Kane method, 167-171
Fukui’s method, 166-167

Gauss—Bonnet theorem, 34-37, 39, 207
Gaussian curvature, 34-37, 207
genus, 33, 36, 39, 207
geodesic curvature, surface boundary, 34-35
geometric phase, 37-38, 60
geometry, 31-32
graphene. See also bilayer graphene; graphene
nanoribbon
allotropes of carbon, 100
Berry phase, 133-135
Bloch’s theorem, 101-103
Bragg scattering, electron waves, 100
C atoms, 99
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eigenfunction, 102
electronic properties, 100, 106-114
energy dispersion, 104
FQHE, 204-206
generic Hamiltonian, 105
Landau levels, 119-126
matrix elements, 106
periodic potential, 101
properties of, 99
Rashba spin-orbit coupling, 157-159
Schrodinger equation, 100-101
sp? hybridization, 99
symmetries of, 135-137
tight-binding approximation, 105
graphene nanoribbon
defined, 115
Hall conductivity, 126-127
Hofstadter butterfly, 116-120
types of, 115
ground state, 26, 29, 36-37, 74-76, 84, 110,
173-174,178, 182,191, 193-195, 210

Haldane, F. D. M., 31
Haldane flux, 141
Haldane insulator, 137
Haldane (Chern) insulator, 141-146
Haldane mass, 151
Haldane model, 118-119, 137, 142-143, 145, 148,
150-151, 209
Hall coefficient, 1-2
Hall conductivity, 24-28
and Chern number, 39-41
fractional charge, 185-187
graphene nanoribbon, 126-127
Hall current, 9, 21, 24, 173-174, 197
Hall effect
integer quantum (see integer quantum Hall
effect [[QHE])
quantum anomalous, 141, 146-147
Hall plateau, 21, 25, 131, 173, 190, 192, 195-197,
209-210
Hall, quantum spin. See quantum spin Hall
(QSH) insulator
Hall resistance, 2, 23-24, 116
Hall resistivity, 1, 2324
Hall state, 22-23, 149, 181, 193, 204-205, 207
Hall voltage, 1,3
Halperin wavefunction, 195-196
hexagonal boron nitride (h-BN), 49, 137
Hilbert space, 177
Hofstadter butterfly, 116-120
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incompressibility, 22-23

infra-red (IR) spectroscopy, 127

insulator, Chern (Haldene), 137, 141-146, 150,
161

integer quantum Hall effect IQHE), 3-4, 173,
194

inverse participation ratio (IPR), 55-56

inversion symmetry, 42-43, 208

Jastrow wave function, 188, 191, 194-196, 210

Kane, C. L., 31
Kane-Mele model, 149-152, 155, 159, 161,
209-210
Kerr rotation angles, 162-163
Kitaev chain, 48-49, 51, 65-68, 73-75, 77, 79-82,
84,96, 208

Kitaev model
BCS (s-wave) superconductors, 65
energy spectrum, N-site, 79-80
experimental realization, 81-82
Majorana fermions, 72-79
Majorana modes, 80-81
Majorana zero modes, 65
particle-hole symmetry, 68-71
SSH model, 65
two-site Kitaev chain, 66-68
winding number, 71-72

Klitzing constant, 2

Kosterlitz, J. M., 31

Kramer’s degeneracy, 46

Kronecker delta, 108

Kubo formula, 23-29, 126

Landau gauge, 13, 20, 85, 118, 121, 175, 183, 208
Landau level index, 125-127
Landau levels
conductivity of, 16-17
cyclotron frequency, 14
degeneracy of, 15-16
edge modes, 20-22
gauge, 13
graphene, 119-129
schematic plot, 14
Schrodinger equation, 12-13
SHO, 14-15
Landau quantization, 4-5, 119
Laughlin wave function, 175, 181-185, 189, 193,
195, 196, 210
linear response, 7, 25, 27
localization, 9, 55, 85-88, 91
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localized states, 174
Lorentz force, 1, 10
lowest Landau level (LLL), 181-183

