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It has previously been shown that the optimum choice of harmonic Hamiltonian with which to approxi-
mate a crystal Hamiltonian is one in which the force constants are equal to the ground-state expectation
value of the second derivative of the crystal potential, the expectation value being computed self-consistently
with the ground-state eigenfunction of the harmonic Hamiltonian. It is shown here that the appearance of
ground-state averages of various derivatives of the potential is due to an explicit or implicit expansion of
the potential in a Hermite polynomial series, and that such an expansion is superior to the conventional
Taylor-series expansion for anharmonic systems. In addition, it is shown that one can systematically treat
very anharmonic systems by expanding the Hamiltonian in a set of polynomials orthogonalized with respect
to weight function chosen to cut off the potential at short range, and that explicit incorporation of an easily
optimized Gaussian factor in this weight function provides a computationally convenient way of introducing

certain desirable features into the general expansion.

I. INTRODUCTION

ERTAIN steps in the development of a new
approach to lattice dynamics at 0°K have been
briefly described in two previous letter publications.!?
The goal of this method is the development of a unified
and computationally feasible theoretical framework for
the treatment of harmonic, slightly anharmonic, and
very anharmonic lattices.

The essential idea of the method—which will be
called the orthogonal polynomial method—is that of
expanding the crystal potential in terms of a complete
set of polynomials orthogonalized with respect to an
appropriate weight function. The computational feasi-
bility is, in a large part, the result of the use of certain
techniques?® for the exact evaluation in coordinate space
of matrix elements of a crystal potential between three-
dimensional harmonic oscillator wave functions.

In this paper, the theory of the orthogonal polynomial
method will be described in detail. The emphasis will be
on application to lattice dynamics, although other
quantum-mechanical systems can be treated by this
approach. In Sec. ITI the method will be illustrated by a
comprehensive treatment of the problem of a single
particle interacting with a one-dimensional potential.
A reading of this section alone together with the parts
of Sec. II which are necessary for an understanding of
the notation will serve to give a casually interested
reader a reasonable understanding of the method with-
out subjecting him to the complication of crystal-lattice
notation.

The additional details necessary for the treatment
of three-dimensional crystal lattices will be given in
Sec. IV, both for the case of harmonic or slightly an-
harmonic systems such as solid Ar or solid Ne and for
the case of very anharmonic systems solid *He or solid
‘He.

Although a few numerical results for the latter two
cases have already been given in Refs. 1 and 2, a

LT, R. Koehler, Phys. Rev. Letters 17, 89 (1966).

2T, R. Koehler, Phys. Rev. Letters 18, 516 (1967).
8T, R. Koehler, Phys. Rev. 144, 789 (1966) ; this paper will be

referred to as I.
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complete presentation of these and other unpublished
results will be reserved for subsequent publications.
More explicit details concerning computational methods
will be given then also.

II. PRELIMINARY DISCUSSION
AND NOTATION

The general problem we wish to consider is that of
finding the eigenfunctions and eigenvalues of the
Hamiltonian of a crystal in the Born-Oppenheimer
adiabatic approximation. The Hamiltonian can be
written symbolically as

H=K+V, 1)

where K= —2NV? and it will be assumed that Visa
known function of the coordinates. If the atoms in the
crystal interact with a two-body central-force potential
U(r), then V=%3>"U(r,;), where r; is the coordinate
of the ith particle and 7;= |r;—1;|. Most of the general
expressions which will be derived do not depend upon
the use of a two-body central-force potential ; however,
explicit numerical evaluation of the expressions is most
convenient for this case.

In order to save superscripts and subscripts as often
as possible, a supervector and supermatrix notation will
be used in which vector products will be written as
P=Fr=)  t;1;=2 ;2 o7 with an obvious general-
ization to matrices. Superscripts will be used to denote
Cartesian components of a vector. For notational con-
venience, simple Bravais lattices will be treated
exclusively although the generalization to more compli-
cated lattices is quite straightforward, as was shown in I.

In this notation, V(r)=V(r;---,rx), where there
are NV atoms in the crystal. Born—von Karman boundary
conditions will be assumed and the translational sym-
metry of the lattice requires V(r+R)=V(r), where
R; is the equilibrium position of the sth atom.

