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A system of N antisymmetric particles, moving under the influence of a fixed potential and their mutual
many-particle interactions, is investigated in the ordinary Hartree-Fock scheme, having the total wave
function approximated by a single Slater determinant. It is shown that all the density matrices of various
orders, the wave function, and the entire physical situation depends only on a fundamental invariant
p(#x1,%2), which is identical with the first-order density matrix. The Hartree-Fock equations are expressed
in terms of this quantity.

The Hartree-Fock equations are also solved by expanding the eigenfunctions in a given complete set,
and applications to the MO-LCAO theory of the electronic structure of molecules, and crystals are given.
It is shown that, in this scheme, the entire physical situation depends on a charge- and bond-order matrix
R(vu) with respect to the ordinary atomic spin-orbitals involved. The Hartree-Fock equations for this
matrix are investigated.

Finally, the ionized and excited states are investigated, and it is shown that the Hartree-Fock scheme
has a high degree of physical visuality also in case of many-particle interactions. The excitation energy of
the system is the difference (w;"—w;) between two “spin-orbital energies,” being eigenvalues to the effective
Hamiltonians associated with the two states under consideration.

MARCH 15,

1955

N a preceding paper,! we have investigated the pos-
sibilities for expressing the total wave function ¥
for a system of V antisymmetric particles by a series of
Slater determinants over all configurations of order NV,
fortmed from a basic complete set v, of one-particle
functions or spin-orbitals. This basic set may have been
arbitrarily chosen, and the convergence of the con-
figuration expansion is then correspondingly slow. How-
ever, if we introduce the mnatural spin-orbitals xu
diagonalizing the first order density matrix v(x:'|x1),
we obtain the configuration expansion of most rapid
convergence, which is directly connected with the
convergency of the series

Zk nk=N, (1)

where the occupation numbers 7, fulfill the condition
0<n,<1. The N particles are therefore always dis-
tributed over more than N spin-orbitals, but, mathe-
matically, there is a limiting case when exactly NV
natural spin-orbitals are fully occupied, and the con-
figuration expansion is then reduced to a single Slater
determinant:

V= (N1)~*det{x1,xz - -xn}- 2

Physically, this wave function would have a particular
importance since it is the simplest wave function based
on the “independent-particle model” which has the
correct antisymmetry property. However, in con-
structing this wave function by antisymmetrizing a
simple product, the muiual inleraction between the
particles is usually only partly taken into account, and
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1P. O. Lowdin, preceding paper [Phys. Rev. 96, 1474 (1954)],
in the following referred to as Part I.

this means that the limiting case cannot have a physical
reality and that the wave function cannot be exact.

The many-particle theory based on the approximate
wave function (2) is usually called the Hartree-Fock
scheme,? and it represents the first important step
towards a more exact theory of antisymmetric par-
ticles. The scheme has been developed in great detail
for the electronic structure of the atoms by Hartree?
and his collaborators, and a large part of the periodic
system is now covered in their applications. It will cer-
tainly take a rather long time, before a theory of similar
accuracy has been developed for molecules and crystals,
but the basic principles are well known and have been
discussed by several authors; recent contributions to
this field have been given by Mulliken,* Roothaan,?
Slater,® and others.

In the previous discussions of the Hartree-Fock
approximation, one has usually started from a basic
set of IV individual Hartree-Fock functions or spin-
orbitals, but we will here emphasize another aspect of
the scheme, namely that the properties of the system
are dependent only on the first-order density matrix

v (x1' | xy) (3)

but independent on the individual spin-orbitals, which
are used in forming this matrix. All the higher-order
density matrices may be expressed in (3), and, in order

2D. R. Hartree, Proc. Cambridge Phil. Soc. 24, 89 (1928);

}f. Fock, Z. Physik 61, 126 (1930); J. C. Slater, Phys. Rev. 35, 210
1930).

( 3 Fo)r a survey, see D. R. Hartree, Repts. Progr. Phys. 11, 113
1946).

4R. S. Mulliken, J. chim. phys. 46, 497, 675 (1949).

5 C. C. J. Roothaan, Revs. Modern Phys. 23, 69 (1951).

8 J. C. Slater, Phys. Rev. 81, 385 (1951); 82, 538 (1951); see
also his series of Technical Reports of the Solid-State and Molecu-
lar Theory Group at Massachusetts Institute of Technology
1951-1954 (unpublished).
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to describe the entire physical situation of the system
in the Hartree-Fock approximation, it is therefore suf-
ficient to describe its first-order density matrix (3). The
theory of electronic structure of molecules and crystals
may consequently be reduced to a comparatively simple
quantity.

Due to its connection with the “independent-particle
model,” the Hartree-Fock scheme has further a physical
simplicity and visuality which is of importance in dis-
cussing, e.g., ionizations and excitations of the system.
We will here investigate these properties in greater
detail with the particular intention to find out whether,
in some way, it would be possible to preserve this
visuality also in a more exact theory based on configura-
tional interaction. In this connection, we will consider
physical quantities which are represented by operators
of the form (I, 2), and we note that even many-particle
operators may occur. This is of importance not only in
the nuclear theory but also for the extension of the
ordinary Hartree-Fock scheme to include degenerate
systems and correlation effects, which will be discussed
in a following paper.

1. DENSITY AND TRANSITION MATRICES IN THE
HARTREE-FOCK SCHEME

In Part I, it was shown that all physical properties of
a system of V antisymmetric particles may be charac-
terized by means of a series of density matrices (I, 3) of
various orders, and that a'transition between two states
of the system may be described by a similar series of
transition matrices (I, 17). We will now investigate the
special form of these fundamental quantities in the
Hartree-Fock approximation.

(a) Density Matrix for a Single Slater Determinant

Let us start by considering a wave function of the
form

Uxixe: - -xx)= (V) det{my,ns, - -},  (4)

which is built up of a set of IV spin-orbitals u,, #s, - - -un,
being’ linearly independent but not necessarily orthog-
onal. The basic spin-orbitals may therefore have non-
orthogonality integrals

f () aua (x1) ey = d (B, s)

which are different from zero, if k#!. According to
(I, 39), the normalization integral for U is then given by

f U*U (dx) = D=det{d(k])}. ©)

The wave function (4) is characterized by the fact
that, except for an unessential factor which vanishes in
the normalization, it is ¢nveriant against linear trans-
formations of the spin-orbitals involved. We will con-
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sider a transformation
N
W= Ualap. (7
a=1

According to the well-known theorem for determinant
multiplication, we then obtain

U=U det{au), (8)
(Z(kl) = % d}ca'rd (aﬁ)a,gl, (9)

D=det{a."}-D-det{ag). (10)

Since D#£0, the matrix d of the elements (5) has an
inverse matrix d~! having the elements dI(Jk)
=D(kl)/D. According to (9), the matrix d—! has the
transformation property
d-l=a"1d"(at). (11)
In investigating the transformations, we may con-
sider the basic set u, (k=1, 2, - - - N) as the components
of a vector in a not necessarily orthogonal Hilbert
space and the relation (7) as a vector transformation.
The “length” of this vector, defined by the relation

p(X1,X5) = % . (X1) 01 (X0)d 1 (U), (12)

is then the only fundamental snvariant against (7), and,
by using (7) and (11), this invariance is easily checked.
A quantity of this type was first introduced by Fock?
and investigated in detail by Dirac? for the orthogonal
case (dr=01), but, considering the applications to
molecules and crystals with atomic orbitals having
overlap integrals essentially different from zero, we
have here carried out the generalization to the non-
orthogonal case. By using (5) and (12), we find that o
fulfills the two matrix relations

92= 0 Tr(@) =N, (13)

and g is therefore a projection operator; see also (I, 85).