magnetic length, 14-15, 124-125
Majorana fermions (MFs), 65, 72-79
Majorana modes, 80-81
Majorana zero modes, 65
many body effects, 84, 175, 182
many particle wavefunction, 25, 191, 201, 203
mean field theory, 81
mechanical momentum, 25
Mele, E., 31
metal oxide semiconductor field effect
transistor (MOSFET), 1

metal-oxide-semiconductor (MOS) structures, 5
mobility, 1, 106, 130, 204
momentum

canonical, 12-13, 175, 176

mechanical, 25

next nearest neighbour (NNN) sites, 141-142
non-abelian anyons, 199-201
N-site Kitaev model, 79-80

order parameter, 66

parity, 42-43, 48, 73-76, 81, 83-84, 167, 199,
208-209

particle-hole symmetric system, 42, 4749, 65,
68-71, 81, 87,91-97, 147, 208

Pauli matrices, 43, 53, 64, 68, 133, 135

Pauli principle, 191

Perelman, G., 31

perturbation theory, 174

Pfaffian, 160

phase transition, 9, 32-33, 51, 61, 65, 78, 84, 86,
145,153, 209

plasma, 187-189

plateaus, 24, 9, 11, 16, 21-22, 24-25, 116,
126-128, 131, 174, 185, 187,192, 195, 197,
204-205, 207, 209-210

Poincaré conjecture, 31

polarizability, 168

polarization, 165, 167-171

polyacetylene, 51-52

pseudospin, 135, 205

pump, 18-19, 169, 208

p-wave superconductor, 65-66, 81-82
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quantization, 2-5, 17, 25, 32, 40, 94, 117, 119,
126, 147,173, 195, 197, 207-208
box, 4
flux, 86-87, 117-118, 120, 125, 182-183,
185-186, 189
Landau, 4-5, 119
quantum anomalous Hall effect, 146-148
quantum Hall effect (QHE). See also Corbino
ring; 2D systems
Anderson localization, 9
classical and quantum, 11
conductivity and resistivity tensors, 7-9
2DEG, 4
Drude conductivity, 12
FQHE, 34
incompressibility, 22-23
IQHE, 3-4
K.v. Klitzing on discovery of, 1-2
Landau levels, 12-15
Lorentz invariance, 10-11
MOSEFET structure, 5
spin and electric field, 17-18
quantum point contact, 187
quantum spin Hall (QSH) insulator, 148-149
quantum wells, 5, 149, 157
quasi-1D ladder system, 208
quasi-hole, 196, 199
quasi-particle, 73-74, 117, 130, 196-199, 204
qubit, 82

