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This book is the seventh edition of an elementary text on solid state physics
for senior and beginning graduate students of physical science and engineering.
The book is an update of the sixth edition of 1986 and includes additions,
improvements, and corrections made in that edition in 13 successive printings—
which it was time to pull together—and a number of new topics besides. Signif-
icant advances in the field have been added or discussed more fully: thus high
temperature superconductors are treated, and results of scanning tunneling
microscopy are displayed; the treatment of fiber optics is expanded. There are
discussions, among other topics, of nanostructures, superlattices, Bloch/
Wannier levels, Zener tunneling, light-emitting diodes, and new magnetic
materials. The additions have been made within a boundary condition intended
to keep the text within one volume and at a reasonable price.

The theoretical level of the text itself has not been changed. There is more
discussion of useful materials. The treatment of elastic constants and elastic
waves which was dropped after the fourth edition has now been returned be-
cause, as many have pointed out, the matter is useful and not easily accessible
elsewhere. The treatment of superconductors is much more extensive than is
usual in a text at this level: either you do it or you don't.

Solid state physics is concerned with the properties, often astonishing and
often of great utility, that result from the distribution of electrons in metals,
semiconductors, and insulators. The book also tells how the excitations and
imperfections of real solids can be understood with simple models whose power
and scope are now firmly established. The subject matter supports a profitable
interplay of experiment, application, and theory. The book, in English and in
many translations, has helped give several generations of students a picture of
the process. Students also find the field attractive because of the frequent possi-
bility of working in small groups.

Instructors will use the book as the foundation of a course in their own
way, yet there are two general patterns to the introduction, selection and order
of the basic material. If students have a significant preparation in elementary
quantum mecha b, they will like to begin with the quantum theory of elec-
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trons in one-dimensional solids, starting with the free electron gas in Chapter 6
and energy bands in Chapter 7. One will need to treat the reciprocal lattice in
three dimensions (Chapter 2) before plunging into semiconductors (Chapter 8)
and Fermi surfaces (Chapter 9). Crystal structures, crystal binding, and pho-
nons could be considered as recreational reading. In a more gradual approach,
the first eight chapters through the physics of semiconductors are read consecu-
tively as a one-semester introduction to the field.

What about the necessary statistical mechanics? A vague discomfort at the
thought of the chemical potential is still characteristic of a physics education.
This intellectual gap is due to the obscurity of the writings of J. Willard Gibbs,
who discovered and understood the matter 100 years ago. Herbert Kroemer
and I have clarified the physics of the chemical potential in the early chapters of
our book on thermal physics.

Review series give excellent extended treatments of all the subjects
treated in this book and many more besides; thus with good conscience I give
few references to original papers. In these omissions no lack of honor is in-
tended to those who first set sail on these seas.

The crystallographic notation conforms with current usage in physics.
Important equations are repeated in SI and CGS-Gaussian units, where these
differ. Exceptions are figure captions, chapter summaries, some problems, and
any long section of text where a single indicated substitution will translate from
CGS to SI. Chapter Contents pages discuss conventions adopted to make paral-

lel usage simple. The dual usage in this book has been found useful and accept-
able.

Tables are in conventional units. The symbol e denotes the charge on the
proton and is positive. The notation (18) refers to Equation (18) of the current
chapter, but (3.18) refers to Equation 18 of Chapter 3. A caret " over a vector
refers to a unit vector. Few of the problems are exactly easy; most were devised
to carry forward the subject of the chapter. With a few exceptions, the prob-
lems are those of the original sixth edition.

This edition owes much to the advice of Professor Steven G. Louie. For
collected corrections, data, and illustrations 1 am grateful to P. Allen, M. Beas-
ley, D. Chemla, T.-C. Chiang, M. L. Cohen, M. G. Craford, A. E. Curzon,
D. Eigler, L. M. Falicov, R. B. Frankel, ]J. Friedel, T. H. Geballe, D. M.
Ginsberg, C. Herring, H. F. Hess, N. Holonyak, Jr., M. Jacob, J. Mamin,
P. McEuen, J. G. Mullen, J. C. Phillips, D. E. Prober, Marta Puebla, D. S.
Rokhsar, L. Takacs, Tingye Li, M. A. Van Hove, E. R. Weber, R. M. White,
J. P. Wolfe, and A. Zettl. Of the Wiley staff I have particularly great debts to
Clifford Mills for publication supervision, to Cathy Donovan for her ingenuity
in processing the additions between the thirteen successive printings, and to
Suzanne Ingrao of Ingrao Associates for her skill and understanding during the
editorial process.
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Corrections and suggestions will be gratefully received and may be ad-
dressed to the author at the Department of Physics, University of California,
Berkeley, CA 94720-7300; by email to kittel@uclink4. Berkeley. edu; and by fax
to (510) 643-9473.

