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INTRODUCTION

A course based upon this text can rather easily be adjusted to
ackground of the students. At the most elementary level one can
e quantum-mechanical introduction carefully and isolate the ele-
ry ideas in the rest. One works with hybrids and bond orbitals,
essing the difficulties which are only corrected by full use of
X elements Vgso» <wmQ.mno. Mixed tetrahedral solids can be omit-—
ltogether. JIonic crystals are treated simply as collections of
with small corrections giving ion softening, ion distortion, and
hemical grip; complexities associated with excitons and with band
tion can be neglected. In simple metals the most elementary as-
can be emphasized, with some practice using the empty-core
opotential. The pseudopotential theory of covalent solids can be
ed, and only the qualitative aspects of transition-metal compounds
ransition metals discussed. It still provides a general under-—
ing of solid-state chemistry, the ability to estimate a wide range
operties, and familiarity with a source for further understanding
ecific problems.

At the more advanced level, one can skip the quantum formulation
mphasize the general use of LCAO theory, with approximations ap-
fate to the problem. Even at this level, deviations from one—
ron behavior are a side issue. The origin of pseudopotentials,
ssed in the appendix, can be studied in depth. The understanding
wvalent solids in terms of pseudopotentials is a beautiful unifying
which can be explored. Even with very able students, large seg-

. of material will need to be dropped if the course is to be kept
e.

Just how one organizes a course out of the material is a subjec—
question and very dependent upon the lecturer and the audience.
yuld not try to anticipate the many ways of doing it. This guide
discuss briefly for each chapter some aspects I think particularly
-tant and in some cases how I like to present them in class. 1t
also indicate sections which can be omitted without destroying
nuity. It will then give problem solutions. Many, but not all,
.lass-tested.  Thus there may be numerical errors but it may never-—
,ss be useful to have what I think is the correct solution. There
11so suggested additional problems.

I have found it most rewarding to be able to bring students in an
ntary way to the forefront of today's research. I hope this text
help provide that opportunity to others. Good luck!

rright 1980 by W. H. Freeman and Company

,art of this book may be reproduced by any mechanical, photographic,
\lectronic process, or in the form of a phonographic recording, nor
it be stored in a retrieval system, transmitted, or otherwise co-

i for public or private use, without written permission from the
lisher.

wted in the United States of America.
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CHAPTER 1. ELECTRONIC STRUCTURE OF ATOMS AND MOLECULES

Presenting the quantum mechanics which is needed for all of the
theory done in the course may bring along some students whose back-
ground is weak. The formulation is I think novel: we define a wave-
function for an electron, an operator for am observable with energy
being the most important, and then give the statement which contains
all the physical content. That is that the average energy measured
for an electron in a state [y> 1s Ae_E_eV\Ae_ev .

The approach used for most of the book is to approximate the wave-
function by a linear combination of known functions and most of our
calculation will be manipulating the coefficients of this expansion.

I like to follow through a derivation of Eq. 1-10 in class, illustrate
it with energy—level diagrams for diatomic molecules, and give the re-
sults for perturbation theory. I then discuss atomic states and work
through Li, with matrix elements and only s—-states. This gives two
levels, -7 eV and -4 eV (different from Table 1-1 since that included
p-states). I then outline the calculation with s- and p-states and as-
sign Problem 1-3 to couplete it.

Problem 1-1. Elementary quantum mechanics

2 -2r/a
a)  <ul|y> = >w.\.5§ e % ar = ﬁmw A2 = 1
So A = nﬁmwle\N
0
-2r/a
2 2 2
b) P.E. = Ae_<_ev = >.\)bdn e 0 (-e" /r)dr
222 _ 2
= |ﬂmo> e = -e \mo
2
2 2 -2x/a h
c) K.E. = ‘mlnbw.\‘bﬂnm Al Fiv e 04y = 5
m 2 2m a
2 2 4]
d d e H
d) —— {P.E. + K.E. = — - — + -3
amo 2 b &mo a, Nsmo
e H 2 9
= Mm.l MMM, = 0 . Thus ay = K /me” .
0 4]
The second derivative is mw\ww > 0 so it is a minimum.
JN 1 23 9 £l mM
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2m v 9t dr T
mw 1 3 1 -r/a mw -r/a
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. The potential described here is not a pseudopotential. It is an
approximation to the true potential of lithium with the effect of two

of the nuclear charges and the two core electrons replaced by a square-

well potential.

It wobld be possible to substitute the Hamiltonian and evaluate
<y|H|y> for each state, but that would be a big job. Tt is best to

calculate the correction. Thus E = |mN\Amm0v + Ae_<00Hm_ev .
For the s-state,
4 LN P ~r/a, 2¢2
Aemm_<nonm_emmv = umﬁwuu\. br- + ——+ 5 Je - ) dr
0 7o 2 %o %o
2 = 2
- wAm - mwX. er = - 0.0686 S~ = - 1.87 ev
e a, a,

Note the single e 1is the mathematical constant; mw is the

square of the electron charge.

For the p-state the angular average gives Axmv = nw\u , SO
4 1 Nmm 2o 4 lﬂ\wo
AeNv_<nonm_e~vv = wmﬂwu wwm - a r e dr
0 0 0 "0
2 2
= Lo -8} (-2} - _0.00732& = -0.20ev
24 e a, a,

The p-state is only slightly lowered.

