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0.5 Å above the atoms (right)
Interpretation of orbitals in benzene, C6 H6 , as “Bloch” states
Energy levels of benzene represented as a band structure
(Top row) Illustration of the structure of trans-polyacetylene, [−C2 H2 −]n .
(Bottom row) The total charge density obtained from DFT calculations for the
two models
(Left) Energy bands of polyacetylene, [−C2 H2 −]n , and density of states (far
left). (Right) Wavefunctions of polyacetylene shown as linear combinations
of pz orbitals
Band structure of symmetric (left) and asymmetric (right) models of
polyacetylene, obtained from DFT calculations
Schematic illustration of the soliton motion in polyacetylene
Band structure of graphene, as obtained from DFT calculations
Valence electron charge density plots for graphene, on the plane of the atoms
(left) and on a plane perpendicular to it
Density of states of representative 2D crystals: graphene (top), a semimetal
and BN (bottom), an insulator
Density of states of representative 2D crystals: silicene (top), a structure
similar to graphene but consisting of Si atoms, a semimetal and MoS2
(bottom), a semiconductor, representative of the metal-dichalcogenide family
of layered solids
(Top) A graphene sheet with the ideal lattice vectors denoted as a1 , a2 .
(Bottom) Perspective views of the (7, 7) armchair tube, the (8, 4) chiral tube,
and the (7, 0) zigzag tube, along their axes
(a) The graphene Brillouin zone, with reciprocal lattice vectors b1 , b2 and
tube-related vectors b3 , b4 . (b) The folding of the full zone into the reduced
zone, determined by the vectors ±b3 , ±b4 . (c) The Brillouin zone for (n, 0)
tubes, and the example of the (6, 0) tube. (d) The Brillouin zone for (n, n)
tubes, and the example of the (4, 4) tube
Examples of CNT band structures obtained with the tight-binding
approximation
Band structure of four metals, Al, Cu, Ag, Au, all in the FCC structure, along
high-symmetry directions of the BZ shown in Fig. 2.12
Band structure of three metals, V, Cr, Fe, all in the BCC structure, along
high-symmetry directions in the BZ
Valence electron charge density plots on the (100) plane of the bulk (FCC)
crystal structure for two metallic solids: Al (left) and Ag (right)

© in this web service Cambridge University Press

206
217

228
229
230

232

232
234
235
236
237
238

239

240

242
243
245
246
246

www.cambridge.org

Cambridge University Press
978-0-521-11711-1 — Quantum Theory of Materials
Efthimios Kaxiras , John D. Joannopoulos
Frontmatter
More Information

xiv

List of Figures

5.18 Density of states of representative 3D metallic crystals: a simple,
free-electron metal, Al (top) and a noble, d-electron metal, Au (bottom)
5.19 Band structure of two ionic insulators, LiF and NaCl (both in rocksalt
structure), a partially ionic/partially covalent insulator, BN (zincblende
structure), and a covalently bonded insulator, C (diamond structure)
5.20 Band structure of representative semiconductors: Si and Ge in the diamond
structure; AlP, GaAs, SiC, and ZnS, all in the zincblende structure
5.21 Valence electron charge density plots on the (110) plane of the bulk diamond
or zincblende crystal structure for representative solids
5.22 Density of states of representative 3D semiconducting crystals
5.23 (Left) Schematic illustration of light and heavy electron and hole states.
(Right) Schematic illustration of shallow donor and acceptor impurity states
in a semiconductor with direct gap
5.24 Phosphorus dopant state in bulk silicon
5.25 Schematic representation of p–n junction elements
5.26 Band bending associated with a p–n junction
5.27 Origin of the intrinsic potential in the p–n junction
5.28 Schematic representation of the operation of a photovoltaic device (PVD)
(left panel), a light-emitting diode (LED) (middle panel), and the effect of
forward and reverse bias (middle and right panels, respectively), based on the
p–n junction
5.29 Illustration of band bending in p–n junctions
5.30 The basic features of a MOSFET
5.31 Band alignment in metal–semiconductor junction
5.32 Band alignment in metal–oxide–semiconductor junction
5.33 Illustration of the structure of cis-polyacetylene, [−C4 H4 −]n , in the two
possible arrangements of the singe/double bond sequence along
nearest-neighbor C atoms
6.1 The absorption spectrum of benzene, C6 H6 , as a function of the excitation
energy, obtained using TD-DFT
6.2 Illustration of the general behavior of the real and imaginary parts of the
dielectric function
6.3 Example of the behavior of the real and imaginary parts of the dielectric
function for Al, a representative free-electron-like solid
6.4 Examples of the behavior of the real part of the dielectric function for Cu
(top) and Ag (bottom)
6.5 Representative examples of the interband contributions to the dielectric
function (real and imaginary parts, respectively) for semiconductors (Si, Ge,
AlP, GaAs) and insulators (C, SiC), obtained from the band structures
calculated by DFT methods
6.6 Examples of the behavior of the real and imaginary parts of the dielectric
function for Cu (top) and Ag (bottom)
6.7 The dielectric function of Si (top) and Ge (bottom), real and imaginary parts