C. Kittel

An Instructor’s Manual is available for this revision; several problems have
been added (to Chapter 3 and Chapter 6); one dropped (from Chapter 4), and
several corrections made. Instructors who have adopted the text for classroom
use should direct a request on departmental letterhead to John Wiley & Sons,
Inc., 605 Third Avenue, New York, NY 10158-0012. Limited requests for per-
mission to copy figures or other material should be addressed to the Permis-
sions Editor at this address.






Contents

Guide to Tables ix
General References xi
1 CRYSTAL STRUCTURE 1
2 RECIPROCAL LATTICE 27
3 CRYSTAL BINDING AND ELASTIC CONSTANTS 53
4 PHONONS L CRYSTAL VIBRATIONS 97
5 PHONONS II. THERMAL PROPERTIES 115
6 FREE ELECTRON FERMI GAS 141
7 ENERGY BANDS 173
8 SEMICONDUCTOR CRYSTALS 197
9 FERMI SURFACES AND METALS 233
10 PLASMONS, POLARITONS, AND POLARONS 269
11 OPTICAL PROCESSES AND EXCITONS 305
12 SUPERCONDUCTIVITY 333
13 DIELECTRICS AND FERROELECTRICS 379
14 DIAMAGNETISM AND PARAMAGNETISM 415
15 FERROMAGNETISM AND ANTIFERROMAGNETISM 441
16 MAGNETIC RESONANCE 485
17 NONCRYSTALLINE SOLIDS 519

18 POINT DEFFTTS 539



19 SURFACE AND INTERFACE PHYSICS
20 DISLOCATIONS
21 ALLOYS

Appendix

A TEMPERATURE DEPENDENCE OF THE REFLECTION LINES
EWALD CALCULATION OF LATTICE SUMS

QUANTIZATION OF ELASTIC WAVES: PHONONS
FERMI-DIRAC DISTRIBUTION FUNCTION

DERIVATION OF dk/dt EQUATION

BOLTZMANN TRANSPORT EQUATION

VECTOR POTENTIAL, FIELD MOMENTUM, AND GAUGE
TRANSFORMATIONS

COOPER PAIRS
GINSBURG-LANDAU EQUATION

- =m AamMEHODOW

ELECTRON-PHONON COLLISIONS

Sulisoar Bidlow
Table of SI Prefixes

585

631

638

647

651

667
673



Guide to Tables

1.1
1.2
1.3
1.4

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12

5.1
5.2

6.1
6.2
6.3
6.4
6.5

8.1
8.2
8.3
8.4
8.5
8.6
8.7

Fourteen lattice types in three dimensions
Characteristics of cubic lattices

Crystal structures of the elements

Density and atomic concentration of the elements

Cohesive energies of the elements

Melting temperatures of the elements

Bulk modulii and compressibilities of the elements
Properties of inert gas crystals

Ionization energies

Electron aflinities of negative ions

Properties of alkali halide crystals

Fractional ionic character of bonds

Atomic and ionic radii

Standard radii of ions

Elastic stiffness constants of cubic crystals at 0 K and 300 K
Elastic stiffness constants of cubic crystals at 300 K

Debye temperature and thermal conductivity
Phonon mean free paths

Free electron Fermi surface parameters for metals
Electron heat capacity of metals

