REVIEWS OF MODERN PHYSICS

VOLUME 32, NUMBER 2

APRIL, 1960

General Analysis of Various Methods
of Atoms in Molecules

TADASHI ARAT*

Department of Chemistry, Carnegie Institute of Technology, Pitisburgh, Pennsylvania

CONTENTS

. Introduction

. Atomic Wave Functions

. Wave Functions in Molecules

. Calculation of the Energy Matrix

. Approximation and Its Accuracy

. Further Simplification and Various Methods of
toms in Molecules

A. Method of Deformed Atoms in Molecules

BN G N e

B. Use of the Hylleraas-Type Functions

C. Method of Deformed Atoms in Molecules (Con-
ventional Scheme)

D. Method of Atoms in Molecules

E. Method of Intra-Atomic Correlation Correction
by Hurley

F. United-Atom Approach Introduced by Bingel
and Preuss

G. Ohno’s Approach

7. Orbital Approach
1. INTRODUCTION

OFFITT! has pointed out the difficulty of calcu-
lating electronic energy levels of molecules by

the orbital approach and proposed a new method
called method of atoms in molecules. The idea is as
follows. If we calculate, for instance, the energy differ-
ence between the 32,7 and 32, states of an O, mole-
cule by the molecular-orbital method, we obtain a very
poor result of about 10 ev, as compared with an ob-
served value of 2 ev. Here the 3Z,* state is mostly built
up from the covalent structure O-+O, but the 32,
state has essentially an ionic structure Ot4-O~. If we
repeat the calculation at infinite internuclear distance,
then we obtain the energy of two O atoms for the
33,7+ state and the sum of energies of O* and O~ ions
for the 33, state. The discrepancy between the calcu-
lated energy difference of 20 ev and the observed one
of 11.6 ev remains the same as before. Moffitt has as-
sumed then, that the difficulty is not a molecular
problem, but atomic in origin; that is, the correlation
energy included in two ions O and O~ is about 10 ev
greater than the correlation energy in two O atoms, at
both the equilibrium distance and infinite separation.
The error due to omitting the correlation energy for the
33~ state is therefore 10 ev greater than the error for
the 3Z,* state, which has appeared in both calculations.

* Present address: Quantum Chemistry Group, Uppsala Uni-

versity, Uppsala, Sweden.
1 W, Moffitt, Proc. Roy. Soc. (London) A210, 224, 245 (1951).

If eigenfunctions of atoms and ions are used as basis of
molecular wave functions instead of orbital functions,
we can eliminate the difficulty, because then the
correlation energy in atoms and ions is fully included.
Although eigenfunctions of atoms and ions are not
available for molecular calculations, it may be possible
to use a perturbation method, because the interatomic
interaction is much smaller than the intra-atomic
energy. In the new method, Moffitt has introduced an
interatomic interaction operator.

Unfortunately, the interatomic interaction is not so
small as compared with the sought for energy differ-
ence, and depends on the choice of approximate atomic
functions, with which the operator is calculated. A
conventional method suggested by Moffitt? gives quite
unsatisfactory results® for that reason. This does not
mean, however, that the method is essentially wrong
or useless.* Several people’® have revised the method
and remarkably good results have been obtained by
them.

As an example, we have proposed the use of cor-
related atomic functions as basis of a molecular prob-
lem. Here the interatomic interaction may be ap-
proximately calculated by neglecting higher terms, but
the atomic energy should be evaluated more carefully.
We have separated the eigenvalues of the atoms and
suggested to use observed values of atomic spectra for
them. Even if observed values are used, the method
is not empirical, because the values are not adjustable
parameters nor quantities which include an uncer-
tainty from the physical or mathematical viewpoints;
it is certain that the atomic eigenvalues obtained by
quantum mechanics should be equal to the values ob-
tained by spectroscopy.

Recently, several arguments have been given against
or about these methods.” If we give explicit expressions
of approximate wave function for molecules and
integrate the molecular Hamiltonian exactly by using
the wave function, we are assured that the calculated

2 W. Moffitt, Proc. Roy. Soc. (London) A218, 486 (1953);
W. Moffitt and J. Scanlan, ibid. A218, 464 (1953); A220, 530
(1953) ; W. Moffitt, Repts. Progr. Phys. 17, 173 (1954).

3 G. W. Scherr, J. Chem. Phys. 22, 149 (1954); A. C. Hurley,
Proc. Phys. Soc. (London) A68, 149 (1955); A. Rahman, Physica
20, 623 (1954).

4R. Pauncz, Acta Phys. Acad. Sci. Hung. 4, 237 (1954).

159 sA6.)C. Hurley, Proc. Phys. Soc. (London) A69, 49, 301, 767
( 6 T. Arai, J. Chem. Phys. 26, 435, 451 (1957); 28, 32 (1958).

? For instance, M. Kotani et al., Ann. Rev. Phys. Chem. 9,

2(485(81)958); S. Huzinaga, Prog. Theor. Phys. (Kyoto) 20, 15
1 .
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energy is always higher than observation because of
the variational principle. Then it may be possible to see
the accuracy of the wave function by comparing the
calculated energy with observed value. If we make an
approximation in the course of calculating matrix
elements, this is not necessarily true. In our method
the interatomic part is approximately calculated and
therefore the calculated energy could be lower than the
observed value. Consequently, it is difficult to interpret
our results. Even if we get reasonable results, it may
happen that the accuracy of the wave function used in
calculating matrix elements is not good enough, but
that the calculated energy has dropped by accumu-
lating errors due to approximation. Such questions have
arisen particularly because the simple process sug-
gested by Moffitt has turned out to be a poor approxi-
mation.

In connection with this argument, these methods are
regarded as an empirical approach and their results are
therefore not comparable with results obtained by
nonempirical methods. Although we have suggested
use of spectroscopic data for calculating atomic ener-
gies, it is not at all essential, because we can calculate
atomic energies theoretically. We need more accurate
energies of atoms than interatomic interaction energy,
and therefore we have to use more accurate atomic
functions. We could consider that spectroscopy here is
a very advanced automatic computer for the atomic
problem.

In this paper, we describe a method to construct
atomic functions which include correlation between
electrons fully. By using the atomic functions, we con-
struct molecular wave function and calculate the
energy matrix. Here we provide some devices so that
we can separate the intra-atomic energy from the
interatomic interaction. Up to this point, the pro-
cedure is rigorous from a mathematical viewpoint.
The more basic functions are taken into our calcula-
tion, the more accurate solutions for molecules are
obtained. As we describe in Sec. 2, atomic functions
are expressed as linear combinations of an infinite
number of basic functions and then the energy matrix
for molecules can be expanded into an infinite number
of terms; each of them is an energy matrix described
by the same basic functions, from which the atomic
functions are constructed. If we solve the atomic
problem, we can evaluate in principle the energy
matrix up to a desired decimal point accurately. For
practical purposes however, the series expansion should
cut off at a certain point. We describe several possi-
bilities of cutting off higher terms and discuss such
approximations from physical and mathematical view-
points. From the argument it will become clear what
kinds of assumptions have been made and what kinds
of differences there are between various methods of
atoms in molecules. The so-called nonempirical ap-
proach is also discussed by comparing it with our
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method. As long as orbital functions are used as basis,
it is difficult to obtain any physical quantity with
accuracy satisfactory in mathematical sense, because
the  absolute value of an energy calculated by the
orbital approach is far above the experimental value.
By aid of an empirical assumption, we used to estimate
the accuracy of the wave functions that made up
orbitals. From our point of view, we discuss the phy-
sical meaning to be expected from such approximate
wave functions and the reliability of the empirical
assumption used in the nonempirical method.

Although our approach is a practical way to calcu-
late simple molecules like a CO molecule and may be
free from difficulties included in the traditional non-
empirical method based on orbital functions, it is still
too difficult to apply it to more complicated molecules
or crystals. In the following paper we shall try to
simplify our treatment, so that we can apply it for
investigating electronic structures of larger molecules.
Furthermore, we shall investigate the physical and
mathematical background of semiempirical approaches,
such as the Pariser and Parr method.® Extension of our
approach to crystals will also be carried out.

2. ATOMIC WAVE FUNCTIONS

Before describing our method to calculate the elec-
tronic structure of molecules and crystals, we have to
look carefully into atomic wave functions, from which
the wave functions of molecules and crystals are made
up. Here we neglect spin-dependent interaction, and
therefore the Hamiltonian of atoms is given by

N
fe= 20— (B/2m) ViV i(r)} AL 30(@/ra), (21)
= 1
in which m is the electron mass; 7 is Planck’s constant
divided by 2m; 74; is the distance between the positions
of electrons ¢ and 7, and V ;(;) is the potential function
representing the interaction of electron 4 with the
nucleus.

Because of our spin-independent Hamiltonian, the
eigenfunctions ® of atoms are separable into spin
eigenfunctions and functions of positions of N electrons
such that

d=> 07, (2.2)
k

where Oy, are f linearly independent spin eigenfunctions
of NV electrons for a given spin total angular momentum
S, and its z component .S, and the functions of posi-
tions ¥; are defined as coefficients accompanied by spin
eigenfunctions 6.

The number f of independent spin functions is de-
termined by the number of electrons NV and the total
spin angular momentum S. Although there is no unique
set of independent spin functions, because linear com-

8 R. Pariser and R. G. Parr, J. Chem. Phys. 21, 466, 767 (1953);

23, 711 (1955); R. Pariser, ibid. 21, 568 (1953); F. G. Fumi and
R. G. Parr, ibid. 21, 1864 (1953).
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binations of them are also eigenfunctions of the spin
system, the arbitrariness does not affect our discussion.
As described in several papers,? spin functions are easily
built up in certain systematical ways. Although it is
impossible to obtain an explicit expression of the func-
tions ¥;, we can describe them by using a complete
set of functions ¥;(®1,2:++N) of positions of N
electrons, as follows:

\1:,,:26; ;¢K(@1, 2.+ N)eri(®).  (2.3)
Here the functions yx(®) are factorized in the follow-
ing way:

(1) Functions yx(®), ¥x(®1), «+¥x(®:ry) with
the same K, but distinguished by ®, @y, «++®:_1, are
obtained from each other by permuting positions of
electrons such that

CYr(®id, 2+ N) =Yx(®ia1, ase + *ay)
=¢/K(G)i1) 2. ‘N),

where ®, ®;, and ®; are permutation operators as-
sociated with each other as follows:

(P(P.'=(Pj.

If we choose one of them as a standard function yx
therefore, all others are obtained from it by operating,
one by one, independent permutation operators. Each
set of functions ¥x(®), ¥x(®1), ** ¥Yx(®r1) in Eq.
(2.3) is replaced by newly created functions,

‘//K> (Pl\bK: @21//K"'0)t-1¢1(-

The number ¢ of independent permutations will be N!
if the function Y« does not have any symmetry whatso-
ever and every possible permutation gives independent
functions. On the other hand, if we have, for instance,

®(12)yx (123 +-N) =¢x (213++ - N) =y (123 - - ),

then the permutation ®(12) is not independent of the
unit operator E, and the number ¢ may decrease, at
most into (N—1)!, depending upon some other sym-
metry observed in Y.

(2) Functions yx and ¥k are linearly independent,
such that possible values of ¢k and cxs which satisfy
the relation

eyt ®PYr =0

are zero only as long as K= K'.

Because electrons are Fermi particles, the wave
function ® given by Eq. (2.2) should be antisym-
metric with respect to permutation of electrons. If we
separate the Kth functions ¥x from the others in Eq.
(2.3) as follows,

¥, =Yg, +¥ 7K,

9 For instance, M. Kotani et al., Table of Molecular Integrals
(Maruzen Company, Ltd. Tokyo, Japan, 1955).
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where

Vri= ;CKk((P)(P‘/’K(l: 2:++N),
VK= Z Z cx(®)CyYk (1, 2+++N),
® KI#K

then our wave function is also separated into two:
=g+ DK,
Dx=0Wg,
P EK=0UK,

Yk, VK

W= 1\Vg,r, WHE=10"5r, @=(616+-6).

Wiy WK

It is easily proved that the K component ®x of our

‘wave function is also antisymmetric with respect to

permutations of electrons because of the linear inde-
pendence of the basic functions Y, as described in (2).
From this reason, together with the symmetry of spin
eigenfunctions, a set of the ¢ functions ®yx described
in (1) is not entirely independent in our wave function
®, but only r(<f) of them are independent. We
prove this in the following.

At first, we separate the permutation operator @ into
two parts @, and ®r, where ®, is an operator for per-
muting spin coordinates and @, is the corresponding
operator which permutes coordinates of positions of
electrons. Then we have

ODg = eDx = PO, Wk, (2.4)

where
e=1, for even permutations
e=—1, forodd permutations,

and each element @0, of ®,® can be expressed linearly
in terms of f original spin eigenfunctions ©;:

f
®e0= D 0nVi(®),
h=1

because @ is a complete set of spin functions for given
S and S, and is commutative with S§? and S.. Then we

have

C.0=0V(®). (2.5)

By inserting the relation (2.5) into Eq. (2.4), it is
found that

Dx=eOV(P) P Wxk.
Comparing the equation with ®x=0Wk, we have
C,Wx=eV(0) W= Ut (®) Wk, (2.6)

where U(®) =&Vt (@) is an irreducible representation
matrix of the permutation group. U%(®) here means
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a transpose of U(®). The functions ¥g; are therefore
linear combinations of Y&, Pk * Pk and should
satisfy Eq. (2.6). It is obvious that a set of functions

V= %;Ukh(@)wx h=1,2-+-r,r<f (2.7)

is a satisfactory solution. Here Uxx(®) is a &k element
of a Hermitian conjugate Ut(®) of U(®). The spin-
orbit functions ®x are given by the following row
matrix:

Pr=0Wx or <I>K;,=Zek\I/Kkh, h=1,2-++r. (2.8)
k

The 7 functions thus obtained are linearly independent.
If Y& does not have any symmetry, then » may be equal
to f and U(®) may be obtained from V(®) by the
relation (2.6). If there exists some symmetry in yx,
some of the functions Y&, may disappear. In order to
eliminate such cases, we have to omit the corresponding
part of U(®) matrices to make reduced ones. Such a
technique has been discussed elsewhere.?

From each of the basic functions Y&, we can generate
7k independent functions ®xx. The number rx depends
on the symmetry of ¥x but cannot exceed f. If we take
all these functions obtained from every possible y¥x
used in Eq. (2.3), they may become a complete set of
functions for spin and position coordinates of NV elec-
trons associated with a given S and S,. The formal
solution is then given by

d= Z Z‘I’thxh,
X &

(2.9)

where the coefficients c¢xs are obtained by minimizing
the energy. By defining ¥;, as

V= ZZ‘I’KthKh, (2.10)
X &
it is found that
&= 0¥} (2.11)
k

The function ® is an exact eigenfunction of an atom and
it is built up from an infinite series of position co-
ordinates functions g, Y1°« *¥Yx* . If we use only one
of them, we obtain » approximate functions. For in-
stance,

@Ki= ZQKhCKhi; 'l:= 1, 2, coey, (2.12)
h

Then

d= EZ@K.'CK.'. (2.13)

K i

We define &, as the function obtained from ¥, and the
best approximation among ®x; to the atomic eigen-
function ®. If we build ¥ from a product of orbitals
and choose the orbitals suitably so that ®, gives an
optimum energy, then ® will be the Hartree-Fock

10 See reference 9; also T. Arai (unpublished).
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function and the coefficient ¢ corresponding to & in
the exact function will be dominant. That is,

|ex | <1,  Ks0. (2.14)

For convenience in the later discussion, we define a
primitive function *® or *¥; as a function obtained from
Egs. (2.10) and (2.11) by replacing ¥xwm with Y& as
follows:

(Jozl,

W= > Wrckr, (2.15)
X

3D= D 0,0, (2.16)
%

In case only the first term ¥, of the summation (2.15)
is used, we obtain the primitive function of the Hartree-
Fock function such that

Mo =Cor,
"‘b0= Eek"‘l’ok.
%

(2.17)
(2.18)

As the primitive function
'}\I’ok(l, e 'N) =\l/o(1, 200 'N)Co}c
is built up from a product of orbitals as follows,
Yo(1, 20+ N)=:1(1)¢2(2) » - - ¢u(IV),

each electron is associated with an orbital in %®, or
"o For instance, electron 1 is located in orbital 1,
electron 2 in orbital 2, and so on. In %Wy, the higher
terms Y are included and it is not so simple. However,
the coefficient of the first term ¢ is dominant, as shown
in Eq. (2.14), and then each electron can still be as-
sociated mainly with one orbital as in *W¥g;. The charge
distribution described by *¥; or ?® is also approxi-
mately obtained by *¥, or ?®,.