Since the general densities (3) of various orders are
all invariant with respect to the transformation (7), we
may expect that they must be functions of the funda-
mental invariant (12), and the explicit form for these
functions is easily found. Since D1=det{d'(Ik)}, we
get for the density matrix of order N:

T (/% - - - Xn' | X1Xa- - - Xn)
=U*(x/xs - - - x5") U (X1Xg- - - Xpy) D!
= (V) det{m*(x/)} det{ui(x,)} det{d-'(Ik)}
= (N det{p(x/,x,)}, (14)

where we have used (12) and the ordinary law of
determinant ‘multiplication. The higher densities may
now be derived successively according to (I, 5) and

7P. A. M. Dirac, Proc. Cambridge Phil. Soc. 26, 376 (1930);
27, 240 (1931).



1492

(13). Let us assume that the density of order p has
the explicit form

T® (xl’x2’. . .xp']x1x2. . .xp)
p(x1',%,)

p(x2'Xp)|, (15)

p(x1',xi)  p(x',Xs)

=(ph? p(x2,x1)  p(xd,X5)

PER-OLOV LOWDIN

which apparently is true for p=N. By developing this
density after its last column, putting x,’=x,, and
integrating by using (13), we find that the density of
order (p—1) has exactly the same form, which proves
our theorem. However, by reversing the arguments
used in forming (14), we may now expand the density
of order p by using the law for the determinant of the
product of two rectangular matrices® in the following

p(xp'x1)  p(x,',X2) p(x,',Xy) way:
T® (XI,X2" . 'Xpllxlxz' . 'Xp)
wn(xy) - w¥e,(xy)| |un(x)) ul,(x1)| |d71(liky) - dY(hky)
—_ (P !)—l Z . ) . . e ) . o . . e e . e e e e e e s

s ...'zf,’ W (x,) Wep(Xp)| |011(xy) wip(Xp)| |72 (0pkr) --+ d7(lpky)

a (llkl) a! (llkp)
=) X wnx) - wk, (& Nun(x) - uip(x) | - - - - o - - |0 (16)

g a7 (k) e AT (oRs)

According to (I, 47) and (I, 48), we hence obtain for
the density matrix of order p in the space defined by the
nonorthogonal basic set #, (k=1, 2, ---N):

T (s« -1, kako- - - k)

d! (llkl) d! (llkp)

= (p!)

o . an
A lpk) - d7N(Ipky)

The charge- and bond-order matrix of order p is there-
fore entirely characterized by the components of the
matrix d~1, and for p=1, we obtain in particular

v k)=a"'(lk). (18)

Let us now turn back to the x-space. According to
(15) for p=1 and p=2, we have particularly

v(xy | x1) =p(x1,x1), (19)
p(x1,x1)  p(x1,Xs)

I (x1'xy’ | x1%0) =3 )

p(x:/,x1) p (x2',X2)

i.e., the first-order density matrix is identical with the

(QopIn=00+ f Qup(17,1)dzr+(21)! f Q1

+@) [

p(1,1) p(1,2)
p(2',1) p(2',2)

fundamental invariant (12). This means that, if the
total wave function is approximated by a single Slater
determinant, the first-order density matrix determines
also all the higher-order density matrices by (15), the
normalized wave function by (14), and hence the entire
physical situation. We can now also make a proper inter-
pretation of the first relation g*=p in (13), which is
equivalent with the relation y?=+; it means that the
eigenvalues of the matrix y(!]%k) or the occupation
numbers 7; must be either O or 1. This result is charac-
teristic for the Hartree-Fock approximation, and, in
connection with our results in part I (Sec. 4), we have
then shown that the relation y2= is the necessary and
sufficient condition for reducing the total wave function
¥ to a single determinant.

In the Hartree-Fock approximation, it is hence not
necessary to specify either the total wave function
or the special set of spin-orbitals used in the calcula-
tions, since all information about the system in the
specific state under consideration is contained in the
fundamental invariant p(x1,Xs) given by (12). By using
(15), the fundamental formula (I, 10) takes the form

X 1dx2

p(1,1) p(1,2) o(1',3)
Qas|p(2,1) p(2,2) p(2,3)|dwrdxdas+- - .
p(3,1) p(3,2) »(3,3)

1)

The corresponding formula for the orthogonal case and two-particle operators was first derived by Fock? in his
pioneer work. The average value of the operator Q,, may now also be expressed directly in terms of the basic set u.

8 See part I, reference 7.
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Introducing the matrix notations

(| 2|0 = f w* (1)@ (1) das,

(klk2l Q2| lils) = fukl*(l)ukz*(Z)Qmull(1)'1412 (2)dx1dzxs, (22)
and putting expansion (16) into (I, 10), we obtain
+3 (k| QDA k) + 1) T (Raks|Q uz)dﬁla‘k‘) @ k)
Qo v=Q T N~
( p)A (0) < 1 I?{n 1R2|So12| bive d—l(lzkl) d_l(lzkz)
d71(liky) d1(Liks)
+ @)Y (kakoks|Quas|lilads)| - - - - - o - 4eee. (23)
i A (k) oo dV(Isks)

This is the general formula for the average value of an
arbitrary physical quantity (I, 2), containing also
many-particle operators, for a nonorthogonal basic set
ux. The nonorthogonality problem has been discussed
rather extensively in the literature:® we note that the
corresponding formula for two-particle operators, pre-
viously given by the author,® was derived in an entirely
different way.

