Contents

Chapter 1 — Introduction

1.1, Crystal order .......oooiiii
1.2, Order on a macroScopic SCAle ...........cooiiiiiiiiiiiiiiiiiiiiaan,
1.3.  Order on a microscopic scale ..........cccooiiiiiiiiiiiiiiiiiiiiiiiann.,
1.4. Basic assumptions of geometrical crystallography .....................
1.5.  Anisotropy of physical properties ................cooiiiiii.
1.6.  Remarks on the scope of this book : topics left out ...................
Complement 1C. Crystal growth ..........coooiiiii
1C.1. Natural growth of single crystals ...................col,
1C.2. Crystal growth for scientific purposes ...........................
1C.3. Industrial crystal growth ..............cco
1C.4. Growth of single-crystal thin films ...............................
Further reading ....... ...
REferences ..o

Chapter 2 — Symmetry operations

2.1.
2.2.

2.3.
2.4.

TSOMELTIES .ot
Symmetry operations. Symmetry elements ............................
2.2.1.  n-fold rotations and axes .............cocoiiiiiiiiiiiiiii
2.2.2.  n-fold rotoinversions and n-fold rotoinversion axes,
denoted as n-fold axes ..o
2.2.3. Translations .........cooiiiiiii
2.2.4. Screw axes and glide mirrors .............c.cocoiiii.
2,25, NOTE oo
Introduction to Symmetry groups ...........cocoeeviiriniiiiininiiiinnn.
BXOTCISES oot

Chapter 3 — Crystal lattices

3.1.

Direct 1attice ......o.oiiiii
3. 1.1, Unit cell, TOW ooonii
3.1.2.  Lattice planes ...........ccooiiiiiiiiiiiiii

© 00 00 0 N O D W = -

—_ = =
= o O

13
13
14
14

15
16
17
18
18
20



XVI Symmetry and Physical Properties of Crystals
3.1.3.  Wigner-Seitz cell ... 32
3.2, Reciprocal lattice ..o 32
3.2.1. Introduction based on diffraction ........................ 32
3.2.2.  Alternative definition of the reciprocal lattice ................ 34
3.2.3.  Properties of the reciprocal lattice ....................oooooie. 35
3.2.4. Crystallographic calculations .................c.coo. 37
3.3.  Properties of crystal lattices ... 40
3.3.1. Centers of symmetry ...........cccoiiiiiiiiiiiiiiii 40
3.3.2. n-fold and n-fold axes consistent with the crystalline state 40
3.3.3.  The direct lattice and the reciprocal lattice have
the same symmetry elements ..............c.oooiiii 41
3.3.4. Geometrical relation between the symmetry axes
and the crystal lattice ...........coooiiiiii 42
3.3.5.  The lattice is at least as symmetrical as the crystal ........ 43
3.4, Crystal SyStems ....oo.oiiii 43
3.4.1. Two-dimensional crystal systems .................ocooiiii. 43
3.4.2. Three-dimensional crystal systems ....................oo 44
3.5.  Examples of reciprocal lattices ................coo 47
3.5.1.  Monoclinic lattice ...........cocoiiiiiiiiiiii 47
3.5.2.  Orthorhombic, tetragonal and cubic lattices .................. 47
3.6. Hexagonal lattice and rhombohedral lattice ............................. 48
3.6.1. Hexagonal lattice ... 48
3.6.2.  Rhombohedral lattice .............coooiiiiiiiii, 48
3.7. Bravais lattices .........ooooiiiiiiiiiiii 50
3.7.1.  Why they are needed ...........c.ccooiiiiiiiiiiiiiiii 50
3.7.2.  The fourteen Bravais lattices ..............ocooii. 52
3.7.3. Reciprocal lattices of the non-primitive lattices .............. 53
3.8, Surface crystal lattice ........ooooiiiiiiiii 54
3.8. 1. Cut surface ......ooooviiiiiii 55
3.8.2. Real surface ...........cooiiiii 55
3.8.3. NOtations .....oviiiii i 56
3.8.4. Reciprocal lattice .........cooooiiiii 58
3.9, EXEICISES oottt 59
Appendix 3A. The metric tensor ...........coiiiiiiiiiiiiiiin, 63
BAL. Definition .......oiiiiii 63
3A.2. Volume of the unit cell ... 63
3A.3. Product of the matrices associated to the direct
and reciprocal metric tensors ... 64
3A.4. Calculation of lattice distances ................ccooiii. 65