According to the prescription of the traditional
harmonic approximation, one expands the potential
in a Taylor series in terms of the displacements #=r—R
of the atoms from their equilibrium positions. The
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resulting Hamiltonian
H=K+VJI4+V 4+ VT4- - (2)

in which the term linear in the displacements vanishes
because the expansion is about an equilibrium point,
is then truncated at the second term giving a harmonic
Hamiltonian

BT = — NV VT4 b, @)

which can be diagonalized by standard techniques.*

Briefly, one notes that, because of the lattice sym-
metry, ®T can be brought into semidiagonal form by the
transformation

[T®7T"]=es Dy er'orr, 4

where T';=ere " Ri, The matrix D, is called the
dynamical matrix and its roots are the squares of the
phonon frequencies. The matrix ex, whose rows are
polarization vectors, is then chosen to diagonalize
Dy so that

er- Dy ek*= ((u)k)2 y (5)

where o is a diagonal matrix.
The nth term in the expansion of the Hamiltonian
given in Eq. (3) is

1
v T=~—"1>nT(i1y011; S )™ uy, (6)
n!
where
an
a7 (f,@1; 5 Gny@n) = I:————“—‘]V )
Br, %1 - Qs on —E

Vector and matrix products will be written either
as in Eq. (6), or in the more conventional and less
cumbersome notation described earlier and used in
Eq. (3). Open products will be written, for example,
as uu or uu;, In particular VVV defines a matrix whose
components are V;*V;*V.

Since a variety of harmonic Hamiltonians and eigen-
functions of harmonic Hamiltonians play an important
role in this theory, it is useful to establish a notation
which is consistent enough for one to derive general
expressions but sufficiently flexible for one to differ-
entiate between different harmonic systems. An
arbitrary harmonic Hamiltonian will be denoted by Hj,
the quadratic term in H}, will be 3%®u, and the kinetic-
energy term in all Hamiltonians will be —NV2 A
specific harmonic Hamiltonian and its quadratic term
will be denoted by, for example, H,T and #®Tu as was
done in Eq. (3). The normalized ground-state eigen-
function of H; will be written |0) and of H,T will be
written |T,0), or simply as |0) when the reference is
clear. In general, anything written within the ket
symbol will denote a normalized wave function.

4 See, e.g., A. A. Maradudin, E. W. Montroll, and G. H. Weiss,
in Solid State Physics, edited by F. Seitz and D. Turnbull (Aca-
demic Press Inc., New York, 1963), Suppl. 3, or any of the sev-
eral references given in I.
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As was discussed in I,
|0)=4 exp(—3ilu), (8)

where 4 is a normalization constant, I'=G/A?, and
G?=9®. It is notationally convenient to use both G and
T, and Yr=0i/A? will also be used. In constructing
| T,0), for example, one simply substitutes I'7 for T
in Eq. (8). In this paper |0) or some subscripted form
of |0) will always designate the normalized exponential
of some quadratic form—that is, a correlated-Gaussian
wave function.

Numerical results are obtainable from this theory
primarily because of the techniques described in I for
the exact analytic integration of a correlated-Gaussian
wave function over all coordinates but a few. Thus, one
can, for example, evaluate the expression

O V]0)=3N 22:0| U (r0:) | 0) )

exactly by performing only three-dimensional numerical
integration in coordinate space. For the purposes of
this paper we wish only to note that the expressions to
be derived can be evaluated numerically.

A few formulas which will be used extensively
throughout this paper are as follows:

(0] fHg|0y=1\* TrG(0| fg| 0)+(0[ fV¢|0)

11
— 50| fg[}V“’er;V?g

2 wn- >]|0> (10)
7e g ’

0] w2V [0)=3G1,;8(0| V;fV | 0), (1)
and
Olu2ufV | 0)=135,°(0| V| 0)

+%G—lii,aa’G—1jj,ﬁﬂ’<0[ V¥ VBV [ 0). (12)

Equation (10) results immediately from the identity

(0] f(V:)%¢|0)
=101 /L(V)?2¢]10)—2(0| (Ve/) (Vig) | 0)
+O[[(Ve)2fIgl0)]. (13)
Equation (11) is a result of integration by parts and
Eq. (12) is derived by applying Eq. (10) twice.

III. ONE-DIMENSIONAL MODEL
A. Conventional Harmonic Approximation

Although the theory is directed towards three-
dimensional crystals, we have found that its essential
features can be illustrated with a minimum of notational
complications in terms of a simple model of a single
particle interacting with a one-dimensional potential.
In this case, the Hamiltonian is

d2

H=—iIN—+T(x). (14)
dx?
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If one were to treat this model in the conventional
harmonic approximation, one would first expand the
potential in a Taylor series about some point x, to
obtain

d? 1

H=—iIN—+TVo+> —B,Tu, (15)
du? n!

where, in analogy with the previous notation,

arv

8,7=

)
%" | gmg

and #=x—xo. This Hamiltonian is then truncated to
give
dZ
H,T=—IN—A-V T418Ty2. (16)
du?
The normalized eigenfunctions of H;T are well
known to be

| T:n>= (2""!)_—1/2Hﬂ[(7T)1/2“][ T’O> ) 17)

where
| T,0)= (m/vT)2 exp(—3v7u?) , (18)

¥T=gT/A2, and (g7)?=®T. The unperturbed eigenvalues
of Hj, will be denoted by E.’, while the diagonal matrix
elements of H in the representation |#) will be denoted
by E..