(b) Transition Matrices for Two Slater
Determinants

Let us now consider two Slater determinants U and
V, built up from two not necessarily orthogonal sets
(k=1, 2, ---N) and v, (I=1, 2, ---N) according to
(I, 36). If the mutual nonorthogonality integrals are
given by

duo ()= f w* (D)) dac, (24)
we have in (I, 39) obtained
f UV (d%) = Duy = det{du (k])}.- (25)

For the discussion in this paper, we will assume that
the basic determinant Dyy is essentially different from
zero: Dyy#0. In this case, the matrix d,, of the ele-
ments (24) has an inverse matrix d,,! with the elements
du,,—l (lk) = DUV (k[)/D

Except for unessential factors, each determinant U
and V is invariant against linear transformations of the

type (7):

U= o Ualak, D1=2_ Vabp1, (26)
9 See Part I, reference 10.
10 See part I, reference 11.

and the matrices d,,, and d,,,~* have then in matrix form
the transformation properties

dy=a'd,,b, dn'=bd,"l(aht  (27)
Let us now consider # and v as vectors in two associated
nonorthogonal Hilbert spaces, and the transformations
(26) as vector transformations. Then the “scalar
product” of these two vectors, defined by

Puv(X1,X5) = % ur® (x1) v, (X2)d1(1R), (28)

must be the only fundamental invariant against the
transformations (26), and, by using (26) and (27), this
invariance is easily checked. Using (24), we find that
the matrix gu. also fulfills the characteristic relations
(13) for a projection operator.

The transition matrices of various orders may now be
calculated in the same way as for #=v. Introducing the
normalization constant

kyv=Dyy(DyyDyv)3,

we find for p=N:

(29)

PUV(N) (Xl’x2,' . 'XNIIXIXZ' . 'XN)
— oy U*(x'xy - - - xy')V (xiXa- - - Xy) det{dus=t (%)}

=kgv (V1) det{pu.(x/,x,)}. (30)
The density matrices of lower orders may then be
found successively by using (I, 5) and (13), and the
form is the same as in (15), (16), and (17) with g and
d* replaced by gu. and d.,™, respectively, multiplied
by the normalization constant (29).

In analogy to (21) and (23), we get therefore for the
transition element of an operator Q,, with respect to
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two Slater determinants U and V with Dyy20:

(U9 | V)= f U*0u,V (d5)/ (DywDyy)*

=KUV: Q(o)-}-fﬂlpm,(l',l)dxl‘l— (21)—1f912

=xw[sz<o>+§{k|szlll}dw—1<lk>+<2 -t

where the matrix elements are now defined by (I, 50).

In the special case when Dyy=0, the invariant (28)
no longer exists, and formula (31) looses its meaning.
The general method developed in Part I, Sec. 2 b,
covers also this case, but it remains to investigate
whether the various transition matrices may be reduced
to some simpler fundamental invariants also in this
case. We will here leave this problem open.

2. HARTREE-FOCK EQUATIONS IN TERMS OF
THE FUNDAMENTAL INVARIANT

(a) Variation of an Orthonormal Basic Set

Let us now determine the basic set #;, #s, «- -y in
such a way that the Slater determinant (4) form as
accurate an approximation as possible to a solution of
the eigenvalue problem:

Qop¥ =WV, (32)

where Q,, given by (I, 2) may contain also many-par-
ticle terms. Up till now we have not imposed any par-
ticular condition on the set #, but, by a suitable linear
transformation, this set may now be orthonormalized
without changing the character of the total wave func-
tion. For this purpose, we will use the formulal:

V=2 o tad "} (ak), (33)
and we note that the set ¥4 (=1, 2, ---N) has the
required orthonormality property:

f‘/’k*ll/zdxl = 0. (34)

Putting (33) into the fundamental invariant (12), we
obtain
N
p(X1,X3) =kZl Y™ (X0) ¥ (X2), (35)
which is just the Fock-Dirac density matrix with the
spin functions explicitly included in accordance with
the recommendations by Slater. This is also the diag-
onalized form (I, 74) of the first-order density matrix
v(x1]X2), and, due to the degeneracy ny=mns=- - -ny=1,
1 See part I, reference 11. The matrix d~* may here be con-
structed by transforming the Hermitean matrix d to diagonal form
by a unitary transformation U, taking the inverse of the square
root out of the diagonal elements (which are all positive), and

going back to the original representation by the unitary trans-
formation UT.

Puvy (1,3 1) Puv (1,’2)
Puv (2,: 1) Puv (2,72)

PER-OLOV LOWDIN

dxrdxo+t-- -+ }

duv—l (l lk l) du‘u——l (l 1k 2)
> {kike| Q12| lila}
duv_l (lel) duv;l (lzkz)

kiks
hl2

+ ] (31)

the set Y, =x; is still undetermined on a unitary trans-
formation of spin-orbitals.

We will now determine the best choice of the set ¥,
by applying the variation principle (I, 22). Using (21),
varying the set iy, and taking the orthornormality
condition (34) into account by introducing a Hermitean
matrix A(/|k) of Lagrangian multipliers, we obtain a
set of conditions which, according to (I, 92), may be
condensed in the form

p(&'x1) p(&x0)
P (X2’>X1) P (x2l7X2)
p(&/,x1) p(&,x5) p(&/xs)

fﬂlzs p(xd',X1) p(x2',Xs) p(xo,X5)|dtadacs

X2

Qlﬁ(f1’,X1)+f912

+ ()

p(xs',x1) p(xs',%s) p(xs',X3)
+ = E %), (35)

where the operators € do not work on the primed
variables and, after the operations in the integrands
have been carried out, we have to put all x;/=x;. This
is the Hartree-Fock equation for the fundamental in-
variant p(&/,x1). The function

AE |x0)= % Y (& (x)N (] ),

in the right-hand member was here derived by using
the orthonormality condition (34) for the individual
spin-orbitals y%, but we will later see that we can for-
mulate this auxiliary condition also in terms of the
invariant ¢ without reference to any orthonormality
property.

Since the density matrix (35) is already on diagonal
form, we may now use the remaining unitary trans-
formation of the set ¢, for diagonalizing the matrix
A(|%) in the function (37), and we will denote the
eigenvalues by ;. Applying (I, 96), we may now
rewrite (36) in the form

37)

Ye(x1)  Yu(xo)
Qi (x1) +f912 ) (X2',x1) ) (x2'1x2) X9
Ue(x1)  ¥n(X2)  Yr(Xs)

+@2H f Quz3)p (X2, X1)  p(X2',X2) p(X',Xs5) |dxadics

p(xs',x1) p(x5',X2) p(x5',X5)

+ - =wahe(x1),  (38)
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which is just the set of ordinary Hartree-Fock equations
for the individual functions ¢5 (k=1, 2, ---N) gener-
alized to many-particle operators. Introducing the
operator P,; for permuting the variables x; and x;, we
may instead write (38) in the form of an eigenvalue

1
Qese(1) = 91+f912

p(Xs',X1)  p(Xy',Xs)

where the permutation operators P;; should work
directly on the wave function, i.e., should be written
to the right of the p-factors in expanding the deter-
minants. In this operator, the elements P;;=1 give

where

Voo (1)= f (1 Pip (2,2 dsrt @) [ Quaa(1—Pra— P

As before we have here used the convention that, after
the operations have been carried out, we have to put
all x;/=x;. It is easily shown that Qe is an Hermitean
operator, and this implies that the eigenfunctions ¥
to (39) belonging to different eigenvalues w: are auto-
matically orthogonal in consistency with the fact that
we have here transformed away all nondiagonal Lagran-
gian multipliers, which otherwise could be used for
preserving the orthogonality.

