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Reading guide: You are hopefully familiar with most of section 1 (pages 1-10) that you
are urged to review at the very beginning of the semester. This section aims to clarify the
role of symmetry (i. e., the existence of operators that commute with the Hamiltonian) in
simplifying both variational calculations and the use of perturbation theory.

Sections 2 and 3 are associated with specific sections in Simon’s textbook, but are (hopefully)
familiar from your earlier studies. They illustrate the use of symmetry in simple atomic and
molecular contexts, and are recommended for early review, before reaching the discussion of
electronic wave functions in solids.

Sections 4 and 5 should be read in that order, along with chapter 11 in Simon’s textbook.
These sections deal with the role of the translational symmetry of a periodic lattice on its
electronic states. They depend on section 1.2. In section 4 symmetry fully determines the
electronic states, and in section 5 an additional step is required, involving the diagonalization
of some matrix.

Sections 6 and 7 depend on section 1 but are independent of one another or of sections
4-5. Section 6, that depends strongly on section 1.3, deals with the role of symmetry in
the treatment of a system of electrons interacting with a weak periodic potential. It should
be read along with Simon’s chapter 15. Sections 7.1-7.6 serve as a leisurely introduction to
normal modes of a system of harmonically (quadratically) interacting masses and to the role
(and limitations) of symmetry in their analysis. These sections are recommended to be read
ahead of Simon’s chapter 9. The remaining parts of section 7 should be read along with
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Simon’s chapter 9.

To keep track of the apparent complexity of this section it will be useful to keep in mind that
symmetry sometimes allows a complete solution of the normal mode problem, but more often
leaves some further effort (another matrix diagonalization). Furthermore, the normal mode
analysis can be carried out within Newtonian (classical) mechanics, quantizing at the end,
or it can be carried out within quantum mechanics from the outset, yielding the same final
description. Finally, two “pictures” are encoutered, one (the “atomic displacement picture”)
yielding arrays of coherently oscillating displacements of the various masses from their equi-
librium positions, and the other (the “normal coordinate picture”) yielding a set of linear
combinations of atomic displacements that allow a separation of the harmonic Hamiltonian
into a sum of non-interacting terms.

Section 8 is offered as supplementary reading on the summer vacation that follows your
successful completion of the Solid State course.

Reading advice: There are occasional questions and exercises throughout the text. They
are meant to be answered as you read. When reading a text of the present type, you should
develop the habit of reading slowly. Keep asking yourself "why?” while reading any state-
ment. Insist on experiencing the satisfaction of having understood new ideas.

1. Review of quantum mechanical preliminaries

In the present section we review basic concepts and results that are needed in the
following sections.

1.1 Some basics

Here we review properties of operators that are relevant to quantum mechanics.
You may find that the notion of unitary operaor is new, but please notice its
connection with Hermitian operators.

We begin by recalling some results that you hopefully encountered in an earlier quantum
mechanics (or quantum chemistry) course, but tried to forget as soon as the final examina-
tion was over.3
This text is meant for self-study, so it is intertwined with (hopefully) simple exercises that
you are strongly urged to deal with when you encounter them.

Exercise: Please choose the correct answer: Why is it important to solve the exercises as
we proceed?

1. Because the author of this text was too lazy to write the solutions for us.

2. Because the author wants us to suffer, like he did when he was an undergraduate.

3. Because this is the way to really be confident that we understand what we are reading.

3The author of these notes tries to compete with Simon’s lovely sense of humor.



4. Because the author gets paid to turn us into obedient citizens.

Everything that we do here takes place within a linear space of functions of some set
of variables (usually the spatial coordinates of a certain set of particles). By “linear space”
we mean that if f and g belong to the space, then so does any linear combination a.f + (g,
where o and [ are two (real or complex) constants. f* denotes the complex conjugate of f.
The integral | f*gdv, taken over the whole range of the coordinates that f and g depend
on, is referred to as the scalar product of the functions f and g. If, for all functions f in
the linear space, the integral [ f*fdv is finite, then we say that our linear space of func-
tions is a Hilbert space. We do not insist on mathematical subtleties (but we are happy
to know that mathematicians are watching our heuristic steps to keep us away from trouble).

The fact that [ f*fdv < oo implies that f = satisfies [ f*fdv = 1. We say

b
VI fdv
that f is normalized. Hence, f*f =|f |2 can be interpreted as a probability density. For
example, for a single particle moving on a straight line with —oo < & < oo the probability
that the coordinate x obtains a value between z ans « + dx is |f(x)|?dx. If [ f*gdv =0 we
say that f and g are orthogonal.

Having defined a linear space of functions, we define operators, that specify mappings
(transformatlons) between functions in our space. If O is such an operator, then the symbol
O f, that we read as O acting on f, is a function within our linear space. We say that Oisa
linear operator if O(af + Bg) = aOf + ﬁOg for every pair of functions, f, g, in our linear
space, where « and 3 are (again) any two constants.

Exercise: Please show that the derivative is a linear operator.

da
) dfl)’
. . 2 .
Is the second derivative, %, a linear operator?
Please show that the square root, v/ , is not a linear operator.

Is exponentiation, the operator that takes f into exp(f), a linear operator?
From now on, when we say “operator” we mean “linear operator”.

In many applications we encounter expressions of the form [ f*(ég)dv. The parenthe-
ses are usually omitted. We use them (once) to emphasize that Og is a function produced
by the action of O on ¢. If we can find an operator, that we denote by Of, such that
S/ (OT [rgdv= [ f* Og )dv for every pair of functions f and g in our Hilbert space, then we
say that O is the Hermitian conjugate of 0.

In the special case Of = O we say that O is a Hermitian operator.
We say that two operators, A and B , are equal if the functions A f and B f are equal for all
functions f in our linear space.

Exercise Any function, f(z), in the Hilbert space of functions of —oco < z < oo, satisfies
2 () fx)de < oo.
Please explam why such a function must vanish both for z — oo and for x — —o0.



Please show that the operator z, defined by zf(z) = = f(z), is Hermitian.
Please show that the derivative operator (defined above) is not Hermitian.
Please show that the operator p = %% is Hermitian.

If a function ¢ satisfies O¢ = A¢, where \ is a constant, we say that ¢ is an eigenfunc-
tion of the operator O. The constant A is referred to as the corresponding eigenvalue.

You are (hopefully) familiar with the following three properties of any Hermitian opera-
tor:
1. The eigenvalues of a Hermitian operator are real.
2. Two eigenfunctions that belong to distinct eigenvalues are orthogonal.?
3. The eigenfunctions constitute a complete set in the corresponding Hilbert space.

Exercise:
1. Using the Hermiticity of O, we note that

/f*Ofdv:/(Of)*fdv.

If Of = \f, please prove that the eigenvalue ) is real.
2. Furthermore, using

| #0910 = [y ga.

where f and g are eigenfunctions of O with distinct eigenvalues \ # 1, please prove that
[ frgdv = 0.

The third property will be applied quite often, but its proof requires more advanced mathe-
matics.

It may be useful to recall that a complete set of functions in a linear space allows
any function in the corresponding space to be written as a (unique) linear combination of
these functions. Each member of a complete set of functions is linearly independent of all
the others (it cannot be written as a linear combination of all these other functions). If
this is not true then we say that the set is overcomplete. It is convenient to assume that
the complete set consists of orthonormal functions (each function is normalized and any two
distinct functions are orthogonal).

Since it will be so important, we shall now glorify the second property of Hermitian op-
erators, stated and proved above, repeating it as
Theorem I: Two eigenfunctions of a Hermitian operator that belong to distinct eigenvalues
are orthogonal.

4A Lemma stated on the following page deals with the case of two or more (linearly independent) eigen-
functions of the Hermitian operator O that belong to the same eigenvalue.



To proceed, we define the product of two (linear) operators, A and O, by the requirement
that

(A0)f = A(Of) (1)
should hold for any function f in the Hilbert space in which A and O are defined. The

right-hand side of equation (1) means that we first apply the operator O on f, producing
the function O f, on which we apply the operator A.

We are now ready to introduce a property that we need throughout the semester.
Theorem II: If two Hermitian operators, O and A, commute, i. e.,

OA = A0,

then any two eigenfunctions of A, f and g, that correspond to distinct eigenvalue A # u
satisfy

/f*@gdv =0.

Exercise: Please prove theorem II, starting from the equality
[0y gyao= [ 0Cg)as = [ 1(0d)gdo= [ 17(A0)ao = [(Ar)Ogao.

It will be demonstrated below how the theorems stated above allow the search for the eigen-
functions (and the corresponding elgenvalues) of the operator O to be simplified by first
considering the eigenfunctions of an operator A, that commutes with O. Here, it is impor-
tant to keep in mind the following property

Lemma: Any linear combination of two (or more) eigenfunctions of a linear operator A
with a common eigenvalue is an eigenfunction of A with the same eigenvalue.

Exercise: Please prove this Lemma.

A concept that we did not use in Quantum Chemistry, that will be useful here, is the
concept of Unitary operator. Before we define a unitary operator it will be necessary
to define the inverse of an operator, A, as the operator, that we denote by 121*1, that
satisfies the property AAY = ATA =1 , where I is the identity operator, the operator
that does nothing (just like adding zero to a number, or multiplying it by 1). If Ad) = 1) then
o= 121_11/1. It follows that only operators which do not have zero as an eigenvalue (in other
words, operators whose action on any function in the Hilbert space never produces zero) can
have an inverse.

Exercise: Please be sure that you understand the reason for the restriction in the last sen-
tence.

A unitary operator is an operator, U that satisfies the property Ut = U, In other
words, the Hermitian conjugate of a unitary operator is equal to its inverse. Thls property



means that if the function 1 is normalized (i. e., (1|t)) = 1) then U is normalized as well.
Exercise: Prove this property, starting from (U w\f] 1) and showing that it is equal to (¢)]1)).

Exercise: Using the property you just proved, show that if ¢ is an eigenfunction of the
unitary operator U with the eigenvalue A, then |A]> = A*A = 1, which means that \ can
be written in the form exp(i(), where ( is a real number. Obviously, the eigenvalues of a
unitary operator are not restricted to be real.

Moreover, from the result you just proved it follows that if v is an eigenfunction of
the unitary operator U with the eigenvalue A, then it is also an eigenvalue of U' with the
eigenvalue \*.

It is not difficult to prove that two eigenfunctions of a unitary operator, that belong to
distinct eigenvalues, must be orthogonal. This property is very similar to Theorem I, stated
above for Hermitian operators. If the unitary operator U commutes with some operator
A, then the matrix element of A between two eigenfunctions of U with distinct eigenvalues
vanishes. This is very similar to Theorem II, stated above.

To understand the resemblance between the properties of Hermitian and unitary opera-
tors it may be worthwhile to note that if @ is Hermitian then U = exp(ia®), where « is a
real parameter, is unitary. This follows from the fact that the Hermitian conjugate of U is
exp(—iaQ@), which is just U~L. If O commutes with A, so does U. If 1 is an eigenfunction of
O with the (real) eigenvalue ¢ then it is an eigenfunction of U with the eigenvalue exp(ia(),
and an eigenfunction of Uf = U~! with the eigenvalue exp(—ia().’

Exercise: Please prove all the claims made in the last paragraph.

Exercise: Please state carefully the analogues of Theorem I and Theorem II for a unitary
operator.

Instead of first introducing Hermitian operators and then unitary operators, and realizing
that they have similar properties, we could introduce Normal Operators, which are defined
by the fact that they commute with their Hermitian conjugates.® Hermitian operators are
trivially normal (why?), and unitary operators are normal as well (recall that if Uis unitary
then UT = U ~1). Tt is quite easy to generalize the proof of the basic properties of Hermitian
operators and show

e If ¢ is an eigenfunction of the normal operator A with the eigenvalue A, then 1 is also

5To understand this property we note that if O¢ = \¢ then 02¢ = A2¢ and quﬁ = M\¢. Moreover, if
f(x) can be written as a power series f(z) = ,o, fex’ then

010 =>"f0'6=> " fi'd=Ff(No.

£=0 £=0

6] am only familiar with one introductory textbook on quantum chemistry, F. L. Pilar, Elementary
Quantum Chemistry, Dover 2013, that introduces normal operators.



an eigenfunction of At, with the eigenvalue \*.
e Two eigenfunctions of a normal operator with distinct eigenvalues are orthogonal.

o If the normal operator A commutes with the operator A and ¢, 1) are two eigenfunctions
of A with distinct eigenvalues, then (¢|AJ) = 0.

In an introductory course it makes sense to restrict our attention to Hermitian operators, be-
cause they have real eigenvalues and, therefore, can be associated with (physical) observables
- that we measure in the laboratory.

Although normal operators form a larger set, containing both Hermitian and unitary
operators, even in elementary quantum mechanics we encountered operators that are not

normal, namely the harmonic oscillator operators a = \%(ﬁ —i%) and a' = \%(}%F iz) or the

angular momentum operators _i/_t,_ =L, + if/y and L_ =L, — if/y = I:l These operators are
not normal because @ and a' do not commute (and, similarly, L_ and L, do not commute).