In the conventional harmonic approximation, the
leading correction to the ground-state energy in
perturbation theory would be

1
SMT00|T,0)

3g7 (31)

and it is clear that the structure of perturbation theory
is complicated by the fact that the final order of a
perturbation correction depends both upon the order of
the term in the Taylor series and the order in which it is
being treated in perturbation theory.

(@s")XT,0| Ha’Ho| T,0)*,  (19)

B. Hermite Polynomial Expansion and Self-
Consistent Harmonic Approximation

An alternative approach is obviously sensible. One
could treat V—3g™u? as a perturbation to Hj. Then
the ground-state energy to first order is simply E,”
=(T,0|H|T,0). It is readily shown that

EfT=1g" (T 0| V|T,0). (20)

In this form an entire series of what were higher-order
terms of the form (1/#1)®,7(T,0|u"|T,0) appear in
first-order perturbation theory. The expression for the
ground-state energy given in Eq. (20) resembles that
obtained from a variational calculation so it now seems
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obvious to use an arbitrary Gaussian as a variational
wave function and to minimize E, with respect to g.
The minimization is readily carried out and one finds
that dE,/dg=0 if g=g°, where g° is determined by the
self-consistent condition

2

(89*=M¥c,0[—c,0), (21)
dx

where Eq. (12) has been used to cast Eq. (21) into the
form given. The superscript ¢ will be used to designate
wave functions, etc., which are determined from some
self-consistent condition.

One could now consider H,;° to be the optimum
harmonic Hamiltonian with which to approximate H
and then could use the eigenfunctions of this Hamil-
tonian as a basis for perturbation theory using V —3®°?
as the perturbation. If this is done, terms involving
the ground-state expectation value of various deriva-
tives of the potential appear. An understanding of the
significance of these terms furnishes an insight into the
self-consistent harmonic approximation and also sug-
gests a possible way in which the theory can be extended.

Suppose instead of expanding the potential in a
Taylor series, one were to expand it in terms of an
arbitrary set of Hermite polynomials—we will call this
Hermite polynomial method. This expansion of the
potential will be written

V()= V" (22a)
=2 (2" )@ T L[ (W y)u].  (22b)

The nth coefficient in the expansion
®,7=(0|VH,.|0) (23)

can be written in a different form if one uses the identity
1 4dv

O VH.L(/7)u]| 0)=—(0l:1—H n10),  (24)
Yy du

which can be obtained by using the recursion relations
among the Hermite polynomials and integrating once
by parts. Applying Eq. (24) » times to the numerator
of Eq. (23) one obtains

n

B, 7 =y""%0| (25)

Y10
dunl )-

The Hermite polynomial expansion actually includes
the Taylor-series expansion as a limiting case since

av av

[0)= (26)

lim(0|
T dyn %™ | o
and

lim 7L (/=0 (27)
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The Hamiltonian to second order is now

&2 av
HpF=—§—+(0| V[ 0)4-(0|—| O)u
du? du

av 1
A0l I0(w——). @9
du? 2y
The origin of coordinates should be chosen to eliminate
the term linear in #. If this is done, it is clear that, in the
special case when the self-consistent condition is met,
|¢,0) is the ground-state eigenfunction of the harmonic
Hamiltonian H;° In other cases, the ground-state
eigenfunction of H,H is not equal to |0).

Since an expansion of the potential still occurs in
the Hermite polynomial method there may be more than
one term of the expansion contributing to a particular
matrix element {m|V|n). However, the number of
terms is considerably less than for the Taylor-series
expansion. The most obvious example is (0| V|%) to
which only the term V,# contributes while in the Taylor
series all of the terms included in

)
1= Z Vn+2i'
=0

contribute. In the general matrix element of a Hermite
polynomial expansion, nonzero contribution are given
by terms of order |m—=z|, |m—n|+2, - - -, m+n.

A few additional features of the method become
apparent if one approaches the problem from the point
of view of the matrix formulation of quantum me-
chanics and computes the lowest-order matrix elements
of the Hamiltonian using the eigenfunctions of an
arbitrary harmonic Hamiltonian. While this approach
is exactly equivalent to the previously described
method, it has the conceptual advantage that the
formal expansion of the potential per se is never
introduced.

The matrix elements can be written down in an
almost mechanical way. The matrix elements of the
kinetic energy are well known to be

dZ
(m| —3N—|n)=1g(1421)8n
dx?