(b) Spin-Orbital Interaction

By means of the variation principle (I, 22) and the
simplifying assumption about the form (4) of the wave
function, the original eigenvalue problem (32) in con-
figuration space for the many-particle operator (I, 2)
has now been reduced to an eigenvalue problem for one
particle in the ordinary x-space. The effective Q operator
in (39) has the advantage of a certain degree of physical
visuality: it consists of the one-particle term in the
original operator plus an ‘“‘average potential” on the
particle, depending on its interaction with all the other
particles. This visuality may be emphasized by intro-
ducing the individual spin-orbitals ¥, or the density
matrices px(X1,X2) =¥i* (X)) (X2) associated with them.

Expanding the density matrix (35) in the form

p(x1,X2) =ké pr(X1,Xz), (43)

and substituting this expression into (42), we obtain
V()= VI()+ )T Z Vim)+---, (44)
l im

where

Vl(1)=f912(1“Plz)Pz(Z',Z)dxz,

THEORY OF MANY-PARTICLE SYSTEMS. II

Qeff<1> = Ql‘l" Vop(1)7
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problem
Qe (1)r (x1) = e (X1),

where the “effective” one-particle operator s cor-
responding to (I, 2) has the explicit form

(39)

Pig Ps

dxo+ (2 1)"1f9123 p(Xd/x1) p(X2',Xs) po(xy,X3)|dxodwst---, (40)

p(xs',x1) p(xs',X2) p(Xs',Xs)

rise to ordinary potentials, whereas the elements P;;
for js21 give rise to exchange potentials. Expanding the
determinants after their first rows, we can rewrite the
effective Q-operator in the form

(41)
p(2',2) p(2',3)
d: 2d R
o3 o3| *2)
yim(1)=pmi(1)= f Quss(1— Pra— P13)
p1(2,2)  pi(2',3) wadrns (45)
pm(S,,Z) Pm(sl)s)

Here each term has a specific physical meaning: V(1)
is the potential on particle 1 arising from another par-
ticle in spin-orbital 7 due to the two-particle interaction
operator Q;2; V(1) is the potential on particle 1
arising from a pair of particles in the spin-orbitals I
and m due to the three-particle interaction operator Q23;
etc. The effect of these operators on an arbitrary func-
tion f(x1) is demonstrated by the formulas

) f(2) .
pi(2,1)  pu(2,2)

2

V(1) f(x) = f Qs

Vim(1) f(x1)

f() f(2) f3)
=f9123 pi(2,1)  pu(2,2)  pu(2',3) |dxadixs; (46)
pn(3,1) pn(3,2) pum(3,3)

In discussing the physical interpretation of the poten-
tials (45), we note that the first term in each of them
has an almost “classical”’ meaning, whereas the terms
containing the permutation operators P;; depend on
the antisymmetry requirement (I, 1) and therefore cor-
respond to typical quantum-mechanical effects. We
have seen that, in the x-space, the antisymmetry leads
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to the relation (I, 8) and the existence of the “Fermi
hole,” and we observe now another consequence,
namely:

VE(Dyr(x)=0, V¥ (1)r(x1)=0,

which means that the particle in spin-orbital £ does not
interact with itself. This important result is not limited
to the ordinary Hartree-Fock approximation, for, in
considering the extended Hartree-Fock equations (I,
89), (I, 90), (I,92), and (I, 96) for limited configura-
tional interaction, we find that the coefficients for the
interactions of various orders are given by the matrix

(47)

Vkl=fVl(1)pk(1’,1)dx1= fﬂlz

Pk(]-/yl) pk(1/,2)
Pl(z,yl) pl(2/,2)
pe(1,1)  pe(1,2)  p(1,3)

PER-OLOV LOWDIN

elements

IO (Ll - Ly| bakae - - k), (48)

which are antisymmetric in each set of their indices, and
which therefore vanish identically if two indices in a
set happen to be the same. In the nonrelativistic
quantum theory of antisymmetric particles with static
interaction, there is consequently no self-energy prob-
lem, but, unfortunately, one has so far not been able
to generalize this result to relativistic theories and time-
dependent interactions. ‘

In this connection, we will also introduce the total
quantities:

xldxg,

(49)

Vk""=fV‘”‘(l)pk(l’,l)dxl—':me 01(2,1)  pi(2°,2)  pu(2',3)|dx1dxedas;

where Vi!=V* is the total potential between the spin-
orbitals 2 and / due to the two-particle interaction Qio,
Vitm=Vmk=V,* is the total potential between the
spin-orbitals &, /, and m due to the three-particle inter-
action Qp3, etc. Using (39), (44), and (49), we now
obtain for the “spin-orbital eigenvalue” wy:

= f (1) Qe (D (1)

- f Qoe(V dar+ Y Vil 2D S Vidn- -+, (50)
l Im

giving a simple physical interpretation of this quantity.
We may also express (Qp)n in terms of the total spin-
orbital interaction potentials (49), and, according to
(21) and (43), we obtain

(Qop>Av=9<o>+§k; fﬂlm(l',l)dxl
+@)T X V@) X Vil
kl

klm
14 (X1) = fﬂm

For Q;;=¢€*/r:;, Qi%x=0, this is just the potential intro-
duced and investigated in detail by Slater.’® However,
an essential difference between (42) and (53) will later
be pointed out in connection with the treatment of the
“yirtual”’ solutions to the eigenvalue problem (39).

2 J C. Slater, Phys. Rev. 81, 385 (1951).

13 See also J. C. Slater, Phys. Rev. 82, 538 (1951); G. W. Pratt,
Jr., Phys. Rev. 88, 1217 (1952).

QY

p(1',1) p(1,
e(2,1) (2,

Pm (3,; 1) Pm (3/)2) Pm (3,,3)

where, due to the factorial coefficients, each interaction
term V3!, V3™, etc. will be counted only once. Compar-
ing (50) and (51), we get also

N
Qop)n=00+2 =5 X' Vil=3 X/ Viim— - - -,
k=1 kl

klm

(52)

showing that (Qep)a is different from the sum of the
eigenvalues, since the interaction potentials are counted
in different ways in these two quantities.

