SIXTH EDITION

Introduction to
Solid State Physics

CHARLES KITTEL

0] LUONONPOAU]

%
e}

g
2,
o
U

3
23
P,
o)

SIXTH |
EDITION |

—

IP Bridge Exhibit 2001
Western Digital v. IP Bridge




CHARLES KITTEL

Introduction
to

Solid State
Physics

SIXTH EDITION

John Wiley & Sons, Inc., New York, Chichester,

Brisbane, Toronto, Singapore



About the Author

Charles Kittel taught solid state physics at Berkeley from 1951 to 1978;
earlier he was a member of the solid state group at the Bell Laboratories. His
undergraduate work was at M.LT. and at Cambridge University, followed by
graduate work at the University of Wisconsin. He is a member of the National
Academy of Science and of the American Academy of Arts and Sciences.

His research in solids began with studies of ferromagnetic, antiferromag-
netic, and paramagnetic resonance, along with work on magnetic domains, spin
waves, and domain boundaries in ferromagnets and ferroelectrics. His work on
the single domain structure of fine particles was paralleled by that of L. Néel
and has had broad application in magnetic recording. Along with collaborators
at Berkeley he worked on cyclotron resonance in semiconductors, which led to
the first understanding of the band structure of silicon, germanium, and indium
antimonide, together with the theory of their impurity states. He also worked
on the interpretation of magnetoplasma resonance in semiconductors and of
Alfvén resonance in electron-hole drops in germanium.

The first edition of ISSP was the first textbook to integrate the elementary
aspects of solid state physics for study by seniors and beginning graduate stu-
dents. Now in its sixth edition, ISSP plays the same part for the current genera-
tion of students.

Copyright © 1953, 1956, 1966, 1971, 1976, 1986 by John Wiley & Sons, Inc.
All rights reserved. Published simultaneously in Canada.

Reproduction or translation of any part of this work bevond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is
unlawful. Requests for permission or further information should be addressed to the Permissions
Department, John Wiley & Sons, Inc.

Library of Congress Cataloging in Publication Data:

Kittel, Charles.
Introduction to solid state physics.

Includes bibliographies and indexes.

1. Solids. I 'Title;

QC176.K5 1986 530.4'1 75-25936
ISBN 0-471-87474-4

Printed in the United States of America

10987654321



This material may be protected by Copyright law (Title 17 U.S. Code)

Figure 11 Body-centered cubic lattice, showing a
primitive cell. The primitive cell shown is a rhombo-
hedron of edge 4 V3 a, and the angle between adja-
cent edges is 109°28",

n

1 Crystal Structure 13

Figure 12 Primitive translation vectors of the body-cen-
tered cubic lattice; these vectors connect the lattice point
at the origin to lattice points at the body centers. The
primitive cell is obtained on completing the rhombohe-

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

ay=taR+9-12) ; a=la(-xs+v+2;
az=tdalk—y+2 .
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Figure 13 The rhombohedral primitive cell of the face-cen- Figure 14 Relation of the primitive cell
tered cubic crystal. The primitive translation vectors a,, a,, a, in the hexagonal system (heavy lines) to
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:

o= ﬂg# asz.

a=dak+9); a=t@+2: a=laz+3 .
The angles between the axes are 60°. Here &, §, 2 are the Carte-

sian unit vectors.
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Figure 15 This plane intercepts the a,, ag, a; axes at 3a;, 2ay, 2a;. The
reciprocals of these numbers are 4, §, 1. 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. 15).

« 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.

e 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, and 4;
the smallest three integers having the same ratio are (142). For an intercept at
infinity, the corresponding index is zero. The indices of some important planes
in a cubic crystal are illustrated by Fig. 16.

The indices (hkl) may denote a single plane or a set of parallel planes. If a
plane cuts an axis on the negative side of the origin, the corresponding index is
negative, indicated by placing a minus sign above the index: (hkl). The cube
faces of a cubic crystal are (100), (010), (001), (100), (010), and (001). Planes
equivalent by symmetry may be denoted by curly brackets (braces) around
indices: the set of cube faces is {100}. When we speak of the (200) plane we
mean a plane parallel to (100) but cutting the a, axis at 3a.

The indices [wvw)] of a direction in a crystal are the set of the smallest
integers that have the ratio of the components of a vector in the desired direc-
tion, referred to the axes. The a, axis is the [100] direction; the —a, axis is the



/

(200) (100)

2 16 Indices of important planes in a cubic crystal. The plane (200) is parallel to (100) and to

] direction. In cubic crystals the direction [hkl] is perpendicular to a plane
having the same indices, but this is not generally true in other crystal

SIMPLE CRYSTAL STRUCTURES

We discuss simple crystal structures of general interest: the sodium chlo-
. cesium chloride, hexagonal close-packed, diamond, and cubic zinc sulfide

res.

lium Chloride Structure

The sodium chloride, NaCl, structure is shown in Figs. 17 and 18. The _
ittice is face-centered cubic; the basis consists of one Na atom and one Cl atom
eparated by one-half the body diagonal of a unit cube. There are four units of
~Na in each unit cube, with atoms in the positions
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Figure 21 A close-packed layer of spheres is shown, with centers at points marked A. A second and
identical layer of spheres can be placed on top of this, above and parallel to the plane of the
drawing, with centers over the points marked B. There are two choices for a third layer. It can go
in over A or over C. Ifit goes in over A the sequence is ABABAB. . . and the structure is hexagonal
close-packed. If the third layer goes in over C the sequence is ABCABCABC. . . and the structure

is face-centered cubic.

Figure 22 The hexagonal close-packed struc-
ture. The atom positions in this structure do
not constitute a space lattice. The space lattice
is simple hexagonal with a basis of two identi-
cal atoms associated with each lattice point.
The lattice parameters a and ¢ are indicated,
where a is in the basal plane and c is the mag-
nitude of the axis a; of Fig. 14.

Figure 23 The primitive cell has a; = aq,
with an included angle of 120°. The ¢ axis (or
a,) is normal to the plane of a; and a,. The
ideal hep structure has ¢ = 1.633 a. The two
atoms of one basis are shown as solid circles.
One atom of the basis is at the origin; the
other atom is at #44, which means at the posi-
tion r = $a, + {a; + la;.

The hep structure has the primitive cell of the hexagonal lattice, but with a
basis of two atoms (Fig. 23). The fcc primitive cell has a basis of one atom

(Fig. 13).

The ratio ¢/a (or as/a,) for hexagonal closest-packing of spheres has the
value ()2 = 1.633, as in Problem 3. It is usual to refer to crystals as hep even if
the actual ¢/a ratio departs somewhat from this theoretical value.

The number of nearest-neighbor atoms is 12 for both hep and fee struc-
tures. If the binding energy (or free energy) depended only on the number of
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