—1gLm(m—1) 178 nra—ig[n(n—1)1"8mni2,n. (29)
A simple recursion relationship,

1

IV Iy=

. av
(m— !Elw

+<_:;>1/2(m— 1{V|n—1), (30)

can be used to express the matrix elements (m|V|n)
in terms of the first row elements

O]V |n)= (2mpl)-1r2,H
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TasLE I. Matrix elements of a one-dimensional Hamiltonian
between an arbitrary set of harmonic wave functions, and those
between a self-consistently determined (sc) set.

Element Value

(0|H|0) E,

OlH|1) ©|vi1)
(sc) 0

0]|H|2) —27324+(0| V|2)
(sc) 0

O]|H|3) ©|v|3)

(L|H|1) Eot+3g+V2(0| V|2)
(sc) Eotg

(11H|2) V2| V|1)+v3(0|V|3)
(sc) V3{0|V|3)

(11H|3) —5@)"2g+V3(0| V|2)+2(0| V' |4)
(sc) 0

2|H|2) Eotg+2v2{(0| V|2)++/6{(0| V|4)
(sc) Eo+2a

(2|H|3) V3{0| V| 1)+3VZ(0| V'|3)+4+/10(0| V| 5)
(sc) 3v2{0| V|3)

@1H|3) Eo+3g+3V2(0| V|2)+34/6(0| V|4)

+4/6(0| V|6)

(sc) Ey+3a

The matrix elements {(m|H|n), m<n<3 are listed
in Table I.

The results obtain if one assumes that the self-
consistent condition (0| V]2)=2"%2¢ is fulfilled, that
the origin of coordinates has been chosen to make
(0|V]1)=0, and that terms of higher order than
(0| V|3), shown in the rows of Table I, labeled (sc)
are small. It is clear that the introduction of the
self-consistent condition simplifies the structure of
perturbation theory. Since the Hamiltonian has zero
matrix elements between the first and second excited
states, the leading perturbation theory corrections to
the ground state and first excited state are particularly
simple. ‘

It can be readily shown that the self-consistent
condition is sufficient to cause all off-diagonal contri-
butions involving g and (0| V|2) to vanish and all
diagonal contributions to be of the forms Eo+ng.

C. General Polynomial Method

Although the lowest order of the self-consistent
harmonic approximation probably yields a good value
for the energies of the ground state and the lowest
excited state in a fairly harmonic system and the next
order of perturbation theory should be adequate for a
mildly anharmonic system, it is clear that the calcu-
lation would have to be carried quite a bit further for
an adequate treatment of a very anharmonic system.
Since the one-dimensional problem is being studied in
order to furnish some insight into useful techniques
for problems in three dimension, an alternative tech-
nique for very anharmonic systems is desirable.
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A well-defined procedure, which is a logical extension
of the Hermite polynomial method, is for one to either
expand the potential or compute the matrix elements
of the Hamiltonian in a representation of polynomials
orthogonalized with respect to an arbitrary function
which will be written as f|0). The Gaussian part is
retained because it is anticipated that it represents the
gross behavior of the ground-state wave function in
some region of space and that this part of the wave
function can be readily optimized. Of course, f is
chosen to make f|0) a computationally convenient,
reasonable guess for the ground-state wave function
of the true Hamiltonian. We will use |f) to signify
710)/(0] 2] oyee.

The polynomials will be designated by B (x) and
will satisfy

<f|BmBnIf>°C6mn- (31)

These are various methods for the construction of a
set of polynomials orthogonalized with respect to a
given weight function. In the work that has been done
to date we have found that the most convenient
technique is to use the recursion relationship

BM(x)":xm—'Zi.: ﬁman(x) P (32)
where
Bun=f|2"Bu| f)/{f| Ba*| 1) (33)
In this paper, explicit expressions for only
Bro={fl=|f) (34)
and
Bzo=(f|2?| f) (35)

are needed. Equation (11) can be used to express B1o
and By in terms of Gaussian averages of derivatives of
f2. This latter form is useful if one wishes to think of
expanding both f2and V in terms of an arbitrary set of
Hermite polynomials and then retaining terms to a
certain order in each expansion.

By using Eq. (10) one can readily derive an expres-
sion for the ground-state energy E,=(f|H| f) as

E=3g+fVed| 1),

Vesd'=V—1NV2Inf2. 37

The second term on the right-hand side of Eq. (37)
is the price paid in kinetic energy for the gain in
potential energy resulting from the modification in the
wave function introduced by f, which will generally be
used to cut off the potential at short range in hard-core
problems. We will occasionally want to work with ex-
pressions in which integrals over Gaussian weight factors
are explicitly written and will then use Vetr= f2Vets'.