1.2 Symmetry and the variational principle

If the Hamiltonian commutes with some Hermitian or unitary operator, its eigen-
functions can be constructed in such a way that they are at the same time eigen-
functions of this additional operator. This can be used to simplify the construction
of these eigenfunctions, as explained in the present section. Later on, we use this
tdea to deal with several problems related to the electronic structure and to the
motions of the nuclei in solids.

We will apply the Theorems and the Lemma stated above to problems where we wish to
determine the eigenfunctions and eigenvalues of a Hermitian operator H (the Hamiltonian
describing some physical system). The most common approach involves the application of
the linear variational principle: We choose a set of functions ¢, @9, -+ ,¢n and construct
linear combinations of these functions in order to approximate the eigenfunctions of H.
Considering an arbitrary linear combination

U=ci1+ g2+ -+ enon
we evaluate the expectation value of the Hamiltonian operator, defined by

(W|H|W)

£= )

The variational principle tells us that £ > E,, where E, is the ground state energy (i. e.,
lowest eigenvalue) of our Hamiltonian”.
Minimizing £ with respect to the N linear variables ¢y, co, - - - , ¢y, followed by some linear

algebra, we find that we need to solve the matrix eigenvalue equation

H1,1 H1,2 Hl,N &1 51,1 5'1,2 51,1\/ C1
H2,1 H2,2 H?,N 0‘2 _ ¢ S?,l 5%,2 SQ‘,N C'2 7 (2)
HN,1 HN,Q HN,N CN SN,l SN,Z SN,N CN
where
Hiy = [ omondr = (6110
and

Sij = /¢2‘¢de= (Pil@) -

"The mathematician watching behind our back would tell us that we have to state that our Hamiltonian
possesses such a “lowest eigenvalue”, or - as she would like to say - “is bounded from below”. This property
holds for all the systems we will consider.



The integrations range over the whole space of the coordinates and dr is the volume element.
We obtain N eigenvalues® £ < &, < --- < Ey, each of which is associated with an eigenvector

This is, in principle, straightforward, but the matrix that needs to be diagonalized can be
quite large.

Exercise: Please verify that you can derive equation (2) for the special cases n = 1, 2.

If there is a (unitary or Hermitian) operator, O, that commutes with the Hamilto-
nian (such an operator is usually related to some symmetry property of the physical sys-
tem considered), then we can gain considerable simplification if each one of the functions
O1, P2, @3, -+, ON is an eigenfunction of 0. Quite often, the set of functions that we choose
to use in our variational treatment of some Hamiltonian does not satisfy this property, but
it does satisfy a “weaker” property: the action of the (Hermitian or unitary) operator O
on each one of these functions can be expressed as a linear combination of these functions
only. If this property is satisfied we say that the N-dimensional linear space spanned by
these functions is an invariant subspace under the action of 0. In such a case we can
construct linear combinations of the N functions ¢q, ¢, -+ , ¢y, each one of which is an
eigenfunction of the operator O with some eigenvalue A. We simply note that the invariance
of the subspace defined above under the action of O means that

N

O¢Z:ZCZ,]¢] ; 12172a 7Na

i=1

81t can be shown that if £y < Fy < B3 < --- < Ep are the N lowest exact eigenvalues of the Hamiltonian
considered, then Fy < &1, Fy <&, F3 <&, --- ,En <&n.

9We note in passing that a finite-dimensional subspace of functions can be invariant under the action of
several distinct operators. If such a subspace is invariant under two operators, 01 and 02, then the following
two properties hold:

1. This subspace is invariant under the action of the product of the two operators, 0,0, (as well as
under the action of their product in the opposite order, O20y).

2. This subspace is invariant under the action of the commutator of the two operators, [01,02] =
0105 — 050;.

(please prove these claims). Repeated application of the first property generates, under some “technical”
restrictions that we do not want to go into, a set of operators that form a group, and repeated application of
the second generates a Lie algebra. You are familiar with the Lie algebra formed by the commutators of the
three components, L, Ly7 », of the angular momentum operator. These operators are related to rotations
in space. The general theory of groups, Lie algebras, the connection between them, and their applications
to quantum mechanics is a fascinating topic, that I strongly advise you to seek an opportunity to learn.



so the requirement that

. N N
@) Z D) Z Qg
/=1 /=1

yields the matrix eigenvalue problem

N
E Qucy; = Ay .
=1

Here, we seek the eigenvalues A and the corresponding eigenvectors (g, ag, -+, ay) of the
matrix {¢;; ; 1=1,2,--- , N, j=1,2--- N}

We shall assume, for simplicity, that the basis functions specified above have already
been chosen to be eigenfunctions of 0.

To illustrate these ideas we consider the derivative operator, D= %. Obviously, the pair
of functions {sin(ax), cos(az)} span an invariant subspace with respect to .
Exercise:
1. Please verify this statement.
2. Please verify that the set of functions {sin(z),cos(2z)} does not span an invariant sub-
space.
3. Please form linear combinations of sin(az) and cos(ax) that are eigenfunctions of L.
What are the corresponding eigenvalues?

We now assume that some N; of the N basis functions we consider, ¢y, ¢, -+ , ¢n,, are
eigenfunctions of O with a common eigenvalue A\;, (we say that they are degenerate with
respect to O), while the eigenvalues with respect to O of all the remaining basis functions,
ONy+1, ONy42,* - ON, are not equal to A\; (there may be additional degeneracies among those
other basis functions). From the results established above it follows that whenever 1 < i <
Ny and Ny 41 < j < N, the matrix elements H;; and S; ; both vanish. So do H;; = H;
and Sj; = S7;. As a consequence, the N x N matrix is “block diagonal”, i. e., it is of the
form

Hyyw Hip -+ Hin 0 0 e 0
Hyy, Hyy -+ Hyy, 0 0 . 0
Hyxoy Hy2 -+ Hyon, 0 0 0
0 0o - 0 Hy v Hyvin+2 -0 Hy4an
0 0o - 0 Hy voni+1 Hyipon42 -0 Hyqon
0 0o - 0 Hy N1 Hyni42 -+ Hyn

The same is true for the matrix of overlap integrals, S;;. The corresponding eigenvalue

10



equation splits into an N; x N; matrix equation,

Hl,l _ESLl H1,2_E51,2 Hl,Nl _ESLNl
HQ,]. - ESZ]. HQ,Q - ESQ,Q o HQ,Nl - ES?,N1 .
HNl,l - ESNl,l HN1,2 - ESN1,2 e HN1,N1 - ESNl,Nl

and a totally decoupled (N — N;) x (N — Ny) matrix equation for the eigenfunctions of O
with different eigenvalues (we sometimes say “eigenfunctions with different symmetries”).

In the most favorable applications that we consider below, the eigenvalues of the “sym-
metry” operator O are sufficient to generate a new basis of the invariant subspace spanned by
¢1, 02, -+, ON, such that each member of the new basis is specified by a unique eigenvalue.
Constructing the N x N matrix of the Hamiltonian in terms of this “symmetry-adapted”
basis we note that it is diagonal, hence

g oMoy

(¢il¢i)
In less favorable cases we find that the N-dimensional invariant subspace contains several
linearly independent eigenfunctions of the symmetry-operator O with a common eigenvalue.
In such cases we need to diagonalize matrices whose sizes are equal to the number of degen-
erate basis functions for any particular eigenvalue of O.

1.3 Symmetry and perturbation theory

Symmetry properties of the Hamiltonian (the existence of a Hermitian or a uni-
tary operator that commutes with the Hamiltonian) simplify the application of
perturbation theory, in particular (but not only) when the unperturbed Hamil-
tonian possesses degenerate eigenfunctions. This is explained here and used in
Section 6, where we investigate the effect of a potential which is periodic in space
on electrons that are otherwise free.

You are certainly familiar with perturbation theory from your earlier studies. The starting
point is a Hamiltonian that can be written in the form

H="Ho+ AV,

where H is simple enough, so that we know how to obtain all its eigenfunctions and eigen-
values

Hool! = B,

n

and V is “small” (in some sense that we do not try to define rigorously). A is a parameter
that is introduced to keep track of the order of the various terms in the expressions for the
eigenvalues and eigenfunctions of the Hamiltonian. It is usually set equal to 1 at the end of

11



the derivation.

We recall that if the eigenvalue E ) of Hq corresponds to a unique eigenfunction ¢n (we
say that it is non-degenerate) then we can approximate the corresponding eigenvalue of H
by
on |V|¢ O
En E((,))

n

E,=EY + MgQ|V|s?) + > i
/#n

)

If the eigenvalue Ey, © corresponds to two (or more) distinct eigenfunctions gbn 1 gzﬁi%, e

(that we assume to be orthonormal) then the second order term involving ‘ n71|V]¢£g;>‘2

has a vanishing denominator. If <¢£LO)1|V|¢£LO)2) vanishes (a case we will discuss below) then
we can proceed as above, but otherwise we need to apply the formalism of degenerate first
order perturbation theory, that involves the diagonalization of the matrix

(S |VIown) (S lVIdyn)
<n2|V|¢<°>> <<0>|V|¢<°>> R

within the (usually finite dimensional) subspace of the degenerate eigenfunctions gbn 1 QSES)Q, e

of Hy that correspond to the eigenvalue EY.
An important special case (that is not always mentioned in introductory courses) involves the
case in which both Hy and V' commute with some operator O. From the fact that H, com—

mutes with O it follows that ngS is an eigenfunction of H, with the same eigenvalue as gzﬁ
Exercise: Please be sure that you know how to verify this claim.

It follows that all Ogb

zero-order functions (b ;4= 1,2,--- and can be written as linear combinations of the
latter. In this way we generate a matrix whose diagonalization produees functlons that are
at the same time elgenfunctlons of Hy (all with the same eigenvalue EY ) and of O. We

; ¢ =1,2,--- belong in the subspace spanned by the degenerate

7, Y

will denote these functions by gbm ;1 =1,2,---. If each of these functions corresponds

to a distinct eigenvalue of O then it follows from the fact that O commutes with V that
the off-diagonal matrix elements (¢ ROZ\V\(bnO]) ;1 # 7 all vanish. If this holds then the

formalism of non-degenerate perturbation theory can be applied in the basis ¢
the degeneracy.

despite

TL’L7

12



2. Simon, Chapter 19.2.1:
Singlet and triplet states of the excited helium atom

Whenever you encounter a section heading that contains a reference to a specific part of
Simon’s textbook, what you find here should be read together with that section. No effort is
made to make the present text self-contained, let alone a substitute for Simon’s corresponding
section. It is strictly an addendum, which the present author hopes you will find helpful.

The present section is a simple illustration of the role of symmetry (in this case,
the symmetry of the two-elctron atomic Hamiltonian with respect to transposi-
tion of the two electrons) in a variational computation. The results form an
introduction to the electronic origin of magnetic interactions in (some) solids.

This section and the next one are reviews of things you learnt in Quantum Chemistry.
You are urged to read them now because they illustrate in a familiar context some ideas that
we will use soon afterwards. It may be a good idea to read these sections again when you
reach the corresponding chapters in Simon’s textbook.

The Hamiltonian of the helium-like atom is

where r; and ry are the distances of the two electrons from the nucleus, and ri5 is the
distance between the two electrons. Obviously, this Hamiltonian is symmetric with respect
to a transposition of the indices (“names”) of the two electrons. We introduce the operator
Pro, which satisfies the property

P12¢(F17F2) — w(F27 Fl) )

for any function of 7} and 75. Obviously, this operator commutes with the Hamiltonian of
the helium atom. It follows that we can construct the eigenfunctions of the Hamiltonian
such that each one of them is an eigenfunction of Ppy as well. Specifically, if we try to write
an approximate wave function for the first excited state as a product of a function of one
electron in the 1s orbital and another electron in the 2s orbital, it is convenient to start from
the symmetric and the antisymmetric combinations

1

V2

1
V2

which are eigenfunctions of Ppo with the eigenvalues 1 and —1, respectively. Here, we assume

that (¢1s]@1s) = (P2s|d2s) = 1, and (¢1s]@as) = 0. Tt follows from Theorem I that
(Vy(r1, 7o) | (771,73)) = 0

1/]-&-(7717 FQ) -

(016(73)020(75) + d24(F)615(72))

and

U (71, 72) = = (6171625 (72) — 624(7)16(7))

13



and from Theorem II that
(Y (71, 72) [H[_(71,75)) = 0.

