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Brillouin zone 324

evaluation of non-vanishing elements
319

for a cubic Γ+
25 level 317

intermediate states coupling to Γ−15
319

matrix element coupling to states
outside NDS 319

matrix element coupling to states
within NDS 319

matrix elements of k · p Hamiltonian
coupling to Γ−15 319, 320

nearly degenerate set of states (NDS)
317, 318

off-diagonal contribution 322

secular equations 317, 319

states outside the NDS 317

symmetries coupling to Γ−15 band
319

Taylor expansion along high
symmetry directions 323

Taylor expansion of secular equation
322

vanishing terms 316, 317

diamond structure 207, 231, 232, 234,
236, 250–252, 296–303, 508, 515,
516

8 atoms per cubic unit cell 232

basis functions at the X point 300,
301

Bragg reflection at X point 299

character tables for high symmetry
points 232, 233

characters for the equivalence
transformation 231

classes for the diamond structure
231

compatibility relations 233, 234, 251

connection to zinc blende structure
#216 231

effect of symmetry operations on
basis functions at X point 303

electronic band structure 232, 299

empty lattice calculations along ΓL
and ΓX 298

energy bands for Ge 299

energy bands sticking together 298,
300, 302

energy dispersion about the X point
299, 302

equivalence transformation 231, 250

equivalence transformation for
symmetry operations and classes
236

essential degeneracies 298

extra degeneracy at X point 234

form of symmetry operators 232

group of the wave vector at high
symmetry points 232–234, 236,
296, 303
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group of the wave vector on the
square face 234

Hermann–Mauguin notation 502
high symmetry points on the square

face 234, 235
irreducible representation of group of

the wave vector at high symmetry
points 232, 251

LA branch 251
lattice modes 250
LO branch 251
multiplication of symmetry elements

232
nonsymmorphic 250, 296
phase factor 232–234
phonon dispersion relations 232,

251, 252
phonon modes 251, 252
primitive unit cell 232
product of symmetry operations at

high symmetry points 236
Raman activity 250, 252
Raman tensor 252
screw axis 250
space group #227 502, 508, 515, 516
structure factor vanishes at X point

299
symmetry interchange at X point

301
TA branch 251
TO branch 251
translation vectors 232, 296
two atoms per unit cell 232
two sublattices 232
vanishing structure factor on square

face of Brillouin zone 300
Wyckoff positions 502

diatomic molecules 117–124, 142
antibonding 119–123, 143
bonding 119–123, 142
character table 119
directed valence bonding 120, 123
electron energy level 123
equivalence transformation 119, 123
evenness 118
group C∞v 118
group D∞h 118, 119
group of Schrödinger’s equation 119
heteronuclear 117, 120–123

HOMO 122
homonuclear 117–121
homopolar 117
inversion symmetry 118
irreducible representation 119
linear combination of atomic orbitals

119, 121
LUMO 122
matrix Hamiltonian 124
mirror plane 118
molecular energy levels 122, 124
oddness 118
Pauli principle 120
secular equation 123
selection rules 120
singlet states 120, 122
triplet states 120, 122
unitary transformation 120

diffraction pattern 45
direct product 98, 100, 101, 104, 109,

158–161, 170, 172, 175, 189, 204
definition 189
electron–photon scattering 160
for groups 98, 100, 101, 109
for representations 98, 101, 102
infrared selection rules 158, 159
selection rules for CH4 molecule 169
selection rules for Raman tensor

160
semi-direct product 189, 204
two vectors 172
vibrational and rotational an-

gular momentum irreducible
representation 175

weak direct product 204
direct product of groups 100, 101, 109

definition 100, 101
examples 100, 101, 109
notation 101

direct product of irreducible representa-
tions 101, 102

definition 101
direct product group 101, 102
irreducible representations 102
matrix multiplication 102
notation 101
proof 101, 102

direct product of matrices 109
direct product representations 104
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character table 104
decomposition theorem 104
example 104
irreducible representation 104
notation 104

directed valence bonding 113,
117–120, 128, 129

antibonding 117
bond strengths 113, 129
bonding 117, 128
diatomic molecule 117–119, 121
directed valence representation 118
equivalence transformation 118
example 128
linear combination of atomic orbitals

117, 118
molecular orbitals 118
sp3 bonds 128

dispersion relations 209
Brillouin zone 209
degeneracy 209
group of the wave vector 209
high symmetry points 209
symmetry of wave function 209
symmetry operator 209

double groups see crystal double
groups

effect of time reversal operator on
energy dispersion relations 407,
408

action of time reversal operator 407
action on Bloch wave function 407
bands sticking together 408
degeneracies imposed by 407
equal and opposite slopes for E(k) at

zone boundary 408
Herring’s rules 408
time reversal symmetry pair 408
zero slope of E(k) at zone boundary

408
effective g-factor 378–383, 385–387,

389, 400
anticommutator of wave vector

components 380
antisymmetric part of secular

equation 380, 381
basis functions for Γ+

7 (Γ+
25) 385

basis functions for Γ−7 (Γ−2 ) 383

basis functions for Γ+
8 (Γ+

25) 383
Bohr magneton 381
commutation relation 380
commutator of wave vector compo-

nents 380, 381
conduction band effective mass 386
connection of spin and orbital

effective mass tensors 388
contribution from Γ+

7 (Γ+
25) levels

385
contribution from Γ+

8 (Γ+
25) levels

385
contribution to effective magnetic

moment 385
cyclotron resonance transitions 387
effective g-factor for germanium at

k = 0 383, 385
effective g-factor formula 386
effective g-factor sum 385
effective magnetic moment 382, 385
effective mass approximation in

a magnetic field 378
effective mass tensor 380, 382
effective mass wave functions 381
eigenvalues 379
energy levels of a free electron in

a magnetic field 382
evaluate effective magnetic moment

383
evaluate effective mass 383
for germanium conduction electrons

in Γ−7 levels 386
for InSb conduction electrons 386
generalized momentum vector 382
Hamiltonian for electron in a mag-

netic field 378
identification of double group with

single group of origin 383
interband Landau level transitions

388
k as noncommuting operator 379,

380
Kohn–Luttinger transcription 379
Landau level separation 387
Landau level separation and spin

splitting 388
Landau level separation larger than

spin splitting 388
matrix elements for px, py 385
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matrix elements for evaluating
effective magnetic moment 383

nearly degenerate set of levels 379
noncommuting wave vector compo-

nents 381
nondegenerate valence band for

hexagonal symmetry (group
#191) 400

secular equation for k · p Hamiltonian
379

spin effective mass 387
spin resonance experiments 388
spin splitting 387
symmetrized plane waves for various