One can readily derive an implicit optimization
condition for g by differentiating Eq. (36) with respect
to g to obtain

W=(flaVer | )= Vst | Y 122] )

(36)

where

(38)

KOEHLER
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Subsequent application of Eq. (12) provides a more
explicit expression for the self-consistent g,
{01V e/ d?| 0)— (0| &*f*/dac? | OXf| Vert' | /)

(0[f2]0)

(g°) =N
(39)

In this form it is clear that the optimization condition is
not simply a substitution of Ve for V in Eq. (20).

In addition to this, two other independent optimi-
zations are possible. These are the choice of x in
u=x—1xp and a transformation f(x) — f(x—x¢). The
conditions dEy/dxy=0 and dE/dxy=0 give

dVeIf df2
O] —=—]0)—(f| Ver!| O] —[0)=0  (40)
dx dx

and

(© AV et 0 (0 2dV 0
'—d—x—, )— {f:i;f )

af?
—{f|Vet'| ){0]—[0)=0, (41)
dx?

respectively. Equations (40) and (41) can be combined
to give (f|dV/dx|f)=0. Of these expressions, only
Eq. (40) will be used.

The first excited state of H is approximated by
Bi| f) and the second excited state by Bs| f). Equations
(10) and (32)-(35) may be used to obtain the matrix
elements shown in Table IT which is constructed in a
manner similar to Table I. Equation (40) is used for
the (sc) results.

Thus, the explicit retention of the Gaussian weight
factor enables one to derive a simple optimization
condition, the fulfillment of which is sufficient to
provide two of the intuitively appealing features of the

TaBLe II. Matrix elements of a one-dimensional Hamiltonian
in the general polynomial method. In the self-consistent (sc)
values the optimum choice of origin of coordinates is also assumed.

Element Value
{fIH|f Eq
(f1H|1) (1B NV f|luVerd' | £
—{flul NS Ves' | /)]
(sc) 0
(f1H|2) IBR 7LV | f)
— {21 AV —N/4)—Bu(f|H|1)]
(sc) 0
{flul S1H]T)
(1|H|1) Ep— 2
(B2 Sy
(flaVesd' | )= {f| Vot | ) f |2 )22/4
2] N)—=(Flul 1
e
(sc) Eoy

+___—__.______—
(fl| = {flul 7
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self-consistent harmonic approximation;i.e., the Hamil-
tonian has zero matrix elements between the ground
state and the first and second excited states.

Equations (11) and (12) can be used to rewrite
the expression for the energy of the first excited state as

LN 0@ f/da?]0)
g 22\ (0]]0)
(O] df2/dw| O\ T
B ——— . (42
©] 2|0y )] 42

In this form it is clear that Eq. (42) reduces to the
Hermite polynomial value given in Table I in the
limit f— 1.

E1=Eo+|:

IV. THREE-DIMENSIONAL MODEL

A. Hermite Polynomial Method and Self-
Consistent Harmonic Approximation

The generalization of the results of Sec. III to three
dimensions is quite straightforward. However, since
the approach differs from the conventional harmonic
approximation, it is worth presenting the calculations
in some detail. In most equations, the change from one
to three dimensions can be effected by replacing g with
TrG in kinetic-energy terms and replacing g by G
in other terms.

The form of the model harmonic Hamiltonian and
of its ground-state eigenfunctions have been given
previously in Egs. (3) and (8), respectively. One can
readily evaluate the expectation value of the true
crystal Hamiltonian, to obtain ‘

Eo=1TrG+(0| V|0), (43)

and can then differentiate this expression to show that
9dEy/3G;;=0 if the self-consistent condition

(Go2=N(,0| VVV | ¢,0) (44)

is met, where Eq. (12) has been used. One can also
obtain this result by transforming to normal coordi-
nates and considering the frequencies and the polari-
zation vectors as variational parameters, but the result
is most directly obtained in coordinate space by the
method outlined above.

As in the one-dimensional case, the appearance here
of ground-state expectation values of various deriva-
tives of the potential can be linked to an expansion
either of the potential or of the crystal Hamiltonian
in a set of polynomials. Here they are three-dimensional
polynomials orthogonalized with respect to the weight
function exp(—#l'u).

The polynomials can be obtained from the generating
function

Il’ﬂ(klmak2n2) e ’km'ﬂm) = eXP(ﬁP”) (_ Vkl/')/kx)nl e

X (=Ve/vr,)"m exp(—al'u), (45)
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where the number of phonons with wave vector k; is
specified by the constant
m
ni,mIn,n= Y, n;
i=1

and

Vit= TM"‘BV,'B. (46)

In Eq. (45) and in several of the remaining equations
in this section, the superscripts which indicate Cartesian
components or phonon branches are omitted for
notational convenience.