In the exact eigenfunction, electrons are indistinguish-
able and each of them is not associated with a particular
orbital. However, its primitive function ?® can be
treated as if it is built from a simple product of orbitals,
and therefore it is convenient to pick up a particular
electron associated with a particular orbital.

3. WAVE FUNCTIONS IN MOLECULES

As we are still dealing with the spin-independent
Hamiltonian, a wave function for molecules is de-
scribed exactly the same as the ® obtained for atoms
by Eq. (2.11). If we could take so many basics ¥x
that the set of functions ¥xu, generated is complete
for describing the motion of N electrons in the mole-
cules considered, then the wave function ® can be an
exact solution.

As a complete set of spin functions O is easily ob-
tained, the difficulty we have here is again how to con-
struct basic functions Yx of positions of N electrons,
which will converge more quickly so that we may
expect a result within satisfactory limits of error, even
if we cut off the series of functions y¥x at a certain
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term and neglect the higher terms. There are no func-
tions which can be handled up to an infinite limit for
our problem nor is there a mathematical technique to
expand wave functions g by a limited number of
functions, which are manageable for integrating the
Schrodinger equation.

At first, we consider a case where the basic functions
for a molecule are constructed from products of spin-
free functions of the atoms, from which the molecule
is made up. For simplifying explanation and notation,
we consider a diatomic molecule, made up from atoms
A and B. This does not imply any difficulty of extend-
ing our discussion to polyatomic molecules. Then we
may write

Yroi(1,2+ -+ Nat+Np)
=V,4@ (1, Dee .NA)\I/k,,B(P——Q) (NA+1' . 'NA+NB)
k: (k/, kll)' (3.1)

Here, V4@ and ¥, 2@ are defined in Eq. (2.10).
A spin-free part of the basic function is then given by

\I’quh= Zﬁkh(@) G)\I/k,A(Q)\I/k,,B P-Q),
@
Here it is possible to divide the permutation operator

Bporn= D _Osi¥rqun
%

= ;hMM' D ;B

Cap Oy

k k! k!

=D I > 2 Uu(®an) ®apY O VpAQ@ Y 0, BP0
! e * 7
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@ into three parts as follows:
P=C415P4CPp,

where ®4 is an operator which permutes electrons
1, 2-++-Ny4, and a set of ®4 is equivalent to a set of
independent operators @ for atom 4 and ®3 is a cor-
responding one applied to atom B, whereas ®45 is one
which operates between electrons 1, 2::-+N4 and
Nag+1++Ng+Np.

A set of spin eigenfunctions Ogui for N4+Ng
electrons is obtained from products of eigenfunctions
for N4+Np electrons such that

eSM]c= ZhMM'eS'M'k'(l, Dee ’NA)
!

*Ogarp (Nat1, <+« Nat+Np), (3.2)

where k=Fkfs:+ k" and fs is the numberof independent
Ogrm—mwr; then a representation matrix U(®p) is
made up from one for atom B, repeating fs times
diagonally, where fg» is the number of independent
Ogair. A corresponding one U(®4) is similarly made
up from one for atom 4, but interchanging columns
suitably to get matching order of spin functions ©gasz
given by Eq. (3.2). Then it is easily found that our wave
function could be factorized as follows:

> > D U (®ap) Upirr (®a) Ui (®5) PapOp®a¥ A @O, @ 5l BP0

(3.3)

by considering Eq. (3.2) and the structure of the representation matrices U(®4) and U(®5). As summations

over

®4p *

From Eq. (3.2) it is found that k=1, 2+« +fs<fs:*fgr.
As basis for molecular wave functions, we may have 7
independent functions ®pr(h=1, 2+++r<fs) made up
from atomic functions ®4@ and $EFP-®. By taking
every possible combination of atomic functions $4@
and ®B@P-Q for atoms 4 and B, we are able to obtain
a complete set for the molecules. Because of symmetry
of molecules, however, the functions obtained from
every possible P, Q, & are not linearly independent
and basics of molecules may be written in a reduced
form if we take suitable combinations of functions
Ppgy, such as
®y=D_Praudpan”.
PQh

Particularly if we consider ionic structures or when we
are dealing with a homopolar molecule, we have to
eliminate some of the basics ®pgr in order to avoid
difficulties caused by overcompleteness. In practice,
however, it may not be necessary to worry about it,
because we are able to use only a limited number of
terms, whereas the expansion of functions originating

w and D are wave functions of atoms 4 and B, respectively, we have
Spgr= ZhMM' > D Uin(®uap) Papdr@PBP-0,
M7

(3.4)

at A into those at B may need an infinite number of
terms. For simplicity we may use, instead of ®),
Pr=&pqy, as basics of molecules.

There are several possibilities of constructing basic
functions ®r. We may construct basics ¢x4 and ¢x.?
of atoms from Hylleraas-Kinoshita’s functions! [case
(I)] or from products of orbitals [case (II)]. If we
take a complete set of functions as basis of each atom,
then ®4@ and PP, used in Pr, became exact
eigenfunctions of atoms A and B. Therefore, we can
expect exactly the same results for a molecule by
using either case (I) or (II). We specify these cases as
(I,) and (I1.), respectively.

It is also possible to use approximate atomic functions
as basis. For instance, we may use ®4@ and $,5F-
as defined in Eq. (2.12) by omitting the higher terms
Yrt and g B(K'#0, K”50). Then we can write
down explicitly the molecular wave function &g
and it is possible to calculate the energy matrix exactly.
If we construct the basics ¥4 and ¢o® from a product

1 T, Kinoshita, Phys. Rev. 105, 1490 (1957).
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of the Hartree-Fock orbitals, then $4@ and &5
are Hartree-like functions and a molecular wave
function ®r¢ obtained is a simple Heitler-London func-
tion. We may call this case (II,). We can construct
Yot and ¢ from the Hylleraas-Kinoshita functions,
which are called case (Io).

Irrespective of the basis used, we may be able to
obtain an exact solution for a molecule if we take so
many basics ®r that they constitute a complete set for
the molecule. But the convergency in methods (7o)
and (IL,) is much slower than in methods (I,) and
(I1,). If we take a limited number of ®r and neglect
the higher terms, we can therefore expect better results
from cases (I,) and (II,) than from cases (I;) and
(ILy).

In case a limited number of basics ®r is used, it is
thus important to introduce factors which may induce
much faster convergency. For instance, the ground
state of the H atom is described by the wave function
¢o=n"te" exactly, but the wave function of the H,
molecule is not well described by an antisymmetrized
function of the simple product Yo=g¢¢*(1)$o?(2). The
dissociation energy calculated by this function is
D.=2.9 ev including the ionic term. Instead, antisym-
metrizing a function ¥o(p) =¢ed (1, p)$®(2, p), where
¢o(1, p) = (2*/m)le—*", 2=1.193, we obtain the better
description of the charge distribution as well as the
better energy of D,=4.02 ev.?? The function ¥o(p) is
obtained from the original one ¥, by multiplying by a
function po(1, 2) =pe? (1) peB(2), where po(1) =zt =%,

In the orbital approach, the primitive function ?®
of atoms is built up from the basics Yo=1(1) p2(2)« - -
¢n(IV), where the ¢’s are Hartree-Fock orbitals, so
that the energy of the atom is minimized and the
charge distribution of electrons in the free state is well
described by the function. In molecules, however, the
charge distribution of the atoms is distorted by the
interaction between neighboring atoms. It is therefore
not advantageous to build up the molecular wave
function from the atomic functions ®, in the free states,
but it is much better if we make up the modified atomic
orbitals ¢(%, p) in which the change in the charge dis-
tribution is taken into account, and set up the atomic
function

Yo(p) =1(1, p)¢2(27 p) co+da(N, p)

for use as the basis of the molecular wave function.
We can define the correction function p as follows:

p(1,2++-N)=vo(1, 2:+-N; p) (1, 2+ - N)
=p1(1)p2(2) *+-pu(NV), (3.5)

where p1(1)=¢1(1, p)/¢1(1). The modified atomic
function is then built up by

2S. C. Wang, Phys. Rev. 31, 579 (1928); S. Weinbaum, J.
Chem. Phys. 1, 593 (1933).
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‘I’o(p) = %:kz;ekﬁkh(@)@woh(p)y (36)

o (p) = pYocon= p**Won,

where p(1, 2+« N)Yo(1, 2+« N) =y(1, 2+« +N+p). The
modified atomic function ®,(p) made up from the
modified atomic orbitals, which can be chosen arbi-
trarily, is therefore interpreted as a function built up
from the primitive function of a free atom multiplied
by the correction function p.

In case an exact atomic function @ is concerned, the
primitive function ?® or *¥;, gives a close description of
the charge distribution of atoms in the free state, and
still each electron is associated with a definite orbital.
The Hartree-Fock function is also considered a fairly
good approximation to describe the charge distribution.
This means that the charge distribution described by
the primitive function ?® of the exact eigenfunction is
approximately described by the primitive function
3%, in the Hartree-Fock approximation. By multiplying
3%, by the correction function p, the charge distribution
is changed. Similarly, the charge distribution given by
the exact function ?® will be changed by multiplying it
by the same function p. Antisymmetrizing the function
p+?®, we obtain the modified atomic function,

®(p) = ;;;ekmh(@) @i (p),

u(p) =p- ;\[/KCKh:P"’\I/h. 3.7)
The modified atomic function ®(p) thus obtained is
therefore similar to the function ®(p) made up from
the modified atomic orbitals, and the charge distribu-
tion can be changed arbitrarily by choosing a suitable
correction function p. The function ®(p) can be
defined even if the Hylleraas-type functions are used
as basis. Mathematically, the function ®(p) depends on
the basis. If we set p=1, however, we obtain an exact
eigenfunction of a free atom, regardless of the choice
of basic functions. Therefore ®(p) is a more generalized
function than &.

Instead of exact atomic eigenfunctions ®4@ and
BB(P-Q we therefore use the modified atomic functions
4@ (p) and PEP-D (p) as basis of the molecular wave
function. Then we have

Yrai(p) =VpA@ ()W BE= (p), (3.8)

where
WAQ (p) = 3D Wi () crn,
K h

Ywn(p) = ;Uk’h (®) @2 @y,

instead of ¥pqr given by Eq. (3.1). Then
Br(p) =Pron= ZhMM' Z EUMG((PAB) ®a5P4@ (p)
M! OAB k

< PEE=D(p), (3.9)
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where 4@ (p) and &P (p) are the modified atomic
functions given by Eq. (3.7). As $4@ and PBP-O
are exact eigenfunctions of atoms, they satisfy the
Schrédinger equation exactly. For instance,

FeAPAQ@ = FAQ@PAQ,

But $4@(p) and $BP-D(p) are not solutions of the
preceding equation. Instead; they satisfy an equation
which includes a binary operator. To derive this, we
introduce a function in which the primitive function
,(1, 2--+N) and the correction function p(1’,
2'«++N’) are described by independent different co-
ordinates as follows:

®(1,2+++:N;1,2'«++N'; p)
=;229kmh<@>mma, 2:+-N;1,2"++-N'; p),
kE h

30A(1, 2, ++ N)BA@ (1, 2+ N; p) =3CA(1, 2+ + + V) 11802~
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where
(1,20 4-N; 1,2/« N'; p)
=p(1’7 20+ .N’)O\I/h(I, 2. 'N)7
(1, 20+ N) =24 (1, 2+ - V) e,
K
®=@®y®,, and @y is a permutation operator of coordi-
nates 1, 2+« +V and @, is the corresponding permutation
operator of coordinates 1’2’-++N’. This function be-

comes equal to ®(p) if the coordinates 1/, 2’-++ N’ are
equal to 1, 2+ -+ N, respectively. Then

®(1,2-++N;p)

= bbby ®(1, 20+ N3 1, 20+ N5 p). (3.11)
(3.10) Then
e by DAD (1, 24+ N3 1/, 24+ Vs p)
= 0110097+ « * O {3CA(1, 2+« «N)+G4(1, 2+ <+ N; 1/, 2/ - - N3}
XBA@(1, 2.+ N; 1,2+ +-N'; p),  (3.12)

where

N! N
m/HGA(1, 2+« +N; 1/, 2/« N') =— > (A{/2) =D VV/,

=1 =1

and A/ and V, operate on the coordinate 7/, while V; operates on the coordinate 7. As 3¢4+G4 is symmetric and

commutative with the permutation operator, we have
3CA(1, 2+ - N)B4@ (1, 2+++N; p)

=8ubaze + + Oy D D D Ol (®) @ y®, { EA@+GA+ (304— EA@) }p(1', 2/« - - N') M (1, 2+ ++ V)
® k &

= FAQ@@A@(1, 2+ N; p)

A-B11rBor e+ O 0 2 2 Ok U (@) @ y®,[GA(12+ + - N5 172"« . N') p(1/2'++ - N') %W (1, 2+« - N)
® x &

Therefore we can write

+p(172'+ -« N') {30A(12+ - - N) — EA@} (1, 2+ N) .

3CA(1, 2+ N)PAQ (1, 2+ N; p) = EAQ@PA@ (1, 2-+-N; p)

0118+ + Sy [GA(12+ + + N3 1727+ + « N') + {3CA(1, 2+ -« N) — EA@} JBA@ (1, 24+ - N3 1, 2/ -+ N'; ).

For simplification, we write this as

BADAD (p) = EAQEAD (p) -+ GADAD (5) +-FABAQ (p),

where

(3.13)

(3.14)

GABA@ (p) = b1ybyyre + + Sy GA (1, 20+ N; 127+« . N)BAQ@ (1, 20 4. N; 1, 2+ - - N'; ),
FABA@ (p) = b1ysbygr+ + - S (JCA(12+ + + V) — FAQ@}A@ (1, 242 N; 1/, 2+« - N'; ).

4. CALCULATION OF THE ENERGY MATRIX

As in cases (Ip) and (II,), a molecular wave function
is constructed from approximate atomic functions
$4@ and $FP-9, made up from a single term, and it
is not difficult to calculate the energy matrix. In
case exact atomic functions are used as basis, however,
it is impossible to handle the calculation of the energy
matrix exactly because an infinite number of terms is

involved. We therefore have to expand the energy
matrix into series of terms. The first term is so domi-
nant that it is possible to estimate the value of the
energy matrix by taking the first term only. Butif it is
necessary, it is possible to improve the approximation
by taking more terms. To do this, we separate the
energy into inter- and intra-atomic energies.

If we apply the Hamiltonian operator of a molecule
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to our basic wave function ®r(p) as given by Eq. (3.9),
it is easily found that the Hamiltonian is separable into
three parts 3¢4, 3¢8, and U as follows:

3edr(p) = ZhMM&ZZ‘,mh(@AB)@AB (3eA+-3CB4V)
M/ AB k

cPAQ (1, 2+« + Ny; p) BBP-O (N 441, «++Ng+Np; p)

because JC is commutative with the permutation
operator ®4p. In the expression

4@ (1, 24+ Ny; p) DBE-O (N 41+ Na+Np; p),

the coordinates of the electrons 1, 2-++-N,4 appear only
in the first part 4@ (1, 2-++Ny; p) but not in the
second part ®BP-d (N +1---Ny4+Np; p), and those
of electrons N4+1-++N4+Np are in the second part
$BP—@ but not in the first part 4@, Then JC4 is an
operator consisting of coordinates of electrons 1,2+« + N4
and equivalent to the Hamiltonian for atom 4 in a free
state; 3C is the corresponding Hamiltonian for atom B,
whereas U is an operator which depends on both atoms
A and B and represents an interatomic interaction.

An energy matrix is therefore separated into three
parts as follows:

Hrr=(R|3¢| T>=/<§R*5C<I>Td1’

=(R|3AT)+ (R | 3T )+(R| 0T),

where

(4.1)

(R|£T)= [2a*
M7
3 T Ua(0a5) 0an @ () 8- (5)dr.
k

£=304, 3B, and .
Putting Eq. (3.14) into Eq. (4.1), we get
(R|35¢| T)=Er(R| T)+(R|GT)

+(R[FT)+(R|VT), (41)

where

Ep=FA@} EBP—Q  0=0A4GB  and F=F44g5,

An energy of the molecule is obtained by solving the

secular equation
|H=AS | =0, (4.2)

where H and S are matrices made up from Hpgr=
(R|3%|T)and

Srr=(R| T>=/<PR*°<I’TdT.