3A5. Applcations ........ooooiiiiiii 65



Contents XVII
Chapter 4 — Relationship between space groups
and point groups 67
4.1 IntrodUCtion ......ooiii 67
4.2, Symmetry operations of the crystal .................... 70
4.2.1. Change in Origin .......cooviiiiii e 70
4.2.2.  The operations (S,t) form a group ................cooeevii. 71
4.2.3.  The lattice translations form an invariant subgroup
of the group of symmetry operations of the crystal ......... 72
4.3.  Space groups and point Groups .............ccceeeiiiiiiiiiiniiiiiiiaann. 73
44, EXEICISES ottt 75
Complement 4C. Probes used for crystal structure determination ......... 76
4C.1. Possible probes and criteria for choice .......................... 76
AC.2.  XeTAFS ottt 76
4C.3. NEULTONS .ottt 78
4C.A. EleCtTOns ...ooviiiiiii 79
Further reading ........cooooiiiiii i 79
Appendix 4A. General features of groups ............cococviiiiiiiiiii. 80
Chapter 5 — Point groups 83
5.1, Introduction ... 83
5.2.  Stereographic projection ................cocociiiiiiiiiiiii 84
5.2.1. Definition ......o.oooiiiiiii 84
5.2.2. EXampPIes ..ot 86
5.2.3.  Application to rotoinversion axes or ni-fold axes ............. 88
5.2.4. Family of equivalent directions ......................cco. 89
5.3, IMProper groups ......c.oeitiiiei i 89
5.3.1.  Preliminary remark ..............c 89
5.3.2. Properties of improper groups .............cocoiiiiiiiiiiiiiin. 90
5.4.  Enumeration of the proper point groups .............c.covviiiiin... 91
5.4.1. Preamble ......oooiiiiii 91
5.4.2.  Groups containing only the symmetry operations
associated to an axis A, (cyclic groups) ...........c...coooee. 92
5.4.3. Groups containing the symmetry operations associated
to an axis A, and to a perpendicular axis As,
or dihedral groups ... 92
5.4.4.  CubiC PrOPer SrOUPS ......euiueeitininiiitiiieeee e 93
5.5.  Enumeration of the improper point groups ..............ccoceviiinnn. 94
5.5.1.  Improper groups containing inversion ........................... 94
5.5.2.  Improper groups which do not feature inversion ............. 97
5.6. Classification of the point groups ................oooiiii. 101



XVIII Symmetry and Physical Properties of Crystals

5.7, Laue Classes ..o
5.8.  Plane point groups ...........coooiiiiiiiiiiiiii
5.9.  ISOtropy Point GrouPS .....o.eeieitiii i
5.10. EXEICISES .onvviniii i
Appendix 5A. Complements on the stereographic projection ...............
5A.1. Stereographic projection of the transform of a given
direction through the symmetry operations associated
to various symmetry elements .............ooociiiiiiiiiiiin.
5A.2. Stereographic projections of the symmetry elements
of acube ...

Chapter 6 — Bravais lattices

6.1.  Introduction ...

6.2.  Plane 1attices ......ooooiiiiiiii
6.2.1. Group 1 oo
6.2.2. GIOUDP 3 oot
6.2.3. GIrOUD 4 ooniniiii
6.2.4.  GIOUD IIL ©oeitititittt e
6.2.5.  ConcluSion ........cooiiiiii i

6.3. 3-dimensional lattices ...
6.3. 1. Group 1 oot
6.3.2. GIOUDP 2 ottt
6.3.3. GIroUD 3 ooriiiii
6.3.4.  GIOUD 4 ooeeiiii
6.3.5. GIroUD 222 .ot
6.3.6.  GIOUD 23 ..ottt

Chapter 7 — Space groups

7.1 Introduction ...

7.2. Enumeration of the operations (S,t) .............coooi.
7.2.1. S is a rotation. Definition of screw axes ........................

7.2.2. S is a rotoinversion, noted S. Definition of glide mirrors ..

7.2.3. Product of a symmetry operation and a translation ........
7.3.  Enumeration of space groups .............cooviiiiiiiiiiiii
7.3.1.  Symmorphic Space groups ...........cceoeeuiiiininiiiinenenn.
7.3.2.  Non-symmorphic Space groups ..........oceeeeirinineeninnann..
7.3.3. International Tables for Crystallography .......................
T4, NOmenclature ........oooiiiiii
7.5.  Examples: space groups of some structures .....................cool.