The construction of the polynomials is simplified if
one notes the commutation rule

LVe,Qur J=8k, (47)
and a differential expression
Vi exp(—alu) = — (2v1Qx) exp(—#lu), (48)

where Qx*=T:*®u:# is a normal mode of the model
harmonic Hamiltonian. An equivalent of Eq. (11)

is now
0]Qxf10)= (1/2v1){0| Vi f]0). (49)

These polynomials are almost, but not quite, con-
structed from products of Hermite polynomials in the
normal modes. The difference obtains from the use of
running wave modes and is reflected in the commutator
Eq. (47). However, the complete polynomial is made
up of products of H,(k™, —k" ™). Two useful recursion
relations for these simpler polynomials are

H(km, — k=)= 2(72) PQuH o (7, — =)
—2(n—m)Hn_o(fm, — k1) (50)

and

VkaHn (km’ —_ kn—m)

=2(y)"*(n—m)Hn(k™, —k"™). (51)

Some of the lowest-order polynomials are as follows:

Ho=1, (52a)
Hy(k)=2(ve)""Qs, (52b)
HZ(k17k2) = 4’(7k17k2)1/2Qk1Qk2_— 26’01:—7“2 ’ (52(:)

Hy(kkayks) =8 (Vi Yig¥ g) *QieiQreQs
= 2L (¥ "2 QueBtg kg (Vo) Qe 1y
+ (Vi) 2Qudty, ko 1. (52d)

A few of the matrix elements of the crystal Hamil-
tonian are given in Table ITI. Terms of higher order
than the third derivative are omitted and it is assumed
that the equilibrium condition {(0|#V|0)=0 holds.
Conservation of crystal momentum holds for all
elements. This is indicated either by the choice of k
values used or by the symbol A(k) which has the value of
unity for k=0 or a reciprocal lattice vector and is zero
otherwise. The numerical factors in the matrix elements
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TasiE ITI. Matrix elements. of a three-dimensional crystal Hamiltonian between an arbitrary and a
self-consistent (sc) set of harmonic oscillator wave functions.

Element Value
(0|H|0) Ey
O|H|k) 0
O|H|k=, —kF) — 308722/ 2 ()2 (0| VaV_1 V| 0)
(sc) 0
(0| H | ky, g, ks) N2 (Bwrywrwrg) V2(0| Vi, Vi Viey | 0YA (Ry+ k2 +3)
2
(k| H k) (Eo+%wk)3"ﬁ+—“—>\———(0|VkV..kV]0)
2(witwif)
(sc) (Eotwi)des
(ko | H | kaykes) N (81 whgwis) V20| Voty Vieg Vg V | 00A (— By +Fa-Fg)

(lr| H | b ko, ks)
(s)

(erka| H | Byeo)

[—30r A2 (donyoong) V40| ViVt V | 0) J0ks, ks
0

A2 1\

1
Eo+%wk1+%wk2+5 —(0|ViV-1 V|0) 4~ —(0| V1, V_, V| 0)

Wk Wky

(sc) Eotwpytor,

(Rr,ko! | H | bryes,fos)

(klyk2;k3’ I Hlk11k2,k3>

N 8wy wrgwi) 3 V20| Vo ViegV s V | 0)A (ko +E3—k3)

1 1
E0+%wk1+%wkz+%wk3+%)\z [“(0 I VoV V l >+—(0 l VeraVieV l 0)

Wk Why

1
+—(01v-571V )]

Wiy

(sc) Eytwiytorytor,

are different from those given when one or more k
values are identical in either of the two states. These
factors are such that one can divide by the factorial
of the number of phonons and sum over all k values in
an intermediate state sum using the values given in the
table without worrying about counting states twice.
The label (sc) indicates that the self-consistent condi-
tion is fulfilled for that value.

The table shows that the same simplifying features
are present in the three-dimensional self-consistent case
as in the one-dimensional case. The structure of the
matrix elements in the Hermite polynomial method
is simpler than is found for a Taylor-series expansion.
For example, in the cubic (0| H|k,ks,ks) term there
is no contribution from a term obtained by contraction
on two indices. This, of course, is a result of expanding
the potential in the same set of wave functions that is
used to compute matrix elements. In this approach, the
cubic term only gives rise to processes involving three
phonons.

B. General Polynomial Method in Three Dimensions

In the three-dimensional version of the general
polynomial method, one obviously expands the potential
or the Hamiltonian in terms of a set of polynomials
which obey the orthogonality condition

<lenT(kl,' : ',kn)Bm(kl,;' : 'ykm,) | f)
c’Cﬁmna(kl;' ’ 'Jkn; kl,;' ‘ ',kn') ’

[f)=f (1, - -,25) [0)/{0] /2] 02,

(53)

where
(54

and 8(ky,- - -kn; k', - - ka") 1s used to denote a quantity
which is unity if the indices to the left of the semi-
colon are identical with some permutation of the
indices to the right and is zero otherwise.