irreducible representations 389
symmetrized secular equation 380
transformation properties of antisym-

metric part of secular equation
381

transformation properties of commu-
tator of wave vector components
381

two-band model 388
Zeeman effect 382

elastic modulus tensor 467
direct product of stress and strain

tensors 467
form of elastic modulus tensor 467
notation as 6× 6 matrix 468

elastic modulus tensor under full
rotational symmetry 469, 471

antisymmetric irreducible representa-
tions 469

effect of full rotational symmetry
469

effect of permutation symmetry 469
evaluation of elastic constants 6× 6

471
nonvanishing constants 470
symmetric irreducible representations

469
symmetrized stress–strain relations

470
elastic modulus tensor under lower

symmetry groups 472–476
evaluation from direct product of

stress and strain tensors 472
going from full rotational symmetry

to icosahedral symmetry 472

electromagnetic interaction 97, 98,
157, 158, 327

connection to k · p perturbation
theory 327

electromagnetic interaction Hamilto-
nian 97, 98, 157, 158, 327

matrix element of momentum 327
relation of electromagnetic interaction

to effective mass tensor 327
selection rules 158
transformation properties 157, 158
vector potential 98

electron–photon scattering 160
electronic energy levels 279, 291

BCC lattice 293, 294
Brillouin zone for simple cubic

structure 279, 288
compatibility relations between X

point and Δ point 289
diamond structure 299
dispersion of E(k) near X point 299
electronic dispersion relations 279
empty lattice along Γ–R for simple

cubic structure 293, 294
empty lattice along Γ–X for simple

cubic structure 293, 294
empty lattice at Δ point cubic lattice

286, 288
empty lattice at X point for simple

cubic group 288–294
empty lattice at high symmetry

points 286
empty lattice for BCC structure at

high symmetry points 293
empty lattice for diamond structure

at high symmetry points 297
equivalence transformation 290, 291
FCC lattice 294
for simple cubic 302
group of the wave vector 302
lifting degeneracies 294
linear combinations of plane waves

forming basis functions 302
nearly free electron model 279
nonsymmorphic structures 294–301
symmetrized plane waves 286, 288,

290–292
symmetrized plane waves at X point

289
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symmorphic structures 293, 294
weak periodic potential with BCC

symmetry 294
electronic states 113–115

basis functions 114
block diagonal form 114
eigenfunctions 114, 279
eigenvalues 114, 279
energy eigenvalues 113
equivalence concept 114
free atomic orbitals 114
many electron states 114, 115
one-electron potential 113
Pauli principle 114, 115
secular equation 114
valence electrons 114
wavefunctions 115

electronic–rotational level interactions
(λ-doubling) 175, 176

electronic–vibrational level interactions
(vibronic levels) 175, 176

empty lattice 279–281, 303
2D hexagonal lattice #17 p6mm at

k = 0 302
diamond structure at k = 0 303
diamond structure at X point 303
for 2D hexagonal lattice #17 p6mm

at Γ point 303
for BCC structure at k = 0 303
for FCC structure at L point 302
for FCC structure at X point 302
for simple cubic structure 302
lifting deneracy by periodic potential

303
linear combinations of plane waves

forming basis functions 302
symmetry operations on diamond

structure wave functions at X
point 303

empty lattice at k = 0 282–284, 286
basis functions for irreducible

representations 285
BCC structure #229 286
Brillouin zone for simple cubic lattice

288
character table for symmetry opera-

tions of group of the wave vector
290

compatibility relations 288, 289

cubic symmetry operations 282, 284
degeneracy symmetry 283
diagonalizing matrix Hamiltonian

286
diamond structure #227 at high

symmetry points 297
eigenfunctions at X point 289–292
energy eigenvalues 282, 283, 286,

293
equivalence transformation 282,

284, 289, 292
group of the wave vector 282, 288,

290
Hamiltonian in block diagonal form

282, 284, 286
irreducible representations 282, 284,

291
level symmetry 282, 284
lifting level degeneracies 286, 289,

303
linear combination of plane wave

states 282–286, 288–293, 302
notation 290
reciprocal lattice vector 282, 283,

286
simple cubic lattice #221 286, 287,

302
standard references 288
structure factor 297
weak periodic potential 286

empty lattice with spin–orbit interaction
368, 399

direct product of spinor 368
double group at high symmetry

points 399
double group irreducible representa-

tions 368
double group representation related

to single group origin 368
Kramers degeneracy 368, 369

energy bands with spin–orbit interac-
tion 367, 368, 376–383, 385–387,
389–399

bands sticking together 399
basis functions 375
connection between the Slater–Koster

method and k · p perturbation
theory 389, 396, 397

double groups 367
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effect of screw axes 399

effective g-factor 378–383, 385–387,
389

Hamiltonian 367

secular equation for valence band of
group IV semiconductor 375–377

secular equation into block diagonal
form 368

wave functions 367
equilateral triangle 4, 6, 67

matrix representation 5

symmetry operations 4
equivalence concept 113, 115

atomic sites 115

equivalence representation 115
linear combination of atomic orbitals

114
equivalence representation 36, 115,

116
characters 116

equivalent sites 116

linear combination of atomic orbitals
116

matrix representation 115, 116
equivalence transformation 17, 117,

221
characters 117, 150, 221

decomposition into irreducible
representations 221

equivalent atoms (sites) 221

for H2O molecule 154
irreducible representations 221

phase factor for translations 221

reducible representation 221

F 4̄3m (diamond structure, group #227)
230

effect of symmetry operation on A
and B atoms 230

effect of symmetry operation on basis
function of diamond structure
230

factor group 231
phase factor 231

primitive unit cell 231

screw axis 231
two interpenetrating FCC sublattices

231

face centered cubic lattice (FCC, group
#225)

basis functions 224
character tables 223–227
compatibility relations 227

factor group 7, 11, 13, 110, 189, 190,
231

cosets 188, 189
definition 11
example 11, 13
form of symmetry operations 231
group properties 189
irreducible representations 190
isomorphic to point group 189, 231
multiplication of cosets 189
multiplication table 13
multiplier algebra 190
multiplier groups 190
multiplier representation 190
self-conjugate subgroup 11

five-electron states 451–454
allowed states 452
antisymmetric irreducible representa-

tion 451
character table for P (5) 451, 453
classes of P (5) 451, 453
d5 configuration for P (5) 453, 454
direct product 452
equivalence transformation 453
irreducible representations 451, 452
multiplication of elements 453, 454
p3d2 configuration 453, 454
Pauli allowed states 453, 454
symmetries 452
table of transformation properties