Electrical conductivity and resistivity of metals
Hall coeflicients

Lorenz numbers

Energy gaps in semiconductors

Effective masses of holes and electrons

Carrier mobilities at room temperature

Static dielectric constants of semiconductors
Donor ionization energies

Acceptor ionization energies

Electron and hole concentrations in semimetals

10
12
23
24

57
58
59
60
61
68
73
76
78
79
91
92

126
133

150
157
160
167
168

201
214
221
223
224

229

ix



10.1
10.2
10.3
10.4

11.1
11.2
11.3

12.1
12.2
12.3
12.4
12.5

13.1
13.2
13.3

14.1
14.2

15.1
15.2
15.3

16.1
16.2

18.1
18.2
18.3

19.1
19.2

20.1
20.2

21.1

Ultraviolet transmission limits of alkali metals
Volume plasmon energies

Lattice frequencies

Polaron masses and coupling constants

Exciton binding energies
Electron-hole liquid parameters
Acronyms of current experimental methods for band structure studies

Superconductivity parameters of the elements
Superconductivity of selected compounds
Energy gaps in superconductors

Isotope effect in superconductors

Coherence length and penetration depth

Electronic polarizabilities of ions
Ferroelectric crystals
Antiferroelectric crystals

Magneton numbers of lanthanide group ions
Magneton numbers of iron group ions

Critical point exponents of ferromagnets
Ferromagnetic crystals
Antiferromagnetic crystals

Nuclear magnetic resonance data
Knight shifts in NMR

Diffusion constants and activation energies
Activation energy for a positive ion vacancy
Experimental F center absorption energies

Top layer atomic relaxation
Electron work functions

Elastic limit and shear modulus
Dislocation densities

Electron/atom ratios of electron compounds

275
278
292
298

314
322
328

344
347

391
396
406

425
426

445
449
465

489
502

545
547
549
556
562
598

616



Selected General References

VTP e ey’ P

Statistical physics background
C. Kittel and H. Kroemer, Thermal physics, 2nd ed., Freeman, 1980. Has a full,
clear discussion of the chemical potential and of semiconductor statistics; cited as
TF.

Intermediate text
J. M. Ziman, Principles of the theory of solids, Cambridge, 1972.

Advanced texts
C. Kittel, Quantum theory of solids, 2nd revised printing, Wiley, 1987, with solu-
tions appendix by C. Y. Fong; cited as QTS.
J. Callaway, Quantum theory of the solid state, 2nd ed., Academic, 1991.

Applied solid state
R. Dalven, Introduction to applied solid state physics, 2nd ed., Plenum, 1990. A
readable introduction to representative areas in a vast field.

Review series
F. Seitz and others, Solid state physics, advances in research and applications,

Vols. 1-(48), plus supplements. This valuable continuing series is often cataloged as
a serial, as if it were a journal, and is cited here as Solid state physics.

Literature guides
There are many good databases, library and organizational; this is the way to go for
monograph and journal searches.






1

Crystal Structure

PERIODIC ARRAYS OF ATOMS 3
Lattice translation vectors 4
Basis and the crystal structure 5
Primitive lattice cell 6

FUNDAMENTAL TYPES OF LATTICES 8
‘Two-dimensional lattice types 8

[1]

Three-dimensional lattice types 1
INDEX SYSTEM FOR CRYSTAL PLANES 12
SIMPLE CRYSTAL STRUCTURES 15

Sodium chloride structure 15

Cesium chloride structure 17

Hexagonal close-packed structure 17

Diamond structure 19

Cubic zinc sulfide structure 20
DIRECT IMAGING OF ATOMIC STRUCTURE 20
NONIDEAL CRYSTAL STRUCTURES 21

Random stacking and polytypism 22
CRYSTAL STRUCTURE DATA 22
SUMMARY 25
PROBLEMS 25

1. Tetrahedral angles 25

2. Indices of planes 25

3. Hep structure 25
REFERENCES 25

UNITS: 1A = 1 angstrom = 1078 cm = 0.1 nm = 10~1° m,



(a)

()

Figure 1 RBelation of the external form of crystals to the form of the elementary building blocks.
The building blocks are identical in (a) and (b), but different ery«*1faces are developed. (¢) Cleav-

ing a crystal of rocksalt.



CHAPTER 1: CRYSTAL STRUCTURE
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Solid state physics is largely concerned with crystals and electrons in crys-
tals. The study of solid state physics began in the early years of this century
following the discovery of x-ray diffraction by crystals and the publication of a
series of simple calculations and successful predictions of the properties of
crystals.