The wave function & is given by

b= Z@T'YT,
T
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where the coefficients 7 are determined by solving the
linear equations

> (Hrr—ASer)yr=0, R=1,2,---M. (4.3)
T

Here we are considering to solve the molecular problem
only approximately by using a limited number M of
functions &7 as basis. Then there is no fundamental
difficulty for solving the secular equation and the
linear equation, as given by Egs. (4.2) and (4.3), if
we could evaluate values of the matrices H and S.

As an atomic function is made up from a linear
combination of function ®xs, consisting of single terms
Yk as is shown in Egs. (2.7)-(2.9), a molecular wave
function given by Eq. (3.9) is also written as a linear
sum of functions &7 (K%', K"’h'"") obtained by replacing
atomic functions 4@ (p) $B(P—@ (p) by

Pt @ (p) Bgrne B9 (p)
in Eq. (3.9). Then

‘I’T = Z‘I:'TKCK, (44)
K

where
i y— ‘I’T'(K,h'K”h")
= ;hMM/%;;U 1 (®48)PapPrnA@ (p)Bg i PP (p),

CK=CR'REK'"h*= CK'h’ACK”h"B-

Then the matrix (4.1") is expanded as follows:

(R3] T)'-‘;;(RJ | 3¢ | Tk )cr*ck.

Each term in Eq. (4.1’) is also written as

(R|LTY=2_2(Rs | £Tx or*ex.

Here the notation (R;|3C| Tkx) and (R; | £Tx) indi-
cates that ®rx and ®rs are used instead of $y and Px.
(Rs|3¢| Tk) and (Rs| Tx) are Hermitian as well as
(R|3|T)and (R| T). Even if we take the summa-
tion K, appearing in Eq. (4.4), up to a limited number
Ky of terms instead of infinite number and neglect
the higher terms, the secular equation (4.2) therefore is
Hermitian. But each term in (R | 3¢ | T') given by Eq.
(4.1") is not Hermitian, Thus, if we take the summation
K in the wave function (4.4) up to infinity and sepa-
rate the matrix into terms as in Eq. (4.1’), then, if we
cut off the summations appearing in, for instance,
(R|GT) and (R|UT) at the Joth and Koth terms,
and neglect the higher terms, but calculate others,
Er, (R| T), and (R|&T), exactly by taking summa-
tions up to infinity, the approximate matrix obtained
(R | 3CT Yapprox is no longer Hermitian. In order to
eliminate this difficulty, we may make a skew Her-
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mitian and add it to Eq. (4.1’) such that
(RI3C| T )av
=3{(R|3| T)+(T|3¢| R)}
=3(Er+Er) (R| T)+3{(R|GT)+(T | GR)}
+3{(R|ST)+(T |$R)}
+3{(R|0T)+(T | VR)},
where Er= EA@-4 EBP-Q and

(4.5)

FAQ@= / PAQ*GAPAQ g,

(R|3C| T )av is exactly the same as (R|3¢| T) if we
take the summations in Eq. (4.4) up to the infinite
limit, and we can obtain exactly the same solution as
before. Here each of the expressions 3 (Er+ Eg) (R | T),
L(R|LT)+(T | LR)}, £=F, G, and U is Hermitian
too. Then even if we cut off summations included in
some of them at a finite point, we can always obtain a
Hermitian matrix. We use this matrix throughout the
article so that we can apply reasonable approximations
for evaluating the value of (R |3C| T'). The difference
between (R|3C| T) and (R |3C| T)ay is only in the
ways they are factorized in case they are expanded into
series as Eq. (4.4), and therefore there is no difference
in physical meaning unless we apply an approximation
to them.

We try to calculate our matrix elements up to a
certain decimal point correctly so that we are able to
estimate the accuracy. First, we examine the order of
magnitude of the terms included in Eq. (4.5). Although
the first term is extremely large as compared with the
rest—for instance, it may be more than 4000 ev if we
consider Oy—this does not imply a very precise calcula-
tion of (R | T'). In fact, we are interested in solving the
secular equation (4.2), but not in the matrix (R|3¢ | ')
itself. Then
(RIH—XN| T)sw=%(Er+Er—2M)(R| T)

+3{(R|GT)+(T | GR)}

+3{(R|ST)+(T|5R)}
+H(R | VT)+(T| UR)}.  (46)
Here the first and last terms have the same order of
magnitude—say, 5 to 20 ev times (R | T') for O,—as
long as we are considering lower excited structures. If
(R| T)and (R|UT) are evaluated with an accuracy
of 0.5%, then these parts may give an error of less than
~0.1 ev. If more higher structures are needed, the
perturbation method may become more useful. There
we may not need very much accuracy and the conver-
gency of the perturbation treatment may be quick. We
discuss such a case later. The first term may be called
an intra-atomic energy, and the last one is an inter-
atomic interaction. The energy loss of atoms in mole-
cules due to deformation p is obtained from the second
and third terms. Their values depend on the choice of
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p. Atoms in molecules are supposed to preserve most of
their own character in the free states, and therefore the
deformation of the charge cloud when in molecules may
not be so extraordinary. Then use of p, which introduces
a rather small deformation, should be quite satis-
factory. The energy loss due to p is of the order of a few
ev, and an accuracy of a few percents is enough to
calculate them. Of course, it is possible to introduce as
p any function which may produce large correction
terms.

(1) Atomic Energy (Er+Ep)

Here we have to be careful about the fact that Er+
Er—2)\ and (R|FT) consist of differences between
large values. The first one is the difference between the
sum of energies of the atoms in the free state 3 (Er+ Eg)
and the molecular energy \. If we use Slater orbitals for
calculating 3(Er+ Eg), we may get a large error of
about 40 ev in the case of O,. This error then appears in
our final result A\. If we use N basic functions, then
mathematically, errors in A could accumulate up to
40XN ev. This is too much exaggerated, because
the variational method for calculating atomic energies
assures that the calculated energy is always higher
than the real value. Then the error (Ecao— Ereal) is
always positive. Besides, we know empirically that the
error is almost constant for various atomic states. Al-
though there is no mathematical proof, one assumes
that the error is constant in order to be able to give
some physical meaning to the results obtained by the
orbital approach. This is neither correct nor satis-
factory. For instance, if we calculate energy levels
of the C atom by applying the orbital approach, the
energy differences between levels are not given cor-
rectly, as shown in Fig. 1. This means that the error,
included in the energy calculation, is not constant, but
fluctuates between about 4 and 7 ev. Therefore we have
to calculate this part carefully by taking higher terms:

FAQ@= / PAQ*GAPAQ Jr

= ZZ ExiAQ@cg;2.
K &

9
's
i‘ 'l'
4 l/
\‘\ '-§—” 4 o—-i—-5

, X Fic. 1. Observed land
~ s NS calculated energy levels of
K the C atom. (Reproduced
3 from the second of refer-
s 2 D ences 1 with the permission
& D e of the Royal Society of

D e London.)
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3
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Calculation of atomic energy may not be so compli-
cated as a molecular or crystal problem, but it is still
difficult to obtain a satisfactory result. Apart from that,
we are not primarily interested in the atomic problem.
Instead, spectroscopic data give correct values for the
atomic energy. The accuracy is far better than we
may expect from calculated values by using an elec-
tronic computer. In fact, the energy obtained here is an
eigenvalue of a much more accurate Hamiltonian, in
which the spin-orbit interaction and relativistic effects
are included. Therefore we can employ in our method a
more accurate Hamiltonian of molecules, in which the
spin-dependent part is explicitly included. The main
contribution of the relativistic effect in molecules may
appear in the intra-atomic part, which is treated
exactly by the use of spectroscopic data. The effect on
the interatomic interaction is small and is evaluated by
the perturbation method.

(2) Exchange Correction Due to Deformation
of Atoms (R | 5T)

In order to see the character of (R |FT), we recall
that ®4@ is an eigenfunction of the Hamiltonian 3¢4,
which satisfies the Schrodinger equation exactly as
follows:

0= (JcA— FAQ@)$4@
= (JeA— EA@) ;Zzekﬁkh(@) EHA,
k h

As @ is commutative with 3C4, we find that

;ZZG,GUU,(@) @{ (54— EAQ@) 0y, 4} =0. (4.7)

By multiplying p4®@ by the preceding equation and
adding it to F494@ (p) given in Eq. (3.14), it is found
that

FAPA@ (p)
=2.2_2.0:Uu(®)[@{p"@ (36— E4@)oy;4)
% &
—pAQ@ {@(5eA— EA@) 9y, 417,

Then we may separate it into two parts:

FAAQ (p) =F4@4@ (p) — E4@F 434 (p),
FAPAQ@ ()

=2_2.26:0u(®) (0p"@—pA@@) ey, 4,
[ .

FADAQ (p) =353 0. Um(®) (PpA@— pA@@) 24,
e

(4.8)

As both expressions are zero when ®=E, the § term is
the change of the intra-atomic exchange energy due to
deformation of an atom. The main contribution F,4 of
the change is already included in the first term % ( Ep+
Eg)(R| T) of the energy matrix (4.5) by the use of
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the overlap metric (R | T'), calculated by the wave func-
tions in deformed states instead of one obtained by
functions p4®4, The 4 term is the difference between
the total change ;4 and the main part F4 and is usually
expected to be very small.® In any case, both terms are
small and do not depend appreciably on the correlation
energy in atoms, because they are related to exchange
interaction between different orbitals, where the cor-
relation energy is expected to be small. The discussion
given in the next section applies to this term too.

5. APPROXIMATION AND ITS ACCURACY

From the arguments just given it is clear that the
energy matrix may be calculated with an accuracy
satisfactory enough for obtaining wave functions and
energy levels even if we cut off the series expansion
(4.4) at a certain point and neglect the higher terms,
as long as we calculate (Er+ Eg) very accurately. How
many terms $rx in &7 we should take depends on the
accuracy desired and also on the molecule considered.
However, it is not easy to get accurate atomic functions
and, if possible, simplification is preferable for applica-
tion to more complicated molecules and crystals.
Such approximations are not always necessary. It may
be found that our way of expanding the energy matrix
is the most convenient method in a highly accurate
calculation.

Here we consider case (I1,), where orbital functions
are used as basis and use only the first term in calcu-
lating the energy matrix (4.1") except (Er+Eg). In
order to estimate the error produced by using this ap-
proximation, we assume that Hartree’s function ?¥g is
the best approximate function made up from orbital
functions for describing the charge distribution of the
primitive function *¥; of the exact eigenfunction, and
that its deviation from exact one is less than a small
number eX1 (assumption) :

f | N A@HN AQ 9 AN A | dr<e  (5.1)

so that there exists a function ¢;4@ which satisfies
| BAO— OB A@ | <fe| %A@ | (52)

where ?¢;4@ is normalized in the same manner as
3§, AQ ) that is,

/ I A@*0 AQ Gr = f N AQRGAQGr =D 2.
K

13Tn case (II), the primitive function *¥;4 is made up from
Hartree-Fock orbitals ¢, which satisfy the equation

JCipe=eby,

where 3C; is the Hartree-Fock Hamiltonian. Then we can replace
34 in Eq. (4.8) by

Zetd+ZZ (ry) -2V A
t t>s t

as shown in Eq. (5.13). (¢p4@—p4@p) is expanded as Eq.
(5.12). Therefore (R | §T) is evaluated by the use of Eq. (5.13").
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In order to support the first half of the assumption, we
may refer to the work by Green et al.¥ Equation (5.1)
may be written as

[ | FAQ@ LI GAQD || NAD I AQ | dr<e,

As *WA@ is supposed to be a good approximation to
N A@,

/ | W A@ || FAQ — 4@ | dr
and

/ | WA @ || MA@ — 9 4@ | dr

have values of the same order of magnitude, and
therefore Eq. (5.2) is expected naturally. Here %¢;4@
is also a function similar to *¥;4@ and ¥y4@, except
for the vicinity of nodes that may exist in *¥guA@. So
we can estimate the magnitude of integrals including
4@ by replacing it with 2¥;4@ or 3¥guA@,

From the assumption it is naturally found that there
exists a function which satisfies

| 24@ (p) ~ 4@ (p) | <de |$4@(p) |

everywhere in space, where

(5.3)

f PA@*GA@ g7 =1

and where ¢4@(p) is approximated by ®4@(p) or
&A@ (p) in order to estimate the magnitude of inte-
grals involving ¢4@ (p). This is reasonable because
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&A@ (p) etc. As the molecular wave functions ®x(p)
and ®r(p) are constructed from atomic functions
4@ (p), PEE=(p) and P4@(p), BEFD(p), re-
spectively, as is shown in Eq. (3.4), we use a notation
in which composite atomic functions are specified,
such as

(R|LT)=(Q'P'| £0P)
(Ro | £T0)=(Qu'Py" | £QoPo)
where Qo represents $4@ (p) and so on. Then we have
AL=|(Q'P" | LQP)—{(Qu'Pd' | £QuPy) |
S |{Q'P' | LQP)—(Q'P' | £0Po) |
+ | (Q"P' | £QPo)—(Q'P" | £QuPy) |
+ | (Q'P" | £06Po)—(Q" Py’ | £00Py) |
+ | (Q'Pd | £Q0Po)— (Qo' Py’ | £QoPo) |.  (5.6)

Therefore we estimate the order of magnitude of the
four terms in Eq. (5.6) instead of Eq. (5.5). These
four terms are of the same order of magnitude in the
sense of the assumption made. For instance, the second
term is

ALy=| (Q'P" | LQPo)—(Q'P" | £LQuPy) |
SIQP L1 Q=Qoll Pol) |
<seo | QP £ ¢ePo) .

In (Q'P' || £ ¢poPo)," ¢q is approximated with Q, and
the approximate atomic functions Qy, Py, and Qo
may be used for estimating the integrals. Then we have

[ 1840%(5)24© (5)~ 040 8510 (5) | dr= [ | 240 p) || 94 (5) =24 |

= [ I ZES0a@@ 04 || 440 ()~ 4040 (o) | ar

SEET (U@ | 010008 [-4e 9204 | dr=te.
k h

Therefore

[ 1249) || 94 (5) =26k @(p) | ar<3e.

Now we estimate the magnitude of an error produced
in the calculation of the matrix element (4.1") by using
the assumption mentioned previously. To do this we
calculate

ALrr= | (R | £T)— (Ro | £T0) | (5.5)

for £=Er—\, G, &, and V. In Eq. (5.5) Ry and T
represent the molecular wave functions ®ro(p) and
®ro(p) made up from approximate atomic functions

141, C. Green et al., Phys. Rev. 85, 65 (1952); 91, 35 (1953);
93, 273 (1954).

(5.4)

AL S (eo/2) | (Q P’ || £ | QoPo) |

By repeating the same argument for the other three
terms in Eq. (5.6), it is easily found that

A< (erter) | (Roll £] To) |,

where er=¢q+¢ep and er=eg'+e€p.
Here we examine the signs of the operators £=
Er—X\, G, ¥, and 0. The first one, Er—A, is simple,

(5.7

15 The notation | & | for a differential operator here means, that
the absolute value of the differentiated function is obtained.
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because it is a constant throughout space. If we are considering the ground state of a stable molecule, then
Er>)\; therefore, Epr—A>0. The last one is written as

V=2 D2 AL(&/ra)— (/ra) 1-[(¥/r5:)— (&/R) 1},

iCA jCB

where D ica is a summation over all electrons associated with atom A. Here each term is expanded as

(i) =ri'—rai'= g(m /r4i"t) Pu(cosfi*), 74:i<t4j
= Z, (rai"/ra ) Pu(cosii?), 74> Auj
g(i)=rpi'—R = g (r4/ R7HY) Py(cosfip?), r4:i<R,
=§:(R"/m #41) P, (coshint), rai> R, (5.8)

where 0;4= ZiAj. It is possible to separate terms fi;(4j) and gi:(i) which operate on 1s electron j from others,
because the permutation operators ® are commutative with U, and we can consider U as operating on products
of primitive functions of atoms, such that V?4@3@B(P-d_As a 15 electron is localized at the vicinity of a nucleus,
the contribution from 74> R or 74;>74; is negligible. By neglecting the second expansion, we find that

f1(3) — g1s(2) = i:[ (rai/rai™™) — (ra/ R¥1) ] Py (cosfin) + z (ra/r4i"™) { Pu(cosfift) — Pn(cosfiz?) }

= ii (rare™/R™[(1/R") 4+ (1/R"Yra5)++ « «+(1/747") 1Prn(cos0:4) Pr(cosb;a®), 75;< R,

n=1 m=1

= i i(m FR™/ra™ ) [(1/ R+ (/R Yra5) ++ + ++ (1/74") Pr(cosip?) Pr(cosBia®), 75> R.(5.9)

n=1 m=1 .