452
fivefold symmetry body centered cubic

(BCC) structure 45, 46, 50, 53,
191, 207, 208

Fm3m (O5
h) group 223

Brillouin zone 223
high symmetry axes and points 223

four-electron states 448–451
1s32s configuration 449
allowed states 450, 451
character table for P (4) 449
classes 448
equivalence between p4 electron and

p2 hole states 450, 451
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irreducible representations 448–450
P (4) permutation group 448
p4 configuration 449, 451
s4 configuration 449
spin configurations 448
table of transformation properties

449
free electron energy bands 279–281

Bloch function 279–281
empty lattice 279–281
FCC structure 280, 281
first Brillouin zone 280
full rotation group 280
glide planes 280
group of the wave vector 280
high symmetry points 280, 281
irreducible representations 280
level degeneracies 280, 281
lifting level degeneracy 281
periodic potential 280, 281
phase factor 281
plane waves 279, 280
reduced Brillouin zone 280
screw axes 280
simple cubic crystal 280
wave vector 280

full rotation group 80–90, 95, 172
addition of angular momentum 172,

173
addition theorem for spherical

harmonics 82
angular momentum 81, 82, 84, 172
axis of quantization 82
azimuthal angle 82
basis functions 80–84
characters for inversion 83
characters for rotation 80–84, 95
compatibility to group O 527
compatibility to group Td 528
compound operation 84
continuous group 81
dimensionality of representations 84
direct product 84, 172
eigenfunctions 80–84
higher to lower symmetry 80, 84
inversion operation 84
irreducible representation 80–86
Legendre polynomials 81
level degeneracy 84, 85

matrix representation 82, 83
odd-dimensional representations 82
polar angle 82
polar coordinate system 82
reducible representation 84
rotation operator 82
selection rules 172
spherical harmonics 80–84, 95
Wigner coefficient 172
Wigner–Eckart theorem 172

glide planes 186, 187, 198
axial glide 187
definition 187
diagonal glide 187
diamond glide 187, 198
examples 186
n-glide 187

graphene 258–262, 427
eigenvector 262
equivalence transformation 260, 261
group of the wave vector 259, 260
hexagonal Bravais lattice 259
high symmetry points 259
lattice distortion 262
lattice modes at K point 261, 262
lattice vector 259
mode degeneracy 261
normal mode displacements 261,

262
phase factor 262
projection algebra 262
real space vector 260
reciprocal lattice vector 259–261
symmetry group #191 (D1

6h)
P6/mmm 258

symmetry operations 260
time reversal symmetry effects 427,

428
graphite 237, 303, 427

electron band structure 237
equivalence transformation for 4

atoms per unit cell 236
structure factor at various high

symmetry points 303
symmetry operations of the group of

the wave vector 237
time reversal symmetry 427

graphite space group #166 505



Index 567

Hermann–Mauguin notation 505
Schoenflies notation 505
Wyckoff positions 505

group 3, 10, 11, 15
abstract group 15
commuting 3
definition 3
element 3
group of Schrödinger’s equation 11,

12, 71, 149, 160
simple group 10
substitution group 15

group C2v 154, 155
application to H2O molecule 154
character table 154, 155

group C∞v 162
application to CO molecule 162
heterogenous linear molecule 162
homogenous linear molecule 162
molecular vibrations 162
symmetry operations 162

group D∞h 162–165
application to CO2 molecule 164,

165
eigenvalue transformation 163
for linear homogeneous molecule

164, 165
for O2 molecule 163
infrared active 163
molecular vibrations 163
Raman active 163
symmetry operations 163
to C2H2 molecule 164, 165

group element 3, 4
commuting 3

group of Schrödinger’s equation 12,
71, 149, 160

definition 12
eigenfunctions 12
Hamiltonian 12
higher to lower symmetry 71
irreducible representations 71
matrix representation 12

group of the wave vector 209, 214–237
2D hexagonal lattice 215, 235
2D square lattice 214, 215
at general point 215
at high symmetry point 215,

222–237

basis functions 217–219, 223

BCC lattice 210, 225
Bloch functions 219

character tables 223–226, 234, 235,
237

classes 231

compatibility relations 225, 235
cubic groups at k = 0 223
definition 215

degeneracy 215
diamond structure 210, 230–235
equivalence transformation 231

factor group 218, 219
FCC lattice 210, 225
higher to lower symmetry 225

irreducible representation of group of
the wave vector at high symmetry
points 215, 219, 232, 235

large representations 219, 220
lower to higher symmetry 225
matrix representation 219

multiplication tables 224
multiplier algebra 219, 220
nonsymmorphic structures 218, 220,

232–234
phase factor 234
phonon dispersion relations 232

point group 209, 219, 220
reciprocal lattice vector 214
references 235

simple cubic lattice 209, 222–230
small representation 219, 220
special high symmetry points 235

star of a wave vector 214, 218
subgroup 219
symmetry elements 215

translations 209, 214, 215, 219

H−
2 ion 120, 142, 143

Hamiltonian for vibrations 148
eigenfunctions 148

eigenvalues 148
kinetic energy 148
matrix elements 148

potential energy 148
helium molecule He2 142
Hermann–Mauguin symmetry notation

47, 479, 500
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complete 230 space groups listing of
3D groups 500

Hermitian matrix 16, 21
Herring’s rules 408

band sticking together 410
example with group C4 409, 410
time reversal 409, 410

hexagonal space group #194 502, 504
Hermann–Mauguin notation 502,

504
Schoenflies notation 502, 504
Wyckoff positions 502, 504

higher to lower symmetry 17, 55, 74,
110

icosahedron and dodecahedron 74
polarization effects 110
selection rules 110

homomorphic 15, 16
hydrogen molecular ion 120, 142, 143
hydrogen molecule 119, 120
hydrogenic impurity problem 328

crystal potential of periodic lattice
329, 330

donor states 329
effective Bohr radius 329
effective mass Hamiltonian 328
effective mass theorem 328, 329
hydrogenic impurity levels 329
lost symmetry information 328, 329
screened Coulomb potential 329
substitutional impurity 329
valley–orbit interaction 329

icosahedral molecule 144, 178
equivalence transformation 178
infrared activity 178
normal modes 178
polarization selection rules 178
Raman activity 178
rotational–vibrational interaction

symmetries 178
symmetries of rotational levels 178

icosahedron symmetry 142, 144
identity element 3
independent components of tensors