Since the Pauli principle tells us that the total wave function must be antisymmetric with
respect to permutation of the two electrons, we must multiply ¢, (7, 72) by an antisymmetric

spin function, \/ii (a(l)ﬂ(?) — ﬁ(l)a(Q)), to obtain the two-electron wave function

(1525, S) = %(15(1)23(2) 25(0)15(2)) (a(VB(2) ~ BDa(2))

which is referred to as a singlet state.
Similarly, we must multiply ¥_ (7, %) by one of the three symmetric spin functions, a(1)a(2),

B(1)B(2), or \/iﬁ (a(1)5(2) + ﬁ(l)a(Q)), to obtain the triplet of wave functions

U(1s25,%9, M, = 1) = — (15(1)25(2) —23(1)15(2)>a(1)a(2)
U(1s2s,35, M, = 0) = %(15(1)23(2) - 25(1)13(2)) @(1)5(2) + B(l)a(Q))
1

U(1s2s,%, M, = —1) = E(15(1)23(2) - 23(1)15(2))5(1)5(2) ,

where M, is the z-component of the total spin. We do not need to specify this quantum
number for the singlet state, where the only possible value is M, = 0. The Hamiltonian,
equation (3), does not depend on the spins of the electrons. Therefore, its expectation values
with respect to these three wave functions, that correspond to the same (antisymmetric)
function of the coordinates, are the same,

(W (71, B) [H] - (F1, 7)) = (dral | drs) + (Pasla|pos) + T — K,

-~ 2 2 .
where h; = —22V2 — 2 - ;= 1.2 and
) om Y ) ) Sy

1
J=//éfs(ﬁ)r—uﬁs(m)dmdvz,

1
K = //¢1s(7’1)¢2s(7“1)T—¢1s(72)¢25(7’2)dv1dv2 :
12
Similarly, the symmetric function of the coordinates yields
(W (71, 72) [ HI4 (71, 72)) = (Daslin|01s) + (Dol ol doe) + T + K,

suggesting that its energy is higher, by 2K, than that of the three wave functions with an
antisymmetric space factor (K can be shown to be positive). We emphasize that this dif-
ference in energies is due to the electrostatic interaction between the electrons, not to their
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spins, a conclusion that also applies to ferromagnetic solids, that you will learn about later. '°

3. Simon, Chapter 6.2.2:
The LCAQO approximation for the molecular hydrogen
ion, H

This section illustrates the use of spatial symmetry (reflection in a plane) to
simplify the variational treatment of a simple diatomic molecule. The same ba-
sic 1deas will be used in Section 4 to investigate electrons in a one-dimentional
periodic lattice.

Let the two protons reside on the z axis, at the points A, specified by the coordinates
(O, 0, —%), and B, specified by (0, 0, g) We start by choosing the set of functions

15A7 133? 28147 2537 sz,Aa 2px,B7 2py,A7 2py,B? 2pz,A7 2pZ,Ba T,

where 1s4 denotes an s orbital centered at A, etc., as the set to be used for the variational
computations, a basis-set choice that gives rise to the LCAO description of the molecular
orbitals. M. If we take some care, this set of functions will span the whole Hilbert space (in
fact, it will be overcomplete), but these are theoretical concerns that we can ignore since we
are going to truncate this set of functions into a fairly small subset.

The Hamiltonian that describes the motion of the electron subject to the Coulomb at-
traction by the two stationary nuclei at A and B is

72 2 2 2
H:__v2_e__e_+e_'

2m ra rg R

The distance between the electron and nucleus A is denoted by r4. If the position of

the electron is specified by (z,y,z) then ra = y/a?+y?+ (2 + %)2. Similarly, rp =

\/ 2+ y?+ (z — %)2. The Laplacian operator depends on the electron’s coordinates,

0? 0? 0?
02 Top T o

10 Although the computation we carried out above suggests that the difference in energy between the triplet
of wave functions with antisymmetric space factor and the single function (“singlet”) with a symmetric space
factor is due to the difference in the expectation value of %, this cannot be quite true because of another
property of atoms that you learnt about in Quantum Chemistry, the virial theorem. Recall that the virial
theorem tells us that the kinetic energy of an atom (the expectation value of the sum of the Laplacians of
all the electrons in the atom) must be equal to minus the total energy. Hence, the kinetic energy must be
higher in the triplet than in the singlet. This can only happen if we allow the one-electron wave functions ¢
and ¢o4 to obtain somewhat different shapes in these two states. Doing this we find that the triplet state of
the He atom is indeed lower in energy than the singlet (in agreement with the spectroscopists’ observation,
known as Hund’s rule), but this is due to the fact that the ¢o, function shrinks (to increase the expectation
value of the Laplacian - the kinetic energy), thereby increasing the attraction to the nucleus as well. Very
surprisingly, the expectation value of é is higher in the triplet, but discussing this in detail will take us too
far away.

"The abbreviation LCAO stands for Linear Combination of Atomic Orbitals

V? =
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This Hamiltonian has several symmetry properties:

e It is cylindrically symmetric, relative to the molecular (z) axis'?>. This can be formu-
lated by the statement that the Hamiltonian commutes with the operator

R, = —i <xa% — y%), which is essentially the z component of the (orbital) angular
momentum (L, = AR.). Transforming to cylindrical coordinates z = pcos(@) ; y =
psin(¢) it follows that R, = —z'a%. The eigenfunctions of this operator are exp(ime)
where m has to be an integer to satisfy the physically plausible condition f(¢+ 27) =
f(#). The notation o, 7, J,--- is used for eigenfunctions that correspond to the quan-
tum number m = 0,+1,42,---, respectively. You may have encountered the linear
combinations satsg, pratps s, (and py atp, ), duy atdyy p (and dy2_ 2 atd,2 2 p),
that are eigenfunctions of R, with the eigenvalues 0, +1, 42, - --. They are referred to
as o orbitals, 7 orbitals, d orbitals, - - -, respectively.

e The Hamiltonian of the electron in Hj commutes with the operation of reflection
through the plane (z,y). This operation is usually denoted by &,,. It interchanges the
two nuclei, A and B. Functions which are antisymmetric (“odd”) under this operation,
for example z or sin(z), are denoted with an asterisk (*). The linear combination
154 + 1sg is cylindrically symmetric with respect to R., and is symmetric (even) with
respect to d,,. It is denoted by the symbol o, whereas 154 —1sp, which is antisymmetric
under the reflection operation, is denoted by o*. Obviously, a function which is odd
under &,, vanishes on the zy-plane (we say that it has a planar node), a property
which has implications with respect to the binding properties of such a function.

e Another symmetry operation that is commonly used is the inversion operation, ¢,
which takes the point (x,y, z) into (—z, —y, —z). This can be described as drawing a
straight line from the first point to the origin, and continuing it an equal distance on
the other side. This operation, like the reflection introduced above, interchanges the
nuclei, but for points in space which are not on the z axis these two operations are
distinct. Functions, like 1s4 + 1sp, that are even under inversion, are denoted by the
index g, e. g., 04, and functions that are odd under inversion, such as 1s4 — 1sp, are
denoted by the index u, such as o} .

Comments:
9

1. The exponential operator exp (z'odfiz> = exp <a%> can be defined by means of the Taylor

series exp(z) = 1+ z + ’;—? + g—? + ---. It is not too difficult to show that

exp @%) F(6) = f(6+a),

i. e., this operation acts as a rotation by the angle o around the z axis'® This is why

12What this means is that if we rotate the x and y axes in the plane which is perpendicular to the molecular
axis (z), the form of the Hamiltonian is not changed.
130ne way to prove this identity is to use the formal Taylor expansion

oo (0 2yt o
P\Y06) T & magt
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R, is often referred to as the generator of rotations around the z axis. The three angular
momentum operators, L,. Ey, L., together generate any rotation through any axis that goes
through the origin.

2. If an operator satisfies the identity OF = I, where I is the identity operator, then it is
easy to show (whenever I say “it is easy to show”, please treat it as a suggestion to do it)
that any eigenvalue of O satisfies \F = 1, or A = exp (i%ﬁf), where ¢ = 0,1,2,---  k — 1.
Specifically, for operators like &, or 7, for which k = 2, the only eigenvalues are +1.

3. A more complete discussion of the symmetry classification of molecular orbitals can be
found in many textbooks on quantum chemistry or molecular spectroscopy.

4. Simon, Chapter 11:
Translational symmetry and the tight-binding chain

Here we consider a system in which the (translational) symmetry of the Hamilto-
nian allows the eigenfunctions (more precisely, their variational approximation)
to be completely determined.

Consider IV identical atoms, equally placed on a circle, with a single orbital, ¢;,
j=1,2,---, N, on each atom.

Let 7' be a translation operator, such that

T¢j = ¢j41 wherej=12-.- N—-1,
T ON = oni1 = ¢1. This is the periodic boundary condition.
We now consider linear combinations of these atomic orbitals (LCAO), ¥, = \/LN Zj\f: L0,

that we propose to use as variational approximations of the electronic wave functions.

The overall coefficient \/LN is inserted for convenience, but could be swallowed by the indi-

vidual coefficients c1,c2,- -+, cy. From the definition of the translation operator it follows
that TN\Ifg = \Ifg or TN = 1.

Let ¥, be an eigenfunction of T, i. e.,
N N
Ty ety = A iy,
j=1 j=1
and, on the other hand,

N N N
= Y ¢Th; =) cidja=) ¢iad;.
j=1 j=1 Jj=1

Application of the right hand side of this operator idenity on f(¢) yields the Taylor series expansion of
f(@ + a). An alternative derivation can be based on the fact that the identity is easily verified for any
function of the form exp(im¢) (where m is an integer), which is an eigenfunction of %. Since any function

f(@) that satisfies f(¢ + 27) = f(¢) can be written as a linear combination of these eigenfunctions (i. e., as
a Fourier series), the identity holds for f(¢) as well.
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Here, ¢y = cy. [Question: why was it OK to ignore the coefficient \/Lﬁﬂ

It follows that ¢; = %cj,l. Furthermore, AV = 1 so
2w
A = exp zﬁﬁ where / =1,2,--- /N

Hence,

1 27
cj = ECO = ¢p exp —z—ﬁj

Finally, ¥, = \/—IN Z;VZI A7, (the overall factor ¢y was suppressed). For the sake of clarity
we emphasize that WU, is a one-electron wave function, consisting of a linear combination of
orbitals that are centered on the various atoms on the lattice, but all referring to the same
electron. It is a generalization of the molecular orbital ¢4(74) + 115(rp) that we introduced
in our discussion of the H," molecular ion. Specifying the origin at the lattice site 0 (or, by
the periodic boundary condition, N) we denote the position of our electron by x. Because
of the periodic boundary conditions z satisfies 0 < x < Na. The position of the j'th lattice
site relative to the origin specified above is aj, where a is the distance between neighboring
atoms (the lattice constant). The distance between the electron and the lattice point j is
xj = x — ja. Defining L = Na we obtain

LN
v, = \/_N jzlexp <—2%a€j) oF
1 & T
= \/_N ;exp <—’lf€( ])) ®;
1 2 al 2
= \/_N exp (—i%ﬁx) Z::exp (i%ﬁ@) 0; -

The factor \F Z = 1exp( &c]) ¢; is periodic in the periodicity of the lattice. [Please

verify this claim]. The factor exp (— fﬁx) is an eigenfunction of 7 with the eigenvalue
A = exp (—i% al). [Please verify this claim as well]. These two facts are a special case of
Bloch’s theorem.