Rashba spin-orbit coupling, 157-159, 209-210

rational fractions, 3

reciprocal lattice vectors, 107-109

resistance, 2, 7, 23-24, 32, 116, 130

resistivity, 1-4, 7-12, 16, 19, 22-24, 32-33, 130,
187,191, 204-207

resistivity tensor, 1, 7-9

scanning tunnelling microscopy (STM), 127

scattering, 11, 12, 20-21, 84, 100, 149, 157

second quantization, 94

Semenoff insulator, 137-141, 143-145

Semenoff mass, 138, 152

semiconductor, 1, 5,72, 100, 117, 157, 161-162,
165

semi-Dirac Haldane model, 118-119

semi-infinite zigzag nanoribbon, 141

simple harmonic oscillator (SHO), 14-15

single-particle, 48, 117, 126, 149, 181, 183,
185-186, 201

spin and electric field, 17-18
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Spinful system, 136
spin Hall conductivity, 155-156
spin Hall effect (SHE), 161-165
spinless system, 94
spin—orbit coupling (5OC), 81, 135-136,
149-150, 157-161
spintronics, 210
SSH Hamiltonian, 52-54
staggered, 52-53, 65, 137, 142
statistics, 182, 189, 197-201
0-statistics, 203
stretching and bending, 32
sublattice symmetry, 137
superconductors, 96
gap, 84
order parameter, 66
state, 81
topological, 72, 84, 206
Su-Schrieffer—-Heeger (SSH) model, 51-65, 84,
96, 208
band structure and d-vectors, 57-58
chiral symmetry, 63-65
Hamiltonian, 52-54
polyacetylene chain with formula (CoHy),,
51-52
probability amplitude ¢?, 55
staggered hopping amplitudes, 52
topological and trivial phases, 62
winding number, 56
zero modes, 54-55

symmetry

chiral, 49, 63-65, 71-72, 87-88, 91-95, 208

inversion, 42-43, 87,91-92, 136-137, 148-152,
157,160, 171, 208-209

particle-hole, 42, 47-49, 65, 68-71, 87, 91-94,
147, 208

rotational, 175, 181

time reversal, 32, 42,44-47,71, 85, 93-94,
96-97, 136-137, 142-143, 148-149, 151, 155,
159, 161, 165, 170-171, 208

translation, 175, 181

2D electron gas (2DEG), 4

2D massless Dirac Hamiltonian, 68

2D systems, 7

tearing/puncturing, 32

tenfold classification, 72, 85, 92-96, 159, 209
tensor, 1, 6-10, 12,27, 104

thermodynamic limit, 56

Thouless, D. J., 31-32, 40
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tight-binding approximation, 65, 105, 117
tight-binding energy, 109-110
time evolution operator, 26, 94
time reversal operator, 4446, 85, 93-94, 136,
151, 160, 171
time reversal symmetry, 44-47, 137, 143, 208
topological charge, 135
topological insulators, 63, 83, 92, 95-96,
133-171, 207, 209
topological invariant, 31-33, 47, 54, 72, 85,
88-90, 95-97, 144, 149, 152-153, 155,
159-160, 207, 209-210
topological phase, 32-33, 51, 59-62, 64-65, 70,
77,79-80, 82, 84, 86, 88,91, 93, 137,
144-145, 152, 154, 161, 208-209
topological protection, 31-32, 79-80
topological quantum computation, 201
topological superconductor, 72, 84, 206
topology. See also Gauss—Bonnet theorem; Hall
conductivity
Chern number, 33
quantum Hall system, 33
topologically trivial and non-trivial, 33
translation operator, 43, 101-102
transport, 1-2, 7,9, 19, 148-149, 163, 165,
186-187, 210
two-dimensional electron gas (2DEG), 4-5, 7, 9,
11, 13,100, 123, 130, 158, 173, 205, 209
two-site Kitaev chain, 66-68

unitary operator, 46
unit cell, 52, 63, 65, 67, 88, 102, 118, 126-127,
140, 168, 208

valence band, 123, 127, 147, 159-160, 168

variational method, 153, 187, 191, 201

vector potential, 13, 25, 117-118, 131, 175-176,
178

voltage, 1, 3-5, 21, 24, 84, 127-130, 157, 159

von Klitzing constant, 2

vortex, 135, 189, 195

Wakabayashi, K., 116

Wannier charge centres (WCCs), 168

wavefunction, 20-21, 36-37, 61, 69, 79, 82, 88,
101, 103, 105, 120-121, 123, 153, 157, 160

wave packet, 18

Wigner crystal, 173, 188

winding number, 54, 56-57, 59-61, 65, 71-72,
88-92, 134-135, 208
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Zak phase, 60-61 SSH model, 64, 208
Zeeman energy topological properties, 54-62
scale, 17 zero-point energy, 173
splitting, 123 zigzag graphene nanoribbon (ZGNR), 115-116,
zero modes 139-140
Creutz ladder, 85 zigzag ribbon, 126
Kitaev model, 65 The Z; invariant, 159-161. See also Fu and Kane
Majorana, 73, 7677, 80 method; Fukui’s method
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