application of irreducible repre-
sentation L = 0 to all tensors
463

cubic Oh symmetry 464, 465

direct evaluation from theorem
464–467

for nonlinear optic tensors 464–467
full rotational symmetry 463
going from full rotational to D6h

symmetry 467
going from higher to lower symmetry

from full rotational group 464
hexagonal D6h symmetry 466, 467
nonvanishing third rank tensor 467
tetrahedral Td symmetry 466

index of a subgroup 11
infrared activity 157–160

combination modes 158, 159
complementary to Raman activity

160
direct product 158, 159
H2O molecule 158
oscillating dipole moment 157, 158
perturbation Hamiltonian 157
selection rules 158–160

inverse element 3
irreducible representation for space

groups 224
basis functions 224
character table 224
even function 224
notation 223
odd function 224

irreducible representations 17, 18, 22,
28, 31–33, 35

definition 17
dimensionality 31
examples 28
number of representations 35
orthogonality 31
primitive characters 31–33
uniqueness 33
vector space 35

irreducible representations for permuta-
tion groups 438

antisymmetric Γ s
1 438

(n−1) dimensional representation
Γn−1 438

phase factors 438
symmetric Γ a

1 438
isomorphic 15, 16

Jahn–Teller effect 141, 142
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definition 141
dynamic 141
example 142
geometric distortion 141
linear effect 142
Renner–Teller effect 142
static 141
symmetry-lowering 141
time reversal symmetry 142

k · p perturbation theory 305–312,
316–327, 335, 336, 369–378, 399,
400

antibonding bands 306
bonding bands 306
connection to valley–orbit interaction

in semiconductors 327–335
coupling to intermediate states in sec-

ond order degenerate perturbation
theory 335, 336

degenerate second order k · p
perturbation theory 324

effect of small periodic potential to
split degeneracy of BCC empty
lattice energy band at H point
336

effective mass formula 310
equivalence transformation 306
extrapolation method 305, 324
for hybridized s-bands and p-bands

306
independent matrix elements 309
interpolation method 305, 324
interpretation of optical experiments

326, 327
longitudinal effective mass component

311
momentum matrix element 309–311
nondegenerate k · p perturbation

theory 308–311, 324, 326, 335,
336

oscillator strength 311
symmetry based energy band model

305
transformation properties of

perturbation Hamiltonian 308
transverse effective mass component

311
two-band model 311–314

k · p perturbation with spin–orbit
interaction 369–378, 399, 400

basis functions 372
Bloch functions with spin 369
coupling to intermediale states 371,

374
for valence band of group IV

semiconductor 374, 399
form of E(k) for Γ+

6 level 373
generalized momentum operator

371
independent matrix elements

370–372
irreducible representations 370
k · p expansion for nondegenerate Γ+

6

level in the simple cubic structure
371–374

k · p perturbation Hamiltonian with
spin and spin–orbit perturbation
370

nondegenerate perturbation theory
EΓi

n (k) 370, 399, 400
Schrödinger’s equation for periodic

part of Bloch function 369
transformation from |�sm�ms〉

representation to |j�smj〉 369

lattice modes 241–277
at high symmetry points 244, 253
at zone center 245–253
block diagonal form 241
compared to molecular vibrations

241, 244, 245
compatibility relations 244
degeneracies 244
degrees of freedom 245
dependence on wavevector 244
effect of symmetry operation on

normal modes 245
effect of translations 245
eigenvector 244
equivalence transformation 244,

245, 253
group of the wave vector 244, 245,

253
infrared activity 241, 244
irreducible representations 244
NaCl structure 253
nonsymmorphic space group 245
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normal modes 241, 244
number of phonon branches 245
phase factor 245, 253
phonon-assisted optical transitions

244
polarization effects 244
Raman activity 241, 244
secular determinant 241
selection rules 244
symmetry classification 244
symmorphic space group 245
transformation of the vector 244
zinc blende structure 253

line group 204, 205, 208, 237
axial point group 204
carbon nanotubes 204, 205, 208, 237
commutation 204
direct product 204
families 204, 205
identity operation 204
irreducible representations 237
symmetry elements 204
translational symmetry 204
weak direct product 204, 205

linear combinations of atomic orbitals
(LCAO) 67–70, 74

arbitrary functions 69
basis functions 69
example P (3) 67–70, 74
irreducible representations 67, 68
matrix representation 68, 70
projection operator 68
unitary representation 70

linear molecules 161–166, 173
application to C2H2 164–166
application to CO 161–163
application to CO2 164
application to H2 161
application to HCl molecule 171
application to O2 163
breathing mode 162, 163
dipole moment 173
equivalence transformation 164
infrared activity 162–164
molecular vibrations 161–166
permanent dipole moments 171
Raman activity 162–165
rigid rotator spectra 171
rotational selection rules 171, 173

magnetic point groups 416–426, 428,
429

antiferromagnetic ordering 420, 421,
424–426

antiunitary operators 418
chalcopyrite structure 429
chemical unit cell 424
classification of magnetic point

groups 420, 421
color groups 426
cosets 422
examples of magnetic structures

423–426, 428, 429
ferromagnetic ordering 420, 421,

423, 428
group D4h (D2h) 425
invariant unitary subgroup 422
inversion operator 423, 428
Jahn–Teller effect 419
magnetic Bravais lattices 418–421,

424, 425
magnetic field effect 428
magnetic phases of EuSe 425
magnetic subgroup 422, 423, 425
magnetic symmetry elements 418
MnF2 424
multiplication rules for symmetry

elements 418, 422
notation 420–423
orthorhombic structure D2h(C2h)

423
Rutile structure 424, 425
spin flipping operations 425
structural lattice distortion 419
symmetry elements 419, 422, 425,