When a crystal grows in a constant environment, the form develops as if
identical building blocks were added continuotisly (Fig. 1). The building blocks
are atoms or groups of atoms, so that a crystal is a three-dimensional periodic
array of atoms.

This was known in the 18th century when mineralogists discovered that
the index numbers of the directions of all faces of a crystal are exact integers.
Only the arrangement of identical particles in a periodic array can account for
the law of integral indices,! as discussed below.

In 1912 a paper entitled “Interference effects with Rontgen rays” was pre-
sented to the Bavarian Academy of Sciences in Munich. In the first part of the
paper, Laue developed an elementary theory of the diffraction of x-rays by a
periodic array. In the second part, Friedrich and Knipping reported the first
experimental observations of x-ray diffraction by crystals.?

The work proved decisively that crystals are composed of a periodic array
of atoms. With an established atomic model of a crystal, physicists now could
think much further. The studies have been extended to include amorphous or
noncrystalline solids, glasses, and liquids. The wider field is known as con-
densed matter physics, and it is now the largest and probably the most vigorous
area of physics.

PERIODIC ARRAYS OF ATOMS

An ideal crystal is constructed by the infinite repetition of identical struc-
tural units in space. In the simplest crystals the structural unit is a single atom,
as in copper, silver, gold, iron, aluminum, and the alkali metals. But the small-
est structural unit may comprise many atoms or molecules.

The structure of all crystals can be described in terms of a lattice, with a
group of atoms attached to every lattice point. The group of atoms is called the
basis; when repeated in space it forms the crystal structure.

'B. J. Haily, Essai d'une théorie sur la structure des eristaux, Paris, 1784; Traité de cristal-
lographie, Paris, 1801.

“For personal accounts of the early years of x-ray diffraction studies of crystals, see P. P. Ewald,
ed., Fifty years of x-re,  fraction, A. Oosthoek’s Uitgeversmij., Utrecht, 1962.



Lattice Translation Vectors

The lattice is defined by three fundamental translation vectors a,, ag, a3
such that the atomic arrangement looks the same in every respect when viewed
from the point r as when viewed from the point

r =r+ ua; + usay + uzasz , (1)

where u;, ug, 15 are arbitrary integers. The set of points r* defined by (1) for all
), tig, tz defines a lattice.

A lattice is a regular periodic array of points in space. (The analog in two
dimensions is called a net, as in Chapter 18.) A lattice is a mathematical abstrac-
tion; the crystal structure is formed when a basis of atoms is attached identically
to every lattice point. The logical relation is

lattice + basis = crystal structure . (2)

The lattice and the translation vectors a,, as, a3 are said to be primitive if
any two points r, r* from which the atomic arrangement looks the same always
satisfy (1) with a suitable choice of the integers u,, ug, uz. With this definition of
the primitive translation vectors, there is no cell of smaller volume that can
serve as a building block for the crystal structure.

We often use primitive translation vectors to define the crystal axes. How-
ever, nonprimitive crystal axes are often used when they have a simpler rela-
tion to the symmetry of the structure. The crystal axes a;, as, a3 form three
adjacent edges of a parallelepiped. If there are lattice points only at the corners,
then it is a primitive parallelepiped.

A lattice translation operation is defined as the displacement of a crystal by
a crystal translation vector

T = wa; + uza, + uzas . (3)

Any two lattice points are connected by a vector of this form.

To describe a crystal structure, there are three important questions to
answer: What is the lattice? What choice of a,, a5, as do we wish to make? What
is the basis?

More than one lattice is always possible for a given structure, and more
than one set of axes is always possible for a given lattice. The basis is identified
once these choices have been made. Everything (including the x-ray diffraction
pattern) works out correctly in the end provided that (3) has been satisfied.

The symmetry operations of a crystal carry the crystal structure into itself.
These include the lattice translation operations. Further, there are rotation and
reflection operations, called point operations. About lattice points or certain
special points within an elementary parallelpiped it may be possible to apply
rotations ar reflections that carry the crystal into itself.