(c) Average Exchange Potentials

The exchange potentials in (42) are of a rather com-
plicated character, and Slater’? has therefore proposed
that they should be approximately replaced by “average
exchange potentials” being ordinary functions of x;. In
Part I, we have shown that this can be strictly done by
minimizing the weighted ‘“‘error sum” (I, 100), and,
according to the general formula (I, 103), we then
obtain in the Hartree-Fock approximation:

p(1,1) p(1,2) p(1'3)

2
ziidxz/p(1,1)+(2!)“ f Dssp(2,1) p(2,2) p(2',3)|dwadrs/p(1,1)+-- . (S3)

p(3,1) »(3,2) »(33)

(d) Variation of the Fundamental Invariant

In considering the problem how to determine the
Slater determinant (4) in order to get as accurate
approximation as possible to an eigenfunction of the
operator £, we have in the previous section applied the
variation principle by varying the basic orthonormal
set Yz. In connection with the orthonormality condition
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(34), we have then introduced a matrix A(J|k) of
Lagrangian multipliers having the eigenvalues wy.
However, according to (14), the total wave function
(4) is dependent only on the fundamental invariant g
defined by (12), and we will now instead treat the same
problem by varying this quantity as a whole. Since g
fulfills the relations (13), we get for its variation
do="0p(x1,%9) :

Tr(59)=0. (54)

Varying expression (21), and using (40) and the first
relation (54), we then obtain

dp=gdo+d00;

6<90p)kv=fﬂeff(l)‘sp(llyl)dxl=fap(l:z)ﬂeff(l)

X p(2,1)d%1dx2+complex conj.  (55)

The auxiliary conditions for the variation of ¢ are
contained in (54), and the problem is now to express
them in convenient form.” Combining the first relation
(13) with the first relation (54), we get

(56)

In the terminology of Part I, Sec. 5, this means that dp
is without orthogonal projection within the subspace
of the Hilbert space defined by the matrix o. If
A=A(X3,X,) is an arbitrary function and A=A (xg,X,) its
orthogonal projection within the same subspace, defined
by the matrix relation

d=pAp,

p:8p-0=0.

(7

then the “scalar product” of dp and X must be zero,
and the direct proof is simple:

Tr(8o-2)=Tr(50 - pAg)=Tr(odpo-A)=0. (58)

This is the auxiliary condition desired, and it can be
expressed in the same form as (55), if we assume that
2 is an Hermitean matrix and we further add the com-
plex conjugate to (58):

f 8p(1,2)X(2,1)d%1dx2~+-complex conj.=0. (59)

Combining (55) and (59), we obtain
Qeff(l)p (Xg,Xl) =>\(X2,Xl),

which is the Hartree-Fock equation for the funda-
mental invariant g. This equation is, of course, identical
with (36), but we note that the function A(XpX;) in
the right-hand member is here expressed directly in
terms of g according to (57). If the basic set is chosen
orthonormal, \(Xz,x;) may then be expanded in the
form (37), see (I, 82) and (I, 86), and we obtain the
connection with the previous theory.

(60)

1 See also J. Frenkel, Wave Mechanics, Advanced General Theory
(Clarendon Press, Oxford, 1934), p. 435.
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Instead of solving a set of N Hartree-Fock equations
for functions ¥x(x1) (k=1, 2, - - - N) of a single variable,
we can therefore principally treat the same problem by
solving a single equation (60) for a function p(x1,X2)
of two variables, fulfilling the auxiliary conditions

o'=g, Tr(e)=N. (61)

From the practical point view, we do not know any
convenient direct numerical method for solving equa-
tions like (60) and (61), but, with the development of
the modern electronic computers, the situation may be
changed. For the moment, Eq. (60) has mainly principal
interest, and it may serve as starting point for theories
based on approximate forms of the matrix p(x1,Xs), as
the statistical approximation.

3. SOLUTION OF THE HARTREE-FOCK EQUATIONS
BY EXPANDING THE EIGENFUNCTIONS IN A
FIXED COMPLETE SET

(a) General Theory

The essential problem in the Hartree-Fock method,
where the total wave function is approximated by a
single Slater determinant, is the solution of the one-
particle equation

Qoss ()¢ (X1) = wihr (X1), (62)

for the basic spin-orbitals ¢, (k=1, 2, ---N), where
Qe1:(1) is given by (40). The Hartree-Fock equations (62)
form together a system of coupled nonlinear integro-dif-
ferential equations connected with an eigenvalue
problem, and, since they therefore have a rather com-
plicated character, we will discuss the methods for
solving them in greater detail.

Hartree?® has shown that, for a single atom or ion,
Eq. (62) is separable in polar coordinates, and that,
after elimination of the angular part, it remains to
solve a system of nonlinear radial integro-differential
equations. Hartree and his collaborators have solved
this system numerically by a method of successive
approximation: one starts from trial values of the spin-
orbitals, calculates ¢ and the corresponding potentials
(45), and introduces them in the effective @ operator.
For this fixed operator, one then determines the first N
eigenvalues and eigenfunctions by numerical integra-
tion, which then may be used for a new evaluation of g
and the potentials, etc. The process is carried on until
it becomes self-consistent, i.e., until two successive
approximations agree within the accuracy desired, and
the procedure is therefore called the ‘‘self-consistent-
field” method.

In molecular and crystals problems, it is usually not
possible to separate Eq. (62) by using any particular
form of coordinates.!® In such cases, one may try
another approach, namely to expand the eigenfunctions

16 The only exceptions would be systems of extremely high
symmetry; compare the ‘cellular” method for crystals and its
modifications.
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F16. 1. The form of the rectangular matrix ¢, which has unitary
properties at least in the vertical direction.

to (62) in terms of a fixed complete orthonormal set ¢,
(r=1,2, -++):

Y (x1) =§: ou(X1)Cu. (63)

#=1

For the following general discussion, it is not necessary
to specify the detailed character of our many-particle
system, which may be an atom,!® molecule, crystal, or
atomic nucleus. For the sake of simplicity, we may
formally assume that the set has only finite order M,
and afterwards we will then let M—co.

Since the operator Qs is Hermitean, its eigenfunc-
tions ¢ (k=1, 2, ---N) are automatically orthogonal,
and we will further assume that they are normalized to
fulfill (34). We note that, in addition to the N eigen-
functions which are used in constructing the density
matrix g, there may be also higher solutions for
k=N+1, N+2, ---, but, for the moment, we are not
interested in these “virtual spin-orbitals.” The main
problem is now to determine the coefficients ¢, in (63),
which form a rectangular matrixz of order M XN with
M>N. It is here understood that (63) is momentarily
replaced by the approximate expansion

i (x1) = §=1 0u(X1)Cute (64)

Substituting (64) into the orthonormality condition
(34), we obtain

M
Z CkuTG,‘z'—‘-ﬁkl, (65)

p=1

which may be condensed in matrix form to cfe=1, if
we strictly observe that the symbols ¢ and ¢' indicate
rectangular matrices. We note that the matrix ¢ has
unitary properties at least in the vertical direction, but
that we cannot prove the complementary relation

16 We note that, for atoms, the method may be used alter-
natively with Hartree’s conventional treatment applying nu-
merical integration.
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cct=1 without completing the matrix to square form
by investigating the character of the virtual orbitals.
The properties of ¢ are indicated in Fig. 1.