If electron j is also in a 1s orbital, then 75;< R, r4;~ R and it is found that
J1:(37) — g1 (3) = Z Z[(n-i— 1)ra ,-"rB,""/R”*"‘“]P,. (cosip?) Pm(cosf;aB). (5.10)
n=1 m=1

If we evaluate gi,(7) and f1,(47) by using 1s orbitals, we obtain almost zero contribution, because the 1s orbital is
spherically symmetric and the overlap between neighboring atoms is small. However, the exact wave function ®r
is expanded as

P$r= Z‘I’Tnpn (cosb;p4) P (COSG_,'AB) Cam

and then we find nonzero contribution of the gi, and fi, integrals. The results are written as

(R (fro—ge) TY=2_ 2 Ln+1)/ R+ (Rurm | (4 8787™) Trme Yonrm®*curomn T, if both 4 and 7 are in 1s orbi-
1

=1 m= tals,
o
=D (Rur | [(ra*/rai™) — (rai/ R 1 Tors Yo B¥cyr T, if electron ¢ is in 1s orbital and
n=1

electron j is not in 1s orbital.

Instead of Egs. (5.9) and (5.10), we use the following expression to estimate the error (5.7) resulting from fi,
and gi,:

| f16(37) —g2:(3) | =2 D_L(n41) /R g ) rpm), if both ¢ and 7 are in 1s orbital,
n=1 m=1

= i a1/ ra )+ (1/RH) ], if 7is in 1s orbital but 7 is not.
n=l



382 TADASHI ARAI

For the other electrons, the contributions from 74 ;> R or 74;)r4; are not negligible, and it is necessary to consider
Eq. (5.8) explicitly in order to estimate the error correctly; also, the convergence is slow. We consider 1/7;; and
1/74; or 1/rp; separately. Then the interatomic interaction operator U is divided into three parts, such that

V="014+0V2+Us

V=33 | fuli) — i) | +1eX ;Blfuuj)—gls(i) !

1CA jCB
Vo= 2./ (&/r4)
1CA jCB
Vy=— 23) %:;[(ZB— 2)e*/rpi], (5.11)

where ZicA” is taken over the 1s electrons in atom 4 and Zic 4+’ means a summation over all electrons in atom
A except the 1s orbital. Then it is found that 0;>0, V>0, and V3<0.

In order to examine G, we recall that p is a function of 7 and can be expressed approximately as N exp(— S by,
as is shown in Eq. (3.5). The primitive function *¥y, made up from Hartree-Fock orbitals may be approximated
by Slater orbitals

S=ns1m;=Nn t’m‘_l exp(_ zt”) Y, ¢m¢(0<f’) .
Then we have

SNy (p) = (ﬁ}/m)Z{_.%A‘p(l, 2eeetee s N) NG (1, 200 efes e N) =V, p(1, 20 ote o+ N) VI (1, 2+ ¢ £+ N) }
= (ﬁﬁ/m)Zt:{—&t(zri-%&,)—l-(mat/r;) } %o (p).

Here 2;, 6;, 7:, and 7, are positive and then —8;(z,:+38¢) + (#:8¢/7:) >0 if 7.<n¢/(2:4%6:). For the hydrogen-
like orbitals z;= 1/#,. In general, z,<1/n, and §, <z, Therefore the condition for >0 is 7,< 2n, for every electron #.
Contribution from the region 7;>2#, to the G integral is negligible as compared with the main part, obtained
inside the region 7;<2n: For estimating the error, therefore, we may assume that G>0 for the whole space.
This can be true even if we use Hartree-Fock orbitals and more complicated wave functions.

Finally, we look into the F integral given by Eq. (4.8). As the correction factor p is written as

N
p=N exp(—D_dr1),
t=1

it is found that

N
(CpA@—pi@@) =P[1—exp{— 2 (3p,— 81)7:} JpA@

t=1

—oL Y (—1/n) {—g<s@,—aon}ﬂww, (5.12)

where ®; is the number which appears in place of ¢ after the permutation ®. The Hamiltonian J¢4 operates on the
primitive function of atom A in the free state. If we use the approximate functions &y for estimating an error
resulting from the & integral, the primitive function is a simple product of Hartree-Fock orbitals ¢, which satis-
the following equation:

3C¢A¢3A — GtA¢tA
HA=—LA— (Za/ras)+ VA

VA= [9(5) (1/ra) s (S)drek TLos 40660 6:4(6) (V)84 (5) .

=1, —1, or —3.
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Then we find that
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JCA"‘I/okA-: (EtgczA‘i‘ Z;g:(l/ns) - ZthA)"‘I’OkA

‘"(EetA‘i’ZZ 1/re)— ZVLA)’}\I’%

By the use of Egs. (5.12) and (5.13), Eq. (4.8) is rewritten as

FABAQ () =fABA@ (p) —fA B4 p)

fA@4@ (p) = (Z;:A— EA@) %;;ekmhw) e[ (=1/nl) {~

[AP4@(p) = ;;;%UM(@) L2 (—1/n){—
Here

and

Z =22 (1/rw)~ 2225 (1/ra) >0.

>s
If, instead of

[ (~1/n) {—gw—aonm,

[ (1/nl) {2(50,—az>rt}"1

is used in fi4 and fs4, then f14>0 and f24>0.

In conclusion, we can estimate the upper limit of the expected error by using the following equation$:

(5.13)
t>s
2_(0p,—8) 7" 1Tt
;(5@,— 5;)7’:}"]{ZtVtA— ZDZ(I/?;.) }"\I/OkA.
> elt— EA@>0
(5.14)

A(3¢—N) rr=%(er+er) (AHprt+AHgr™),

where
AH prt=%(Er+Er—2)) | (Ro| To) | +3{
+3{ | (Ro | iT0} | + | {To | fiRo) | }+

AHpr==3%{ | (Ro| faTo) | + | (To| f2Ro) | }+

fi=fit+f5,

|<R019T0>|+|<T0|9Ro)!

3| (Ro| Os1T0) l + | (To| V1Ro) | }
3| (Ro| VeTo) | + | (To| V2R0) | },
#H (ROI’UsT«)> | 4+ 1(To| VsRo) | },
f2=f2A+f2

f424@(p) = | Zet“ EA@| ZEZGkUkh(@)G’[Z(l/n') 2(5@,—5 )rin P,

FABAO(p) = S T0Uun )T E (/1) {3 G 30rd IV A= 1/ Vst

Here T and R, mean 7 and $ro obtained by neglect-
ing the second and higher terms of the molecular wave
functions (4.4) by putting cy=1 and cx=0(K>0).
The error A(3C—\)gr depends essentially on the
magnitude of ez and er ,which are defined in Eq. (5.1).
Although the exact atomic functions $4(® or ?¥,4(@
are not known, we can estimate the value of ¢ by as-
suming that the Hylleraas function is accurate enough
for the purpose. According to Green et al.,’* a Hylleraas-

16 The operators appearing here are all positive, so it is not
necessary to take the absolute value of the operators in Eq. (5.7).

type function ®y for helium is expanded by
Pp= D Pxcx,
K

where the first term ®,=Pnr is a Hartree-Fock func-
tion. Values of coefficients cx are listed in Table I. As
&g corresponds to ®x, in Eq. (2.13), Eq. (5.1) is
written as

/| D 2 Bx*Oricr*or— ur*Pur(1—car?) | dr<e.

K=1K/'=1
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TaBLE I. Coefficients ¢; in the expansion ®g=ZPxck.
K

H- He Lit
o 0.993206 0.997467 0.998806
a 0.115067 0.070256 0.048251
[ 0.016245 0.010387 0.007179
Cs 0.005375 0.003501 0.002426
Zici? 0.999991 0.999996 0.999998
CHF® 0.969074 0.994907 0.998124

8 Coefficients of the Hartree-Fock functions.

As the first and second terms in the preceding equation
compensate each other, it is quite satisfactory to
assume that

e=1—cnr’=0.0102.

Although except for He and Li atoms, good ap-
proximate functions of atoms have not yet been
obtained, it is possible to estimate the order of magni-
tude of e in the following manner.

The wave function of the Li* ion is given by

®(Lit) = Y &k (Lit) cx (Lit), (5.15)

where
co(Lit) =[1—e(Lit) 1 (5.16)

This is approximately equal to ¢o(He) for the He atom.
James?” has shown that the wave function of the Li
atom is written as an antisymmetrized product of
&(Lit) and 2s orbital in good approximation, because
the correlation between 1s and 2s electrons is neg-
ligibly small. Then the exact wave function of the Li
atom is given by

®(Li)= Y &,/ (Li)e,/ (Li), (5.17)

where
&y (Li) = D_e®®(1s2; Li+) &(2s; Li),
[

and
o (Li)=[1—2¢(2s; Li) P,  2e(2s; Li)<Ke(Lit).
(5.18)

The wave function ®(Li) is easily rewritten so that the
first term is built up from the Hartree-Fock function
‘I’o(Ll) .

®(Li) = > &g (Li)cx (Li), (5.19)

where
&y (Li) = Z@:e@{ao@o(Lﬁ”) +a®(Li+) }&(2s; Li),

and ®y(Lit) is the Hartree-Fock function of the Lit+
ion. In the Li atom, the K shell part of the Hartree-

17 H. M. James and A. S. Coolidge, Phys. Rev. 49, 688 (1936).
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Fock function becomes different from ®&,(Lit) ob-
tained for the Li* ion. The deviation is taken into
account by ®(Lit), which is orthogonal to ®o(Lit).
James has also shown that

w= (182}  8e(Lit). (5.20)

The coefficient of the term »_pe®®,(Li+)®(2s; Li) is
therefore co(Li)ao. This is also calculated from Eq.
(5.17) together with Eq. (5.15), which gives the
expression ¢o(Lit) ¢y’ (Li). Then we find that

co(Li) ap=co(Lit) ¢’ (Li).

By inserting Egs. (5.16), (5.18), and (5.20) into the
preceding equation, it is found that

co(Li) = {[1—e(Li*) J[1—2e(2s; Li) ]}/ (1—80)%.

Then the value of e=1—c¢@?(Li) for the Li atom is
given by

e=1—c(Li) ~[e(Li*) +2¢(2s; Li) I/ (1—5) =e(Li*)
(5.21)

which is found to be approximately equal to e(Li*) for
the Lit ion.

According to the analysis of correlation energy
between electrons,’® every pair of electrons has a
constant amount of correlation energy, irrespective of
whether the pair appears in free atoms or in ions.
The value depends on the symmetry of the electrons.
For instance, the correlation energy between two 1s
orbitals is about 1.5 ev, regardless of whether the pair
is included in H~, He, Lit, Li, Bet+, Bet, or Be. The
correlation energy between 1s and 2s orbitals is always
negligible, but two 2s orbitals have a correlation energy
of about 1 ev. Two 2p orbitals have a negligibly small
correlation energy if the pair is in triplet state, but the
amount will be about 1.5 ev if it is in D state and so on.

The wave function ®(4j) of the pair of electrons
and 7 is written as

B(if) = Do (if) co(i7) +Pe(3f) ce (i), (5.22)
where

P (if) ce(if) = ;%(ij) cx (1),

and ®¢(47) is the Hartree-Fock function of the system,
while

a(if) =[1—e(i) 1,

In view of the analysis of the correlation energy, we
assume that the ratio ¢(47)/ce(if) is invariant, ir-
respective of whether ®(ij) is in atoms or in ions,
although ®(7) itself may be changed due to distortion
of the charge distribution.

The wave function of a three-electron system is there-
fore expressed as

(1) K1. (5.23)

8T, Arai and T. Onishi, J. Chem. Phys. 26, 70 (1957).
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$(123) =N§@:c(?[<1>o(123) +3.(12)®(3) ¢ (12; 3)

+&:(23)®(1)ce(23; 1) +Pe(31) P(2)cc(31;2)
+®(123)c.(123) 1,

where &.(12), ®.(23), and ®.(31) are defined by Eq.
(5.22) and take the correlation between two electrons
into account, whereas ®.(123) takes care of correlation
of higher order. As assumed, the ratio between the
Hartree-Fock function ®0(123) and ®.(12)®(3) in &
(123) is given by the coefficients in Eq. (5.22), such
that
ce(1253) =cc(12) /eo(12).

Likewise
6;(23; 1) =Ce(23)/60(23)a
ce(31;2) =c¢.(31) /co(31).

The absolute values of these ratios are small as com-
pared with 1. By neglecting the higher terms including
ce(123) therefore, (123) is normalized as follows:

(123) = ;e@[%(m)co(lzs)

+2:(12)2(3)c0(12, 3) +P.(23) 2(1) ¢ (235 1)

+&.(31)®(2)¢2(31;2)], (5.24)
where
¢0(123) =co(12) co(23) co(13),
ce(_12; 3) =c(12) ¢0(23) co(13),
ce(23; 1) =¢(12) c(23) ¢y (13),
ce(31; 2) =¢0(12) ¢0(23) ce(13). (5.25)

By using Eq. (5.23), ¢y(123) = (1—¢;)? is rewritten as
1—e=[1—¢(12) J[1—€(23) J[1—e(31) ],

or simply
es=€(12)+¢€(23) +€(31) (5.26)

TaBLE II. The error A(JC—A)gr expected in the calculation of

Li, (ev).

Re 0 0 1

T 0 1 1
3(Ep+Ep—2\) (Ro | To) 1.27 1.49 2.14
H{(Ro|gTo)+(To|gRe)}  0.02 0.23 0.84
${Ro | ATo)+(To | fiRo)} 1.22 6.39 12.78
(R | Ui To)+ (T | ViR)} 8.15 7.11 8.15
L{(Ro | VaTo)+ (T | V:Rod} 6.72 3.35 0.00
AHgr* 17.38 18.57 23.91
H{(Ro|foTo)+(To| oRo)}  1.22 6.39 12.78
H{{Ro [0sTo)+(To | VsRo)} 14.86 14.00 14.86
AHgp~ 16.08 20.39 27.64
3 (erter) 0.0038 0.0057 0.0076
A(3C—N) gy 0.13 0.22 0.39

8 R=0 or T=0means the lowest covalent structure Li+4Li. R=1or T=1means
the lowest ionic structure Li*+4-Li~.
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by neglecting the higher terms again.
In general, ¢o(1, 2, -++N) and ey are obtained by

c(12+++N) =[] (i7), (5.27)
<J
ev=2_¢(if). (5.28)
<j

In the case of a Li atom, the predominant correlation
between 1s electrons 1 and 2 is represented by e(Li*) =
€(12)>>€(23) or €(31) so that Eq. (5.26) is written as
Eq. (5.21), where 6«1 is equivalent to the assumption
concerning the invariance of correlation energy men-
tioned previously. The error expected in the calculation
of the Liz molecule by using the present approximation
is shown in Table II.

6. FURTHER SIMPLIFICATION AND VARIOUS
METHODS OF ATOMS IN MOLECULES

We have proposed to construct wave functions in
molecules (3.8) from modified atomic wave functions
(3.7) so that changes in the charge distribution of
atoms in molecules are taken into account. Then
the energy matrix is correctly calculated by using Egs.
(4.5) or (4.6). Although exact eigenfunctions of atoms
are not available and, even if they are available, would
be extremely difficult to use for calculating the energy
matrix, we can expand them into series of terms and
then each part of the energy matrix (4.6) is evaluated
up to a certain decimal point correctly. This is neces-
sary in order to assure the accuracy of the approxi-
mation in the calculation of the energy matrix.

A. Method of Deformed Atoms in Molecules®

As a first-order approximation, we suggested that
the series expansion of the wave function (4.4) be
cut off after the first term and that the higher terms be
neglected for the calculation of each part of the energy
matrix (4.6) except Er+ Eg. Then

(R|3—X| T)av approx=3(Er+Er—2)) (Ro | To)
+3{(Ro | §T0)+(To | GRo)}
+3{(Ro | FTo)+(To | FRo)}
+3{(Ro | VT0)+(To | VRo)}, (6.1)

where Er and Ep are calculated exactly, as given in
Eq. (4.5). The upper limit of the possible error is
estimated by Eq. (5.14). Wave functions Ry and T
appearing here are equivalent to those in the orbital
approach so that there are no difficulties to evaluate
the matrix (6.1). Values of atomic energies Er and Eg
are obtained from spectroscopic data more accurately
than we can expect from the numerical calculation.