7.5.1.  TiOg-type structure (rutile) .............cooociiiiiiiiiiiiii.

117
117
118
118
118
119
119
120
120
120
120
122
124
126
127



Contents XIX
7.5.2.  Metals with close-packed hexagonal structure ................ 152
7.5.3.  Structure of diamond ... 154
T.6.  EXOICISES oouitiit i 155
Complement 7C. Structure determination: outline ............................ 158
Further reading ... 161
REfEreNCES oo 162
Chapter 8 — Chemical bonds and crystal structures 163
8.1, Introduction ... 163
8.2, Tomic bondsS ..o 165
8.2.1. Nature and properties ............cccoiiiiiiiiiiiiiiiii. 165
8.2.2. Bonding energy ............coiiiiiiiiiii 168
8.2.3. lonic structures with formula AX ... 169
8.2.4.  Other cubic Structures .............ccocvviiiiiiiiiiiiiiiinnn, 171
8.3.  Covalent bonds ..o 173
8.3.1.  Nature of covalent bonds ...............coovviiiiiiiiiiiiin... 173
8.3.2.  BasiC Property ....o.o.iiiiiiii 174
8.3.3.  EXAmPles ..ot 174
8.3.4.  COnCIUSION ...vvititi 176
8.4.  Van der Waals bonds, or molecular bonds .......................o.e. 177
8.4.1. Nature and properties ............cccoooiiiiiiiiiiiiiiiiiiii. 177
8.4.2. Example ... 177
8.5, Metallic bonds ........ccooiiiiiiii 178
8.5.1. Nature and properties ..........cooeviiiiiiiiiiiiiiiiiiiiinannn, 178
8.5.2.  Examples ......ocooiiiiiiiii 178
8.6.  Remarks and conclusions ... 180
8.7, BEXEICISES .onvviii 181
Complement 8C. Magnetic structures ...............cocviiiiiiiiiiiiiiiaan... 183
Further reading .........ooooiiiii i 185
REfEreNCES .ot 186
Chapter 9 — Crystal anisotropy and tensors 187
9.1, Introduction ... 187
9.2.  Anisotropic continuous medium ... 188
9.3. Representing a physical quantity by a tensor ........................... 189
9.3.1. Example: electrical conductivity ..................c. 189
9.3.2. A refresher on orthonormal frame changes .................... 191
9.3.3. Application to electrical conductivity ........................... 193
9.4, TOIISOTS  o.vet ettt 194
9.4.1. Definition of a tensor .............cccoiiiiiiiiiiiiii 194



XX Symmetry and Physical Properties of Crystals

9.4.2.  An important property ...........ococoiiiiiiiiiii
9.4.3. Field tensors and material tensors ..................c.oooeven.n.
9.5.  Symmetry properties of tensors .............cocoiiiii

9.5.1. Internal symmetry. Symmetric and antisymmetric tensors

9.5.2. External symmetry of material tensors.
Curie’s and Neumann’s principles ............c.ooviiiiniinn.

9.6. Reduction in the number of independent coefficients
of a material tensor ...

9.6.1. Method using the transformation matrix ......................
9.6.2. “Direct inspection” method ...
9.6.3. Special case: central symmetry (inversion symmetry) ......
0.7, EXEICISES .nttii e

RELOICIICES ..o

Chapter 10 — Second-rank tensors

10,1, Introduction .........coieiiii
10.1.1. Symmetric and antisymmetric tensors ..........................
10.1.2. Matrix form of second-rank tensors .............................
10.1.3. TTaCE ot

10.2. Representative quadric for a symmetric rank-2 tensor ...............
10.2.1. Characteristic surface .............ccocoiiiiiiiiiiiiiiiiin..
10.2.2. Principal axes and principal coefficients ........................
10.2.3. Shape of the quadric ...............oooiiiii

10.3. Properties of the quadric ............ccooviiiiiiiiiiiii
10.3.1. Normal to the quadric ..............cco
10.3.2. Length and physical meaning of the radius vector ..........
10.3.3. Intensity of a physical property in a given direction ........