In Sec. 1 we have shown that, in the Hartree-Fock
approximation, the entire physical situation of the
many-particle system may be described by the funda-
mental invariant ¢ defined by (12) or (35). Putting
(64) into (35), we obtain

N M
p(X1,X9) = El U (XY (X0) = X ) eu* (X1) 2, (x2)Q (vu),

Byy=

(66)
where we have introduced the symbol
N
Q) =% cucru. (67)
=1

The entire physical situation is now instead determined
by the quadratic matrix Q of order M X M.

Relation (66) gives also the first-order density
matrix y of the system. In Part I, the matrix of the
coefficients y(v|u) in the expansion of this density
matrix with respect to a particular basic set ¢, has
generally been called the charge- and bond-order matrix
with respect to this set. We will here use the special
notation

() =0@m), (68)

in order to indicate that we are considering the Hartree-
Fock approximation. The physical interpretation of the -
elements is given in Part I, Sec. 2. We note also that,
in forming (66), we are carrying out the reverse to the
procedure used in forming (I, 74), since we are here
going from natural spin-orbitals to an arbitrarily chosen
basic set ¢,.

Since g fulfills the relations (13), the same must be
true also for the matrix Q:

Q*=Q, Tr(Q)=N, (69)

and we can easily check these relations by using (67).
The Hermitean matrix Q is therefore a “projection
operator” in the sense of Part I, Sec. 5. It has IV eigen-
values equal to 1 and (M —N) eigenvalues equal to
zero, and the eigenvectors associated with the eigen-
value 1 form together the rectangular matrix ¢. Hence
we have

QC=C,

where the unit matrix of the last relation is a square
matrix of order V. These relations are easily checked by
using (65) and (67).

Let us now consider the density matrices in the
u space. Putting (66) into (15) and using the law for
forming the determinant of a product of matrices, we

ctQc=1, (70)
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obtain

v (x| %)= Zv eu*(x1) 0, (x1)Q (vhe), .

T (Xllle .o 'Xpll X1Xo- * .xp)

pu*(x1) - ew*(X)| |on(x)  ccr (X)) Q) -0 Q(viny)
't,t?,‘,:é,,: eut* (%) 0 en (X)) lon(xp) v @ (Xp)| Q) -0 Q(vpmp)
Q) -+ Qviy)
=) X ew*X) e (X Nen(x) renpxp)| - - o o - L (T1)
e Q(rpp) <++ Qvamy)
which gives
Qi) Qg -+ Qvipy) ‘
TP (g - vp|pape: - -pp)= (PN - - -« « - . . .| (72)
Q(”pﬂl) Q(Vpl"2) Q(”pﬁ‘p)

All charge- and bond-order matrices of higher orders may therefore be expressed in the fundamental matrix Q,
and this is true also for p=0N, i.e., for the wave function itself. Introducing the matrix elements with respect to
the set ¢, '

w113 [ o (D0 (s,

(73)
[”1”2 l le V1V2]= f Sal-‘l*(l) ¢”2*(2)912¢v1(1) §0v2(2)dx1dx2,
and applying (I, 10), we get the fundamental formula
Q1) Q(vims)
Qop)av=0)+ Qv +@2H 2| Q12| v1ve
(Qop)="20) :{.Dtl [v]0 () +(21) T%:waf l ]Q(Wl) (v
Qrwy) -+ Qrws)
+ @D X [wipops| Quas|vivars]| - - - - o o |, (74)
Hipizpss Q(vsp) -+ Q(vsus)

vivavy

showing that the average value of a physical quantity Q,, may be expressed in terms of the matrix elements (73)
and the charge- and bond-order matrix Q. ‘

The essential problem is now to solve the Hartree-Fock equation (62) and determine the matrix Q. Since (62)
for a fixed Qo operator represents a linear eigenvalue problem in the ordinary x-space, we may again apply the
variation principle (I, 22). Forming the average value of Qes; by using expansion (64) and omitting the index £,
we obtain

o= [Py / [ VW= 6Tl Qo 716/ %t 715)
where
(12l 3= [ o D0V,
OREIC)
(1) p(22)
(1) 02 @)
+ @ [0 O0ulp@) p(22) p(23)| drddrst----
o(3) 53,2 p(3,3)
=[p| ] v]+X Q(vops) (1— Puws) [upz| Qs | vv2]
o Q(vaus)  Q(woms)
Q(vsus) Q(vaus)

%1d%s

=D.¢|Q1]v]—|—f¢“*(1)912

+@) Y (1— Povy— Povg) [ upops| Quos| vwavs]+- -, (76)

Bops
vave




1500

As in (44)-(52), the operator Qe may here be expanded
in terms of potentials from the densities ¢,*,Q(vu),
and the matrix elements (76) may then be interpreted
analogously.

Keeping Q¢ fixed, varying the coefficients ¢ in (75),
and putting dw=0, we obtain a system of linear equa-

tions

> [k Qete] v]— b} 6,=0, (77)
which is soluble only if

det{[u| Qots| ¥ ]— b} =0. (78)

This secular equation is an algebraic equation in w of
the order M, and it has therefore- M eigenvalues wy
(k=1,2, - - - M) which are all real. After the eigenvalues
have been determined, we may solve the M systems
(77) giving a quadratic matrix ¢, of order M. In addi-
tion to the N ordinary solutions, in which we were
originally interested, we have therefore also obtained
(M—N) ‘“virtual” solutions, which will be discussed
later.

The whole nonlinear problem may now be solved by
a process of successive approximations which is anal-
ogous to Hartree’s ‘“‘self-consistent-field” method for
atoms. One starts from trial values Q@ of the funda-
mental charge- and bond-order matrix, evaluates the
matrix elements (76), solves the secular equation (78),
and thereafter the linear system (77). From the rec-
tangular matrix ¢u corresponding to the N ordinary
solutions of (78), one may then form a new approxima-
tion of the matrix Q by using the definition (67), and
the procedure is then repeated until it becomes ‘‘self-
consistent,” i.e., until two successive approximations
agree within the accuracy desired.

The method of expanding the Hartree-Fock functions
in terms of a fixed given set was first used in the
molecular orbital theory in investigating the electronic
structure of molecules and crystals. However, a first
systematic treatment of the variation problem, em-
phasizing its nonlinear character, was first given by
Roothaan,® who varied the coefficients ¢, directly in
the total quantity (Qp)a. The derivation given here
follows more Hartree’s conventional scheme and, in
addition, we have pointed out the essential simpli-
fications of the calculations which may be obtained by
introducing the charge- and bond-order matrix Q.