Equation (6.1) is the basic formula of the method of
deformed atoms in molecules. We have discussed the
physical meaning of the approximation used here and
shown the accuracy of the calculation.
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B. Use of the Hylleraas-Type Functions

If we start from the Hylleraas-Kinoshita functions to
construct atomic functions [case (I)], the convergency
of the expansion (4.4) becomes much faster and it is
possible to calculate the energy matrix more accurately.
This has been done by Pauncz* in the calculation of the
ground state of Hy. Two structures, covalent &, and
ionic ®,, are considered for building up the molecular
wave function

d= P10+ Bac, (6.2)

where
& =2"4P4(1; H)®3(2; H)+®3(1; H)P4(2; H) }
P, =2"4P4(12; H™)+PB(12; H™) }.

He assumed that p=1; then §=%=0. The interatomic
interaction has been calculated by using 3 terms of the
Hylleraas function for the H~ ion. The result (D=
3.23 ev) has been compared with the result obtained by
applying method (A) (D.=3.08 ev). The agreement is
remarkably good.

This calculation has two significant meanings. As the
accuracy of the present method (B) is supposed to be
satisfactory for calculating energy values (4.6), the
agreement obtained herein gives strong support for the
accuracy of the approximation proposed in (A).

On the other hand, the results are not so satisfactory
as compared with the observed value 4.74 ev. It is
difficult to obtain a result much closer to the observed
value by adding the higher terms ®; ®;--+ in Eq.
(6.2), because the energy separations between ®;, ®,
and the higher terms are large and convergency is slow.

By choosing a suitable p, we immediately obtain the
more reasonable result of 4.58 ev by using the same
wave function (6.2). It is therefore very essential to
consider the change in charge distribution of atoms in
molecules or crystals.

C. Method of Deformed Atoms in Molecules
(Conventional Scheme)®

Although the method (A) is considerably simpler
than (B), it is still difficult to carry out the calculation,
because the method is essentially the Heitler-London
method and we have nonzero higher permutations,
which are not manageable for larger molecules or
crystals. Besides, we have unfamiliar terms G and §
included in the energy matrix (6.1).

In order to eliminate G and § and simplify the
method, we recall that Eq. (3.14) is valid for any atomic
function, because the operator G+ takes care of every
kind of energy loss due to deficiency of the atomic
functions used. The approximate atomic function
®4@ (p), made up from orbitals, also satisfies Eq.
(3 14). Then it is found that
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3eAPAQ (p) = EAQ@PA@ (p) +GAdA@ (o)

+FAPAD (p), (6.3)
G40 @ (p) = ;;Z@d]‘kh(@) O (~3A pA @I AQ
h t_ Vipt@V g, A@)
Fhddgd@ (p) = %;;@kﬁlm(@)@{ pA@ (504
— EA@) 0y 4a@}

and
EAQ = f B @*5eAPAQ@ g,

If we construct a molecular wave function on the basis
of approximate atomic functions instead of exact ones,
we find

Dro= Ppano
=D I 2 D Uin(®an) Pas®e@ (p) BEP— (p),
M/ Cap &

in place of the one given by Egs. (3.4) and (4.4).
The function ®z¢ is the first term that appears in the
series expansion (4.4) of the exact molecular function
®r. Hereafter we abbreviate ®ro as T,. The energy
matrix obtained on the basis of T and Ry is given by

(Ro|3¢—=N\ | To)=3(E*"+Er"—2)\) (Ro | To)
+3{(Ro | GTo)+{ To | GRo)}
+3{(Ro | FoTo)+ (To | FoRo)}

+35{(Ro| VT0)+(To| VRo)}, (6.4)

where
Ef9= EAQ@ 4 EB(P-0,
and
EAQ@=(Q¢* | 3¢4 | Qo).

This formula is obtained in the same way as Egs. (4.5)
and (4.6) have been derived and is mathematically
rigorous because of Eq. (6.3). The energy matrix
(R|3C| T), obtained on the basis of 7' and R, made
up from correlated atomic functions, is evaluated by
using Eq. (6.1) in the first approximation. By com-
paring Egs. (6.1) and (6.4), it is found that

<R | JC—A [ T Yav approx= (Ro | H—=A I Tv)

+35{ (Er— Er®)+ (Er— Ez") } (Ro | Tv), (6.5)
if we have the following relation:
(Ro| $To)=(Ro | FoTo),
(To | FRo)=(To | FoRo). (6.6)

The equation (6.5) had been obtained before (in the
method of deformed atoms in molecules)® and also by
Hurley,’ the latter rather intuitively (the method of the
intra-atomic correlation correction). If the relations
(6.6) are correct, Eq. (6.5) is equivalent to—and more
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convenient than—Eq. (6.1), because the first term
(Ro|3¢—X| To)av is equivalent to the energy matrix
as it appears in the ordinary orbital approach, and the
second term is the correlation energy of atoms in
molecules, multiplied by the overlap integral. Both
can be evaluated in the same manner as in the orbital
approach. Besides, the additional terms G and & due to
energy loss of atoms in molecules, included in Eq.
(6.1), disappear in Eq. (6.5), which makes the method
more familiar.

The wave functions ®79 and Pgo used here are the
Heitler-London functions made up from nonortho-
gonal orbitals. Then it is not easy to evaluate the
matrix (Ry|3C| To), because of the nonvanishing
terms in the higher-order permutations. It is possible
to transform the Heitler-London functions &g, into
the molecular orbital functions ®u5 by

®aro(p) = };‘PTo(P) Urn

as long as common orbitals for atoms and ions are used.
For simplicity, we use the matrix notation. Then the
preceding equation is written as

@0’ (p) =®ur’(p) U
by using the row matrices
Prno’= (Paro,Proe + +) ®y1= (Pro, Pro* ).
The energy matrix (6.5) is written as
[Huw(p) Japprox=Hrn1’(p)
+3{S(p) (E—E))+(E—E")S(p)}, (68)

where (E—E?) is the diagonal matrix, the elements of
which are given by (Er— E7°) drg. Hui®(p) is the energy
matrix (Ro|3C| To) obtained by the Heitler-London
functions, whereas [Hu1(p) Japprox 1S the energy matrix
(R | 3| T ay approx given by the exact functions in the
first order of approximation. If we transform our func-
tion ®gr=($r,Pg+++) to the new function ®yo=
(®Par, By+++) by using the same transformation matrix
as in Eq. (6.7), then we find

®uo(p) =Pur(p)U. (6.9)

Here we have to make sure that the functions &r(p),
®r(p)+++ used are made up in such a way that the
first terms in the expansion (4.4) are given by ®r(p),
®po(p)+++, which are composed of common atomic
orbitals for both atoms and ions. Then the energy
matrix is given by

[Ho(p) Japprox= (®mo | 3¢ | @110 Jav approx
=U"Huw(p) JapproxU
=UHnu1(p) U+3U"{S°(p) (E—E?)
+(E—E%)$(p) }U,

where U'Hg12(p) U=Hyo%(p) is the energy matrix
(@m0’ | 3¢ | ®uo®) in the molecular orbital approach,

(6.7)

and
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and U'SU=1 because of orthogonality of the mo-
lecular orbital functions. We abbreviate that as

UH(E—E°) U= (E—E°) yo.
Then it is found that

[HMO (P) ]approx
=Huo’(p) +%{ (E— E%) mo+ (E— E°) MOT}- (6-10)

As in the energy matrix Hyo? in the molecular orbital
approach, higher-order permutations vanish, and this is
much easier to calculate than Eq. (6.5).

Equations (6.5) and (6.10) are equivalent to Eq.
(6.1) if the condition given by Eq. (6.6) is satisfied,
and are then a good approximation for calculating the
energy matrix. This is unfortunately not correct in the
rigorous sense. For instance, if we assume p=1, then it
is immediately found that

FAPAQ =()

because the wave function 4@ (p=1) is an eigen-
function of 3¢4. But

FAPA@ 50,

From Eq. (4.6), therefore, it is easily found that Hgy,
is a diagonal matrix at infinite internuclear distance
R= o when p=1, but Hy1? is not generally diagonal.
As the second term 3{S(E—E%4(E—E%S} is
diagonal at R=c, Eq. (6.5) or Eq. (6.8) cannot be
correct at R= . Although $4@ gives the energy
value E¢@, it is not an eigenfunction of ¢4, There-
fore use of Eq. (6.8) or Eq. (6.10) introduces another
error of

0Frr=%{| (Ro| FoTo)— (R |FT) |
+ | (T | FoRo)— (T |FR) | },

in addition to the error due to use of the first-order
approximation, introduced in Eq. (6.1). This error 6F
is the origin of the apparent contradiction at infinite
internuclear distance mentioned previously. There
is another way to define the interatomic interaction
(R|UT). Then we obtain an equation similar to Eq.
(6.8), but- there the definition of (E— E°) is different
from the one which has been given in Eq. (6.4). In
this method both Hgr and Hgyr? are diagonal at
infinite internuclear distance and there is no such
difficulty. Moffitt has introduced the definition! which
has been used by several people. Hurley has extended
the method to propose the method of the intra-atomic
correlation correction.® In the latter method, however,
there is an ambiguity in the definition of (R|UT)
which can lead to serious mistakes. We discuss the
matter in detail in the following two paragraphs.

We now investigate how we can reduce the error §F
as much as possible. When p=1, (R |FT)=0, then

8Fpr=3{| (Ro|%oTo) | + | (To|FoRo)|}. (6.11")

(6.11)
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The first term of §F is then essentially written as
6Fa=f\11*(5cA_ EfA@)pAQdr

by using Eq. (6.3). The Hartree-Fock function ®y4@
can be expanded in terms of the exact eigenfunctions
B4(P) as follows:

P @ =D PAPIp,
P
where JCAPAP) = FAPIGAMP) Then it is found that
§Fo= /‘I’*Z( EA®) — EAQ) AP cpdr,
P

For a diagonal term ¥=&*@  §F becomes zero, be-
cause

f PAQ *FAPA@Jr= FA@,

and
SFe (U =34@) = (FAQ@ — FA@) o2
+ > (EA® — EA@) gp2=0),
P

where cZ>cp?, P#(Q. Here the first and second terms
cancel each other. In general, we can expand ¥ as

¥= 3040,
P

Then
dFo= (EAQ@ — EA@) do*co
+ D (BA®) — EA@) dp¥*cp,  (6.12)
P

Here dp## cp, therefore 6F¢ is in general not zero. But as
long as we are considering a few atomic states which are
close to each other, for instance 3P, D, and LS states
of a C atom with (1s5)2(2s)2(2p)? configuration, then
the correlation energy between core electrons is con-
stant and we expect that dp=cp, and d¢=>dp’. How-
ever,

do~ f\If*<I>04<Q)d7<1

and then the first and second terms in Eq. (6.12)
have opposite signs and the same order of magnitude,
but §F 0. If we choose $4@ so that Eg4@ approaches
to E4@ and cp’s other than ¢ tend to zero, then §F
becomes small. The best function $4@ in the orbital
approach is therefore the Hartree-Fock function. In
fact, if we take a function ®,4@ different from the
Hartree-Fock ®,4@, then

[ (EA(Q)_ECA(Q))CQ [ < I (EA(Q)_EOIA(Q))CQ/ l’

because EAQ@ < EHA@ < E/4A@ | whereas c¢g'/co=~1. In
the second term, the difference EA®— E@A@ is fairly
large so that EA® — EA@~ FA® — /4@ hut the
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increase of the ratio cg’/ce>1 is more effective and
ST (EA® — EA@) ¢! /3 ( BAP — EA@)
P P

~ 2 er/ 2 opm (1= e/ (1~ cg?)1.
P P
In the case of p#£1, §F° is written as
o= [V ST 0.0a(®)
% h

X[@{pn4@ (3eA— EAQ) 4@} Jdr
=§F*— EA@ SFo 6F3a,

where
6F1 = f‘I/*ﬂ:lA‘boA(Q)dT,
0F = / VG AP @,
6F3 = /‘I’*ggAq’oA(Q)dT,
and

FABA@ =3 3> 0T (®)pA@
® r n

X [(p (_}(}4_ EOA(Q)) 0‘1’0},‘4(0)].

The expression is obtained by subtracting the term
6Fs* from 6F® and dividing it into 6F,* and 8F* as in
Eq. (4.8). Comparing with Eq. (4.8), it is found that

0F rr=3%{ | (Ro | 5170)— Ero{Ro | F2To)+ (Ro | F3To)
—(Ro | $1T0)+ Er{Ro | $2T0) |
+ | (To| F1Ro)— Ero(To | F2Ro)
+(To | FsRo)— (To | F1Ro)+ Er(To | F2R0) | }
=3{ | (Er— Ero) (Ro | F2T0)~+ (Ro | FsT0) |
+ [ (Ezr— Ego) (To | F2Ro)+(To | F3Ro) |.

Then we expect the same order of errors again, because
the first term is negligibly small and (R, |F3To) is
equivalent to 8F (p=1). It is very important, therefore,
to construct the atomic wave function such that its
first term is made up from Hartree-Fock functions. The
correction term p can be added after the exact eigen-
function of atoms is obtained.

D. Method of Atoms in Molecules!?

Moffitt has originally proposed to build up the
molecular wave functions from exact eigenfunctions of
atoms, and suggested to calculate the interatomic
interaction by using approximate functions made up
from orbitals. There he assumed that the value of the
interatomic interaction is not affected by the inac-
curacy of approximate functions used, although such
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functions are poor for calculating the intra-atomic part.

All equations as given by Moffitt are also obtained
from the previous results by setting p=1. From Eq.
(4.5) we find that

(R|3C| T)ev=3(Er+Er)(R|T)
+3{(R| OT)+(T | OR)}
or, by using the matrix notation
(Hur]=3(SE+ES)+3(V+Vh.  (6.13)

This is an exact result obtained immediately if we
build up the molecular wave function from exact
eigenfunctions of atoms and let the molecular Hamil-
tonian operate on it. This matrix is conveniently calcu-
lated

[HHL] approx=%(SoE+Eso) +%(V0+VOT) (6-14)

which is equivalent to Eq. (6.1); S° and V° should be
evaluated by using the approximate functions &g
made up from Hartree-Fock functions of atoms. Then
the expected error in this approximation is smaller than
the error in Eq. (6.1), because g=F=0.

The energy matrix Hyr'= (R | 3| 7o), calculated
by approximate functions &z, is written as Eq. (6.4),
because the Hartree-Fock functions ®4@ satisfy
Eq. (6.3). Unlike in Egs. (6.13) and (6.14), however,
terms including &, do not vanish even if we set p=1. If
we assume that

(Ro | FoTo)=(To | FoRo)=0,
which is equivalent to Eq. (6.6), then we obtain
Hypr0=21(S'E4 E°S0) +1 (Vo4 Vo), (6.16)

where E? is defined in Eq. (6.4) and is the sum of the
Hartree-Fock energies of atoms.
By comparing Eqgs. (6.14) and (6.16), we find that

[HHL] approx=HHL0+%{ SO(E_ EO) + (E—' EO) SO},
(6.17)

which is equivalent to Eq. (6.5). This equality does
not hold in the rigorous sense, because off-diagonal
elements in Hy? do not vanish at infinite nuclear
separation.

From Eq. (4.1') it is found, in the case of p=1, that

V=Hzu— SE. (6.18)

(6.15)

If we assume that approximation to V is obtained by
calculating Hgr,, E, and S by orbital approach, then
we have

Vo=Hg 10— SOEY,

which is equivalent to Eq. (6.16) and E° is again the
sum of the Hartree-Fock energies of atoms. As long as
we are considering the simple Heitler-London scheme in
which molecular wave functions are built up from anti-
symmetrized products of atomic eigenfunctions, E is
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equal to the asymptotic form of Hgy, at infinite nuclear
separation. Then

V=Hyp— SHyw(), (6.19)

where
Hyr () = lim Hgy,
RO®

in which R is the internuclear distance. Approximation
to V is therefore given by

VO = HHLO'—' SOHHLO( © ) . (6.20)

Moffitt has defined V° as Eq. (6.20) and assumed that
VO is a good approximation to V in Eq. (6.13). By
replacing 1(V+VT) in Eq. (6.13) by V0 and its trans-
posed complex conjugate, we find that

[Haw] spprox=Ha1?+3{SY(E—Hg1°(«))
+ (E—Hgr'(»))S%. (6.21)

Here the equality holds at infinite nuclear distance
R— o, because
lim S°=1.