10.4. Geometrical determination of the principal axes and principal
coefficients: the Mohr circle construction .................cooviinin.

10.5. Effect of crystal symmetry .........ocooooiiiiiiiiiii,
10.5.1. Triclinic SyStem .........coooiiiiiiiiiiniii e
10.5.2. Monoclinic System ...........cooviiiiiiiiiiiii
10.5.3. Orthorhombic system .............cocoii.
10.5.4. Uniaxial systems: rhombohedral, trigonal and hexagonal .
10.5.5. Cubic SYSTEIM .o.viiiiiitii i

10.6. Axial vectors, or antisymmetric rank-2 tensors .........................
10.6.1. Polar vectors, axial vectors ...........cccooviiiiiiiiiiniiinin.
10.6.2. Example of an axial vector: the cross product ...............

10,7, B XOICISES ot

197

205
205
205
206



Contents XXI
Chapter 11 —The stress tensor 225
111 Introduction .......o.oeiei i 225
11,2, Stress teISOT ...euiit it 225
11.2.1. Introduction ............ccooiiiiiiiiiiiiiii 225
11.2.2. Definition of the stress tensor ................ccocooiiiiiiiin... 227
11.2.3. Normal stress and shear stress ..........c.coovviiiiiiiiiit, 229
11.3. Basic relation ... 230
11.4. Symmetry of the stress tensor ................ccoiiiiiiiiii. 233
11.5. Examples of Stress tensors ..........ccooiiiiiiiiiiiiiiiiiiaae, 234
11.5.1. Uniaxial Stress .......ooeiiiiiiiii e 234
11.5.2. Pure shear ... 235
11.5.3. Hydrostatic pressure .............cccooviiiiiiiiiiiiiiiiinn. 235
11.6. Effect of gravity .........ooooiiiii 236
117, EXEICISES ettt e 238
REeIences . ...oove 240
Chapter 12 —Deformation of a solid. The strain tensor 241
12.1. Distortion tensor (displacement gradient tensor) ...................... 241
12.1.1. Definition ......ooooiiii 241
12.1.2. Physical meaning of components e;; ............................ 243
12.2. Decomposition of the distortion tensor
into a rotation and a strain ... 244
12.2.1. Introduction using a simple example ................c..ool. 244
12.2.2. Expressing the distortion associated to small rotations .... 245
12.2.3. Strain tensor .......oeiiii i 246
12.3. Elongation in a given direction ................cococoiiiiiiiiii. 247
12.4. Volume expansion (volumetric strain) ...................cooii, 248
12.5. Special cases of strain ............cooiiiii 249
12.5.1. Simple elongation ..............c.cocoiiiiii 249
12.5.2. Pure shear strain ... 249
12.5.3. Simple shear strain ...............cooi 250
12.6. Thermal eXpansion ............c.oooeieiiiiiiiiii e 250
127, EXETCISES .tntiniii i 254
Chapter 13 — Elasticity 259
13,1, Introduction .........ooooiiiii i 259
13.2. Compliance and stiffness tensors ................cccoiiiiii. 262
13.2.1. Generalized Hooke’s law .............coooiiiiiiiiiiiiiin, 262
13.2.2. Symmetry of the compliance and stiffness tensors ........... 263



XXII Symmetry and Physical Properties of Crystals

13.3. Contracted notation (Voigt’s notation) ..............ccccoeeviiiiiii.. 264
13.3. 1. SEreSS TEIISOT ..vutitititit ittt 264
13.3.2. SErain teNSOT .....ovitit it 265
13.3.3. Compliance tensor and stiffness tensor ......................... 265
13.3.4. Relation between the compliance and stiffness tensors ..... 268

13.4. Energy of a strained solid ..............ccoooiiiii 268

13.5. Effect of crystal symmetry on the form of the elastic tensor ........ 271
13.5.1. Center of Symmetry .........c..oooiiiiiiiiiiiiiiieee 274
13.5.2. Groups 2, m and 2/m .......ooiiiiiiiii 274
13.5.3. Groups 222, mmm and mm2 ... 274
13.5.4. Groups 422, 4mm and 4/mmm ...........c.ocoeiiiiiiiiini. 275
13.5.5. Cubic System ..........coooiiiiiiiiiiii 276