(b) Direct Variation of the Matrix Q

One could also consider the matrix Q as the funda-
mental variable in the problem and vary this quantity
as a whole instead of the coefficients ¢ By varying
expression (74) and using (76), we obtain

5<90p>Av =3 wlu ] Qets ' V]‘SQ (Vl-l) =Tr(Q.s:-5Q). (79)

The auxiliary conditions may be treated analogously to
Sec. 2 (d). Since Q fulfills the relations (69), we get for
its variation:

30=0Q5Q+3Q-Q, Tr(3Q)=0, (80)
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and further

Q3Q-Q=0, (81)

showing that 6Q is without orthogonal projection within
the subspace of the general Hilbert space defined by the
projection operator Q. If A is an arbitrary matrix of
order M and X its orthogonal projection within this
subspace defined by

%=QAQ,
' (82)
N M
A= > cﬂkkkicivf: Aei= 2. Gku*Auvcvj )
k,l=1 pr=1
then the “scalar product” of §Q and & is vanishing;
Tr(6Q-2)=0. (83)

This relation presents the auxiliary conditions in a
convenient form, and, by combining (79) and (83), we

obtain
| Qese| 1= N (84)

This is the Hartree-Fock condition for the charge- and
bond-order matrix Q, and it says simply that the matrix
(] Qes: v] should belong to the subspace defined by Q.
Togther with (69), this condition is sufficient for deter-
mining Q. It may also be expressed in the form

Qotr=QQ.Q, (85)

where Qes; as in (79) is the matrix formed by the ele-
ments [u| Qest| v].

(c) Applications to the MO-LCAO-Method in the
Theory of the Electronic Structure of
Molecules and Crystals

In the molecular-orbital theory of molecules and
crystals introduced by Lennard-Jones, Hund, Mulliken,
Bloch, and others, the molecular orbitals for the elec-
trons were assumed to be solutions to a one-particle
Schrodinger equation, where the “effective” Hamil-
tonian consisted of the kinetic energy of the electron,
its potential energy in the nuclear framework, and its
potential energy in the field of all the other electrons.
As in the original Hartree scheme, the exclusion of the
interaction between a particle and itself caused mathe-
matical as well as physical difficulties, until this problem
was successfully solved by the introduction of the
antisymmetry requirement in the Hartree-Fock scheme,
which automatically eliminated the self-interaction;
see (47). The effective Hamiltonian of a molecule or a
crystal may therefore now be properly represented by
the one-particle operator (40) corresponding to a total
Hamiltonian of the form (I, 11):

2 Z
B = ¥
2m 9 ¥ig

St f p (X2,X2) — p(X2,X1) P12
€

dxz, (86)

*12
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but we note that we here have neglected relativistic
effects (including all spin couplings) as well as the zero-
point vibrations of the nuclei g, having the atomic
numbers Z,.

(d) Fundamental Charge and Bond Order Matrix R
with Respect to the Ordinary Atomic Orbitals

In the MSO-LCASO method of treating the electronic
structure of molecules and crystals, the molecular spin-
orbitals (MSO) are assumed to be formed by linear
combinations of atomic spin-orbitals (ASO) ¢,, which
may be the ordinary or hybridized 1s, 2s, 2p, 3s, ---
spin-orbitals associated with the atomic constituents of
the system. In comparison to (a), this assumption leads
to a complication, since atomic spin-orbitals ¢, and ¢,
belonging to neighboring atoms are usually overlapping,
and they have therefore nonorthogonality or overlap
integrals

f 0 (6, (Ddm=Ap=0,+Sw  (87)

which may be essentially different from zero. However,
by a suitable linear transformations as (33):

Pu= Za e (A-%) ap™= Za d’a[(l_}‘s)—%]am

the basic set may be orthonormalized, / ¢,* p,dx=4,,,
and the general theory developed in (a) may then be
directly applied to the set ¢, of orthonormalized atomic
spin-orbitals (ON-ASO).

Let us consider a molecule or crystal in the Hartree-
Fock approximation having a total wave function ap-
proximated by a single Slater determinant, built up
from N molecular spin-orbitals ¢, ¢s, - - -¢¥~. Expanding
¥i in the form (64) and using (88), we now obtain for
the fundamental invariant ¢ defined by (35):

(88)

p(X1,X5) =k§——:l i (X)) (xs)

= Zuv ?n* (xl) [ (Xz)Q (VF‘)
=2 ap ba* (X1)d5(X2) R (Bcr),
R=A-1QA*=(14S)~*Q(1+S) %

We note that the matrix R may also be introduced
directly without the help of the ON-ASO, if we instead
start from the expansion

(89)
(90)

where

‘l/k = Za Dol ak (91)
and introduce R by the definition
N
R(Ba)=) rarral, (92)

k=1

Since the set ¥4 is orthonormalized according to (34),
we get further

rfAr=1, (93)
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for the rectangular matrix 7. of order M X N. By using
(92) and (93), it is easily shown that, instead of (69),
the matrix R fulfills the relations

RAR=R, Tr(A-R)=V, (94)

corresponding to (13). We note that the “overlapping”
matrix A occurs in (93) and (94), since it describes the
‘“geometry” of the nonorthogonal space, defined by
the basic set ¢,, and R may then be interpreted as a
“projection operator” in this space.

In a previous paper,!? we have called the Q the charge-
and bond-order matrix of the system and R the “bond-
ing-overlapping” matrix, but, according to the general
terminology introduced in Part I, Sec. 2, we are now
going to change our nomenclature and call Q and R
the charge- and bond-order matrices with respect to the
orthonormalized and ordinary atomic spin-orbitals,
respectively. Let us now discuss the relation between
Q and R in greater detail, particularly from the chemical
point of view. :

As an example, we will consider the interaction
between “closed-shell” ions. This case is nondegenerate,
and, if we choose M =N, it follows from the comple-
mentary relation to (65) that

Q(vu) =0y. (95)

Since the bond orders vanish for u», this relation cor-
responds to the nonexistence of valence bonds between
closed-shell systems. However, if the ions are put
together in, e.g., an fonic crystal, the circumstances will
be changed. In previous papers,'® we have shown that
the existence of such a crystal depends on the equi-
librium between the electrostatic attraction between
the ions and the repulsion due to the overlapping
between the ions at closer distances. It should be pos-
sible to express these repulsive properties also in the
valency language, and we note that, in this special case,
the matrix R is defined by

R= A= (148)7,

giving charge and bond orders essentially depending on
the overlapping between the ions. Numerical applica-
tions may be found in reference 11 of Part I, and we
will here only illustrate the result by some recent data
on LiH by Lundqvist,'® who has found the first elements
of the charge- and bond-order matrix associated with the
1s-orbitals of Li* and H~ to be:

R,,=1419 for H-, R,,=1.021 for Li*,
R,,= —0.052 for LitH~ (nearest neighbors),
R,,=—0.165 for H-H~ (next nearest neighbors).

We note the negative signs and repulsive character of
the bond orders for nearest and next nearest neighbors.