Finally, there may exist compound operations made up of combined trans-
lation and point operations. Textbooks on crystallography are largely devoted to



1 Crystal Structure

Figure 2 Portion of a crystal of an imaginary protein molecule, in a two-dimensional world. (We
picked a protein molecule because it is not likely to have a special symmetry of its own.) The atomic
arrangement in the crystal looks exactly the same to an observer at v’ as to an observer at r,
provided that the vector T which connects v and r may be expressed as an integral multiple of the
vectors a; and a. In this illustration, T = —a, + 3a,. The vectors a, and a, are primitive transla-

tion vertors of the two-dimensional lattice.

£ . &
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Figure 3 Similar to Fig. 2, but with protein molecules associated in pairs. The crystal translation
vectors are a,; and a;. A rotation of 7 radians about any point marked x will carry the ervstal into

itself. This occurs also for equivalent points in other cells, but we have marked the points X only
within one cell.

the deseription of symmetry operations. The crystal structure of Fig. 2 is drawn
to have only translational symmetry operations. The crystal structure of Fig. 3
allows both translational and point symmetry operations.

Basis and the Crystal Structure

A basis of atoms is attached to every lattice point, with every basis identical
in composition, arrangement, and orientation. Figure 4 shows how a crystal
structure is formed by adding a basis to every lattice point. The lattice is indi-
cated by dots in Figs. 2 and 3, but in Fig, 4c the dots are omitted.



Figure 4 The crystal structure is formed
by the addition of the basis (b) to every
lattice point of the lattice (a). By looking at
{c), vou can recognize the basis and then
vou can abstract the space lattice. It does
not matter where the basis is put in rela-
tion to a lattice point.

The number of atoms in the basis may be one, or it may be more than one.
The position of the center of an atom j of the basis relative to the associated
lattice point is

4)

We may arrange the origin, which we have called the associated lattice point, so
that 0=ux;, y;, %, = 1.

Primitive Lattice Cell

The parallelepiped defined by primitive axes a,, a,, a3 is called a primitive
cell (Fig. 5b). A primitive cell is a type of cell or unit cell. (The adjective unit is
superfluous and not needed.) A cell will fill all space by the repetition of suita-
ble crystal translation operations. A primitive cell is a minimum-volume cell.

There are many ways of choosing the primitive axes and primitive cell for a
given lattice. The number of atoms in a primitive cell or primitive basis is
always the same for a given crystal structure.

'q '



1 Crystal Structure

(b) fc)

Figure 5a Lattice points of a space lattice in two dimensions. All pairs of vectors a,, ag are
translation vectors of the lattice. But a,""", ay''" are not primitive translation vectors because we
cannot form the lattice translation T from integral combinations of a,""" and a,'"’. All other pairs
shown of a; and ag may be taken as the primitive translation vectors of the lattice. The parallelo-

grams 1, 2, 3 are equal in area and any of them could be taken as the primitive cell. The parallelo-
gram 4 has twice the area of a primitive cell,

Figure 5b Primitive cell of a space lattice in three dimensions.

Figure 5¢ Suppose these points are identical atoms: sketch in on the figure a set of lattice points, a
choice of primitive axes, a primitive cell, and the basis of atoms associated with a lattice point.

There is always one lattice point per primitive cell. If the primitive cell is
a parallelepiped with lattice points at each of the eight corners, each lattice
point is shared among eight cells, so that the total number of lattice points in
the cell is one: 8 X § = 1.

The volume of a parallelepiped with axes a,, a,, ag is

, (5)

by elementary vector analysis. The basis associated with a primitive cell is

called a primitive basis. No basis contains fewer atoms than a primitive basis
contains.

Vc=|3l'a2"‘ a3



Figure 6 A primitive cell may also be chosen follow-
ing this procedure: (1) draw lines to connect a given
lattice point to all nearby lattice points; (2) at the
midpoint and normal to these lines, draw new lines
or planes. The smallest volume enclosed in this way
is the Wigner-Seitz primitive cell. All space may be
filled by these cells, just as by the cells of Fig. 5.

Another way of choosing a primitive cell is shown in Fig. 6. This is known
to physicists as a Wigner-Seitz cell.

FUNDAMENTAL TYPES OF LATTICES

Crystal lattices can be carried or mapped into themselves by the lattice
translations T and by various other symmetry operations. A typical symmetry
operation is that of rotation about an axis that passes through a lattice point.
Lattices can be found such that one-, two-, three-, four-, and sixfold rotation
axes carry the lattice into itself, corresponding to rotations by 2, 27/2, 24/3,
277/4, and 277/6 radians and by integral multiples of these rotations. The rotation
axes are denoted by the symbols 1, 2, 3, 4, and 6.