426
tetragonal group D4h (D2d) 425
time reversal operator 416, 418, 419,

423, 428, 429
translation vector 426
type of magnetic point groups 418
unitary operators 418
zinc blende structure 429

matrix elements 359
for double groups 359
number of independent matrix

elements 359
matrix representation 15–18, 186

definition 15



Index 571

degeneracy 18
dimensionality 17
examples for P (3) 18
inverse 186
matrix algebra 16
multiplication 186
notation 185, 187
orthogonal matrices 17
orthonormal matrices 17
symmetric elements 18
trace 17
translations 185
uniqueness 17
unitary matrices 17

mirror planes 48
molecular bonding 121

antibonding 121
bonding 121
diatomic molecule 121

molecular electronic states 149
molecular energy levels 113

Born–Oppenheimer approximation
113

electronic motion 113
rotational motion 113
vibrational motion 113

molecular Hamiltonian 149
block diagonal form 149
eigenvalues 149
harmonic oscillator 149

molecular vibrations 154–156,
158–166, 168, 169

antisymmetric stretch mode 154,
156, 164

bending modes 164–166
blocks of atoms within a molecule

165
breathing mode 154–156, 162, 166,

167
C2H2 molecule 164, 166
CH4 molecule 157, 168–170
characters for irreducible representa-

tions 151
characters for pure rotations 150,

151
characters for the vector 150
characters for translation 151
CO molecule 162
CO2 molecule 164

combination modes 156–159, 161,
170

coupling between rotational and
vibrational states 171, 173, 174

coupling of modes with the same
symmetries 169

degrees of freedom 150

dynamical matrix 147

eigenvalues 149, 150

examples 151

H2O molecule 154–156, 158

Hamiltonian 147–149

infrared active 151, 157–159, 164,
169

linear molecule 161–166

NH3 molecule 165, 167, 168

normal modes 147–151, 157,
164–167

O2 molecule 163

overtones 156–158

phase related normal modes 168

polarization 158

potential function 147, 148

Raman active 151, 157, 159–161,
164, 169

reducible representation 150

restoring forces 147

rotations 155, 161

secular equation 148, 149

selection rules 147, 151, 160, 161,
171

symmetric stretch mode 154, 156,
164, 166

motion of center of mass 156

translations 155

multiatomic molecule 124–141

angular momentum states 127, 133,
143, 144

antibonding 125, 132, 145

bonding 125, 132, 145

configuration mixing 134

directed valence bonding 124, 125,
133, 134, 144

electron energy levels 123

electronic orbitals 126, 127

equivalence transformation 124,
126, 130, 133, 134, 143

hexagonal symmetry 129, 130
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irreducible representations 126, 127,
129, 135

linear combination of atomic orbitals
124, 126, 127, 129, 130, 132, 133,
144

matrix representation 126, 131
octahedral bonding 133
secular equation 131, 144
tetrahedral bonding 125

multiplication tables 4, 5, 7, 37, 43, 511
multiplier group 221

effect of symmetry operations 221
irreducible representation 221
multiplication rules 220, 221
multiplier algebra 221
phase factor 221

multivalley semiconductor impurity
problem 330, 331

central cell corrections 331
D∞h symmetry 330, 331
ellipsoidial constant energy surfaces

for donor impurities 330
Ge with 4 valleys 330
Si with 6 valleys 330
splitting of impurity levels due to

crystal field 330, 331

N2O molecule 177
atomic displacements 177
infrared active modes 177
Raman active modes 177
rotational modes 177
symmetry group 177

NaCl structure 246, 247, 254, 255
at high symmetry points 254
compatibility relations 247, 254
equivalence transformation 246, 254
infrared activity 247
lattice modes 246, 254
optical branches 247, 255
phase factor 255
phonon modes 246, 254, 255

nanotube see carbon nanotubes
Nb3Sn 207, 275

infrared activity 275
normal modes 275
polarization effect 275
Raman activity 275
structure 207

Wyckoff positions 207
NH3 molecule 124, 125, 165–168

breathing modes 166, 167
building blocks 166
3D crystal structure 165
equivalence transformation 166
linear combination of hydrogen

orbitals 167, 168
normal modes 168
polarization selection rules 168
Raman active 168
tetrahedral bonding 125

nondegenerate k · p perturbation
theory at a Δ point see k · p
perturbation theory, 324–326

carrier pockets for electrons and holes
324, 326

compatibility relations 325, 326
E(k) for cubic semiconductors at

high symmetry points 324
extrapolation method 324
group III–V semiconductors (GaAs,

InSb) 325
group IV semiconductors (Si, Ge)

325
interpolation method 324
longitudinal matrix elements 325,

326
transformation of p and k · p 325,

326
vanishing of first order term 326

nonsymmorphic groups 190, 220
multiplier algebra 220, 221
multiplier groups 220
phase factor 220
relevant representations 220
small representation 221

nonsymmorphic space groups 190,
196–198, 220, 221, 230, 294–298

definition 189
diamond structure #227 196, 198,

230–235, 294–296
energy bands sticking together

294–296, 298
essential degeneracies 298
factor group 190, 220
glide plane 198
glide plane translation 189
group p2mg 294–296
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group of the wave vector 294, 296
hexagonal close packed structure

group #194 294–296
point group operations 189, 230
screw axis 189, 197, 198
tetragonal space groups 197, 198
translation 220, 230

normal modes 147–154, 159–161,
163–168, 177

antisymmetric stretch mode 154
basis function 149, 150, 161
breathing mode 154, 163
C2H2 molecule 164–166
CH4 molecule 152, 153, 168
clusters of 3 hydrogen atoms at

corners of equilateral triangle
149, 152, 176

CO molecule 162, 164, 165
degeneracies 147
degrees of freedom 150
dimensionality 150
eigenfunction 149
equivalence transformation 154
for linear molecules 161
H2O molecule 153–156, 177
infrared active 149, 151, 153,

157–160, 176
irreducible representation 150
linear molecules 161–166, 177
mode mixing between modes with

same symmetry 168
molecular rotation 151
molecular translation 150, 151
NH3 molecule 166–168, 176, 177
normal mode amplitudes 148
normal mode frequencies 148
normal mode matrix 150
orthogonality 151
orthonormality 152
phase related normal modes 168
planar NH3 molecule 176
projection operators 152
Raman active 149, 151, 153,

159–161, 176
secular equation 148
selection rules 151, 158
symmetric stretch mode 154
symmetry 147–151, 163
tetrahedron 152, 153

O2 molecule 163
equivalence transformation 163
molecular vibration 163

one-electron Hamiltonian 183
invariant under symmetry operations

183
order of a class 10

definition 10
order of a group 6, 28, 40

example for P (3) 40
proof of theorem 40

order of a subgroup 8, 9
order of an element 6

definition 6
order of group 40
orthogonality of basis functions 99,

100
partners 99, 100
scalar product 100
selection rules 100

orthogonality theorem 19, see Won-
derful Orthogonality Theorem

orthonormality relation 28
overtones 156, 157

CH4 molecule 156, 157
direct product 156
infrared active 156, 157
irreducible representations 156, 157
Raman active 156, 157

P (3) 13, 16, 37, 42, 443–448, 543
P (4) 13, 448–451, 544
P (5) 451, 452, 544
P (6) 451–453, 545
P (7) 451–453, 546
period of an element 6, 7
periodic boundary conditions 211
permutation group of three objects