Let

H:——V2+Zv] (4)

This Hamiltonian describes a single electron under the action of the N atomic potentials. !
Obviously, H commutes with T, so any two eigenfunctions of T, with distinct elgenvalues

4The N-electron Hamiltonian is a sum of N terms of the form (4), plus a term of the form qu ot that
represents the interelectronic repulsion. The N-electron Hamiltonian commutes with the product of the N
translation operators referring to the various electrons, which translates the coordinate of each one of them

by a (keeping the interelectronic distances unchanged).
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satisfy!?
<\I/>\|\If>\/> - (S)\,)\/ <Q’A|\Ij)\>

and
(WAl KW ) = oan (WA H[TA)
- Y
where dy v = { (1) i i;i,
We now evaluate
N N
(UA[H[Wy) = ZZN o\ HIdy)
J 1j'=1

From the periodic boundary conditions it follows that the integral (¢;|#|¢;) depends only
on the distance between the two lattice points j and j’, so we can write it in the form

(¢j—jr|H|po). Hence,

(UAH[Py) = ZZ/\] by M) -

Jj=1j=1
Replacing the inner sum (over j') by a sum over n = j — j" and keeping in mind the periodic
boundary conditions

)\n-i—N — )\n

because \V =

(Dn|H|po) = (Dnyn|H|do) because ¢, n = ¢y,

we conclude that

N
> 2N (@l HIdo)

1 n=1

(UAIH[Wy) =

I
M= =l-
M=

A" (dn|H o) (5)

1

3
Il

because in inner sum (over n) on the first line does not depend on j so the outer sum can be
replaced by multiplication by the number of equal terms, N. Furthermore, assuming that
the basis orbitals ¢; are real, it follows that

(9| H|bjun) = (05| H|Pj—n) -

Because of the periodic boundary conditions the atoms on the lattice behave as if they were
on a circle of length N, so the distance between any two lattice sites cannot be larger than
%. The term that corresponds to n = N in equation (5) yields

AV (ox[Hdo) = (bolH|do) -

15The notation W) is just a different notation for ¥,, noting that A = exp (—i2a¥).
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Similarly, the terms that correspond to n =1 and n = N — 1 yield, together

A1 |Hdo) + AV dn_1|H]|do) =
(X + X" (dn|Hlgo) ,

etc. For even N it follows that
81
(A = (Go[HIdo) + D (X" (60[HIdn) + X (GolHIow-n) ) + A% (60[HIos)
n=1
and for odd N,

(AHITN) = (G0[HIg0) + D (N (GolHIon) + A" (G0l Hlow—n))

Assuming that the basis orbitals ¢; are real we note that the distance between ¢, and
¢n, 1s the same as the distance between ¢ and ¢y, (since ¢g = ¢n). Furthermore, we note
that A" + A" = 2cos (n%2() and A2 = exp(—irl) = cos(wl) = (—1)’. Hence, for even N
we obtain

N
2

(WA ) = (ol HIo) + Z cos (W37 (ol + (1) (ol Moy )

a slightly modified result holding for odd N. In order to evaluate the denominator in the
variational expression for the energy we repeat the argument presented above, replacing the
Hamiltonian, H, by the identity operation. We obtain

%71
(02192) = (onlon) + 3 2005 (0378 (@l + (1) (ol
n=1
Defining
Sn = <¢j’¢j+n>
and
= (9j|H|¢j4n)
we obtain
(WA|Wy) = sp + 257 cos <2§€) + 255 cos (%%) Tty cos(ml)
and

2 2
(UA|H|Wy) = hg + 2hy cos (%E) + 2hs cos (WW%) 4+ 4 h% cos(ml) .
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Assuming (as a somewhat crude simplification) that s; = 0 for ¢ > 1 and h; = 0 for ¢ > 2,
and noting that sy = (¢;|¢;) = 1, we obtain

E, = % ~ hg + 2h; cos (2%8) )
Defining ¢y = hy, t = —hy, and k = 27”6 we obtain

E; =€y — 2t cos(ka) .
This is equation (11.6) in Simon’s textbook.

5. Simon, Chapter 11.4:
Two basis functions in each unit cell

Here we consider the treatment of a system in which the (translational) symmetry
1s not sufficient to determine the wave functions completely. The idea developed
in Section 1.2 is applied.

Let there be two basis functions, ¢; and 1;, in each unit cell.
This covers the following situations:
1. Each atom has two energy levels.
2. There are two distinct atoms in each unit cell.
3. The two atoms in each unit cell are identical, but the distances between neighboring
atoms alternate (Peierls Distortion).

We construct two sets of eigenfunctions of T

N
1 .
q))\ = — )\7-7(?. ,
VN ijl !
and

1 o .
Ty=—Y Ay
j=1
First we note that for A £ X
(@\0y) =0 why?
and
(DA H|T)) =0. why?

We now apply the variational principle. We need to evaluate

S = (Pa|Pr)

S = (PAIVA)

Sy = (VaAl¥y)
and

Hy gy = (Pr|H[Dy)
Hyop = (Dr|H|Py)
Hyy = (WA H|Vy),
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and solve the 2 x 2 generalized eigenvalue problem

Hyp— ESpy Hpyp— ESpy

=0
Hys—ESyy Hypy— ESyy

for each A. Note that Sy 4 =57, and Hy 4 = Hj ,

Since there are two eigenvalues for each allowed value of A, we obtain two bands, with N
energies in each. The ranges of energies of these two bands will either overlap or not, de-
pending on the values of the various matrix elements.

As an obvious generalization of the procedure described for the case of a single orbital per
unit cell, the matrix elements specified above can be evaluated as follows.

27 21T
Sob = Ser.61 T 25416 COS (Né) + 254, 4y COS (ﬁ%) + o4 Spy oy cOS(TL)
2

27 21
S = S by T 281 by COS (N€> + 254, 45 COS (W2£> + o Sp gy cOs(ml)
2
2T 2
Sipab = Seprapy T 28, py COS Nﬁ) + 254, 45 COS (W%) + o Sy cos(l),
2

and

Hyy = hgy g + 2hg, o, cOS

2 2
%E) + 2Ry, by COS (Wﬂ%) +F h¢1,¢% cos(ml),
Hyp = hoy gy 4 2he, 4, cOS )

2
+ 2R, by COS ( 7r26) o hgyy cos(ml),

N
2m
Hiﬂﬂ# = h¢17¢1 + 2h¢1,w2 CO8 E) + 2h¢1,¢3 CO8 WQE) +eeet hwmﬂN COS(WE) .
o

Here, 54, 4, = (91|0%), hgyop = (D1/H|dx), ete.

To simplify the remaining computations it is convenient to distinguish among the three types
of problems specified above, and assume that, in each case, only certain matriz elements, in
the atomic basis, do not vanish.

1. When each atom has two energy levels the non-vanishing matrix elements are taken to be

(Diloi) =1, (Yyle;) =1

and

(Qj|H|d;) = €a, (j|H|Yy) = ep
(i H|Dj1) = taa, (S| H|Vj) =tas, (Wj|H[Yjm) =tss.

In this case, Sy ¢ = Sy = 1, 94 = 0, and
H¢7¢ =€+ QtA,A COS (%f)
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H¢7¢ = 2tA,B COS (%rg)

Hy = ep + 2tp g cos (350).

In Simon’s Question (11.4a) the further assumption ¢4 5 = 0 is made, reducing this problem
to a superposition of two non-interacting single-orbital dispersion relations. This simplifica-
tion is relaxed in (11.4Db).

2. There are two distinct atoms in each unit cell:

(Dil95) =1, (Yyle;) =1
and

(0i|H|05) = ea, (I H|vs) = ep, (9j|HIY;) =tan, (Vj|H|pj1) =ta-

In Simon’s textbook, problem 11.2, the further simplification t4 5 = tp 4 is made.

3. The two atoms in each unit cell are identical, but the distances between neighboring
atoms alternate (Peierls Distortion).

This case differs from case 2 by the fact that €4 = eg but ts 5 # tp a.

6. Simon, Chapter 15:
Nearly free electrons in a periodic potential

Here we use perturbation theory to investigate the effect of a weak periodic poten-
tial on electrons that are otherwise free. We apply the ideas presented in Section

1.5.
Free electrons in one dimension can be described by the wave functions |k) = exp(ikz).
These functions are eigenfunctions of the momentum operator p, = %% with the eigenvalue

hk. Moreover, |k) is an eigenfunction of the kinetic energy operator Hy = % = —%%,
with the eigenvalue % In the presence of a periodic potential with lattice constant a,

V(z+a)=V(z)

we introduce the translation operator T, defined by

A

Tf(z)=fx+a),
and the periodic boundary condition
TN f(x) = f(z + Na) = f(),

where N is some integer that we may eventually take to be arbitrarily large. We will now
show that the periodic boundary condition splits the complete pertinent Hilbert space into
N subspaces, specified by the distinct eigenvalues of 7. We note that

T|k) = T exp(ikz) = exp(ik(x + a)) = exp(ika) exp(ikz) = exp(ika)|k) .
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The periodic boundary condition implies that TN = I, where I is the identity operator.
Hence, exp(ikNa) = 1 or k = 2]3—2, where n = 0,4+1,4£2,---. Two eigenfunctions that
correspond to quantum numbers n and n’ that differ by N (or an integer multiple of N)
have wave vectors k and k', respectively, that differ by (an integer multiple of) %’r Hence,
they correspond to a common eigenvalue exp(ika) = exp(ik’a) of the translation operator.
Specifically, the two eigenfunctions exp(—ikz) and exp(ikz), which correspond to the same
kinetic energy, have the same eigenvalue with respect to Tif k= nZ, where n is an integer.

Simon’s chapter 15 proceeds by invoking first order perturbation theory. The zero order
energy is the eigenfunction of the kinetic energy operator Hy = %, which for |k) is equal to
%. For [k] < T the degeneracy of the function exp(ikz) with exp(—ikx) with respect to
the zero order Hamiltonian can be disregarded, because they belong to distinct eigenvalues
of T, implying that the off-diagonal matrix-element (—k|Ho|k) as well as the overlap integral
(scalar product) (—k|k) vanish.

However, at ky = = the two degenerate zero-order eigenfunctions of the Hamiltonian,

ko) and | — ko), are eigenfunctions of 7' with the same eigenvalue, so degenerate first-order
perturbation theory has to be invoked, i. e., the matrix

( (=ko| V] = ko) (—Ko|V'[ko) )
(kolV| = ko) (ko|V'[ko)

has to be diagonalized, yielding the zero-order wave functions and the corresponding first
order energies.
Simon continues by inspecting the two wave functions | —ko+d) and |ko+9), that for small

0 are nearly degenerate eigenfunctions of Hy = —%. These two wave functions have the

same eigenvalue with respect to 7', hence a non-vanishing matrix element (—kq+ 6|V |kq +6).
Simon constructs and diagonalizes a two by two matrix for these two wave functions, just
like we did in the degenerate case. However, since these states are not strictly degenerate, a
justification for constructing and diagonalizing the two by two matrix does not follow from
perturbation theory. Generalizing this observation we note that all the functions of the form

{exp(i<k+2§€>x) : E:O,il,iQ,m}, (6)

are eigenfunctions of T with the same eigenvalue, exp(ika), hence, the matrix element of the
Hamiltonian (specifically, the periodic potential) between any two of them does not need to
vanish. Using these functions as a basis for a variational calculation we can, in principle,
get exact eigenvalues (and eigenfunctions) of the Hamiltonian'®. Realistically, we can only
construct and diagonalize finite matrices, thereby obtaining an approximation (more pre-
cisely, an upper bound) of the low lying eigenvalues of the Hamiltonian. For k well below
the zone boundary ky = 7 the single basis function exp(ikr) may be sufficient, but as the
zone boundary is approached at least the nearly degenerate wave function exp (z (k; — %’r) x)
should be included along with exp(ikx), yielding the same two by two matrix that Simon

16The theory of the Fourier series, that you may have encountered in one of your math coursesi, tells us
that the set specified by (6) is a complete set in the space of periodic functions of = with periodicity a.
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constructed and diagonalized!”.

7. Simon, Chapter 9:
Translational symmetry and vibrational modes of the
one-dimensional periodic lattice

The present section begins with a leisurely introduction of the concept of a nor-
mal mode of vibration, illustrated by investigating molecules that consist of a few
atoms. We emphasize the use of symmetry, investigating the systems considered
both classically (i. e., using Newtonian mechanics) and quantum mechanically.
We then proceed to examine the oscillations of atoms on (one dimensional) lat-
tices.

7.1 Introductory example: separation of the center-of-mass and
relative motion of a two-particle system

The present subsection is a review of a problem you dealt with before. It should
help to recall the idea of transforming the coordinates to make the Hamiltonian
separable.

We begin by recalling the classical (Newtonian) treatment of two particles with masses
my and my moving along the z axis. Denoting the positions of the two particles by x; and x»,
respectively, we assume that they interact with one another via a potential that depends on
the distance between them, V(xy — 7). Newton’s equations of motion for the two particles
can be written in the form

d2x1 oV
m = ——
! dt2 83:1
d2x2 8V
mo—ms = ——.
2 dt2 aZEQ
Since g—x‘g = —%7 it follows that

d2 (m11'1 + mzl'g)
dt?

=0,

suggesting that the center-of-mass coordinate X = % moves with zero acceleration,

like a free particle (with mass M = m; + my). Multiplying the equation of motion for x;
by ms, the equation of motion for x5 by m;, and subtracting the first from the second, we
obtain

dZ(IL'Q —$1) ( oV (9V>

-2 U (o _

1Mo dt2 —_— —

m mo——
81'2 81‘1

17A more careful analysis shows that the eigenvalues of this two by two matrix can be well-approximated
by first order non-degenerate perturbation theory when the absolute value of the matrix element (—ko +
§|V|ko + &) is small relative to the difference in the zero-order energies of exp(ikz) and exp (i (k — 2) z).
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In terms of the relative coordinate x = x5 — 1 this equation becomes

mimy  d*x _dV(z)

ml—l—mgﬁ_ dx

This equation looks like the equation of motion for a particle with mass py = % (the
reduced mass).

We treated this two-particle system (that, for simplicity, we now confine to one dimension)
in our Quantum Chemistry course. As above, the interaction depends only on the distance
between the two particles, the Hamiltonian being

n*  9? R 92
2my 012 2my 022

H=- + V(g — ). (7)

Writing this Hamiltonian in terms of the center-of-mass coordinate

miT1 + Mols
X=—— ==
my + Mo

and the relative coordinate,
T =Ty — A1,

we obtain a2 g
n=—onoxz " apa V)

where M = my + my and p = - gl We discussed the three-dimensional counterpart of
this transformation when we dealt with the hydrogen atom, where we denoted the mass

of the nucleus by M and the mass of the electron by m. In that case, the reduced mass
= -mM 1+1£ ~ m(1 — §) is almost equal to the mass of the electron since §; << 1.
M

The small difference in the reduced mass accounts for most of the diffference between the H

and the D (deuterium) or T (tritium) spectral line frequencies.