We cannot find a lattice that goes into itself under other rotations, such as
by 27/7 radians or 277/5 radians. A single molecule properly designed can have
any degree of rotational symmetry, but an infinite periodic lattice cannot. We
can make a crystal from maolecules that individually have a fivefold rotation axis,
but we should not expect the lattice to have a fivefold rotation axis. In Fig. 7 we
show what happens if we try to construct a periodic lattice having fivefold
symmetry: the pentagons do not fit together to fill all space, showing that
we cannot combine fivefold point symmetry with the required translational
periodicity.

By lattice point group we mean the collection of symmetry operations
which, applied about a lattice point, carry the lattice into itself. The possible
rotations have been listed. We can have mirror reflections m about a plane
through a lattice point. The inversion operation is composed of a rotation of 7
followed by reflection in a plane normal to the rotation axis; the total effect is to
replace r by —r. The symmetry axes and symmetry planes of a cube are shown
in Fig. 8.

Two-Dimensional Lattice Types

There is an unlimited number of possible lattices because there is no natu-
ral restriction on the lengths of the lattice translation vectors or on the angle ¢
between them. The lattice in Fig. 5a was drawn for arbitrary a, and as. A
general lattice such as this is known as an oblique lattice and is invariant only
under rotation of 7 and 24 about any lattice point.
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Figure 7 A fivefold axis of symmetry can-
not exist in a periodic lattice because it is
not possible to fill the area of a plane with a
connected array of pentagons, We can, how-
ever, fill all the area of a plane with just two
distinct designs of “tiles” or elementary
polygons. A quasicrystal is a quasiperiodic
nonrandom assembly of two types of figures.
Quasicrystals are discussed at the end of
Chapter 2.

(a) (b)

{c) {d) (e)

Figure 8 (a) A plane of symmetry parallel to the faces of a cube. (b) A diagonal plane of symmetry
in acube. (c) The three tetrad axes of a cube. (d) The four triad axes of a cube. {e) The six diad axes
of a cube.
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But special lattices of the oblique type can be invariant under rotation of
27/3, 2m/4, or 2m/6, or under mirror reflection. We must impose restrictive
conditions on a; and a; if we want to construct a lattice that will be invariant
under one or more of these new operations. There are four distinct types of
restriction, and each leads to what we mav call a special lattice type. Thus there
are five distinct lattice types in two dimensions, the oblique lattice and the four
special lattices shown in Fig. 9. Bravais lattice is the common phrase for a
distinct lattice type; we say that there are five Bravais lattices or nets in two
dimensions.

Three-Dimensional Lattice Types

The point symmetry groups in three dimensions require the 14 different
lattice types listed in Table 1. The general lattice is triclinic, and there are 13
special lattices. These are grouped for convenience into systems classified ac-
cording to seven types of cells, which are triclinic, monoclinic, orthorhombic,
tetragonal, cubic, trigonal, and hexagonal. The division into systems is ex-
pressed in the table in terms of the axial relations that describe the cells.

The cells in Fig. 10 are conventional cells; of these only the sc is a primi-
tive cell. Often a nonprimitive cell has a more obvious relation with the point
symmetry operations than has a primitive cell.

Table 1 The 14 lattice types in three dimensions

Number Restrictions on

of conventional cell
System lattices axes and angles
Triclinic 1 ay 7 as ¥ ay
a# BHAy
Monoclinic 2 iy 7 s 7 Oy
a=y=90"#f8
Orthorhombic 4 ay # as # as
Tetragonal 2 = az 7 a4,
o= ‘6 =y= 9(°
Cubic 3 ay = da = a3
Trigcmal 1 a1 = fls = iy
a=f=9y<I120°, # 9°
Hexagonal 1 ay = a3 # ay
a=p=90°

y = 120°
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1 Crystal Structure

FES

The cells shown are the conventional cells.

lattices.