37, 42
permutation groups 3, 5, 13, 15, 16,

431–454
antisymmetric representation 433
antisymmetric states 432
basis functions 434, 437–440, 443
classes 434–437
classification of many electron states

431
commutation of permutation

operations with Hamiltonian 432
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cycle structure 434, 435
equivalent electron and hole

configuration 450, 451, 453
example 13
five-electron states 434, 451–454
four-electron states 434, 448–451
group operations 432
identity 432
inverse 432
irreducible representations 434, 436,

438, 439
multiplication 432
notation 432, 440
number of elements 432
orbital states 442
P (3) 13, 16
P (4) 13
Pauli principle 432, 433, 440, 442,

443
regular representation 439, 440
six-electron states 454
Slater determinant 433, 440
symmetric representation 433
symmetric states 432
symmetry properties of tensors 431,

458–463
three-electron states 434, 444, 445,

447, 448
two-electron states 434, 440–443

Perovskite structure 247–250
acoustic 242, 245
equivalence transformation 247
infrared activity 250
LA mode 245
LO mode 245
optical 245
phonon modes 247–250
TA mode 245
TO mode 245

phonon dispersion relations 242, 243
branches 244, 245
for germanium 243
high symmetry points 243
mode degeneracies 243
optical modes 242
phonon branches stick together 243

phonon modes see also lattice modes,
241–277

2D graphite at K point 258

α-quartz 262, 268, 269

diamond structure 250

graphene 262

NaCl structure 246, 247

nonsymmorphic structure 268
Perovskite structure 247–250, 256

tellurium 262, 268

π-bonding 113, 134–141

angular momentum states 137–139
bond direction 135

characters 135

directed valence bonds 135, 137–140

equilateral triangle 137, 138

equivalence transformation 137, 138
irreducible representation 135, 140

linear combination of atomic orbitals
135, 137

p-states 135

polarization 140

transformation of vector 139

piezoelectric third rank tensor under
various symmetries 476

plane wave basis functions for double
group representations 361, 362

Pm3m (O1
h) group #255 FCC 222

Pm3m (O11
h ) group 223

Brillouin zone 223

high symmetry axes and points 223

point group 29, 48, 49

C∞v and D∞h groups 53
classification 48–53

cubic groups 50, 52

cyclic groups 50

Hermann–Mauguin notation 48–50

hexagonal group 49, 481–483
horizontal planes 50

icosahedral groups 49, 52, 483–485

improper rotation 50

inversion symmetry 50
monoclinic group 49, 480

orthorhombic group 49, 480

proper rotation 50

rhombohedral group 49, 481

Schoenflies notation 48–50
stereogram 50, 52

tetragonal groups 49, 480, 482

triclinic groups 49, 479

vertical mirror planes 50
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point group character tables 29–55,
479–487

projection operators 64–67, 72, 117,
152

action on arbitrary function 64–67
action on irreducible representation

66, 67
definition 64
diagonal elements 65
matrix representation 65
partners 64

quantum mechanics 70–72
commuting operations 70
finding linear combination of wave

functions 72
group of Schrödinger’s equation 70
higher to lower symmetry 72
matrix representation 70

Raman effect 159–161
anti-Stokes component 159
basis functions 161
diagonal components 160, 161
electron–photon interaction 160
electron–photon scattering 160
first-order process 159
induced dipole moment 159
intermediate state 160
inversion symmetry 160
matrix elements 159, 160
off-diagonal components 160, 161
polarizability tensor 159–161
Raman Hamiltonian 159–161
second rank symmetric tensor

159–161
second-order process 159, 160
selection rules 160, 161
Stokes component 159
transformation properties 160

Rayleigh scattering 159
rearrangement theorem 7, 8, 21, 37
reciprocal space 210, 211, 503

bands sticking together 507
Brillouin zone 211
lattice vector 210
orthonormality relation 210
primitive translation vector 210
reciprocal lattice vectors 210

reducible representation 17, 18, 33, 34
regular octahedron 85
regular representation 37–40, 439

decomposition theorem 39
definition 37
dimensions 439, 440
example from P (3) 37, 40
irreducible representations of 39
multiplication of two elements 37
order of regular representation 40,

439, 440
Slater determinant 440

representation of translation group
211–213

Abelian groups 211, 212
Bloch theorem 212
commuting operators 211
crystal symmetry 212
number of group elements 212
number of irreducible representations

211, 212
periodic boundary condition 212
phase factors 212

representation theory 15, 19
basic theorem 15

representations 5, 15, 17, 28, 29
arbitrariness 29
by a matrix 5
definition 5, 15
dimensionality 28, 29
faithful 15
irreducible representation 17
reducible representation 17
unfaithful 15
vector space 28

restoring forces 147
rhombohedral graphite 502
rigid rotator 170–172

Hamiltonian 170, 171
linear HCl molecule 171, 172
optical transitions 171, 172
principal moments of inertia 171
selection rules 171
Wigner–Eckart theorem 171

rotational energy levels 170, 172
infrared spectra 171–173
Raman spectra 171–173
rigid rotator 170–172
selection rules 172, 173
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typical energy range 170
rotational spectra 170–173

circular polarization 173
polarization effect 171, 173
rotational–vibrational interaction

171, 173
Wigner–Eckart theorem 172, 173

Schoenflies symmetry notation 31, 44,
479

Schur’s lemma 19, 21–25
screw axis 186, 187, 197, 198

diamond screw 198
left-hand 186
n-fold 187, 198
notation 187
right-hand 186
unit cell translation 188

second orthogonality theorem 36, 37,
43, 55

secular equation for valence band
of group IV semiconductor
375–377, 399

k-dependent spin–orbit splitting
377

selection rules 97, 98, 105–107, 109,
110, 147, 173

cubic symmetry 98, 106, 109
definition 97
direct product 105, 107, 108
electric dipole 98, 106–110
electromagnetic interaction 97, 106,

108
group of Schrödinger’s equation

105, 106, 109
higher to lower symmetry 107, 108
infrared active 147, 173
linear diatomic molecule 173
momentum 106
odd parity 107
orthogonality 105
polarization effects 108, 109
Raman active 147, 173
rotational transitions 173
tetragonal symmetry 108
transformation properties of vector

106–109
self-conjugate 9
self-conjugate subgroup 10, 13

definition 10
left coset 10
right coset 10

setting up character tables 41–43
number of classes 41
number of irreducible representations