RO

Eigenvalues E of atoms and Hgr() defined by
Eq. (6.19) are equal to each other only if the molecular
wave functions are written as Eq. (3.4). When the wave
functions Hyy, are transformed by

O, =Py U

the energy matrix Hgy, given by Eq. (6.13) should be
transformed to

[Hz]=Uf[HHL:|U
—1U'(SE4+ES) U+1UH(V4+V)U
=%(SzEz+EwSz)+%(Vz+VzT), (6.22)

where E,=U'EU, S,=U*SU, and V,=U'VU. In the
same approximation as in Eq. (6.20), V,° should be

VL(HL) =UtVU=UtHg'U— Ut SHp () U

=H,9—S,’H,°(HL, =), (6.23)

where
on’_—' UtHHLOU,
and
H,'(HL, ) =U"Hga’()U.
Then we have
[Hx(I{L):I approx=H:co+%{ S;;O(E'—'HO(HL, 0 ) )
+(E_HEO(HL; oo)) SZO}’ (624)

which is similar to Eq. (6.21). If we apply the definition
(6.20) to calculate V, and V,' in Eq. (6.22) approxi-
mately,

V.A=H,"— S,'H,%(), (6.25)
where

H.'() = lim H.,
RO®
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then we find
I:H:Lj approx=Ha:0+%{ SO(E—HEO( @ ))

+(E—H,9(x))S}. (6.26)
Although this formula is exactly the same as Eq. (6.24)
in form, H, from Eq. (6.26) is not equal to
[H.(HL) J approx given by Eq. (6.24), because H,0( )
as defined in Eq. (6.25) is not always equal to
H.°(HL, «) as defined in Eq. (6.23).

For example, we consider the wave function of HeH,
made up from the following two terms:

=D e®PPH(1)BHe(23),
[

Py= z(;s@q>ﬁ(1)q>2ﬂe(23), (6.27)

where ®¥ is the wave function of the H atom and
P He and P,He are the wave functions of the He atom
with configurations 1s5)% 15 and 1s) 2s) 1S. Then we
find that
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Ey=E(H)+ Ey(He),
E’= E(H)+ E\(He),

Ey=FE(H)+ Ey(He),
Ef=E(H)+ E(He),

AE= /@10}[&*3@@20}19’(17#0

and E(H) is the energy of the H atom and E;(He)
and E,(He) are energies of the He atom in the 1s5)2 1S
and 1s) 2s) LS states, respectively. Because of AE7#0,
it is clearly seen that Eq. (6.17) is not valid at infinite
separation, but Eq. (6.21) does not have such a ap-
parent contradiction.

If, instead of ®; and &, we use the functions &’
and @2,,

&/ = ;c(Pcb(l)H{ (14 52) 1, He(23)

+LS/ (14 5%)¥]eHe(23) 4,
&)= ;::(P@H(l) ([— S/ (14 52)¥]dHe(23)

+ (14852, e(23) },

which are obtained by linear transformation U from

E 0 E® O
E— ' . E= ! ’ @, and P,,
0 E 0 EY 1 =S
and U= (1452~ , where lim S=0,
E® AE
Hyr! (=) = ) then we should expect exactly the same result as before.
AE EY This is true if we apply the definition in Eq. (6.23).
where Then we have
E4ELS*2SAE (E— E°) S+ (1— S?)AE
1452 ’ 1452

H,O(HL, 00) =UTHHL°( °°)U=

(E—E) S+(1—-S)AE

EL+E"S$*—2SAE

and find that
0= I [HZ(I{L)] approx"')\szo l
=Ut | [HHL] aq.)prox‘_'>\SHL0 I U.

This proves the invariance of the solution.
According to the definition in Eq. (6.25) however,

(6.28)

E, AE
H.(0) = lim H9=

RO

b

AE, E,

which is different from H,°(HL, «); then [H.] approx
given by Eq. (6.26) is different from [H.(HL) ] approx
and does not satisfy Eq. (6.28). Therefore the definition
in Eq. (6.25) cannot provide unique solutions of the
Schrodinger equation, but the results depend on the
choice of the transformation matrix U; which is not
correct. Equation (6.19) can be reasonable only if the

1+ .52 ’

1452

molecular wave function is built up from simple pro-
ducts of atomic functions as in Eq. (6.27).

Discussion of Egs. (6.11) and (6.11") indicates that
Eq. (6.16) should be written more exactly as

Hy'=1(S°E*+4 E°S9) 4 (Vo Vot) 4 5F.
At infinite internuclear separation, this is

Hii9(w0) = E-5F (<o),
where

5F(°0)RT= hm 6FRT

RO®

= hm <Ro l §0T0)= hm <T0 | ffoRo)
RO RO®

and
lim S°= 1; lim V°=0C.

RO® RO
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Then it is found that
= 5(SHar" () +Hur? () 8°) +3(V°+V°T)
+8F—3(S%F () +8F (=) S°).
Instead of Eq. (6.8), therefore, we obtain
[HHL] approx=Hgr!
+3{S"(E—Hur’())+ (E—Hgr’(»)) 8%
+3(S%F(x)45F(x)S") —sF. (6.29)
This equation is equivalent to Eq. (6.14) and
él_)rg 2(S%F (0)406F () S —5F=0.

The nonzero value of §F stems from the fact that the
Hartree-Fock function ® does not satisfy the Schro-
dinger equation 3CPo= Eyd,, but satisfies Eq. (6.3),
in which G4® 4@ =0 and F4PA@5£0. Therefore
2(S%F (0 )406F () S and SF are expected to cancel
each other partly in Eq. (6.29), even at R «. Then
we can expect that Eq. (6.19) is better than Eq. (6.16).
As long as we are considering molecular wave functions
made up from atomic functions with different sym-
metry, however, Eq. (6.19) is equivalent to Eq. (6.16),
and
lim HHLO
RO

is diagonal, because there is no interaction between
atomic functions with different symmetry. Still there
exists the uncertainty in H,°(e), however, and Eq.
(6.26) is not correct.

As an example, we consider the H,; molecule. Wave
functions &, and &, of the covalent and ionic structures
are given by
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Then
2E; O
E= )
0 E,
and
2E¢ O
E'=Hg1'(® )= )
0 EP
where
Ei= f B4%(1)3e4 (1) B4 (1) dr,
and

E= f B4(12) %504 (12) ®4(12) dr.
We can transform the set to
=[V2(1+5) 7L+ S i@+ (14 52) 1, ],
=[V2(1—8) J7'[— (1+ S®) ¥y + (14 522) ¥, ],

by the transformation matrix U:

(1+52)F  (1+So)!
VI(1+57) T VE(1—5Y)
U= ,
(1452 14 S22
VZ(1+S)) V(1= SY)

where Sy’ and Sy’ are normalization constants. If we
approximate 4(12) by

34(12) ~d4(1)4(2),

by using the same orbitals used in ®;, then

(6.31)

&= (24-252)~[®4(1) 32 (2) + 5 (1)84(2)],  (6.30) S=SP= SP= S5,0= S,
By=(24252) [ @4(12)+PB(12) ], aL.nd &y’ and Py’ become the molecular orbital func-
where tions:
A% (1) B Py~ Py =[V2(1+5) I(24(1) +95(1))
Si= [erartyar X (®4(2) +25(2)),
and ' By~ By =[VZ(1—S) TH(24(1) —PB(1))
Sp= f B4*(12) 33(12)dr. X (®4(2) —35(2).
However, we find that
(145 1452 ‘
2(1+S)2(2E1+ E,), 20— SZ)( 2E\+E,)
Hyo®(HL, ) =U'Hg1’() U= )
14 52
2(1 Sl)( 2E+E,) ,W(ZEH—E")
1(2E+E,), i(—2E+E)

HMOO( 00) = hm HM00=
R0

and Hyo®(HL, «)=Hpuo().

3(—2E+B),

3(2E+Ey)
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If we begin with the molecular orbital functions and
want to apply Eq. (6.21), at first we evaluate Hyo?
and transform it to Hg1? by

HHLO = U—ITHM ()OU_I,

where
14-S 145
V2(14 52 v2(1+452)%
—1—
_ 1—-S 1—S
V2(1+52)% v2(1452)%
and
& =[V2(1+ S (14+95)&'— (1-5)®'}, (6.32)
$o=[V2(1+ S H{ (14 .5) &+ (1—5) &'}
Instead we define the functions
" =[V2(1+ )&/ —B),
&, =[V2(1+ S &'+ &), (6.33)
or
@, =®yoU"?
and
1 1
U-1=[2(145%) 1 .
-1 1
Then
H°(HL, )= U"~1"U1"Hg0( ) U101
(2E\+E»S?), —SQE+Ey)

= (1— 5%~

’

—S(Q2E+Ey), (QESHE)
which is definitely different from

2E,, O
Hy1 (o) =

0, E

In molecules the overlap integrals .S are not small and
especially nonzero off-diagonal elements in H,°(HL, «)
are important.

This difference between Hu1%() and H(HL, «)
is clearly indicated by the results of the calculation on
the Li; molecule by Rahman® and Fieschi.?® The latter
regarded ®," and &,” as the Heitler-London function,
the former used Eq. (6.17). The calculation of the O,
molecule by Moffitt! is also based on &’ and &,”" and
neglects the difference between U and U’. Therefore it
is expected that there exists the same error as in
Fieschi’s calculation.

In order to transform the Heitler-London scheme to
the molecular orbital scheme in Moffitt’s method, we
assume that the Hartree-Fock orbitals for free atoms
are also a good approximation to the Hartree-Fock

19 A, Rahman, Physica 20, 623 (1954).
20 R, Fieschi, Nuovo cimento 6, 197 (1957).
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orbitals for free ions so that common atomic orbitals
are available to construct the approximate functions
for atoms and ions, as postulated in Eq. (6.31). Several
authors® have pointed out, however, that the use of
common atomic orbitals for atoms and ions produces
serious errors. Therefore it is impossible to rewrite
Eq. (6.26) in a form similar to Eq. (6.10) in order to
apply the equation in the molecular orbital scheme. In
the calculations on the Li; molecule by Fieschi and on
the O, molecule by Moffitt, such error was accidentally
compensated by the error due to use of the incorrect
transformation matrix U’ instead of U. Values obtained
by them, although satisfactory, cannot have any
physical significance.

E. Method of Intra-Atomic Correlation
Correction by Hurley®

The method is equivalent to the second formula
(6.8) or (6.10), and all discussions given in (C) are also
applicable to this case. Therefore the results obtained
by this method are not empirical but purely theo-
retical, and are comparable to the results of the tradi-
tional orbital approach, although Hurley did not give a
theoretical proof for obtaining his formula (6.10), but
obtained it rather intuitively.

His discussions are as follows. Moffitt’s formula
(6.17) or (6.21) gives a reasonable result for the
calculation of the Hy molecule if a Slater orbital ¢(z) =
(28/m)¥e*" (where z=0.6875) is used for evaluating
the ionic terms in Hy1? and Hg1%( ). The value z=
0.6875 is obtained by optimizing the energy of the H~
ion and ¢ with this value of z is a good approximation
of the Hartree-Fock orbital for the H~ ion. Then
¢4(1, 2)¢4(2, 2) is a good approximate function of the
exact eigenfunction ®,4(12) of the H~ ion. If we
assume z=1, where the orbital ¢ .=y is the same as the
wave function of a H atom, the energy of the H,
molecule drops too much. To illustrate this difficulty

2R('Wg 5 Fic. 2. Calculated ener-

— ; gies obtained by various
I lonic functions of H, are
illustrated as function of
the nuclear separation.
Curve 1, E® (z=1); curve
2, E(2=0.6875); curve
3, E, and FE,;(30.6875);
and curve 4, Ex(z=1).
Curve 5 gives energy E;
obtained by covalent wave
function, whereas dotted
curve indicates energy ex-
pected from the ideal ionic
function. (Reproduced from
the first of references $
with the permission of the
Physical Society of Lon-
don.)

1601

-
(=2

-20.

281

.32.
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we show the energy of various ionic wave functions:
Py (2=10.6875)

=[2+25(z) I [¢4 (1, 2)9*(2, 2) +97(1, 2)97(2, 2) ],
B (Z=1) = (2425°) 744 (1)¢*(2) +¢"(1)$"(2) ],
&y= (24295) [ ®4(12)+d5(12) ],

in Fig. 2, where F»(3=0.6875) and E»(z=1) are
obtained by using Eq. (6.21), in which & (z=0.6875)
and ®yu(z=1) are used for calculating Hy1® and
Hy1%( =), respectively. Since ®20(z=0.6875) is a good
approximate function of &, the two functions give
nearly the same variation of energy with nuclear
separation. Therefore the energy Ey(z=0.6875) ob-
tained by &y is a good approximation to the energy E,
given by ®,. The energy FE»(z=0.6875) is reasonable,
but it is evident that E,(3=1) is a very poor approxi-
mation to Ej, giving an error of 8 ev. It is also clear
that @, is not a suitable function for calculating the
ground state of the Hy molecule, because its energy E.
is considerably higher than the energy Es’(z=1) given
by the simple orbital function ®e(z=1).

Hurley assumed then that there exists a function
®,(z=1), which includes correlation between electrons
but still its charge distribution is different from one
given by the eigenstate ®,, although similar to that of
®y(z=1). In the present method, modified atomic
functions ®(z) are used as basics. Then he made the
two following statements:

(i) By extending Eq. (6.17), the energy matrix for
the modified function ®(z) is evaluated by

[HHL(Z)] approszHLo(z> +%[S0(Z) { E(Z) - EO(Z) }
+{E(2) - E’(2)}8°(2) ],
where

Hiur(z) = f ®y* ()50 (2) dr,

E(2) =E4(z)+E?(z),
E%(z) = E4(2) + E (),

EA(z) = / B4* (3)30ABA (3) dr,

EA0(z) = f B * () 50ABA () dr.

(ii) The correlation energy is independent of the
value of z; then

E(z)—E°(z) =E—E, (6.34)

where E= EA+EZ? is the sum of eigenvalues of free
atoms and E° is given by the Hartree-Fock functions or
evaluated approximately by a Slater orbital with
optimum 2. For the H~ ion, z=0.6875. Then the
equation is written as
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[HHL(Z)] approx=HHL0(2L)
+HS(E—E)+ (E—EY)S}. (635)

Equation (6.34) is obtained from Egs. (3.14) and
(6.3), that is,

BA® (2) = 14 (5) = [ @40 (p)30424@ () dr
— B4@+4 (0| §*0)+ Q] 540)
EA© (5) = @ (p) = [0 @*()3e40@ () dr

— A4 (0, | G100+ (o | 504Q).

In the first order of approximation, the first equation is
written as

[EA@ () Jpprox= BAQ+ Q0| 60+ (o | 5400,
(6.36)

and by assuming {Qo | F4Q0)= (Qo | FoQo), it is found
that

FAQ (3) — EA@ (5) ~ FAQ — FAQ@,

In order to eliminate the preceding assumption, we
may use

[(Huw(2) J approx=Hur (2) +3{S°(2) (E—Hgur’(«))
+(E—Hur’(»))S(2) }.

We have already discussed the difference between
Hy1%() and E°. The assumption (6.36) is based
on the estimation of error by cutting off higher terms
of G and & integrals, given in Sec. 3.

F. United-Atom Approach Introduced by
Bingel and Preuss?!

So far we have assumed that the interatomic interac-
tion is a small perturbation as compared with the total
electronic energy of atoms, and then the molecular
wave function, which is exact at infinite internuclear
separation, is built up from antisymmetrized products of
atomic functions. The effect of interatomic interaction
at finite distances is taken into account by the cor-
rection term p and configuration interaction. The latter
takes care of the correlation energy between valence
electrons and the correction term includes distortion of
the charge cloud due to the existence of neighboring
atoms.

It is possible to start from zero internuclear distance,
where a molecule may become a united atom. For
instance, the two electrons in a H, molecule can be
treated as if they are in a He atom, considering the
effect of finite internuclear distance as a small pertur-
bation. This approach is more artificial than the sepa-

2'W. Bingel, Z. Physik 12a, 59 (1957); H. Preuss, Z. Natur-
forsch. 12a, 599 (1957).