The message of this section is that the separation of the center-of-mass motion is a con-
sequence of the fact that the potential energy depends only on interparticle distances. When
the system moves “as a rigid body”, (x1,z2) = (X, X), then |z — 21|, which is the deviation
of the interparticle distance from its equilibrium value, is not affected. This is easily gener-
alized to any number of particles.

7.2 The harmonic approximation
The description of a system of masses that perform small oscillations relative
to their fized (equilibrium) points is considerably simplified if the interacrions

among the different masses are approximated by terms that are quadratic in the
interparticle distances. This is what we mean by the harmonic approximation.
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We consider a system of atoms, each performing small oscillations near a point in space
(a lattice point). Recall that we are now at the second stage of the Born-Oppenheimer
approximation: The Schroedinger equation for the motion of the electrons under the effect
of stationary nuclei has been solved (at some acceptable level of approximation), yielding
an electronic energy which depends on the nuclear coordinates. Since the nuclei are much
heavier than the electrons, it is assumed that the electronic motions are much more rapid,
so that at every nuclear geometry the electrons can be approximated by the solution of
the electronic Schroedinger equations with nuclei that are at rest, at that geometry. The
corresponding eigenvalue, that is commonly referred to as the electronic energy, is now used
as the potential energy governing the motion of the nuclei. In practice it is quite common
to approximate this potential energy by the analysis of spectroscopic data, but this is not
an issue we wish to concern ourselves with here.

It is convenient to specify the location of each atom relative to the fixed lattice point that
it corresponds to. Each atom interacts with the neighboring atoms. While the separation
of the center-of-mass from the relative motions of the different atoms only depends on the
property discussed in the previous section, further significant simplification is allowed if we
can approximate the interactions by keeping only quadratic terms in the atomic coordinates,
that we refer to as performing the harmonic approximation. This allows the construction of
linear combinations of the atomic coordinates in such a way that the total potential energy
of the system is a sum of squares of these linear combinations. These linear combinations
are the normal coordinates. Once the transformation to normal coordinates has been
achieved, we can treat the motion of each one of them separately, obtaining independent
(non-interacting) oscillators, to which we refer as the normal modes.

The transformation into a separable set of coordinates can be carried out either within
classical (Newtonian) mechanics or within quantum mechanics. The route via classical me-
chanics yields the normal modes and their frequencies (€2). This can be completed by quan-
tizing each normal mode, that is, specify the energy levels associated with it, A2 (n + %) It
is also possible to do everything quantum mechanically from the begining. The final results
are identical. We will see both procedures below.

The pertinent literature is somewhat implicit about (a polite way of saying “vague”) the
fact that the independent normal modes can be described by two equivalent pictures. We
can concentrate on the linear combinations of the atomic coordinates that yield a separa-
ble Hamiltonian, that we can refer to as the normal coordinates, each associated with its
characteristic frequency. We can, equivalently, construct arrays of atomic coordinates that
oscillate coherently, with a common frequency and well-defined phase relations. These two
pictures are dual to one another, in a sense that will be explicated below. Each picture has
worthwhile advantages, and both are discussed below.

7.3 The homonuclear diatomic molecule

This is the simplest application of the harmonic approrimation. It should be
familiar, but some ideas and definitions that will be useful later on are introduced.
In particular, please pay attention to the two pictures of the normal modes, the
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normal coordinate picture that emphasizes the form of the coordinates that allow
separability of the Hamiltonian, vs. the atomic displacement arrays that clearly
tllustrate the coherent motions of the different atoms within each normal mode.

In a homonuclear diatomic molecule (a diatomic molecule that consists of two identical
atoms) we have a single vibrational mode

X X2
PR _—

We can use a similar diagram

X1 X2
r— 00—

to describe the center-of-mass motion, when the two atoms move in a common direction
without changing the distance between them.

Allowing motion only along the z axis and assuming a harmonic interaction the Hamiltonian
can be written in the form

> (0% 07 k
7—[:—_( + )+§($2—$1)2

om \ o2 T oa2

This is the harmonic approximation of the homonuclear counterpart (m; = ms) of the
Hamiltonian specified in equation (7). In terms of the center-of-mass and relative coordinates

1
Xzé(xl—i-m) and =29 — 1

this Hamiltonian becomes

H = Hem + Hyel » (8)
where 2o
Hem = =517 5x2

is the center-of-mass Hamiltonian, and

=———=—+=x
rel 20012 " 2

is the Hamiltonian describing the relative motion (oscillation) of the two atoms. Here,

M = 2m is the total molecular mass and p = % is the reduced mass.

Exercise: Please verify the form of equation (8).

The separability of the Hamiltonian into a sum of two terms that depend on distinct
coordinates, as expressed by equation (8), implies that the eigenfunctions can be written
as products of a free-particle wave function in terms of the center-of-mass coordinate, X,

with energy %, where P can obtain any (real) value, and a harmonic oscillator wave func-

tion in terms of the relative coordinate, z, with energy hw (n + %), where w = \/% and

28



n=0,1,2,---.

We note in passing that this system could be treated classically. From Newton’s second
law, applied to each one of the atoms, we obtain

dQJfl
m =k(ze —x
gz~ M)
and P
X2
m = —k(xy — 7).
o (zg — 21)
Hence, the equation of motion for the center-of-mass coordinate is
X
a2

and the equation of motion for the relative coordinate is

d2
m—x = —2kx.

The classical solution is X = X+ vt where X and v are two arbitrary constants (the initial

position and the constant center-of-mass velocity), and # = A cos(wt + @), where w = /%

"
(= %) while A and ¢ are two arbitrary constants (the amplitude and initial phase of the

oscillation of z).

X and x are simple examples of normal coordinates. To obtain a more pictorial
description of the mode of motion represented by X we note that taking x = 0 we obtain
r1 = x9 = X, i. e. the two particles move together in space, whereas taking X = 0 we
obtain xy = —x; = 7, describing an oscillation of the two particles against one another. It
is convenient to introduce the atomic displacement arrays (z1,z9)em = (X, X), describing
the center-of-mass motion (i. e., both atoms shift by the same amount from their origins)
and (z1,%2),q = (—%,%), describing the relative (oscillatory) mode of the atoms against
one another.

The Hamiltonian, equation (7), is symmetric with respect to the transposition of particle

1 and particle 2. The transposition operator, T{; ), can be defined by its action on the

atomic coordinates
~ T )
T, = .

Both X and z are eigenfunctions of this operator, i. e.,

A X ~ l(ﬂfl +£C2) l(l’z +.CE1) X
T(1,2)( - )ZT(l,z)(QxZ_x1 = 2x1—x2 =\ ., )

Hence, X is symmetric and x is antisymmetric under this operation. We note that 22 is
symmetric with respect to T{; ). This fact, together with the equality of the two masses,
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lies at the heart of the relevance of the symmetry operation T(LQ) to the transformation into
normal modes, as the following examples will illustrate more powerfully. Comparison with
the way the normal-mode coordinates were determined for the unsymmetric system consid-
ered in section 7.1 is instructive.

7.4 The linear triatomic molecule

For the system considered here the symmetry of the Hamiltonian is sufficient to
determine the separable coordinates (the normal modes) completely. A similar
situation will be encountered when we deal with the vibrations of identical atoms
on a one-dimensional periodic lattice, in section 7.8.1

For a linear triatomic molecule (with identical atoms), confined to one-dimensional motion,
we write the Hamiltonian in the form

h? ( o* 9* 0

_ k 2 2
H=— 8x%+6x§+8x§>+§((x2_xl) +($3—$2))>. (9)

2m

We assumed that the potential energy is a sum of two quadratic nearest-neighbor interactions.
This Hamiltonian commutes with the transposition operator, T{; 3y, defined via

T I3
T1,3 4o = €2
T3 £y

Starting from the atomic coordinates 1, zo and x3 we can construct a single antisymmetric
linear combination, x = x3—x1, but both x4 x3 and x5 are symmetric under the operation of
T(Lg). The linear combination X = % (21 + 2 + x3) represents the center-of-mass coordinate.
The center-of-mass mode corresponds to the atoms moving in a common direction, i. e.,

l‘lzl‘QZZEg:X. (10)

Clearly, the antisymmetric coordinate x = w3 —x; vanishes if a motion that satisfies equation
(10) takes place.

The linear combination & = x1 — 225+ x3 of the two symmetric coordinates (z; + x5 and ),
is (obviously) symmetric as well. The relative coefficients of the symmetric basis functions
x1 + x3 and xo were chosen so that & vanishes when rigid center-of-mass motion, as specified
in equation (10), takes place.

Straightforward transformation yields

r

= X — — —

T %+6
xXr
I’QZX—g

r X

= X — _

T3 +2+6



Once again, pure center-of-mass motion, corresponding to z = 0 and = 0, is described by
the atomic coordinate array (1,2, z3)em = (X, X, X), 7. e., all atoms move in the same
direction. The vibrational mode z, which is symmetric with respect to T 1,3, corresponds to
X =0 and z = 0 and is described by the atomic coordinate array (x1,xs, 23)s = (%, —%, %),
. e., when atoms 1 and 3 move to the right by the same amount, atom 2 moves to the
left by twice this amount. The antisymmetric mode x is described by the atomic coordinate
array (x1,To,T3)a = (—%,0, %), 1. e., when atom 1 moves to the left atom 3 moves to the
right by the same amount, and atom 2 stays in place.

Thus, the center-of-mass mode is

xy T2 €3
[ > L 2 - —>

with all three atoms moving in the same direction.
The antisymmetric vibrational mode is

X1 €2 €3
@ L 2 —>

with the terminal atoms moving in opposite directions and the central atom standing still,
and the symmetric vibrational mode is
I ) T3
“——0—>—<+0
with the terminal atoms moving in the same direction and the central atom moving in the
opposite direction with twice the amplitude of the terminal atoms, keeping the center-of-
mass at rest.

We note in passing that the symmetry properties of the linear triatomic molecule could
be treated in alternative (but totally equivalent) ways. Instead of the operator T 1,3, that
permutes the particles 1 and 3, we could apply the operator of reflection through the plane
which is perpendicular to the x axis, crossing it at the equilibrium position of particle 2.
The action of this operator can be described by

T —I3
o ) = — T2
Zs3 —I1

The center-of-mass and the & modes would be labelled as antisymmetric with respect to this
operator, whereas the oscillation mode x, in which the central atom is at rest, would be
labelled as symmetric.

So far we did not need to consider the Hamiltonian, except the fact that it commutes
with 7, (1,3)- This fact was sufficient to determine the form of the normal coordinates, but we
need to examine the dynamical properties of our system in order to determine the vibrational
frequencies associated with the different normal modes. The potential energy assumed in

equation (9) is
k

V= B ((xg — 1) + (23 — x2)2> :
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The center-of-mass coordinate corresponds to rigid motion of the molecule in space, with
the distances between different atoms in the molecule remaining unchanged. It follows that
the molecular potential energy cannot depend on the center-of-mass coordinate. Both z?
and 7% are symmetric under leg, so both can appear in the transformed expression for the
potential energy. It is easy to verify that

T+
= T3 — T2
a:—a?_ B
5 =T2 — I
SO
V = E ((xg —x1)? + (23 — x2)2>
2
 k((x-i 2+ z+3)?
2 2 2
- Y@

The only other quadratic term is the mixed term xz, which is odd under Tl’g. Since the
potential is symmetric (even) under the operation of T(l,g), this term cannot appear in the
expression for the potential energy. Understanding this point is crucial to understanding the
relevance of symmetry to the normal mode analysis.

At this point we can proceed either within classical (Newtonian) mechanics or within
quantum mechanics. We will do both, and compare the results. Newton’s equations for the
three particles yield

d?z dVv

mE T g M)
d?x dV

m ol i = k(zq — 229 + z3)
d?zs dVv

MmgE T g M@z )

Exercise: Please verify that the classical equations of motion for the normal coordinates
X, z,and T are

d’X

dt?

d*x

ar

d*z

ar

= —kx

= —3kz

Exercise: Please write the classical expressions for the time-dependence of the three coor-
dinates X, z, and 7.
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To treat the Hamiltonian (9) quantum mechanically we express the kinetic energy in
terms of the normal coordinates, obtaining, after some straightforward analysis,
n* o2 h* o2 R o0*  k .
H=—— —————~—~+—(Q32+$2). (11)
2M 0X?  2uox? 203> 4

where M =3m, p =74, and i = %.

Exercise: Please verify that for an eigenfunction of the Hamiltonian (11) the energy is
p? 1 1
E=— = oln+ =
57 + hw <n~|— 2) + hw (n+ 2) ,

where P is the (arbitrary) center-of-mass momentum, w = \/% ,and w = \/%. n and n are
the quantum numbers of the two vibrational modes.