13.6. Isotropic materials .............coooiiiiiiiiiiiii 276
13.6.1. Expressing components s, as a function of £ and v ...... 278
13.6.2. Stiffness components. Lamé coefficients ........................ 279

13.7. Representative surface for Young’s modulus ........................ 279

13.8. Compressibility ........coiiiii 281
13.8.1. Bulk compressibility ...........c.cocoiiii 281
13.8.2. Linear compressibility of a bar ....................... 282

13.9. Notes on non-uniform stresses and strains ............................... 283

13.10. EXEICISES .vntiiii it 285

Complement 13C. Plastic deformation and crystal defects .................. 288
Further reading ... 290

REferences .....ovie 291

Chapter 14 — Elastic waves in crystals 293

14.1. Introduction .........ooiiiii i 293

14.2. Plane elastic Waves .........cooviiiiiiiiii e 294

14.3. Application to a cubic crystal ... 297
14.3.1. Propagation of a plane wave along direction [100] ........... 298
14.3.2. Propagation along direction [110] ..............cooiiiin. 299

14.4. Isotropic SOlid CASE ........ivitieititiii i 300

14.5. Microscopic approach — Crystal lattice dynamics ...................... 301
14.5.1. Linear chain of identical atoms ....................... 301
14.5.2. Linear chain with two different atoms .......................... 305
14.5.3. Extension to the real crystal case ....................... 308

14,6, EXOICISES nvriiiitt it e 309



Contents XXII

Chapter 15 — Crystal thermodynamics. Piezoelectricity 311
15.1. Crystal thermodynamics ..............c.ooiiiiiiiiiii, 312
15.1.1. Conjugate variables ............c.cocoiiiiiiiiiiii, 312
15.1.2. Independent variables .............c.cccoiiiiiiiii 314
15.1.3. Principal effects vs crossed effects ..................ooiinil. 317
15.1.4. Summary of the various effects ................................. 318
15.1.5. Condensed representation of the physical property matrix 320
15.2. Pyroelectricity. Pyroelectric crystals ... 321
15.3. Piezoelectric crystals ... 322
15.3.1. Direct effect and inverse effect ...................... 322
15.3.2. Piezoelectric tensor [d] and its two-subscript notation ..... 323
15.3.3. Effect of crystal symmetry on the form of the tensor ....... 324
15.3.4. Longitudinal piezoelectricity surface ............................ 328
15.3.5. Other forms of piezoelectric coefficients ........................ 329
15.3.6. Applications ...........cccoiiiiiiiiiiiiiiiii 331
15.4. Principal and crossed effects under various conditions ............... 332
155, EXETCISES oottt 334
Complement 15C. Electrostriction and magnetostriction .................... 337
Further reading ... 338
RELETeNCES . i 339
Chapter 16 — Light propagation in crystals 341
16.1. Maxwell’s equations ...........cooooiiiiiiiiiiiiiii 341
16.2. Light propagation in an isotropic material .............................. 342
16.3. Sinusoidal waves that are solutions of Maxwell’s equations ......... 343
16.4. Plane monochromatic wave in an anisotropic material ............... 345
16.4.1. Basic equation .........c.coooiiiiiiiiiiiiii 345
16.4.2. Birefringence ...........cooooiiiiiiiiiiiiiiii 346
16.4.3. Index surface ..........c.cooiiiiiiiiiiiiiii 347
16.4.4. Index ellipsoid ........ccoiiiiiiiiiiiiii 349
16.4.5. Determining the induction vectors .......................o.. 350
16.4.6. Direction of energy propagation ...................ccocooviinn.. 353
16.5. Refraction of a plane wave at the boundary between two materials 354
16.5.1. The wave-vectors follow the Snell-Descartes law ............. 354
16.5.2. Application to uniaxial materials ................................ 357
16.6. CONCIUSION ...ttt 358