394

rated atom treatment, because ground states and lower
excited states of molecules still have the properties of
atoms from which the molecules are built up preserved
to a considerable extent, whereas molecules show little
similarity to united atoms. Perturbation in the sepa-
rated atom treatment is accordingly smaller than
perturbation in the united-atom approach.

Although the starting point is poor, reasonable
results for Hy and CH, molecules have been obtained
by this method,”® with orbital functions including
configuration interaction. The great advantage of this
approach is that the numerical calculation is very much
simpler than in the separated atom treatment, al-
though the chemical picture is lost in the wave func-
tion. We must realize that we use eigenfunctions of
atoms instead of approximate atomic functions; then
we can include correlation energy in atoms and remove
the difficulty pointed out by Moffitt. This has been
carried out by Bingel, whose wave function is made
up from eigenfunctions of free atoms; the method
corresponds to the original Moffitt method.

In actual calculations in orbital functions, however,
it has been shown that the convergency of the configura-
tion interaction is slow, unless we choose suitable
basics which are very much different from atomic
orbitals in free atoms. That means it is very important
to consider the deformation of atoms. Therefore, we
use the modified atomic function introduced in Eq.
(3.7) as basic of the molecular wave function here. We
consider a diatomic molecule 4B with N4+ Np elec-
trons as before. Then our basics are given by

Py (p) = ;;IZ&CUM@)@ N (p),  (6.37)

which is expanded as

Py (p) = ;q’MKU(P) 173 (6.38)

as in Eq. (2.13) or Eq. (4.4). The first term ®a¥(p) is
built up from the primitive function *¥; of the Hartree-
Fock function in a free atom, multiplied by a correction
term p, as is shown in Eq. (3.7). ®Y(p) satisfies Eq.
(3.14), that is,

JCUQMU (p) = EMU‘pMU(P) +8U¢’MU (P) +€FU(I>MU (p) ’

(6.39)
where

ch=NAiI{B{ — (B/2m)V 24-VY(r:) }

=1
NA}NB
+%Z¢Z (¢/rii) ;

VU(r;)=(Za+Zg)e*/rus,

22T, C. Chen, J. Chem. Phys. 29, 356 (1958); H. W. Joy and
R. G. Parr, ibid. 28 448 (1958); S. Hagstrom and H. Shull, ibid.
30, 1314 (1958); S. Koide et al., J. Phys. Soc. Japan 12, 1016
(1957); L. M. Mills, J. Mol. Phys. 1, 99 (1958).
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and 7y ; is the distance between the position of electron 4
and the center of the united atom U; furthermore,
Zat+Zp is a sum of nuclear charges Z4 and Zp, in
atoms 4 and B. E)Y is an eigenvalue of the united
atom U in the free state and is given by

EMU=/¢A1U*(p= 1)5CU(I5MU(p= l)d‘r

The molecular Hamiltonian 3C is written as
N4+Np

Je= 2 {—(B/2m)V2+VA(r)+VE(ry))

=1

Na+Ns

H 2 (¢/ra),

where VA(r;)=Za€?/rai, VE(r;)=Zpe/rp;, and r4; is

the distance between the positions of electron ¢ and

nucleus 4. The molecular energy matrix Hyys is then

given by

Hyy= (N [3C [ M)= (N[5 | M)+ (N | 0V | M),
(6.40)

where the interatomic interaction operator UV is
defined by

Wegomit= 5 (VA(r )+ VB(r)— VO ().

=1
By using Eq. (6.39), Hya is written as
Hyu=Ex"(N | M)+ (N |G'M)
+ (V[ SYM )+ (N [0V | M),

In order to evaluate Hyy, we expand each term by
using Eq. (6.38). Basics ®yx are given analytically;
the matrix (Vs | £Mx ) obtained by expansion can be
evaluated. As proposed before, we must evaluate Ey
accurately, but we may calculate other terms ap-
proximately by cutting off the higher terms. Then we
have to examine each element in order to retain the
Hermitian properties of the appromately obtained
energy matrix Hyy. Both terms in Eq. (6.40) are
Hermitian, but (N |GM )and (N |FM )and Ex (N | M)
are not. Instead of Eq. (6.41), we should use the fol-
lowing equation:

[Hyu]= (N |3 | M Yov=3(ExV+ExY) (N | M)
+3{(V [GVM )+ (M | GVN )}
+3{ (N | SUM )+ (M | SN )}+ (N | OV | M ). (6.42)

By applying the first order of approximation men-
tioned in (A), we obtain

(N | 5¢—=N\ | M )ay approx=3(EnU+ Ex"—2)) (No | My)
+5{(No | GUMo)+ (Mo | GUNy )}
+3{ (Vo | FMo)+ (Mo | FYNo )+ (No | VY | Mo).
(6.43)

(6.41)

This is equivalent to Eq. (6.1).
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The first term ®r(p) in the expansion (6.38) satis-
fies the equation

316" (p) = Entc”®are¥ (p) +GV®are? (p) +FVParc” (p),

where U is similar to 4 in Eq. (6.3). Then the energy
matrix on the basics @7 (p) and $neU(p) is given by

(No |3¢—=X\ | Mo Yav approx=3 (Eare”4 Enc”—2)\) (No| M)
+3{ (Vo | SYMo)+ (Mo | GVNo)}
(N0 | FVMo)+ (Mo | FN, )}

+ (Vo | VY | Mo),

where EuoU= (M, |3V | My). Then we obtain the
convenient equation

(V| 3€ | M ay approx= (No | 3¢ | My)
+3H (ExY— End¥) + (ExnV— EndV) } (No | My),
or
[Hy] approx=Hy"
+3{Sv'(Ev— Ey°) 4+ (Ey— Ey°) Sy}, (6.44)

which corresponds to Eq. (6.5). This equation is

equivalent to Eq. (6.43) if
(No | FYMo)= (No | TV M,),
<Mo ! §UA70>= <M0 | GUUN(]).

At zero internuclear distance, [Hy | and 3 Sy°(Ey—
Eyv®)+ (Ey—Ey®) Sy°} become diagonal, but Hy? is
not necessarily diagonal. This is the same difficulty as
the one discussed in Eqgs. (6.18)-(6.20). In order to
eliminate this problem, we may use

[HU] approx=HUO
+3{Sv[ Ev—Hy*(0) ]+ (Ex —Hy*(0)) Su},

where

(6.43)

Hy0(0) =1lim Hy?.

R-0

This formula is correct if the basic is an atomic function
given by Eq. (6.37), but is not correct if we include a
linear combination of these basics. The discussion about
Egs. (6.17) and (6.21) is also applicable here, and
Egs. (6.44) and (6.45) are equivalent as long as the
basics &V considered have different symmetry at zero
internuclear distance.

The molecular wave function ®U thus obtained by
the united-atom approach is an exact one if the inter-
nuclear separation R becomes zero (where p=1), but
the accuracy of the function is reduced as the distance
R becomes finite. On the other hand, the molecular
wave function ®, obtained by the separated-atom
scheme, is an exact solution when R—c (where p=1),
but for the finite distance ® is an approximation and
the smaller the distance, the poorer the approximation.

Preuss has suggested use of linear combinations of
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® and ®V as a molecular wave function. Then we have
B, =Py = (po+1)"" (pPr+®nY).
Here p, is a function of R and it is evident that

RO®

R0
giving exact solutions as follows:

hm @,;:@A]U(p=1), llm (bx:q)f'(p:l).
R-0 RO®

Now the energy matrix is given by

<Y I 3 I X}av=[(Px+1) (?u‘*‘l)]_l
X{pepy(R 3| Thavtpo (N

Fpu(R | 5C | M )avt (N | 3¢ | M )av}, (6.46)

where (R|3C| T)a and (N |3C| M )ay are given by

Eqgs. (4.5) and (6.42), respectively. By applying Eqs.

(4.1) and (6.41), (N |3C| T )ay and (R |3C | M ),y are

given by

where

(N [5¢| T)=Er(N|T)+(N|GT)

+v

av

(6.47)

FT)+ (N |VT),
and .
(T3 | N)=ExV(T|N)+(T|§'N) »
(T [SUN)H(T [0V [ N).
In the ﬁrst order of approximation, (R|3C | T ). and
(N | 3¢ | M )y are evaluated by Eqgs. (6.1) and (6.43),
or Egs. (6.17) and (6.44). (N | 3¢ | T) and (T |3C | N}
are also written as
<N l 3C | T>approx=E'[' <A70 I T0>+ <]VO ‘ 8T0> .
+(No | FTo)+ (No | OTy), (6.48)

and
(T3¢ | Napprox=EnY(To | No)+(To | GVNo)

+ (T | YNo)+(To | VV | No),
or '

<ZV|':‘CI T)avqpprox <NOI3(/| T0>

+3{ (Er— Erd®)+ (EnV— Ex”) } (No | To).  (6.49)

Numerical evaluation of the off-diagonal elements
(N |3 | T) is difficult in general. For instance, if we
apply this method to a diatomic molecule and choose a
point between the two nuclei as origin of the united
atom, then three-center integrals appear in (No| Ty)
and (No|3(3 | To), and also we have to expect the
difficulty of higher permutations due to nonorthogonal
orbitals between N and T%. If we choose the position of
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a nucleus as the origin of the united atom, the method
becomes equivalent to the ordinary separated atom
approach, including an extremely high contribution of
ionic structures, which is obviously not suitable for the
basics. On the other hand, if we evaluate, for instance,
the CH; molecule by the separated-atom approach, it is
easy to include the united-atom functions originating
at the C atom. Use of the united-atom method has been
successful for this molecule.

G. Ohno’s Approach?®

After it had been pointed out that the conventional
method by Moffitt, represented by Egs. (6.26) and
(6.31), is a poor approximation, alternative methods
were proposed in which correlation energy and defor-
mation of charge distribution are included; still, the
calculation is as easy as in Mofhitt’s method because of
a common z value for covalent and ionic structures.
Strongly opposing such an approach, however, entirely
different arguments have been published.?* There, the
deficiency of the orbital approach as pointed out by
Mofhitt, is considered to be due to use of unsuitable
orbitals. For instance, the energy difference between
3z, and 32, states of the O, molecule is calculated
as 20 ev at infinite internuclear distance by using a
common z for O atoms and for O~ and Ot ions; this is a
very poor result when compared with the empirical
value of 11.6 ev. But if we use different z values,
namely, 2(0) =4.55, zt(0*) =4.90, and z~(0~) =4.20,
the calculated value improves to 14.2 ev. These results
seem to favor the view that only minor changes in the
orbital functions are necessary to improve calculated
values. Instead, the difficulties inherent in Moffitt’s
method are ascribed to the use of empirical values for
the atomic energy E.

Itoh and Ohno assumed that atomic functions which
give optimum energy values of free atoms and ions are
the best as basics of molecular wave functions. How-
ever, according to these authors, use of any kind of
empirical value should be avoided, because this may
introduce uncertainty and make comparison of the
results with purely theoretical values difficult. Although
the Hartree-Fock functions are the best available, they
assumed that Slater orbitals are good enough if we use
optimum values of z for each O, Ot, and O~ as men-
tioned previously. Then they evaluated the energy
difference between the 3Z,* and the 32, states of the
O, molecule at the equilibrium distance and obtained
reasonable agreement with the observed value.

In the calculation, however, they neglected the
effect of core electrons regarding O, as a six-electron
system. Also, they used several approximations in
calculating integrals with different z values. The ac-
curacy of the approximations is uncertain, and it is
doubtful if one can ever arrive at a definite conclusion.

2 K. Ohno, J. Phys. Soc. Japan 12, 938 (1957).

%K. Ohno and T. Itoh, J. Chem. Phys. 23, 1468 (1955); 25,
1098 (1956).
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In order to avoid the difficulty of evaluating inte-
grals with different z values, Ohno® assumed that
although the use of different s values may introduce
a fair amount of difference in atomic energy, this
would not be so for the interatomic interaction. There-
fore one can evaluate the energy matrix HO=H0(z5
zt#27), built up from molecular wave functions with
different z values, by calculating the energy matrix
H(z) =H°(3=2t=2"), built up from ordinary func-
tions with common 2z, if one calculates the energy of
atoms correctly by using different z values. He then
proposed to use the formula

[H®J approx=HC(2) +5{S°(z) (E'— E*(2))
+(E—E(2))S°(2)}, (6.50)

where H°(z), S°(z), and E°(z) are evaluated by using
orbital functions with common z, but E° is calculated
using different z values. As he did not show any proof
for the postulated Eq. (6.50), and it is not obvious
that the energy matrix derived from it is a good ap-
proximation to H? the results obtained can not be
considered purely theoretical ones.

With our basics as a starting point, we investigate
the validity of Eq. (6.50). The wave functions ®g,
and ® g, used here with p=1 are made up from Hartree-

"Fock atomic functions, which satisfy Eq. (6.3). Then

the energy matrix HO is written exactly as
Hrr"= (Ro | 3C | To)=%(Er"+ Er®) (Ro | To)
+3{(Ro | FoTo)+(To | FoRo)}
+3{(Ro | OT0)+(To | VRo)}. (6.51)

While the approximate functions ®ro(p) and Pro(p),
which are built up from orbitals with a common gz, are
used for H'(z), S°(z), and E°(z), and also satisfy Eq.
(6.3), it is found that

Hp*(p) = (Ro(p) | 5€ | To(p) )
=3(Er'+Er’) (Ro(p) | To(p) )
+3{(Ro(p) [ GT0(p) )+ (To(p) | GRo(p) )}
+3{(Ro(p) | FoTo(p) )+ (To(p) | FoRo(p) )}

+3{(Ro(p) | VTo(p) )+ (To(p) | VRs(p) )}.
Also,

(E%(3) ) 2= Ero(p) = Es*@ (p) + ESP~(p)
L@ (p) = (Qo(p) [ 3¢ [ Qu(p) )
= E*@+(Qu(p) | 6*Q0(p) )+ (Qo(p) | 56*Qu(p) ).
It is then easily found that
[ E"— E°(2) Jr= Ero— Ero(3)
=1£i—fg {—(Tos(p) | GTo(p) )= (To(p) | FoTo(p) )}.



GENERAL ANALYSIS

The right-hand side of Eq. (6.50) is therefore written as
Her"(p) +3{ (Ero— Ero(p) )+ (Ero— Ero(p) ) } Srr°(p)
=3(Er*+Er’) Srr’(p) +3{Vrr(p)+Vrz(p) }
+3(AGRr+AGrr)+3(AFpr+AFrz), (6.52)

where
Ver(p) = (Ro(p) | VTo(p) )

AGrr=(Ro(p) | §T4(p) )

. = (Ro(p) | To(p) )%@5{}0 (To(p) | ST0(p) )},

and
AFgr=(Ro(p) | FoTo(p) )
= (Ro(p) | To(p) M }eig}o(To(P) [ FoTo(p) )}

Now we compare Eq. (6.52) with Eq. (6.51). AGgr
and AFgr in Eq. (6.52) are small. Although AGgr and
AF gy are not zero, unless T is an eigenfunction of the
operators G and §, we assume that AGrr=AFgr=0.
This is equivalent to Mulliken’s approximation. In Eq.
(6.51), (Ro | FoTo) is negligible. This approximation is

an essential point of Moffitt’s formula (6.17). If we-

assume that the molecular wave functions ®ry and
®ro(p) are normalized to one, then from Egs. (6.51)
and (6.52), we find that

0H = H pr®— H 1 (p) — 3{ (Ero— Ero(p))
+ (Ero—Ero(p)) } Ser’(p)
=3(Er"+Er®) { Srr®— Ser®(p) } +53(AV pr+AVrr),

where AV gr=(Ro| VTo)— (Ro(p) | VTo(p) ) and SH
is the error expected in Eq. (6.50). For diagonal ele-
ments the error 6H depends only on AVgr and AVre
because Srr= Srr(p) =1, but for off-diagonal elements
both terms in 8F become appreciable. Looking at
tables of molecular integrals, we find that values of
overlap S and interatomic interaction V change fairly
rapidly with changes in z value. It is, therefore, im-
possible to see why 8F could be negligibly small.

As pointed out in the calculation of energy levels of
a C atom, it is certain that the correlation energy
between electrons is appreciable and, without con-
sidering it, it is impossible to calculate the energy
levels correctly. As in this method the correlation
energy is omitted, we cannot expect any quantitative
results, and even the order of energy levels is not given
correctly. Without any example or mathematical
justification, Itoh and Ohno assume that atomic wave
functions in free states are the best for basics of mo-
lecular wave functions. This assumption is entirely
contradictory to the results for the H; molecule. If we
consider the interatomic interaction as perturbation
and expand the energy value expression into a series
of terms, and take notice of the fact that the inter-
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atomic interaction depends on the choice of atomic
functions, we can see that atomic functions in the free
state can not be the best ones as basics for a molecular
problem. Besides, Eq. (6.50) introduces the error 6H,
which is not considered small; it is, therefore, doubtful
if any physical significance can be attached to the
method.