Exercise: Please replace the potential energy in equation (9) by

V= g((ﬂfg — 1) + (23 — 932)2) + g(asg —x1)%.

The additional term describes an interaction between atoms 1 and 3. You may expect that
Kk < k.

Please verify that this potential is still symmetric with respect to T(Lg). It follows that the
normal modes are the same as above.

Please express the modified potential in terms of the normal coordinates and derive the
frequencies that correspond to the two vibrational modes. You may use either the classical
or the quantum formalism, or both.

7.5 The linear tetraatomic molecule

For the system considered here the symmetry of the Hamiltonian is not sufficient
to determine the normal modes completely. The same situation will be encoun-
tered in section 7.8.2 for periodic lattices with more than one atom in each unit
cell.

A realistic example is O = C' = C' = O, but we shall assume four equal masses and three
equal harmonic force constants between any two neighbors. Allowing motion only along the
molecular axis we denote the atomic displacements by 1, z9, 3, 4, and write the potential
energy in the form

k
V = 5((1}2 — $1)2 + (3?3 — $2>2 + (1’4 — $3)2) (12)
Clearly, the permutation T 14,23, defined by
i T4
7 ) - T3
T1423 S S I
Ty T
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is a symmetry operator, under which the potential (as well as the kinetic) energy is invariant.
Since T124723 = 1, this symmetry operator has two eigenvalues, 1 and -1. Two eigenfunctions,
1+ x4 and x9 + x3, correspond to the first eigenvalue, and two eigenfunctions, x, = r1 — x4
and x, = x9 — x3, correspond to the second. We will use the term “symmetry coordinates”
to describe linear combinations of atomic displacements, such as x1 + x4, 22 + 23 as well as
x, and xy, that are eigenfunctions of the symmetry operator. This means that all four linear
combinations were determined by refering to the symmetry operator T14,23, and should not be
confused with the fact that the first two are symmetric and the other two are antisymmetric
with respect to this operator.

Since the center-of-mass coordinate, X = }l(xl + 29+ 3+ 24), is a linear combination of
the two symmetric coordinates x; + x4 and x5 + 3, we can immediately write the symmetric
internal coordinate as x4, = r1—2r2—2x3+x4. On the other hand, concerning the antisymmetric
normal modes the symmetry analysis only allows us to say that they are linear combinations
of z, and z,. The potential, equation (12), must be a linear combination of z2, 2, 27 and
4%y, which are the only quadratic terms that are symmetric with respect to T14723. It is a
simple exercise to show that

k(2?2 22 327
Vo 2+ 4+ g .
( 2 "2 "2 ’

To fully separate the two antisymmetric modes we have to carry out full dynamical
analysis, that will yield the vibrational frequencies as well. This can be done either classically
or quantum mechanically. We choose to start by expressing the (quantum mechanical) kinetic

energy operator in terms of the coordinates X, z, x, and x;,. Application of the chain rule
(repeatedly) yields

n* [ o? o? 0? 0? R 02 n* 0 h? 0? o?
2m (Gx% - 03 - 3 * axi) - - 2(4m) 0X? 2(7) Ox? a 2(%) (0x3 - 0x%) '
It is easy to understand that the mixed second derivative Bxfgxb cannot appear in the ex-

pression for the kinetic energy. This follows from the fact that x, depends only on z; and x4,

. . . . 2
whereas x;, depends only on x5 and x3, so if we express the mixed second derivative azd—axb
82

in terms of the atomic coordinates we will obtain terms such as 5203 that do not appear
in the original expression for the kinetic energy operator.

Inspecting the terms that contain x, and z;, in the kinetic energy operator we define
T, = ax, + bxy and x, = bz, — axy, where a®? + b?> = 1. This transformation is a rotation in

the (z,, ) plane, since 22 + 22 = 22 + 7. We find that

h? 0? 0? h? 0? 0?
— - =— - ,
2(3) (3963 396?) 2(3) (5’563 3%‘%)
So the kinetic energy operator remains separable in terms of the rotated antisymmetric

coordinates. a (and b) are determined by writing the potential in terms of the new coordinates
z, and x,, and demanding the coefficient of the mixed term, x,z,, to vanish. We obtain
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k (z* 22  3x? k[ x? V2Y\ V2Y\
V—§(7+7+T‘%xb)—§<§+<l—7 R CR R

It follows that the frequencies associated with the three vibrational normal modes are

Qs:w\/ﬁ, 0, = wV2— /2 and szwv2+\/§, Wherew:\/g.

Alternatively, we treat the linear tetraatomic molecule via the Newtonian equations of
motion

% = k(zy— 1)
d;? = k(zy + 25 — 21)
d;f = k(zo + 14 — 213)
d;:; = k(rs —x4)

Taking the appropriate linear combinations of these equations of motion we obtain the
equations of motion for the symmetry coordinates
d*X
dt?

m = —2kx,

= k(zp — x4)
m—s- = k(x,— 3xp)

While the center-of-mass coordinate, X, and the symmetric normal coordinate x, are now
separated, we still need to take linear combinations of the last two equations, defining (as
above) z, = ax, + bz, and z, = bz, — azr,. We find, after some algebra, that

d’z,
m
dt?

=k [(2@6 —a® — 3b%)w, + (* + 2ab — aQ)xv] : (13)

with a similar expression for m4 dtg . Requiring the coefficient of z, on the right hand side
of equation (13) to vanish we obtain, as we did in the quantum mechanical treatment,

a=\1(1+2), b=/t (1-) and 2, =wV2 -2
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7.6 On the use of symmetry to determine the normal modes

The illustrative few-atom examples considered above will now be used to motivate
a more general statement about normal-mode analysis.

We consider N particles moving along the z axis, described by the Hamiltonian
N ﬁ2
H = Il v T, , 14
;Qm + V(1,2 TN) (14)

where m are the atomic masses.

The discussion of the two-particle system in section 7.1 suggested that separation of the
center-of-mass coordinate is valid whenever the potential energy depends only on interparticle
distances, and does not require the harmonic approximation. Assuming that the particles
have a common mass, the center-of-mass coordinate is

. 1
X=—=(@ +x2+ - +2N).

N
Obviously, X commutes for all the coordinates z;, so it commutes with the potential V(zy, e, ,TN).
It follows that
1 N N
_ o )
7=1 j'=1
h 1 h -
— ——(p 9 — P
N(p1+p2+ + Pn) N
where we used the identity []3]2-, rj] = 2%}3]-(5]-,]-/. ]5, the total momentum of the center-of-mass,
can be used to construct the unitary operator
i al i
U=e —aP) = e —ap; | .
(o) = Lo (Gon)
that, upon acting on a function of the coordinates, f(x1,z, - ,zy) translates it into

flzr +a,29 + -+ Jxy + ).
Exercise: Please prove that exp (tap) f(z) = f(z + «). [See footnote 13 for a hint].
If f(z1, 22, ,zy) depends only on interparticle distances, x; —x;, then it is invariant under
the action of U. The potential energy introduced in equation (14) satisfies this property,
which is equivalent to [H,P] = 0. It follows that the eigenfunctions of the Hamiltonian
can be written as products of eigenfunctions of P (constant momentum motions of the
center-of-mass) and functions of the internal coordinates. From now on we assume that the
center-of-mass motion was separated, and we take x1 + x5+ --- 4+ 2y = 0.

Assuming that the IV particle coordinates specify small deviations from the equilibrium
positions of these particles we expand the potential in a multiple Taylor series in these
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coordinates. Since the potential attains its minimum at the equilibrium positions of the
particles, all the linear terms in the particle coordinates vanish. Invoking the harmonic
approximation, we retain only quadratic terms (either of type x? or of type Tix;).

If the lattice has some symmetry properties (such as translational symmetry) then the
Hamiltonian commutes with the corresponding symmetry operators. We can construct a
set of NV linear combinations of the atomic coordinates, each of which is an eigenfunction
of these (commuting'®) symmetry operators. We shall refer to these linear combinations as
symmetry coordinates. It turns out that it is easier to construct eigenfunctions of the
symmetry operators than to directly construct the normal coordinates, in terms of which
the Hamiltonian is separable, so this is where we start.

In the simplest case we will obtain just one symmetry coordinate for each eigenvalue
of the symmetry operator, which “automatically” solves our problem, serving as a normal
coordinate [this is what we encountered when we discussed the linear triatomic molecule
in section 7.4, and what happens in a lattice of identical atoms, that we treat next]. The
reason is that if we express the (harmonic) potential in terms of these symmetry coordinates
then each term should commute with the symmetry operator (or operators). The square of
a symmetry coordinate that corresponds to the eigenvalue 1 or -1 of the symmetry operator
is indeed totally symmetric. The symmetry operators that we shall encounter satisfy the
property Oon =1 , where I is the identity operator (the operator that keeps any function that
it acts on unchanged). n is an integer, which is sometimes called the order of the operator
O. The eigenvalues of O must satisfy A" =1 or A = exp (z%’ré) ; 0=0,1,2,---,n—1.
To obtain totally-symmetric quadratic terms we consider products of symmetry coordinates
of the form z)x )+, since the action of the symmetry operator on this product produces the
eigenvalue A\*, which is equal to unity.

If we obtain more than one symmetry coordinate corresponding to the same eigenvalue
of the symmetry operator then the solutions of our dynamical problem (the expressions for
the normal coordinates in terms of which our Hamiltonian is separable) can be expressed as
linear combinations of these degenerate symmetry coordinates [this is what we did when we
studied the two symmetric modes of the tetraatomic molecule in section 7.5 and what we do
below, dealing with a lattice of diatomic molecules].

All this will become much clearer below, as we consider concrete applications.

7.7 One dimensional atomic lattice (with periodic boundary
conditions)

The treatment of the vibrational modes of atoms on a lattice is introduced.

We consider identical atoms arranged on a one-dimensional lattice. m is the mass of each
atom and a is the distance between neighboring atoms. The lattice points, on the x axis,
are at aj, where j =--- ,—-3,-2,—1,0,1,2,3,---.

1Bthe treatment of symmetry operators that do not commute with one another leads to very interesting
further consequences that you can learn about in a decent course of group theory.
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Let x; denote the distance between the actual (momentary) position of atom j and its
equilibrium position, at the lattice point. We shall refer to z; as the atomic displacement
coordinate. Assuming that there are only harmonic interactions between neighboring atoms,

that can be written in the form %(:cjﬂ — 2;;)%, the total potential energy is

N

k
V=73 > (@i — )

j=1
with the periodic boundary condition zy; = x;. The force acting on atom ¢ is

ov

Fy=—2—
¢ 8275

= —k((ib‘g — iL‘g,l) — (l’g+1 — IK@)) = k(.%‘gfl + Tpp1 — 2.1'5) .

The equations of motion (Newton’s second law) yield

82:105
ot~

k(xo1+ xey1 — 220) = m (15)

At this stage the typical textbook treatment proceeds by introducing an “ansatz” (edu-
cated guess) concerning the atomic coordinate x;, writing x; = zg exp(iQ2t —ikaj) [1, 2, 3, 4,
5, 6, 7, 8]. This ansatz consists of a time-dependent factor that can be easily justified by the
notion of a “normal mode”, in which all atoms oscillate at a common frequency (although
the feasibility of such normal modes has yet to be established), and a factor that depends
on the location of the j'th atom on the lattice, which remains to be justified by the results.
The path towards these results using the translational symmetry is now clear.

7.8 Lattice translational symmetry: the atomic displacements
picture

In the present subsection we use the translational symmetry of a one-dimentional
lattice of oscillating atoms, with periodic boundary conditions, to derive the ex-
pressions for the coherent motions of the atoms within each normal mode. The
result is identical with Simon’s “ansatz”.

In our treatment of the motions of the nuclei in the triatomic and tetraatomic (linear)
molecules, within the harmonic approximation, we learnt about the possibility to separate
the motion into non-interacting normal modes. In the classical (Newtonian) framework
each normal mode corresponds to a collective oscillation of all the atoms in the system,
with a common frequency and specific phase relations. The natural way to describe each
normal mode is by an array of atomic displacements (from the corresponding equilibrium
positions), (x1,za,--). All the atomic displacements within such an array share a common
time-dependent factor, exp(i€2t), and they are related by some characteristic “phase factors”
that we derive below, temporarily denoting by A,. Hence,

xp = xol\pexp(ifdt) .
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We shall refer to the description of the normal modes in terms of such atomic displacement
arrays as the atomic displacement picture.

The normal modes can also be described by means of appropriate linear combinations
of the atomic displacements. These linear combinations allow the Hamiltonian to be writ-
ten as a sum of independent terms. Each independent term describes a harmonic oscillator
expressed by one of these linear combinations of the atomic displacements. The frequencies
of these harmonic oscillators are the same as the common frequencies of the atomic dis-
placements in the arrays described above. We shall refer to this description as the normal
coordinate picture.

The two pictures are entirely equivalent and it is easy to obtain the solution in terms of
one of them from the solution in terms of the other. They emphasize different aspects of the
problem. Different authors prefer one of the two pictures, usually not being very explicit
about the existence of the other. I hope that you will find that being explicitly introduced
to both (and to the relation between them) leads to a clearer understanding.