The numerical methods necessary to work with this
approach will be discussed in a subsequent paper.
Here it will only be pointed out that calculations will
become very difficult if one wishes to include terms of
higher order than (0| VVf2|0) and (0| VVV|0). Hence,
one should hope that a judicious choice of f will make
| f) close enough to the true ground-state wave function
so that results obtained from the few formulas to be
given in this section will give good values for Eq and for
the excitation spectrum of the crystal.

We have found that it is convenient to break up
the construction of an nth-order polynomial into two
steps. First, a set of nth-order polynomials

n
Pn(il, e ,in) =Uiyt Uiy Z (k1,e e+ Jkn—2)
=1

Bn,n—j(il,' ° '7in; kl" ° 'kﬂ—z)Bn—i(kly' : 'k"*j) ) (55)
which satisfy

| Palis, - - sin) Bu(ksy - k) | [)=0 m<n  (56)

are constructed. Fulfillment of this equation requires

(Flotey - tinBuun (s, om—n) | [}

57)
S Bn? f) (

Bm,m—n:
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Then, the
B"(kh' ot 7kn) ZZ (i,---,i,,)Sn(kl, e )kn; il’ e )7’70)

X P(i1,- - yin)  (58)
are made. The orthogonality condition is satisfied if
S‘n(kl,' : ':kn; 7:1:' ° ’7’")<fIP’ﬂ(7/I; * ’;in)Pn(jh' * :]n) [f>

Xsnf(jl)' : ,]"J kl,,' : ';k",)
=”ﬂ(k1y' : '1kﬂ)5(k17' o ,k»,.; kl’; U ;k",) . (59>

It is convenient to uniquely specify the .S matrices by
requiring

Sn(kl,' . .’kn; il,' . .’in)SnT(,il,. . .’in; Ry k")

=5<k17' : ')kn; kl:' : ')k")' (60)
The ground-state energy is given by
Ey=1T.G+{f|Vaf| f), (61)
where
Vets'=V—1NV2Injf2. (62)

As in Sec. III C we will also use Vest'= f2Ves'. The
optimum G is given here implicitly by

N8uy=(fluwiVesd | [)—f1 Verd | ) fluins| ) (63)
and more explicitly by
(0] ViV;Vett| 0)— (0| ViV 2| OXf| Vett' | )

Gc :'52:)\2
@ (0./2[0)

(64)

Optimization of the lattice parameter leads to the
condition

O] ViVeit|0)—(f| ViV ets' | f){O] Vif?|0)=0.

A few of the lowest-order polynomials and related
equations are given below:

(65)

Bo=1, (66a)
Bi(k)=S1(k)us, (66b)
and
Py (3, 5)=wsui— 3 B (3,55 k) Ba(k)—{f|uin;| f), (66c)
where
S1(k,)S1 (R, ) fwirs| f)=1(k)drsr.  (66d)

Since the matrix elements in the three-dimensional
orthogonal polynomial method are quite similar to
those given in Table II, only the elements for the case
in which Egs. (63) and (65) hold are given in Table IV.

If the excitation energy (k| H|k)— E, of a one-phonon
state is called v, one can write in analogy with Eq. (42)

yk={[sl<a—l+%>\2m%f,/—;f—ol;->c~l)s;lk}_1. 7)

It is interesting that the phonon energies are not given
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TasrLe IV. Matrix elements of a three-dimensional crystal
Hamiltonian in the orthogonal polynomial method with the
assumption that the self-consistent equation is satisfied and that
the lattice parameter has been optimized.

Element Value
(/IH|f) E,
(fIH|k) 0
(f|H|k2, —Ff) 0
(kx| H|R'®) (Eo+-N2/2p1 () 818

by the roots of the G matrix as they would be if one
made the most obvious combination of the work of
Nosanow and Werthamer® with the self-consistent
harmonic approximation; that is, if one simply substi-
tuted Vesr for V in Sec. IV A. However, it is readily
shown that

1
lgrr(} [SG1S 1 Jie= 0(;)
and
lim [$1GX0[ VV/210)G281"Ju=0(1),

so that
hm VE=Wg.
k-0

One can show that Eqs. (63) and (65) are sufficient
to provide {f|HPs(4,7)|0)=0 so that {f|H|k, —k)=0
and, one does not have to construct the state |k, —k)
explicitly and thus can avoid a complicated matrix
diagonalization. This is one of the reasons for constrict-
ing the polynomials in two steps.

Another reason is that the P; form a complete
nonorthogonal set of wave functions, and their use in
perturbation theory® may provide a simpler alternative
to conventional” techniques for the computation of the
| V3|2 correction to E,. This is because the P; enable
one to avoid a double sum over k vectors and to work in
coordinate space where the matrix elements of higher
derivatives will quite rapidly become small for all but
nearest neighbors. Thus, the P; polynomials may prove
to be useful in the Hermite polynomial method.