41
SF6 molecule 133, 134, 143
SH6 molecule 129, 143
σ-bonding 113, 134–139

characters 135
directed valence bonds 135, 137–139
equilateral triangle 137, 138
equivalence transformation 137, 138
example 136–139
irreducible representation 135
linear combination of atomic orbitals

135–137
p-states 135
s-states 135

silent modes 160
simple cubic lattice 225

basis functions 224
character tables at high symmetry

points 224, 225
compatibility relations 227
group of the wave vector at high

symmetry points 223, 226, 227
site symmetries 196
six-electron states 454, 545
Slater–Koster method 305, 306,

389–400
angular momentum matrices 391,

392
basis matrices 391, 392
Bloch functions 391
connection to k · p perturbation

theory 396
contributions to Fourier expansion

395–397
coupled bands 391
En(k) is periodic in k space 389
energy bands at high symmetry

points 389
energy dispersion for FCC structure

at high symmetry points 400
energy eigenvalues found at all k

values by diagonalizing the matrix
Hamiltonian 397
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evaluating expansion parameters
by comparsing energies to
experiments theory 397

expansion parameters 390, 391, 395,
397

Fourier expansion for E(k) bands
390, 394–399

germanium 389, 390, 399
Hamiltonian 391
interacting p-bands 394–398
interpolation method 389, 390
irreducible representations 395
matrices spanning space 391–394
neighbor distances 390, 394, 395
nondegenerate bands 391
overlap integrals 390
partners of irreducible representations

392, 394
reciprocal lattice vectors 394
scalar products of symmetrized

Fourier functions and basis
functions 394

secular determinant 391, 400
silicon 389, 399
solutions of matrix Hamiltonian 397
symmetrized basis matrices 391,

395–400
symmetrized Fourier functions

394–398
symmetry restricted number of

independent expansion coefficients
390

Taylor’s expansion at high symmetry
points 400

tight binding approximation 390
Slater–Koster model 305, 306
small representations 221

group of the wave vector 221
SnO2 275, 276

crystal structure 276
lattice modes 276

sp2 planar carbon bonding 136–139
space group 211, 214–216
space group determination 206, 208

carbon nanotubes 208
graphite 208
International Crystallography Tables

206
site symmetries 206

Wyckoff positions 206, 208
space group operations 183–186, 189,

190, 208
associative law 185
commutation 185
definitions 184, 185
glide plane 183, 187, 189
identity 185
inverse 185
inversion 185
matrix representation 185, 187
multiplication 184, 185
notation 183–185, 187, 189
point group operations 183, 184, 189
rotations 184
screw axes 183, 186, 189
translations 183, 184

space groups 29, 183, 184, 189, 190,
195, 198, 205, 206

Bravais lattice 190–198, 207
crystal structure determination

205–207
definitions 189
diamond structure 195, 207
direct product group 190
equivalence transformation 206
factor group 190
group of the wave vector 214–219
irreducible representations 190
line group 204
nonsymmorphic 183, 189, 190, 198,

207
point group operations 183, 190,

214, 215
semi-direct product 189
subgroups 189, 190
symmorphic 183, 189, 190, 198, 207
translations 214
two-dimensional 198–203, 207, 211
wave vector 215

space groups in reciprocal space 209
Bravais lattices 209
dispersion relations 209
group of the wave vector 209
nonsymmorphic 209
symmorphic 209

spherical harmonics 82
spin Hamiltonian 426, 427

magnetic field effect 426
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spin–orbit interaction 81, 337–339, 348
addition of angular momentum 338
band degeneracies 340
doubly degenerate 348
Dresselhaus spin–orbit term 340
expectation value of L · S 338
germanium along high symmetry axes

339, 340
good quantum numbers 338
half-integral spin 337, 338
Hamiltonian breaks into block

diagonal form 348
|j, �, s,mj〉 representation 338
Kramers degeneracy 340, 348
lifting degeneracy 338
linear k term in E(k) 348
magnitude 339
notation 340
relativistic corrections 348
spin and orbital wave functions 339
spin angular momentum and

magnetic moment 337
spin–orbit splitting in crystals 339,

340, 348
time reversal symmetry 340, 348
wave vector dependence 339, 340
Zeeman splitting in an external

magnetic field 338, 339
star of a wave vector 214, 215, 217, 235

2D space groups 215, 217, 235
at k = 0 215, 217
at general k point 215
at high symmetry points 217
at zone boundary 217
definition 215
effect of translations 214
reciprocal lattice vector 214
symmetry elements 218

structure of nanotube 205
achiral 205
armchair 205
chiral 205
line group symmetry 205
zigzag 205

subgroup 6–8, 10
definition 6
self-conjugate 10

symmetry based energy band models
305, 306, 316

k · p perturbation theory 305, 306
Slater–Koster model 305, 306

symmetry lowering 194
point group symmetry lowering 194

symmetry notation 44–48
abbreviated notation 47
compound rotation–inversion 45
dihedral plane 45
Hermann–Mauguin 44, 46, 47
identity operation 44
improper rotation 45, 48
mirror planes 47, 48
proper rotation 48
reflection in a plane 45
rotating about an axis 44, 47, 48
Schoenflies notation 44, 46, 47
semi-infinite groups 46
symmetry groups 46

symmetry properties of tensors
455–477

antisymmetric second rank tensor
458

complete isotropy 457
effect of crystal symmetry 457, 460
effect of permutations 460
elastic constant tensor 457, 459,

467–477
electrical conductivity tensor 455,

456
fourth rank tensor 455
full rotation group 457
fully symmetric irreducible represen-

tation L = 0 463
independent coefficients for various

tensors and symmetries 457,
460–466, 471–476

irreducible representation 459
momentum configuration 459
nonlinear elastic modulus under

permutation symmetry 476
number of times the totally symmet-

ric representation is contained in
the direct product of coupling
tensors 462

p2 configuration 458
p3 configuration 458
Pauli allowed state 459
permutation symmetry 455
piezoelectric tensor 456, 459, 476
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polarizability tensor 455, 456, 459
second rank tensor 455, 456
strain tensor 457
stress tensor 457
symmetric third rank tensor 455,

456, 458
tensor components equal to one

another 457
theory of independent components of

tensors 462
transformation properties of tensors

under permutations 458, 459
symmorphic space groups 189,

192–194, 196, 198–203
Bravais lattice 192, 194
equivalence transformation site

symmetry 196
International Crystallographic Tables

192

table of direct products for double
groups O and Td 523

table of group of the wave vector at
various symmetry points 508

space group #166 509
space group #194 509
space group #221 508
space group #225 508
space group #227 508
space group #229 508

tables for 3D space groups 499–520
character tables 510–520

tables of double groups 521–532
notation 521
references 521

tables of permutation groups 543–547
Td symmetry 125, 152
tellurium 262–268

Brilloun zone 264
character table 262
crystal structure 263
equivalence transformation zone

center mode 264–266
infrared activity 264, 265, 267
lattice modes 262, 264–267
nonsymmorphic 262
normal modes 265–268, 274
phonon dispersion relations 264
polarization 264–268