© in this web service Cambridge University Press

247

249
251
252
254

257
263
266
267
267

268
269
272
274
276

277
283
288
289
290

297
300
302

www.cambridge.org

Cambridge University Press
978-0-521-11711-1 — Quantum Theory of Materials
Efthimios Kaxiras , John D. Joannopoulos
Frontmatter
More Information

xv

List of Figures

6.8

6.9

6.10
7.1
7.2
7.3
7.4
7.5
7.6

7.7
7.8

7.9

7.10
7.11
7.12
7.13
7.14
7.15
8.1
8.2
8.3
8.4
8.5
8.6

(Left) Modification of the absorption spectrum in the presence of excitons
relative to the spectrum in the absence of excitons. (Right) Schematic
representation of the conduction and valence bands and the energy levels in
the gap corresponding to electron–hole bound states
Comparison of Coulomb interaction contributions for excitonic states with the
particle and hole situated in the same unit cell (left panel) and in different unit
cells a distance R apart (right panel)
(Left) Excitons in Cu2 O. (Right) Schematic illustration of the wavefunction
of an s-state of the exciton
The origin of the bond-bending term in the force-constant model
Bond stretching and bond bending in the force-constant model
Illustration of the 1D chain with lattice constant a and one atom of mass M
per unit cell
The atomic displacements corresponding to phonon modes in the 1D chain
with one atom per unit cell
Illustration of the 1D chain with lattice constant a and two atoms per unit cell
(Top) Definition of the model of the periodic chain in 2D, with lattice
constant a1 and two atoms per unit cell. (Bottom) The atomic displacements
of the phonon modes for the periodic chain with lattice constant a1 and two
atoms per unit cell
The 2D square lattice with lattice constants a1 , a2 , with one atom per unit cell
(Top) The frequencies of the phonon modes of the 2D square lattice along
different high-symmetry directions of the BZ. (Bottom) Atomic displacements
of the phonon modes with frequencies marked as (a), (b), (c) and (d)
(Top) The phonon spectrum of Si along high-symmetry directions, calculated
within the force-constant model. (Bottom) Atomic displacements associated
with the phonon modes in Si at the Ŵ and X points in the BZ
(Left) Behavior of the specific heat c as a function of temperature T in the
Debye model. (Right) Comparison of the density of states in the Debye model
Fit of calculated total energies of various elemental solids to the universal
binding energy relation
Definition of the strain tensor for the cartesian coordinate system
Definition of the stress tensor for the cartesian coordinate system
The Born force-constant model for graphene
The phonon spectrum of the honeycomb lattice (graphene) in 3D space
Diagrams for the one and two-phonon scattering processes
Illustration of excitations involved in Rayleigh, Stokes and anti-Stokes
scattering, and infrared absorption
Illustration of excitations involved in Raman scattering processes
Illustration of attractive effective interaction between two electrons mediated
by phonons
Scattering between electrons of initial and final wave-vectors through the
exchange of a phonon
Features of the BCS model