7. ORBITAL APPROACH

Finally, we consider the usual orbital approach on the
basis of our wave function and investigate the physical
meaning and mathematical reliability we can expect
from results of the orbital approach calculation, and
compare them to those of our approach.

In the latter, a molecular wave function & is ob-
tained as a linear combination of basics ®r:

b= Z‘I’T’YT, (7-1)
T

where the basics ®r are in turn built up from other
basics ®x°:

$r= ZCIJKOCTK. (72)
K

If we take » independent basics ®x° then we obtain at
most # independent basics $r, and we can always
expect exactly the same result ®, regardless of the
transformation in Eq. (7.2), as long as | ¢ [#0. We
cannot, therefore, uniquely determine both sets of
crx and yr at the same time, but we can only obtain
a set of yr for a given set of ¢rx. If we use only m
(m<mn) independent functions &7 in Eq. (7.1), how-
ever, the result depends on the choice of crx in Eq.
(7.2). If we could take a infinite number of basics
®x° which constitute a complete set of functions, then
in principle we can obtain an exact solution ® by deter-
mining the expansion coefficients yr. As long as | ¢ |0,
the transformation Eq. (7.2) can be chosen arbitrarily.
Therefore, we cannot determine optimum values of
crk as well as yr. On the other hand, if we use only a
limited number m of the basics ®r in Eq. (7.1), then we’
can choose optimum values of ¢rk, with the exception
of m of these coefficients. '

In Sec. 3 we proposed to build up a complete set of
functions ®x° the first term of which should be the
Hartree-Fock function (case II). We have assumed
that the atomic eigenfunction has been obtained so
that all coefficients ¢rx are given. In principle then we
can solve the molecular problem exactly by determining
vr in Eq. (7.1). Also, we can obtain exactly the same
result & by setting crx=06rk. This method corre-
sponds to the ideal case of the traditional orbital ap-
proach. As we have already complete freedom in &
in either case, introduction of other parameters such as
the deformation correction p, given by Eq. (3.5), does
not have any significance; instead, the difficulty of
overcompleteriess' may come up. Special techniques,
such as use of atomic eigenfunctions, do not give any
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particular convenience for a molecular problem, and
the transformation in Eq. (7.2) has no.physical or
mathematical meaning; except doubling the labor of the
calculation. ,

In practice, however, we are not able to solve a
secular equation with infinite dimensions. Besides, it
is not quite certain that we can set up a complete set of
functions ®x° from discrete functions only. Solutions of
the Schrédinger equation consist of discrete and con-
tinuous functions. If we expand a solution of the
Schrédinger equation of one system by using solutions
of the same equation for another system, therefore, we
have to include continuous functions too. It has been
proved that the Hylleraas-type functions cannot con-
stitute a complete set of functions for the He atom.
Kinoshita'® has introduced an alternative series of
functions which can be complete and still discrete.
For other cases, however, discrete and complete series
of functions have not yet been found except for a
closed space. This means that even if we admit use of a
secular equation with infinite dimensions, it is still
impossible to describe our problem in the form of a
secular equation because of the continuous functions.

Even if we consider discrete functions only, there is a
limit to the number of functions we can take, because
the error of numerical calculations accumulates. For
instance, by using » functions, we obtain an energy
value of E, within an error of 6E,. If we include one
more function, then the energy E,;; drops. But the
energy depression E,;1— E, becomes smaller as the
number of functions increases. Finally the energy
depression becomes smaller than the error E,. At this
point the addition of the (n+1)-th function becomes
meaningless from the mathematical point of view. As
there is no analytical way of solving a secular equation
of more than three dimensions, there exists a limit to
the number # of basics.

By the variational method, therefore, we are able to
use only a limited number of basics ®r, and the
results obtained depend on the choice of these
basics. If we use the orbital approach by setting
crx=8rg, it is very difficult to take correlation energy
into account, and the results will be poor as compared
with the case where atomic eigenfunctions are used as
basics. For instance, we may assume that 10 terms are
needed to get a reasonable approximation of the He
atom by the orbital approach. If we calculate a HeH
molecule by the orbital approach, we have to take 10
times as many functions as we need when atomic
eigenfunctions of He are used as basics. When we
are interested in He,;, we would need 10X 10 as many
functions. This number may exceed the limiting
number, and therefore we have to cut it down by
omitting some functions which are mainly connected
with the correlation between core electrons. Then we
cannot expect results sufficiently accurate to compare
with observed values because of missing this correla-
tion energy, which is usually not small. If we calculate
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TaBLE III. Molecular constants of O, molecule by Kotani et al.

D. 0 (Po/r*)  (B2(0)) Xdiam

cm?/

ev a.u. ©aau. a.u. mole
Single MO —1.378 0.152 —0.8504 0O —31.28
SCF MO 1.027 0.132 —0.8453 0 —31.27
5 terms 3.409 —1.431 —0.8435 0 —31.85
15 terms 3.629 —1.533 —0.8589 0.1948 —31.89
Obs 5.08 |Q|<0.82 -—1.32 0.187 )

8 0=(D| (3 cosB—1)r2 | D).

the lower electronic states of an O molecule by orbital
approach, we may expect results that are 30-40 ev
higher than the observed total energies. The theo-
retical values of dissociation and excitation energies
are defined as differences between calculated values of
total energies of two O atoms and a O, molecule or
between two O. molecules in different states. The
error we should expect mathematically is conse-
quently at least 40 ev. This error is much greater than
the observed values of the dissociation energy (D=
5.08 ev) or the lower excitation energies, which are of
the order of magnitude of 1 to 10 ev. As there is no
mathematical proof, that correlation energies in atoms
are invariant, this way of calculating the dissociation
and excitation energies is definitely unjustifiable from
a theoretical point of view. In practice, the results are
poor. Although D, for the O, molecule is calculated as
3.6 ev, the energy difference between 3Z,* and *2,~
is predicted as 5 ev, which is rather too large as com-
pared with the observed value of 2 ev.?

It is certain that the calculated total energy is
always above the real energy, which should be obtained
from the spin-free Hamiltonian we used. The calcu-
lated energy of the ground state of the O, molecule by
using one term has an error of about 40 ev. By using
15 terms, we gain an energy of 5 ev, but still an error of
35 ev remains. When this main part of the error is
neglected, the question arises as to what physical
meaning exists in this attempt of adding 14 terms plus
15% times the amount of labor? If we evaluate physical
quantities of the O, molecule by using the present
function, we obtain poor results as shown in Table III.
The values calculated here never approach to the
observed values monotonically, but some poor function
can sometimes give better values than a better function.

Therefore, the calculation by the orbital approach is
justified only if we assume that the correlation energy
in atoms remains invariant. Then it is reasonable to
evaluate the dissociation energy by taking the differ-
ence between energies calculated for two O atoms and
an O, molecule. We can assume that the wave function
with one term is unsatisfactory, because D, obtained
in this way is almost zero, whereas the function with 15
terms is better because it gives the better dissociation
energy of 3.6 ev. It is not certain, however, whether the

% M. Kotani et al., J. Phys. Soc. Japan 12, 707 (1957).
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calculated value of the dissociation energy is always
smaller than the observed value or not. If we increase
the number of functions which take correlation between
valence electrons but not correlation between core
electrons into account, the calculated value of the
dissociation energy may converge to some value, but
it can be either smaller or greater than the observed
value, depending on the molecule concerned.

Empirically we can test the validity of invariance of
correlation energies in atoms by comparing calculated
energy values of atoms with observed ones. The results!®
show that correlation energies vary, depending on
the symmetry of the electrons involved. If we
neglect correlation energies in atoms by assuming
that every state in atoms has a constant amount of
correlation energy regardless of the state being neutral
or ionic, then the differences in correlation energies
come up as error in the calculation. Very often such
errors are serious enough to prevent us from obtaining
reasonable results. This is the main point in Moffitt’s
arguments, and the main reason why theoretical results
are poor in practice, as seen in the calculations of the
C atom and O; molecule.

In connection with this argument, Huzinaga? calcu-
lated the energy difference between the 3Z,* and 'Z,*
states of the H; molecule. If the wave functions are
built up from orbitals, the difference is calculated as
6.8 ev, which is poor as compared with the observed
value of 3.8 ev. If the James-type functions are used
instead, the energy of the Z,* state drops considerably,
and accordingly the energy difference is evaluated as
4.6 ev, which is reasonable. This does not mean, how-
ever, that the nonempirical approach is still the most
successful way for quantitative discussion of the
electronic structure of molecules, and that special
devices for taking correlation energy into account as
developed here are not necessary. In the H; molecule,
there are no core electrons which can introduce serious
trouble in the calculation, but the other molecules do
have core electrons, which we should take care of.

Huzinaga also calculated the ethylene molecule non-
empirically and obtained reasonable results. But he
neglected the core electrons by regarding the molecule
as consisting of two = electrons traveling around
effective nuclei with nuclear charges Z=2 or Z=3.
As many authors have pointed out,? the effect of core
electrons is comparable with the interaction between
valence electrons, and results obtained by neglecting
the effect are not reliable. In fact, the results of Huzi-
naga do not represent the energy levels of the ethylene
molecule, but correspond more or less to the energy
levels of He,™ or Bes*+ in extremely high excited states,
because the results are approximate solutions of the
Schrodinger equation of a two-electron system with

% S. Huzinaga, Progr. Theor. Phys. (Kyoto) 20, 15 (1958).
% Originally by H. M. James, J. Chem. Phys. 2, 794 (1934).
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nuclear charges Z=2 or 3. As the states in which both
electrons are promoted to 2p orbitals belong to con-
tinuous levels, the results cannot have any physical
meaning unless we give additional conditions which can
specify the difference between CyH; and Hey* or
Bey**. The effect of core electrons will be considered in
another paper.

In our method, the wave function used is the one
given by Egs. (7.1) and (7.2). Although it is impossible
to solve Eq. (7.2) by the variational method, all co-
efficients ¢rx would be determined correctly by

CrR= f ‘I’KO*‘I)TdT,

if exact solutions ®7 could exist. Then the calculated
energy is certainly above the observed total energy,
and moreover its value is comparable to the observed
value so that it is quite possible to discuss the ac-
curacy of the wave function obtained purely theo-
retically. Unfortunately, there is no exact solution for
atoms, and then the energy matrix can be evaluated
only approximately. The method suggested in Eq.
(6.1) is to calculate the main part of the matrix ele-
ments accurately, but to evaluate other parts approxi-
mately, so that we are able to calculate the total energy
matrix up to a certain decimal point. Because of the
approximation it may happen that the calculated value
goes down below the observed value; the variational
principle holds only within the limit of numerical ac-
curacy of the approximation. If the approximation
mentioned in Eq. (6.1) is not good enough, however, it
is always possible to increase the accuracy by adding
more terms in calculating S, V, G, and F integrals.

In our method, physical properties other than energy
values are also calculated, because the molecular wave
function is defined mathematically. In practice, we
have to expand them by using Eq. (7.2). Here we can
evaluate the atomic problem more exactly and calcu-
late the effect of the interatomic interaction approxi-
mately so that we are able to obtain more reliable
values than the results obtained by the orbital ap-
proach. For instance, the field gradient ¢ at a nucleus
in the Li; molecule has been evaluated with satis-
factory accuracy.® On the other hand, the orbital ap-
proach cannot even give the correct sign of the ¢ value.

In conclusion, the difference between our approach
and the orbital approach is in the different ways of

‘cutting off the series expansion of the wave function in

Egs. (7.1) and (7.2). In the orbital approach, how-
ever, the basics are so poor that we have to depend on
an empirical assumption in order to make the results
physically sensible. The results are therefore not purely
theoretical; in fact, the assumption used is quite
doubtful. In our method the basics may be satisfactory
but too complicated to use for calculating the energy
matrix exactly..We have to use some approximation in
numerical calculations. Because of the approximation
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there is a limit to the accuracy. However, use of spec-
troscopic data for evaluating atomic energies will help,
but is not at all essential from a theoretical point of
view.

In a forthcoming paper, we shall discuss how our
approach can be simplified for application to more
complicated systems. We shall consider the accuracy
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of further approximation by comparing with the cor-
responding simplification in the orbital approach.

ACKNOWLEDGMENT

The author wishes to express his sincere thanks to
Professor R. G. Parr for his continuous encouragement
and deep interest in this work.

REVIEWS OF MODERN PHYSICS

VOLUME 32,

NUMBER 2 APRIL, 1960

Electronic Structure and Binding Energy of
Carbon Monoxide

A. C. HURLEY

Division of Chemical Physics, Commonwealth Scientific and Industrial Research Organization,
Fishermen’s Bend, Melbourne, Australia

1. INTRODUCTION

HE most accurate method of determining dis-
sociation energies of diatomic molecules is from
the analysis of their band spectra. In favorable cases,
when this analysis is unambiguous, values accurate to
within 0.001 ev may be obtained [e.g., O» Herzberg
(1950)Y]. However, for many molecules of thermo-
chemical interest the analysis of the spectra is ambig-
uous and leads to several possible values for the dis-
sociation energy. One of the most important examples
of this is provided by the carbon monoxide molecule.
Here the spectroscopic data are consistent with just
three values for D,(CO), namely, 9.28 ev [Herzberg
(1950)], 9.74 ev [Hagstrum (1947)], and 11.24 ev
[Gaydon (1947)].

In this situation, relatively crude estimates of the
dissociation energy may be of value in distinguishing
between the possible spectroscopic values. Various
experimental techniques have been employed for this
purpose; for example, mass-spectrometric analysis of
the ions resulting from the electron bombardment of
carbon monoxide [Hagstrum (1951, 1955)7] and the
direct thermochemical measurement of the latent heat
of sublimation of graphite [Chupka and Inghram
(1953, 1955)7, this quantity being related to D,(CO) by
well-established thermochemical quantities.

In this paper two theoretical calculations of the
binding energy and ground state wave function of
carbon monoxide are described. The first is an ab initio
orbital calculation and the second employs the intra-
atomic correlation correction (ICC), introduced by the
author [Hurley (1956a, 1958a)], as a necessary modi-
fication of the method of atoms in molecules [Moffitt
(1951)7, The orbital calculation (Sec. 2) is carried out
in such a way as to facilitate the transition to the ICC
theory in later sections. The key quantity in this tran-
sition is the transformation matrix T [Eq. (2.21)].

1 References are given in alphabetical order in the Bibliography.

2. ORBITAL CALCULATION
(a) Atomic Orbitals

The basic atomic orbitals are taken as orthogonalized
Slater-type functions centered on the carbon and oxygen
nuclei.

o-type  ¢1=ko= ({1*/m)* exp(—{wo),
$o2=kc= ({*/m)¥ exp(—¢arc),
¢3=50=N1{{s%/3m)*ro exp(—{aro) —aike},
¢a=sc=No{ ({45/3m)rc exp(—{arc) —askc},
¢s=00= (§s°/7)*50 exp(—{wro), (2.1)
$s=0c= ({s*/m)¥c exp(—{erc),

a-type  ¢r=x0= ({s*/m)? xo exp(—{wro),
$s=1xc= ({s"/m) xc exp(—{erc),

y-type  ¢o=yo0=({s*/7)*yo exp(—{sro),

$10="yc=(e¥/m) yc exp(—Sorc).

Here (x0,y0,%0), (¥c,¥c,3c) are Cartesian coordinates
centered on the oxygen and carbon nuclei; the 5 axes
are directed inwards along the internuclear axis and
the #,(y) axes on the two centers are parallel:

ro= (x0*+yo’*+2o?) 5, ro= (ac*+yc*+ac)t.

The orbital exponents { have values which minimize
the energy of the ground state dissociation products
O(s2p4, 3P), C(s*f?% *P) [Roothaan (1955)7.

0: §H=7.66, {(3=2.25 ¢5=2.23,
C: =567, t4=161, ¢=1.57. 2.2)

All the basic atomic integrals involving the orbitals
(2.1) were evaluated for the equilibrium nuclear
separation R=2.1319 atomic units (a.u.) [Herzberg
(1950)], and are listed in Appendix II.