1

Figure 10 The cub



Table 2 Characteristics of cubic lattices®

Simple Bodv-centered Face-centered
Volume, conventional cell a a’ a’
Lattice points per cell 1 2 4
Volume, primitive cell a’ ia® id
Lattice points per unit volume Va® 2la Ala®
Number of nearest neighbors® 6 8 12
Nearest-neighbor distance a 3V24/2 = (.866a a/2V? = 0.707a
Number of second neighbors 12 6 6
Second neighbor distance 2129 a a
Packing fraction” im i7V3 17V2
=(.524 =0.680 =0.740

*Tables of numbers of neighbors and distances in s, bec, fee, hep, and diamond structures are
given on pp- 1037-1039 of J. Hirschfelder, C. F. Curtis and R. B. Bird, Molecular theory of gases
and liquids, Wiley, 1964.

bThe packing fraction is the maximum proportion of the available volume that can be filled
with hard spheres.

There are three lattices in the cubic system: the simple cubic (sc) lattice,
the body-centered cubic (bec) lattice, and the face-centered cubic (fec) lattice.
The characteristics of the three cubic lattices are summarized in Table 2.

A primitive cell of the bee lattice is shown in Fig. 11, and the primitive
translation vectors are shown in Fig. 12. The primitive translation vectors of the
fee lattice are shown in Fig. 13. Primitive cells by definition contain only one
lattice point, but the conventional bee cell contains two lattice points, and the
fce cell contains four lattice points.

The position of a point in a cell is specified by (4) in terms of the atomic
coordinates x, y, z. Here each coordinate is a fraction of the axial length a,, as,
a; in the direction of the coordinate axis, with the origin taken at one corner of
the cell. Thus the coordinates of the body center of a cell are 344, and the face
centers include 330, 034; 104,

In the hexagonal system the primitive cell is a right prism based on a
rhombus with an included angle of 120°. Figure 14 shows the relationship of the
rhombic cell to a hexagonal prism.

INDEX SYSTEM FOR CRYSTAL PLANES

The orientation of a crystal plane is determined by three points in the
plane, provided they are not collinear. If each point lay on a different crystal
avis, the plane could be specified by giving the coordinates of the points in
terms of the lattice constants a,, s, az-
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Figure 11 Body-centered cubic lattice, showing a  Figure 12 Primitive translation vectors of the body-cen-
primitive cell. The primitive cell shown is a rhombo-  tered cubic lattice; these vectors connect the lattice point
hedron of edge 4 V3 a, and the angle between adja-  at the origin to lattice points at the body centers. The
cent edges is 109°28". primitive cell is obtained on completing the rhombohe-

dron. In terms of the cube edge a the primitive translation
vectors are

a=laR+§—%); ap=la(-k+§+32);
azy=dalk —§+ %) .

P | 1

;z_*lz_\_. £

I

| =

i :

1 a

I ki

Y I i

| = a %

I 1200 'L/-I

I /{. &y

A
Figure 13 The rhombohedral primitive cell of the face-cen- Figure 14 Relation of the primitive cel
tered cubic crystal. The primitive translation vectors ay, ap, a, in the bexagonal system (heavy lines) tc
connect the lattice point at the origin with lattice points at the a prism of hexagonal symmetry, Here

face centers. As drawn, the primitive vectors are; a; = ag # aa.

a=dalk+9); a=taf+%; a;=laG+% .

The angles between the axes are 60°. Here %, ¥, & are the Carte-
sian unit vectors.
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Figure 13 This plane intercepts the a;, a;, a; axes at 3a;, 2as, 2a5. The
reciprocals of these numbers are 4, 4, 4. The smallest three integers having
the same ratio are 2, 3, 3, and thus the indices of the plane are (233).

However, it turns out to be more useful for structure analysis to specify the
orientation of a plane by the indices determined by the following rules
(Fig. 13).

« Find the intercepts on the axes in terms of the lattice constants a,, as, as. The
axes may be those of a primitive or nonprimitive cell.

« Take the reciprocals of these numbers and then reduce to three integers
having the same ratio, usually the smallest three integers. The result, en-
closed in parentheses (hkl), is called the index of the plane.

For the plane whose intercepts are 4, 1, 2, the reciprocals are 1, 1, and 4;
the smallest three integers having the same ratio are (142). For an intercept at





















































































