© in this web service Cambridge University Press

304

311
316
326
326
330
331
332

334
336

337

339
347
356
357
359
372
374
384
388
391
395
405
408

www.cambridge.org

Cambridge University Press
978-0-521-11711-1 — Quantum Theory of Materials
Efthimios Kaxiras , John D. Joannopoulos
Frontmatter
More Information

xvi

List of Figures

8.7
9.1
9.2
9.3
9.4
9.5

9.6
9.7
9.8
9.9
9.10
9.11

9.12

9.13
9.14
9.15
9.16
9.17
9.18
9.19
9.20

9.21
9.22
9.23

Examples of the structure of high-Tc compounds
The confining potential, energies, and wavefunctions of the two lowest states
at an insulator–semiconductor junction
Geometry of the 2D electrons in the Hall effect
Schematic representation of experimental measurements in the Hall effect
Loop geometry for establishing the quantum Hall effect
(Left) The energy levels of states in the ribbon as a function of the position of
their centers. (Right) The density of states for the states that include edge
effects and the ideal harmonic oscillator levels
Schematic representation of classical orbits of charged particles, in the bulk
and at the edges of a ribbon on the x, y plane
Density of states and filling of Landau levels, including the effects of
disorder, at different values of the magnetic field B
Illustration of the de Haas–van Alphen effect in a 2D electron gas
The Fermi surface of Au
Single-particle energy eigenvalues for the simple example that illustrates the
motion of electrons and holes in a one-band, 1D crystal
The position vector r appearing in the field of the Dirac monopole M situated
at the origin, to illustrate the calculation of Berry’s phase in a system with two
independent variables, the polar angle ϑ and the azimuthal angle ϕ
(Left) The honeycomb lattice with the primitive lattice vectors a1 , a2 and the
primitive unit cell. (Right) The corresponding band structure, in solid lines,
along the high-symmetry directions of the BZ
Brillouin zone of the 2D honeycomb lattice, with the high-symmetry points
identified
Illustration of Aharonov–Bohm effect description in terms of Berry’s phase
Illustration of the ambiguity in determining the dipole moment p in the unit
cell of a 1D crystal with period a
(Left) The band structure of a single layer of MoS2 . (Right) The calculated
Berry curvature for the highest valence band
The first Brillouin zone of the 2D square lattice
Honeycomb lattice with broken time-reversal symmetry
The structure of ribbons with armchair (left panel) and zigzag (right panel)
edges
(a) The BZ of the original honeycomb lattice. (b) How sections are displaced
by the reciprocal lattice vectors to be mapped into a new first BZ (c) The
armchair-edged ribbon BZ. (d) The zigzag-edged ribbon BZ
Energy bands of ribbons cut from the 2D honeycomb lattice with armchair
(left) or zigzag (right) edges
Energy bands for zigzag-edged ribbons of the honeycomb lattice, with broken
symmetry
Illustration of the analogy between the genus g of a surface and the
topological or Chern invariant N for a band structure

© in this web service Cambridge University Press

414
418
419
422
424

428
429
430
433
433
437

445

449
451
455
457
460
462
464
466

467
467
468
470

www.cambridge.org

Cambridge University Press
978-0-521-11711-1 — Quantum Theory of Materials
Efthimios Kaxiras , John D. Joannopoulos
Frontmatter
More Information

xvii

List of Figures

9.24 Illustration of the behavior of edge states in the case of different values of the
topological invariant
9.25 (Left) A 2D model square lattice with two atoms per unit cell. (Right) The
corresponding energy bands
9.26 The four energy bands of the 3D cubic lattice model with two atoms per unit
cell having an s-like (even parity) and a p-like (odd parity) orbital
10.1 The total energy multiplied by a factor of 10 and the magnetization m of the
polarized electron gas, as functions of rs
10.2 Illustration of the occupation of spin-up electron states and spin-down
electron states, with corresponding Fermi levels
10.3 The entropy per dipole and inverse temperature for the model of dipoles in an
external magnetic field
10.4 The average magnetization M as a function of temperature for the Ising model
10.5 Graphical solution of Eq. (10.33)
10.6 The free energy per particle as a function of the average magnetization per
particle, for various values of T/Tc
10.7 The three terms in the effective second-order hamiltonian obtained from the
Hubbard model in the limit U ≫ t
10.8 Illustration of a spin wave in the 2D square lattice with k = ( 16 , 16 ) πa , where a
is the lattice constant
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Preface