We treat the one-dimensional lattice in terms of the atomic displacements picture in the
present section, and in terms of the normal coordinates picture in the following section.

7.8.1 The monoatomic lattice

In the case treated here the translational symmetry is sufficient to determine the
normal modes (in the atomic displacement picture) completely.

We now describe a treatment that allows the “ansatz” quoted above to be naturally
derived. We adhere to the specification of the states of the system by the array of atomic
displacements,

(1131,1’2, . 7«73N)7
satisfying the periodic boundary conditions z;yn = 2; ; j=1,2,---,N. We define the
translation operator T via Ta:j = xj41. Hence,

~

T(xy,z9, + ,xn_1,ZN) = (Ta, T3, -+ , TN, T1), (16)

and

~

TN($1,902, s 7$N—1;$N) = (-’E1,$2, T ,$N—1,$N) . (17)

We now consider arrays of atomic displacements that satisfy

A~

T(ffl,l'z, te ,xN—l,l"N),\ = )\(ﬂfl,fz, S, IN-1, SITN)A ) (18)

that we shall refer to as eigen-arrays. It follows from equation (17) that AN = 1, hence,
2T
A =exp (ZN€>, where ¢=0,1,--- , N —1,

- _ _N N N
or, equivalently, { = -5 +1,—5 +2,---, 5.
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Comparing equations (16) and (18) we obtain
:Bj-i-l:/\xj ; j:1727"'7N7

or x; = TN .

The equations of motion (15) can be written in the form

2
ij

1
55 = —w? (Q:Ej —Xj1— ZL’j+1) = —w’ (21:3' - Xxj - ij) = _Qixj’

2=k and
m

ESNNEL Y PN VY = g2 (&
03 = w? (2 A )\)—w <2 2COS<N€>>—4w sin (Nﬁ).

The time-dependent factor of the solution immediately follows as exp(£i€2yt).
As an example we note that, for even IV, the highest frequency mode, that corresponds to
(= %, yields A = —1 and 2 = 2w. The corresponding eigen-array is

where w

(xla —T1, L1, =T, ,T1, —l'l)_l

where the index —1 is the eigenvalue of 7' that characterizes this eigen-array.

It is a simple exercise in freshman mechanics to show that two rigid bodies, each consisting
of % masses on a circle, bound by harmonic springs, oscillate relative to one another at the
frequency 2w. As an additional example consider ¢ = j:%, yielding A = =i, or the two
degenerate normal modes specified by the arrays (z1,0, —21,0,---) and (0, 21,0, —21,-- ).
The corresponding frequency is = wy/2. Here, again, the freshman mechanics couterpart
is easy (and useful) to envision.

7.8.2 The one-dimensional diatomic lattice

In the case treated here the translational symmetry isi not sufficient to determine
the normal modes (in the atomic displacement picture) completely, but it still
provides a significant simplification.

The coordinates of the two (distinct) atoms, with masses m and M, respectively, in the
j'th unit cell are z; and y;, respectively, both of them on the same () axis.
The potential energy is

o

N K N
—Z Lj+1 —3/] ?Z(yj —37]')2,
j=1 J=1

with two distinct force constants, k and K. The Newtonian equations of motion (for the two
atoms in the ¢'th unit cell are

[\]

0*x ov
M = ~ g, = @ = yen) + K(ye — o)
2 oV
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When both (z1, 29, ,zn)x and (y1,ye, - -+ ,yn)a are eigen-arrays of T with the same eigen-
value A\, we obtain

82.CE k‘

m@t; = _k(xé_%)“‘K(W_ﬂUé):—(k?-i—K)xg—i—(X—}-K)yé
82%

M~g = KOz —yo) = Ky —20) = (kA + K) 20 = (k+ K)ye,

Assuming that all the atoms oscillate at the same frequency €2 we write x,(t) = x,(0) exp(i§2t)
and y(t) = y,(0) exp(i§2t), yielding

—mQ21,(0) —(k 4+ K)z,(0) + (E + K) Ye(0)

A
—MQ?y,(0) = (kA + K)2e(0) = (k + K)ye(0),

or

kK _3tK 24(0) 24(0)
_BMK kK ye(0) ye(0)

For m = M the last matrix equation simplifies, and we obtain

(k;+K_Qg)2: 1 <E+K> (kA + K)

m m2 \\
or
kK1 1\ k+K 1
R PR C I (5 W [ i—\/(k—K)2+4chos2(1£).
m m A m m N

For k = K this system reduces to the monoatomic one-dimensional lattice,

- (2 (50) - o 2554

2N

with period of length 2/V.

7.9 The normal coordinate picture: one dimensional atomic lattice

In the present subsection we introduce the application of the translational sym-
metry to construct the normal coordinates, that allow the Hamiltonian to be sep-
arated into a sum of non-interacting modes. We only consider the simplest case,
i which symmetry solves the problem completely. This is, conceptually, a gen-
eralization of subsection 7.4. The more general caset, in which the translational
symmetry is not sufficient, can be dealt with using the idea illustrated in subsec-
tion 7.5.
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Consider a linear combination of the atomic displacements x1, zs,--- , xy,
N
X)\ = E ijj y
j=1

which is an eigenfunction of T, with some eigenvalue A, i. e.,
TXy = AX), (19)

where

2
)\:exp(iﬁﬁn) S n=01,2,--,N—1.

Denoting the length of the segment that contains N atoms by L we note that L = Na so we

can write
\ 27
=exp (i—an | .
PUT
27” is the size of a unit cell in the (one dimensional) “reciprocal lattice”. The set of points
2r N N 1 N 1
[ R T

in this reciprocal lattice is referred to as the first Brillouin zone.
Equation (19) can be written in the form

N N
E Ciljy1 = A E Cij .
J=1 J=1

Here, cy11 = ;.

The left—hand side can be written as Zjvzl cj_1z; (understanding that ¢ = cn), so ¢j—1 = A¢j,
or ¢j = coA 7.

We obtain

X\ =c Z A~ J:EJ = ¢y Zexp (—z—anj) (20)

Hence, the Newtonian equatlon of motion is

0*X
atA_COZ)\JatQ —COZ)\J :Cj,1+:(:j+1—2xj),

where we used equation (15).
Defining w? = %, the right-hand side of the last equation can be written as

N N
cow2 Z (A_j-i,-l T A 2)\—j)xj _ COWQ()\ T 2) Z)\—jxj = oﬂ()\ I Nk Q)X)\.
j=1

j=1
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It follows that
02X,
ot?
i.e., X, is a normal coordinate with frequency

2 2
O = \/w2(2 — A== w\/Q — exp (z%n) — exp <_Z§n)

= —w!(2-A-2HX,, (21)

2
= w\/Q — 2cos (%n) = 2w/ sin (%n) ‘ = 2w/ sin (%an)
The solution of equation (21) is
al 2m
Xu(t) = X\(0)exp(£iQit) = ¢ Zexp (—ifcmj + iQAt) x;
j=1
al 27
= coexp(£iQt) jz; exp (—ifcmj) xj,
where we used equation (20).
The maximum frequency mode, n = % = %, corresponds to A = exp(—im) = —1, i. e.,
X =21 —x9+ 23 — 24 + ---: Each atom oscillates against the neighboring atom. Here we

assumed that NV is even.

Exercise: Please prove, directly, that the vibration frequency of such a mode is 2w.
Please describe the lowest frequency mode.

7.10 Relation between the normal coordinate and the atomic
displacement pictures of the vibrational normal modes

The relation between the two pictures of a normal mode, the normal coordinate
picture and the atomic displacements array picture, is explicitly worked out, show-
ing that these two pictures are dual to one another, in a well-defined sense.

We saw above that the normal modes of vibration of a polyatomic molecule or of a
system of atoms associated with a lattice can be described in two ways that appear to be
distinct. The description which is easier to visualize involves an array of atomic displace-
ments relative to the molecular or lattice equilibrium positions of the various atoms. The
atomic displacements that comprise a normal mode oscillate with some common frequency,
and they are related to one another by some characteristic phase relations. The other de-
scription emphasizes the role of the normal modes as separable coordinates. A normal mode
is associated with a particular linear combination of the atomic displacements, that we refer
to as the normal coordinate. If the Hamiltonian, in the harmonic approximation, is written
in terms of the collection of normal coordinates, it separates into a sum of terms, each one
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of which depends on a single normal coordinate. Each normal coordinate is associated with
a frequency, which is identical with the frequency of a corresponding atomic displacements
array. In the present section we wish to clarify the relation between the normal-coordinate
picture and the atomic displacement picture, showing explicitely how the latter picture can
be derived from the former.

We note that if only the mode X is not at rest, and all the other N — 1 modes satisfy
Xy =0, where X' # A, then a solution of the set of N linear equations

( )\1_11'1 + )\1_2?[72 + )\1_3173 + -4 /\I_NZ'N = 0,
At A AP -+ ANy =0,

)\g_lx1+)\z2x2+)\z3xg—l—+/\szN :CZIXE, (22)

\ >‘]_le1 + )\]_\[2372 + )\]_\,3183 +F /\]_VNZEN =0,

yields x; = %)\gX .- To verify this solution we substitute the expressions for z; in any of
the N — 1 linear equations for A\; # A, and note that the equation is satisfied because

AN AT AN YA =0
The (’th equation is satisfied (if we choose ¢; ' = 1) because
AN AN AN NN =N
This result could also be obtained directly, by considering the arrays
X,\ = (w1, 22, -+ ,TN)A

in the N-dimensional coordinate space. This array is an eigenarray of the translation oper-
ator T' if

TXy=T (w102 ,2n)x = M1, T2, -+ ,TN8)x-
on the other hand )

T(x17$2 to 7$N)A = ($27$37 e 7$1)>\ )
hence, z; = A\x;_; yielding z; = 29N, or X = 20 (A A2 AN,
Using the equations of motion, (15) (where we set £ = 0), we obtain

d2 ~ dQQ]O
— X, = VD LA T
dt2 A dt2 ( Y Y ) )
= wz(ili'N_l +x1 — 2.230) ()\, )\2, s ,)\N)
= WA\ A =2) (AN AN
= —0%X,.

It follows that

X\(t) = exp(£iQt) X, (0)
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which can be written in the form
¢ . 2w .
xp = 2o\ exp(£iit) = xgexp i—-an +1Q0t ) .

7.11 Comparison of the normal mode and the atomic displacement
pictures

Some final comments about the two pictures are made.

The classical version of the atomic displacement picture is equivalent to the “ansatz”
that we wished to avoid. It provides the clearest description of the behavior of the atoms on
the lattice, in the different normal modes. The normal coordinate picture provides the set of
collective coordinates, in terms of which the (harmonic) Hamiltonian is separable: Expressing
the Hamiltonian in terms of these normal coordinates, it becomes a sum of independent
harmonic oscillators. The corresponding eigenfunctions are products of harmonic oscillator
wave functions, each depending on one of the normal mode coordinates.

Both the atomic displacements picture and the normal mode picture allow quantum me-
chanical “algebraic” treatments, in which a set of independent creation-annihilation pairs
is derived. These algebraic treatments are presented in the supplementary reading section,
below.

8. Supplementary reading: Phonons as elementary
excitations

In order to emphasize that learning is not terminated at the end of a semester, the
present section is offered as “summer reading”. It provides an explicit explanation
of the equivalence between the classical and the quantum mechanical derivations
of the normal modes of a harmonic many-body system.

8.1 Review of the algebraic treatment of the harmonic oscillator

The Hamiltonian of the one-dimensional harmonic oscillator

]52 mwQ i

H=:—+

2m 2

can be written in the form

N | —

H = hw (a*a +
where

1
vV 2mhw

mwAjL,
2hx 1
mw .. 1
2hx 1
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One easily verifies that [a,a'] = 1 and
[H,a'] = hwa' . (23)
It follows that if 1) is an eigenfunction of H with the eigenvalue E then
() = (alH+ hwal )y
— (E+ hw) (aw) .

Hence, afy is an eigenfunction of H with the eigenvalue E + hw. This property means
that a' acts as a step-up operator from an eigenfuction of the harmonic oscillator to the
eigenfunction with the next highest energy. Similarly, a acts on any eigenfunction of the
Hamiltonian as a step-down operator. *

It will be useful below to note that

and
[H,p] = imw?hi .

8.2: Normal modes as “elementary excitations”

The algebraic representation of the harmonic oscillator reviewed above, that you are
(most likely) familiar with from your basic quantum mechanics or quantum chemistry course,
has an obvious but far reaching generalization. For an arbitrary Hamiltonian, H, if we can
find an operator, that we shall denote by AT, that satisfies

(1, AT] = AAT (25)

then the action of A' on an eigenfunction of H with an eigenvalue E produces an eigenfunc-
tion of H with the eigenvalue F+\. Equation (25) is sometimes satisfied only approximately,
so AT can be used (reasonably safely) to produce the first excited state from the ground state,
even when climbing further up could be doubtful.