A few of the P; for the f=1 are listed below:

Pe=1, 67
Py(3)=ui, (67)
Py(ia,00) = thiphs;— 3T s, 67""")

Py(y,i9,58) = agthigthiy— 5 (T Viyighsy+ T L igigthiy
+T e mi) . (6777)

8 L. H. Nosanow and N. R. Werthamer, Phys. Rev. Letters 15,
618 (1965).

6 An approach could be used based on the ideas discussed by
P. O. Lowdin, J. Math. Phys. 3, 969 (1962).

7 Computer implementation of a conventional calculation
involving a conversion to normal modes and an intermediate
state sum has been described by A. A. Maradudin, P. A. Flinn, and
R. A. Coldwell-Horsfall, Ann. Phys. (N. Y.) 15, 337 (1961).
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V. DISCUSSION

An approach to vibrational problems in quantum
systems has been presented which can be used as an
alternative to a host of other methods in simple prob-
lems, but which should provide a good computational
method for dealing with anharmonicity in more compli-
cated systems. Although the emphasis here has been
on lattice problems, there should be possible appli-
cations in molecular vibrational analysis.

A notable feature of the method is the appearance of
derivatives of the potential averaged over the ground-
state wave function of a harmonic system. A formu-
lation involving terms of this type has also been
obtained by Horner® who used a Green’s-function
formalism and summed an infinite class of diagrams of
the conventional Taylor-series expansion. The self-
consistent expression (49) is not new; it first appeared
in literature in the work of Hooten® and Born!® some
time ago and has subsequently been rederived in
other papers.!!

However, to the author’s knowledge, the connection
between the above mentioned results and an implicit
or explicit Hermite polynomial expansion of the po-
tential was first made in Ref. 2. The diagram summa-
tion in Horner’s work is thus an alternative way of
obtaining the unitary transformation which regroups
terms in a Taylor-series expansion to form a Hermite
polynomial expansion.

Recognition of this expansion serves two useful
purposes. First of all, it is satisfying for one to know
which results of a complicated derivation can be
obtained by more elementary means. Second, this
approach leads naturally into the general polynomial
method which provides a well-defined prescription for
combining some of the features of the self-consistent
harmonic approximation with the approach to the
calculation of the ground-state energy of very an-
harmonic crystals used by Nosanow. In addition, a
well-defined procedure is provided for extending the
latter calculation to the computation of phonon spectar
and possibly to a perturbation theory correction to the
lower-order results. The use of a Jastrow function as a

8 H. Horner, Z. Physik 205, 72 (1967).

9D. J. Hooton, Phil. Mag. 46, 422, 433 (1955); Z. Physik 142,
42 (1955).

M. Born, in Festschrift zur Feier des Zweihundertjihrigen
Bestenhens der Akademie der Wissenschafien in Goltingen. I.
Mathematisch-Physikalische Klasse (Springer-Verlag, Berlin,
1951), p. 1.

11 See the references given in Ref. 12, this paper.
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weight factor in defining a set of polynomials is at
least a rigorous way of treating such a function in
higher order even though the function may have been
originally introduced only in order to cut off the
potential at short range in a ground-state energy
calculation.

Extension of the self-consistent harmonic approxi-
mation to finite temperature is reported in an accom-
panying paper.”? This extension cannot be performed
as elegantly in the Hermite polynomial framework as in
a Green’s-function approach. However, one can derive
a finite temperature perturbation formalism by a
method similar to that used in Ref. 7. We believe that
an avenue for future development is the rigorous
formulation of the finite temperature version of and an
elegant formulation of the zero-degree version of the
general polynomial method.

The structure of terms entering into perturbation
theory has been shown to be simpler in the self-con-
sistent harmonic approximation than in conventional
lattice dynamics. However, as was pointed out in this
paper, the elimination of terms involving contraction
of the indices from multiphonon matrix elements is
not due to the self-consistent harmonic approximation,
but rather follows if one works in the same set of wave
function in which one made the expansion of the
potential. Using an arbitrary Hermite polynomial
expansion one could follow the general procedure of the
conventional harmonic approximation by expanding the
potential, retaining terms to second order and diagonal-
izing the resulting harmonic Hamiltonian. If one were
to use the harmonic wave functions so obtained as a
basis for perturbation calculations, the structure of the
theory would be the same as that exhibited in the
conventional harmonic approximation except in the
particular case when the self-consistent equation is
satisfied. This procedure gives rise to a variety of
harmonic approximations which include the Taylor-
series expansion on one hand and the self-consistent
harmonic approximation on the other.
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