For total energies we get

e = -3.40 - 1.87 = ~5.27 eV

compared to -5.48 from the Solid State

Tible and e, = —3.60 eV ,» probably too deep as guessed by extrapolat-
ing B, Be, hw.

The integrations above are somewhat of a pain and maybe not really
worth it.

Problem 1-3.

Diatomic molecules

In the problem statement were given the equations

- + =
Amm mvcH + <me=N + 0 <va=b 0
- - + -
<mm=H + Amm mvcm <va=u 0 0
— + - - =
0 <qucw Amv chu <Euq:N+ 0
<vaCH + 0 - <vva=u + Amv..mvcb = 0
3

The Juw cuvtgy =visirion has u, = u and :» =u, . The tirst
two equations both become

I |< |I. O >
Amm m¢.<meV=H mvccu

The last two become

-V u, + (e ~E+V ) = 0 B

u
sp0 1 P ppo’ 3
The solution is equivalent to that of Eq. 1-34 and is

g +V__~e -V

. g7 mﬁ + <me + 435 . s ssO P __ Ppo + <N

E = = 2 spo
2

For the €y molecule we have from Table 1-1 that 4 = 1.24 b4 (smaller
than that for diamond), so using Table 2-1

2
A = -1.40 x 7.62 eV/(1.24) = -6.94 eV
$80
Similarly <vvo = 16.06 eV and <mwa =9.12 eV . MﬁoM HNWMMOMMN for
carbon €g = -17.52 eV , €5 = ~-8.97 eV and our energies

E=-24.72 + 9.12 = -33.9 eV, -15.6 eV . The values in Table 1-1 are
-33.9 eV and -14.5 eV corresponding perhaps to rounding off in a dif-
ferent order.

The odd solutions, u, =y and u, = u, are obtained from
- - + = 0
Amm <mmo mvcH <mﬁQ:u
v + (¢ -V - B)u = 0
Vepo®r b Vopo 3
and are
e ———
v 2
- -V € =—-€_ =
: - mm;.mw <mma PRO s p ss0 ppol <Mmq
2 2

-1.75 + 12.70 eV

= -14.5 eV, +11.0 eV , about equal

Table 1-1.

To obtain the s-—character we need uy and uy .

Eq. A

[=]
]

Amm+<m

1.04 uy

malmvcw\<qu

to the -15.6 eV and +11.0 eV of

We return to

Alwq.mw..m.Wb+.uw.0v=H

9.12



e lowest state. Then with u, = u and u, = u_, we have

= = = 0.48
+ :N :m + Gm 1+ AH.Obvm

/

| s-state, 52% p-state. It is near 50 - 50, as an sp-hybrid. One

have expected more s-character but e_-+V <eg +V .
P PpO s ssg

i
i
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CHAPTER 2. ELECTRONIC STRUCTURE OF SOLIDS

The LCAO approach gives a nice generalization of the splitting
of atomic levels in the molecule to the production of bands of states
in the solid, with total number of levels conserved. CsCl, viewed as
a simple cubic structure, and the s-bands in particular, give the
simplest illustration and are worth carrying through in lecture. The
p-band results can be directly added and are plausible if one under-
stood the s-band calculation. The relationship of these LCAO bands
to the free-electron bands shown in Fig. 2-2 has turned out in the
end to be one of the most important results in the chapter. Tt leads
in Section 2-D to theoretical formulae for the LCAO matrix elements
used throughout the book. Though only added at the final stage of
publication, they did not need to change the calculations coming
later in the book; we continued to use the adjusted parameters nge'm.
A good problem to illustrate this relationship is a derivation of
Nssg by equating the s-band width for a [110] direction in a simple
cubic structure to the lowest free-electron band for the corresponding
structure; it gives -72/8 just as does the corresponding fit for a
[100] direction, carried out in the text.

The Solid State Table introduced in this chapter provides an
organization of the subject of the text and deserves emphasis, as
does the concept of level crossing which is central to covalent solids.
I like the discussion of electron dynamics, but only the results are
needed.

Problem 2-1. One-dimensional bands

1f a student has had this in another course it goes very fast and
helps familiarize him with the notation used here; the effort isn't
wasted even for him.

We take the derivative, noting that in the Vjy term each CM
appears once with a ugy) and once with a ug.j . Of course wupntl
is to be read as u] and u-1} 1is to be read as uy , by periodic
boundary conditions. We obtain,

- <
9E ey <NA:Q+H + :QIHV ¢lH{v> ~
_— = - u = 0
* 2 a
du <ply> <ply>"
where we have used, for example, Ae_ev and MQENEQ as interchangeable.

We cancel out one factor of <¢|y> and write Ae_m_GV\Ae~ev
as E to obtain
- = A
eu <NA:Q+H+1=Q|HV m:p
a) Then uy4; = pe2min/N - ang u, = ye=2Tin/N
these in A and cancel a factor of u to obtain

E = m..N<N cos 2m/N B

This is independent of a so satisfying it satisfies the equation A
for all o .

. We substitute
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