9To complete the discussion of the harmonic oscillator in terms of the step-up and step-down operators
(sometimes called the creation and annihilation operators) we need to show that ayy(x) = 0, where 1o(x) is
the ground-state eigenfunction. Using the explicit form of a this relation yields

Yo(z) = Nyexp (—%f) ,

where Ny has to be determined by normalization. It now follows that

Ui (x) = alvo (@) = Niwexp (—5a?) |

etc.
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As a first application to the determination of the normal modes we consider the one-
dimensional triatomic harmonic Hamiltonian introduced in section 7.4, . e.,

R PN\ k ) )
/H——% (ax%+axg+ax§>+§(<$2—$1) —|—($3—I2) )) (26)

Inspired by the treatment of the one-dimensional harmonic oscillator by means of the step-up
and step-down operators a' and @, respectively, we attempt to construct analogous operators
that will be relevant to our triatomic system. We start by considering the commutators

(1. p1] = ihmw? (i) — &)
[H,ﬁg] = ihmw2(2£2 — Zil — Ji’g)
[H,ﬁg] = ihmwQ(:ﬁg — i’z)

In complete analogy with the center-of-mass and the symmetric and antisymmetric coordi-
nates (with respect to the permutation 773), discussed in section 7.4, we introduce

~ 1 R . R
P = g(Pl + P2 + Ds)
ﬁa = ]53 _]51

Ds = 2pa—p1—DP3-

It follows that

H,P] = 0
[(H,pa] = ihmw?*(@s — 1) = ihmw?a,
[(H,ps] = ihmw?3(28y — 2, — @3) = ihmw?37,

The first equation means that the center-of-mass momentum is constant. Application of the
operator Tl’g to the left hand side of the second equation shows that it is antisymmetric, so
the right hand side must be antisymmetric as well. Similarly, both sides of the third equation
are symmetric with respect to the operation of Ts.

To construct the corresponding step-up and step-down operators we note that

h
{Hwi:a] = _i_ﬁa
m
h
[Ha-i's] - _i_ﬁs
m

It is now straightforward to show, using the commutators of the Hamiltonian with z, and
with p,, that
(M, aiq + Bpa] = W(ady + Bpa) , (27)

where , = w and § = imw. Equation (27) suggests that
d(]; - Oéjja + ﬁﬁa

47



acts as a step-up operator, like @' in equation (23). The part of the Hamiltonian (26) that
depends on the normal coordinate z, should, therefore, be of the form

MQalaq = hQ4(ada + Ba) (0 Eq + BPa) -

This expression looks like the Hamiltonian of a harmonic oscilator with some mass M, which

is determined by writing the coefficient of p2 on the right-hand side in the form -, and

with a force constant K = MQ? which is determined by writing the coefficient of #2 in the

Mﬂg . o o mw _ i
form =«. We obtain M =m, a = /%, and 8 = 55—. Hence,

t mw N VR
- Lq a -
“ 2h 2mhwp

Exercise: Please write an expression for the frequency of the symmetric mode, and for the
creation and annihilation operators that correspond to this mode.

8.3 The quantum mechanical treatment of a one-dimensional
lattice within the normal-coordinate picture

We follow a straightforward generalization of the procedure illustrated in Section 8.1. We
consider the Hamiltonian

N N

A2
p; k
H=> ﬁ + §Z($a‘+1 — ;)
j=1 j=1
and the operator
N
X)\ = Coz)\ijl'j R
j=1

which is an eigenfunction of T with the eigenvalue \.

The commutator

- h
Xol= -y Ap;=—P
[H, X, imcnjz1 Pi =55

suggests, by comparing with equation (24), that

N
Py =cy Z AP,

j=1

is the momentum that corresponds to the coordinate X (which is sometimes referred to as
the momentum conjugate to X)).
Consistently, we obtain the commutator

1

:@(/\—FX—Q)X)\:Z—:LWLQ%\X)\,

1

[H,P)\]:"'
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where Q3 = w? (A + 5 — 2).

Defining
A)\ = OéX)\ —+ BP)\

we find, using the commutation relations of the Hamiltonian with X, and with Py, that for
an appropriate choice of % we have [H, A\] = —hAQ\A,. When [ is chosen appropriately
then
H=> hA[A,.
A

Hence, H is a sum of N non-interacting harmonic oscillators, or normal modes. Note that
in this quantum mechanical treatment we do not need the classical equations of
motion (Newton’s second law) invoked above.

The eigenvalues of H are
1
FE = E}\ Ry, (n)\+§) ,

and the eigenfunctions are

U =JJuaX).

The time-dependent solutions are

U ({X, 1) = IZI%(XA) exp (—z’%t) :
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8.4 More exotic quantum mechanical treatment: the atomic
displacement picture

Once more, we consider the monoatomic one-dimensional lattice.
The Hamiltonian is

H=D oo+ 5 D (B — 1)
j=1 j=1
As before, we consider X, = (Z1, 29, ,2n)x that satisfies TX, = \X,.

The Hamiltonian commutes with 7. Therefore, the commutator [H, X,] satisfies
T[H, X5) = A[H, X

On the other hand 5

[HaX)\] = ._(1317]327‘ o JﬁN))\
m

yielding )

T(ﬁlaﬁ% e 7]3]\7))\ = A(ﬁl?ﬁ% e JpN))\ .

Hence, we define

p)\ - (15171527 e 7pN))\ :
It is easy to verify that

suggesting that a ladder operator

- 1 . ~ 1
Ay = ——(aX,+ B8P = —(a1,89, - ,a
v= (0% 8B = (i da )

can be defined, where a; = ai; + 8p; and Ta; = Aa;. This operator satisfies
[H, A\ = —hOLA, .
The Hermitian conjugate of this relation is

[H, Al] = AL

where
a
.
A= L | ™
AUN |
~T
ay / .
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It follows that

~

[AA’ A;’] =

[dx o al ;]

<
I
—

==

(Mo, (N*)af)

<
Il
-

I
==

X (N*)[ao, )

I
==

<
Il
—

()\)\/*)j = (5)\’)\/ .

I
==

<
Il
—

The Hamiltonian can be written in the form
PU 1
H = ; 9N <A§AA + 5)
and the corresponding eigenvalues are
E=> h,(ny+ !
= . amts )

This quantum-mechanical atomic displacements picture does not seem to allow a coordinate-
representation of the normal-mode wave functions of the kind introduced in footnote 19.
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Exercise: Consider a one dimensional atomic lattice. Each atom has a mass M, the lattice
parameter (distance between neighboring atoms) is a, and the (harmonic) force constant
between neighboring atoms is K.

1.

10.

Please describe the normal mode with shortest wave length.

Please write an expression for the frequency of this normal mode.

Consider a normal mode with wave length 4a, with a node between atom j — 1 and
atom j: Please plot this wave and show how the atoms on the lattice oscillate.

Please calculate the frequency of this oscillation.

. Now consider a mode with the same wave length (4a) but with a node on atom j:

Please describe the oscillations of the atoms in this case.
Please calculate the frequency of this mode.
Please comment on these two distinct modes with equal wavelengths.

Please describe the vibrational mode with wave length 6a, with a node on atom 7 — 1.
What is its frequency?

Please describe the vibrational mode with wave length 6a, with a node between atom
j — 1 and atom j. What is its frequency?

The complete dispersion curve of vibrational frequencies of a one-dimensional lattice
with one atom in each unit cell is given by the expression

sin (%) ‘ .

Please explain the connection of the frequencies calculated above to this expression.

K
w=2\/—

M

You can find a solution of this execise on the following page, but it will be more fun (and
more rewarding) to try and solve it on your own.
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Solution of the exercise: Consider a one dimensional atomic lattice. Each atom has a
mass M, the lattice parameter (distance between neighboring atoms) is a, and the (harmonic)
force constant between neighboring atoms is K.

1. Please describe the normal mode with shortest wave length.
The normal mode with the shortest wave length corresponds to an oscillation in which
atom j + 1 moves to the left when atom j moves to the right. The wave length of this
oscillation is A\ = 2a.

2. Please write an expression for the frequency of this normal mode.
If atom j moves to the right by the amount = while both atoms 7 — 1 and j 4+ 1 move
to the left by the same amount, the force acting on atom j is —4Kx so it satisfies the

equation of motion
e fui
—4AKr = M—.
dt?

. . . . o 4K o K
The frequency at which atom j (and all other atoms) oscillates is w = y/ 5+ = 24/ 5;-

This problem can also be considered in the following way: All the even atoms oscillate
NM

together, forming a rigid body with mass ==, and all the odd atoms oscillate in the
opposite direction, forming a rigid body of equal mass. The potential energy of the
N atom chain is N5 (22)* = X (22)%. Note that the relative coordinate is 2z. The
reduced mass of the two rigid bodies oscillating against one another is u = %. The
frequency of this mode is w = % = 2\/%.

3. Consider a normal mode with wave length 4a, with a node between atom j — 1 and
atom j: Please plot this wave and show how the atoms on the lattice oscillate.
Since there is a node between atom j — 1 and atom j, one wave length is completed by
a node between atom j + 3 and atom j + 4. There is also a node at half wave length,
between atom j + 1 and atom j + 2. When atom 7 moves to the right by z, then atom
7+ 1 moves to the right by the same amount, and atoms 7 + 2 and j 4+ 3 move to the

left by an equal amount.

4. Please calculate the frequency of this oscillation.
The force acting on atom j when it moves to the right is — K (2z) because it is pulled
by atom j — 1 but there is no force acting on it by atom j + 1. It follows that the

frequency of its oscillation is w = ,/%.

Here, just like in the previous case, half the atoms move (together, hence “rigidly”) to
the right while the other half move to the left. The total potential energy is

K N KN
vz—<22 2ﬁ—:——2%
S (20 + (207) 7 = == (20)
because there are % waves along a chain of length N, and within any four consecutive
atoms (one wave length) there is one bond that decreases by 2z while another bond
stretches by the same amount, and two bonds whose lengths remain a, the equilibrium
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distance.
Since half the atoms move rigidly to the right while the other half move rigidly to the

MN 2KN =9

=5 so the frequency is e

left, the reduced mass is yu =

. Now consider a mode with the same wave length (4a) but with a node on atom j:
Please describe the oscillations of the atoms in this case.

If there is a node on atom j, there is a node one wave length away, on atom j + 4.
There must also be a node in between, on atom j+2 (at half wave length). This means
that LTjy3 = —Tj41-

. Please calculate the frequency of this mode.
The atoms j, 7+ 2, j+4, etc., are stationary. When the atom 7+ 1 moves to the right
the force that acts on it is —2kx because it is pulled by atom 7 — 1 and pushed by atom

J+ 1. Its frequency is w = %, just like the frequency of the oscillation described in
section 3.

The other point of view starts from the fact that

V=g () - e

Note that the relative coordinate between the two moving subsystems is 2z. Since %

atoms move to the right while ﬂ atoms move to the left and atoms are stationary,
it follows that the reduced mass is 1 = ¥M and the frequency of this mode is

NK 2K
W= NM Vo

. Please comment on these two distinct modes with equal wavelengths.

The two modes described above have equal frequencies: they are degenerate. By taking
linear combinations of these modes we can construct the mode in which the atoms j+41,
J + 3, etc. are stationary while the atoms j, j + 4, etc. move to the right when atoms
j+2,7+6, etc., move to the left, or the mode in which there is a node between atom
J and atom j + 1, then between atom j + 2 and atom j + 3, etc.

. Please describe the vibrational mode with wave length 6a, with a node on atom 7 — 1.
What is its frequency?

One cycle of this wave is completed with a node on atom j + 5. There is a mid-wave
node at atom j + 2. It follows that

Tj=Tj41 = —Tj+3 = —Tj+d -

S

The force on atom j is —Kx; so its frequency is w =
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9. Please describe the vibrational mode with wave length 6a, with a node between atom
j — 1 and atom j. What is its frequency?
One cycle of this wave is completed with a node between atom j + 5 and atom j + 6.
The mid-wave node is between atom j + 2 and atom j + 3. From the properties of the

sin function it follows that

1 1
T3 = gli+t = Tjr2 = T8 = oL = T l5

It follows that the force on atom j is
—k(zj —xj1) + k(zj — 2;) = —kz;j,
hence, the frequency of its vibration is w = / %

10. The complete dispersion curve of vibrational frequencies of a one-dimensional lattice
with one atom in each unit cell is given by the expression

sin (%) ) .

Please explain the connection of the frequencies calculated above to this expression.
The frequency calculated in section 2 corresponds to A = 2a or k = = (the boundary

of the Brillouin zone). The frequencies calculated in sections 4 and 6 correspond to
A =4a or k =+ (recall that sin (3) = 1 and sin (§) = g)
The frequency calculated in sections 7 and 8 corresponds to k = 4= or

ain () = 5

w=2VKM

ka

ka _ =
5 = &, hence
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