Raman activity 264–267
screw axis 262, 264, 265
space group 262
z-direction 265

tetrahedron 153
three-dimensional graphite 274

compare 2D and 3D graphite 274
compatibility relations 274
infrared activity 274
normal modes 274
number of lattice modes 274
symmetry operations 274

three-electron states 444–448
allowed states 446
antisymmetric irreducible representa-

tion Γ a
1 445

classes 444
direct products 445, 446
group P (3) 446
irreducible representations 444, 445
orbital angular momentum states

445
Pauli principle 445, 447, 448
permutations of three-electrons 444
spin states 445
symmetric irreducible representation

Γ s
1 445

time reversal operator 21, 403, 404
action on momenta 403
action on orbital angular momentum

404
action on spin angular momentum

404
action on velocities 403
action on wave function 403
antilinear operator 404
commutation with Hamiltonian

404, 405
complex conjugation of wave

functions 404
Pauli matrices 404, 405
properties of time reversal operator

404–407
spin–orbit interaction effects 404,

405
T̂ 2 = + or −1 405
time evolution 403, 404
time-reversed conjugate 403
unitary operator 405
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time reversal symmetry 403–418,
422–425, 427–429, 446

antiunitary operator 406
bands sticking together 408, 413
breaking time reversal symmetry

427
complex conjugation 404, 405
degeneracies 413
effect of inversion symmetry 413
effect of time reversal 406–413
examples 414–416
ferrites 429
Frobenius–Schur test 414–416
graphite space group #194 427
Hamiltonian 429
Herring’s rules 408–410, 412–415
Kramers degeneracy 407, 412
magnetic field effect 428
magnetic groups 403, 407, 416–418,

422–425, 429
notation 415, 416
operators (p,L,σ) odd under time

reversal symmetry 406
operators (H,r, V (r)) even under

time reversal symmetry 406
properties of time reversal operator

404–407
Raman effect probe 429
spin effects 403, 406, 411, 412, 425
spin Hamiltonian 403, 427
time evolution factor 404
time reversal operator 403, 405
zinc blende structure 429

trace 12, 29
invariance 12

Translation Group 188, 211–213, 217
Abelian group 211–213
basis function 213, 217
Bloch theorem 212, 213
commuting operator 211
cyclic subgroup 211
direct product 188
eigenfunction 212
eigenvalue of translation 213
factor group cosets 188
invariant subgroup 188
irreducible representation 211–213,

217
notation 188

periodic boundary condition 212
phase factor 213
quantum number 212
space group 188
three dimensions 212
wave vector 213

translation subgroup 188
translational symmetry of line groups

204
translations in molecular vibrations

151
transparent host crystal 79
transposition 16
two-band model 311–316

band edge wave function 312
degenerate first order perturbation

theory 311, 312
dependence of density of states on

energy 316
dependence of effective mass on

energy and wave vector 315, 316
Kane two-band model 314
Lax two-band model 314, 316
momentum matrix elements 314
nearly degenerate set (NDS) 311
nonparabolic effects 313–316
number of independent matrix

elements 313
secular equation 312, 313
Taylor expansion for small κ 313,

315
two-dimensional Bravais lattices 199,

200
two-dimensional space groups 198–

200, 236, 489–498
2D oblique space groups 200
allowed n-fold rotations 200
centered 200
contrast group #11 (p4mm) and

group #99 (P4mm) 236
glide planes 200
group of the wave vector at high

symmetry points in the 2D
Brillouin zone 236

hexagonal 199, 496–498
International Crystallography Tables

199
mirror planes 200
nonsymmorphic 236
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notation 199, 200, 236
oblique 199, 489, 490
primitive 200
rectangular 199, 490–493
sixfold rotations 200
space group numbers 199
special points 200
square 199, 494–496
symbols for rotation 200
symmorphic 199, 236

two-electron states 440–443
antisymmetric states 440, 441
classes 441
Γ a

1 representation 441
Γn−1 representation 441
ground state 440, 441
irreducible representations 441
notation 440
orbital state 441
Slater determinant 440
spin state 441
symmetric state 440
table of transformation properties

441

unit cell 210
unitarity of representation 19–22

theorem 19, 20

valley–orbit interaction 328, 331–336
donor states for multivalley semicon-

ductors 331, 332
ENDOR studies of impurity levels

334, 335
equivalence transformation for valley

sites 332
example of valley–orbit interactions

328
experimental spectrum for valley–

orbit splitting of phosphorous
donors in silicon 334, 335

importance of tetrahedral bonding
for s state 331, 332

linear combination of valley wave
function transforming as irre-
ducible representation of the
crystal field 331–335

lower symmetry group not a subgroup
of higher symmetry group 328

spatial dependence of wave functions
334, 335

symmetry of effective mass Hamilto-
nian for impurity perturbation for
one valley 328

transformatiom of a vector for Td

group 333–335
transition from 1s to transverse 2p

levels 334, 335
transitions between impurity levels

showing valley–orbit splitting
334, 335

vector space 28
vibration potential function 147

equilibrium coordinates 147
vibrational–rotational interaction

173–175
anharmonic term 174
combination modes 174, 175
experimental spectrum for HCl 175
harmonic restoring force 174
schematic spectrum for diatomic

molecule such as HCl 176
unperturbed energies 175

wave vector symmetry 214
group of the wave vector 214
star of a wave vector 214

Wigner–Eckart theorem 172
angular momentum states 172
electric dipole transitions 173
infrared activity 173
principal quantum numbers 172,

173
Raman activity 173
reduced matrix element 172, 173
selection rules 173
Wigner coefficient 172, 173

wonderful orthogonality theorem 21,
25–28, 31, 55

wonderful orthogonality theorem for
character 31, 32, 34–37, 41

Wyckoff positions 201, 206–208, 506
site symmetry 201, 206
special points 201

zinc blende space group #216
Hermann–Mauguin notation 502
Schoenflies notation 502
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Wyckoff positions 502
zinc blende structure 252, 502

LO–TO splitting 252, 253

phonon modes 252, 253
space group 252, 502
symmorphic group 252