16,7, EXOICISES ouvtiiiit i e 360



XXIV Symmetry and Physical Properties of Crystals

Appendix 16A. Wave surface (or ray surface) and Huygens’ construction 364

16A.1. Wave surface (or ray surface) .............ooocooveiiiiiiiiinne. 364
16A.2. Huygens’ construction .............cccoviiiiiiiiiiiniii.. 367
Chapter 17 — Polarization of light by crystals 369
17.1. Polarization state of an electromagnetic wave .......................... 369
17.1.1. Linearly polarized wave ...........c.cocoiviiiiiiiiiiiiii. 370
17.1.2. Circularly polarized wave ............cccocoiiiiiiiiiiiiiiiin.. 370
17.1.3. Elliptically polarized wave ............c.ccooviiiiiiiiiiiiiiiin., 372
17.1.4. Natural light ... 372
17.2. Jones NOtation .........ccoiveiiiiiii 373
17.3. Linear polarizers ..........o.oiiiiiii i 374
17.4. Phase-shifting plates ... 376
17.4.1. Half-wave plates ..........cocoiiiiiiiiiiiiee 377
17.4.2. Quarter-wave plates .........c.oooiiiiiiiiiiiii 378
17.5. Partially polarized waves and Stokes parameters ...................... 379
17.6. EXEICISES tutntinitit it e 382
REferences ..o 384
Chapter 18 — Rotatory power and optical activity 385
18.1. Definition of the rotatory power of a material .......................... 385
18.2. Fresnel’s interpretation .............ooiiiiiiiiiiiiiiii 386
18.3. Interpretation of rotatory power through the influence
of the local environment .................cooiiiiiiiiiiiiii 388
18.3.1. Effect of spatial dispersion ............c.ccoviiiiiiiiiiiiiiinn., 388
18.3.2. Wave propagation in optically active crystals ................ 390
18.4. Effect of crystal symmetry on the gyrotropy tensor ................... 393
18.4.1. Centrosymmetric Sroups ..........coceeoiiiiiiiiiiiiiniiiieaiannn.. 393
18.4.2. Non-centrosymmetric groups .........c..coevevuiiiiiiiiniininnnn, 394
18.5. Rotatory power and chirality .................ooc 396
18.6. Absorption and conclusion ...............cooiviiiiiiiiiiiiiiiiiniann. 400
Complement 18C. Magnetic optical rotation .....................cocoooiai. 401
Further reading ... 402
Appendix 18A. Axial tensors, or pseudo-tensors ...................coceeeenn.. 403
18A.1. Definition of axial tensors, or pseudo-tensors ................. 403
18A.2. Levi-Civita tensor, or permutation tensor ...................... 403
18A.3. The gyrotropy tensor [G] is a rank-2 axial tensor ............ 404
18A.4. Relation between tensors [G] and [B] .................oooiel. 405

RO CIICES ..o 406



Contents XXV

Chapter 19 — Electro-optical and elasto-optical effects 407
19.1. Introduction .........ooieiii i 407
19.2. Electro-optical effects ............coooiiiiiii 408

19.2.1. Linear electro-optical effect, or Pockels effect ................. 408

19.2.2. Applications of the linear electro-optical effect ............... 415

19.2.3. Quadratic electro-optical effect, or Kerr effect ................ 420
19.3. Elasto-optical effects ... 424

19.3.1. Definition ........oooiiiiiiiiiii 424

19.3.2. Application to the acousto-optical effects ...................... 427
194, EXETICISES .tntiiiiit it e 430
Complement 19C. Frequency doubling, or Second Harmonic Generation 433

Further reading ... 434
Chapter 20 — Solutions to the exercises 435
20.1. Exercises for Chapter 2 ... 435
20.2. Exercises for Chapter 3 ..o 436
20.3. Exercises for Chapter 4 ..........coiiiiiiiii 444
20.4. Exercises for Chapter 5 ........cooiiiiiiiiiiiii 445
20.5. Exercises for Chapter 7 .........cooiiiiiiiii 450
20.6. Exercises for Chapter 8 ... 456
20.7. Exercises for Chapter 9 ..o 458
20.8. Exercises for Chapter 10 .........oooiiiiiiiiiii e 459
20.9. Exercises for Chapter 11 ........coiiiiiiiiiiiiiiii 461
20.10. Exercises for Chapter 12 ..., 463
20.11. Exercises for Chapter 13 ........coooiiiiiiiiiii 470
20.12. Exercises for Chapter 14 .........ooiiiiiiii e 475
20.13. Exercises for Chapter 15 ........cooiiiiiiiiiiiiii 479
20.14. Exercises for Chapter 16 .........ccoooiiiiiiiiiii e 487
20.15. Exercises for Chapter 17 . ..., 492
20.16. Exercises for Chapter 19 .........ooiiiiiiiiiii 499
General references 507

Index 511