Why do various materials behave the way they do? For instance, what makes a material
behave like a good insulator, instead of being a good conductor or a semiconductor? What
determines the strength of a material? How can we account for the color of different solids?
Questions like these have attracted curious minds for centuries. Materials, after all, are of
central importance to humanity: they define the stage of civilization, as in “Stone Age,”
“Bronze Age,” “Iron Age,” and the current “Silicon Age.” The scientific study of the
properties of materials in the last two centuries has produced a body of knowledge referred
to as the “physics of materials” that goes a long way toward explaining and even predicting
their properties from first-principles theoretical concepts. Our book aims to present these
concepts in a concise and accessible manner.
The book emerged as the result of many years of teaching this subject at Harvard and
MIT. The intended audience is graduate or advanced undergraduate students in physics,
applied physics, materials science, chemistry, and related engineering and applied science
fields. There are classic textbooks on the subject, the venerable work by N. W. Ashcroft
and N. D. Mermin, Solid State Physics, being a standard example; there are also numerous
more recent works, for instance Fundamentals of Condensed Matter Physics by M. L.
Cohen and S. G. Louie, a work of great depth and clarity, and the delightfully intuitive
Physics of Solids by E. N. Economou. We mention most of these books as suggestions for
further reading at the end of each chapter, as appropriate. Taken together, these sources
quite nicely cover all important aspects of the subject. The present work aims to fill a gap
in the literature, by providing a single book that covers all the essential topics, including
recent advances, at a level that can be accessible to a wider audience than the typical
graduate student in condensed matter physics. This is what prompted us to use the word
“materials” (rather than “solids” or “condensed matter”) in the title of the book. Consistent
with this aim, we have included topics beyond the standard fare, like elasticity theory
and group theory, that hopefully cover the needs, and address the interests, of this wider
community of readers.
To facilitate accessibility, we have intentionally kept the mathematical formalism at the
simplest possible level, for example, avoiding second quantization notation except when
it proved absolutely necessary (the discussion of the BCS model for superconductivity,
Chapter 8). Instead, we tried to emphasize physical concepts and supply all the information
needed to motivate how they translate into specific expressions that relate physical
quantities to experimental measurements.
The book concentrates on theoretical concepts and tools, developed during the last
few decades to understand the properties of materials. As such, we did not undertake an
xxi
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xxii

Preface

extensive survey of experimental data. Rather, we compare the results of the theoretical
models to key experimental findings throughout the book. We also give examples of
how the theory can be applied to explain what experiment observes, as well as several
compilations of experimental data to capture the range of behavior encountered in various
types of materials.
The book can be used to teach a one-semester graduate-level course (approximately 40
hours of lecture time) on the physics of materials. For an audience with strong physics
and math background and some previous exposure to solid-state physics, this can be
accomplished by devoting an introductory lecture to Chapter 1, and covering the contents
of Chapters 2–7 thoroughly. Topics from Chapters 8, 9, and 10 can then be covered as time
permits and the instructor’s interest dictates. An alternative approach, emphasizing more
the applications of the theory and aimed at an audience with no prior exposure to solidstate physics, is to cover thoroughly Chapters 1 and 2, skip Chapter 3, cover Sections 4.1–
4.7, Chapters 5 and 6, Sections 7.1–7.5, Sections 8.3 and 8.4, and selected topics from
Chapters 9 and 10 as time permits.
Many examples and applications are carefully worked out in the text, illustrating how
the theoretical concepts and tools can be applied to simple and more sophisticated models.
Not all of these need to be presented in lectures; in fact, the reason for giving their detailed
solutions was to make it possible for the student to follow them on their own, reserving
lecture time for discussions of key ideas and derivations. We have also included several
problems at the end of each chapter and we strongly encourage the interested student to
work through them in detail, as this is the only meaningful way of mastering the subject.
Finally, we have included an extensive set of appendices, covering basic mathematical
tools and elements from classical electrodynamics, quantum mechanics, and thermodynamics and statistical mechanics. The purpose of these appendices is to serve as a reference
for material that students may have seen in a different context or at a different level, so that
they can easily refresh their memory of it, or become familiar with the level required for
understanding the discussion in the main text, without having to search a different source.
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