17 P, O. Léwdin, J. Chem. Phys. 19, 1570 (1951).

18 See Part I, reference 11.

19§, 0. Lundqvist, Arkiv Fysik 8, 177 (1954). Compare also
I. Waller and S. O. Lundqvist, Arkiv Fysik 7, 121 (1953), where,
as Lundqvist has kindly pointed out to me, there are some mis-
prints in the signs of the bond orders.



1502

Lundqvist has used these and higher elements for
investigating the diagonal element p(x,x) of the density
matrix, and, in this connection, he has been able to
draw interesting conclusions concerning the amount of
“covalent” character of LiH. It should here further be
remarked that, in investigating the properties of ionic
crystals, the complete density-matrix formalism has
previously been used also by Froman® and by Montet,
Keller, and Mayer.?

Another example may be found in a paper by Sponer?
and the author, where the matrices Q and R for the
7r bond in ethylene have been compared.

Our comparison between Q and R shows that, from
the chemical point of view, Q is the charge- and bond-
order matrix for separated atoms with nondiagonal
elements representing the formal valency of the atoms,
whereas R is the charge- and bond-order matrix asso-
ciated with the atoms in the molecule or crystal under
consideration with nondiagonal elements representing
the actual bond strengths. This result seems to be in
agreement with the new definition of “relative bond
strengths” introduced by Mulliken.?

In discussing molecules and crystals, we have pre-
viously!” also introduced so-called “combined atomic
spin-orbitals” by the relation

¢l’~c = Za ¢a-R (Olﬂ) .

Using the fact that R is a “projection operator” ful-
filling (94), we now obtain for the fundamental in-
variant '

(96)

p(X1,X2) =2 ap Pa™ (X1) 5 (x2) R (Bcx)
= Zw ¢#C* (xl)¢'vc (X2)Avw
' Since this quantity depends only on the set ¢, and the

97)

(Qop)n=Q0)+2 (1| Q1| V)R (wp)+ (217 52 (apz]| Qua| v1v2)

vive

+ @) X (wapans|Quas| vivars)

H1p2p3
vivarvs

where the matrix elements are given by (73) with the
functions ¢, replaced by the functions ¢,. A special
case of this formula was previously derived by the
author'’ in another way.

(e) Hartree-Fock Equations in the
MO-LCAO-Theory

Let us turn now to the question of determining the
molecular spin-orbitals ¥4, i.e., the coefficients 74 in

2 P, O. Froman, Arkiv Fysik 5, 135 (1952); 9, 93 (1954).

2t Montet, Keller, and Mayer, J. Chem. Phys. 20, 1057 (1952).

2 H. Sponer and P. O. Lowdin, J. phys. radium 15, 607
(1954).

2 R. S. Mulliken (private communication).

R(vip1) R(vie)
R (Vz;u) R (V2M2)
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overlapping matrix A, all our previous asymmetric
formulas in reference 15 are now easily symmetrized.
Using (94), we obtain further

[oeraein=RGs). (98)

This is therefore a case where the overlap integral
between two one-particle functions really measures the
charge and bond orders of the system.

From the fundamental theorem derived in Sec. 1, it
is clear that if, in any way, we could determine or
measure the first-order density matrix v (x;’|x1) or the
charge- and bond-order matrix R, then we would have
all information needed for describing the properties of
the system with an accuracy corresponding at least to
the Hartree-Fock approximation. It is possible, e.g., by
diffraction experiments to determine the average par-
ticle distribution in the ordinary x-space, corresponding
to the diagonal element, v (x:|x1), but, so far, none has
been able to devise any experiments for measuring the
entire matrix v (x,’|x;). This quantity offers, in fact, a
rather intricate problem, since it gives the description
of the same physical situation in two complementary
spaces, and, like the complex wave function,® it has
therefore only a symbolic character and can never be
measured directly. How v(xi/|x;) may be determined
from two diagonal distributions y(x|x) and v(k|%) in
complementary spaces is a particular problem.*

We will finally give the expression of the average
value of a physical quantity Qo defined by (I, 2) in
terms of the fundamental matrix R. The charge- and
bond-order matrices of higher orders are expressed by
formula (72) with Q replaced by R, and, according to
(I, 10), we then obtain

R(v1p1)

R(vips)

R(vsps)

+-- ] (99)

R(Vsﬂl)

expansion (91). They are solutions to the eigenvalue
problem (62), and, for a fixed operator Qess, they may
therefore be found from the variation principle. Using
(91), we obtain

o= [V 02uwWn / [orapa,

=2 7 *(u Qeffl V)2 1 * Dty (100)
uy uv }

% See, for instance, W. Pauli, Handbuch der Physik (Julius
Springer, Berlin, 1933), Vol. 24, No. 1, particularly p. 98.
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where
(1] Qets| v)
= (u| | »)+ 2 R(vape) (1— Puws) (uus| Quz| vv3)

K“2v2

R(vaus) R(vaps)
R(vsus) R(vsms)
X (l—Pyygf Povs) (upopes| Quas| vwavs)+ - - -

All matrix elements are here to be taken with respect
to the functions ¢,. Keeping Q. fix, varying the coef-
ficients 7, in (100), and putting dw=0, we obtain a
system of linear equations

+@2)7 2

(101)

2o (1] Qett | v) —wA Y7, =0, (102)
which is soluble only if
det{ (u]| Qett| v) —wAu} =0. (103)

These relations are identical with (77) and (78), if the
Kronecker symbol §,, in them is replaced by the over-
lapping matrix A,. The nonlinear problem of finding
the coefficients 7, may therefore again be solved by a
method of “self-consistent fields,” starting from trial
values R® of the matrix R, solving the secular equation
(103), evaluating the coefficients 7, from (102), and
recomputing a new approximation of R according to
(92), etc.

If the numerical program for solving the secular
equation (78) may be adapted to the case A, 0 for
%, the occurrence of the overlapping matrix does not
cause any particular difficulties. The rectangular matrix
7 has to fulfill the relation (93), but we note that, for
uv, the relation (rfAr),,=0 is automatically fulfilled
and that the solutions to (102) only have to be properly
“normalized” by a constant coefficient to satisfy
(ffAY) =1.

2 Zy .
(u] Bt | v)= f(b“*(l) ;—m—ez > — ]d)p(l)dxl

7 Tig
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The MO-LCAO method in its ‘“‘self-consistent
field” form was first discussed in detail by Roothaan,®
but we note the essential simplification of the pro-
cedure here obtained by introducing the charge- and
bond-order matrix R. The first numerical application
of Roothaan’s scheme was carried out by Parr and
Mulliken.2

In analogy to (79)-(85), we may also derive the
Hartree-Fock equations by varying the matrix R as
a whole. According to (94), we obtain

RA-5R- AR=0, (104)

which leads to the following auxiliary condition:
Tr(6R- ARARA)=0, (105)

where A is an arbitrary matrix of the order M. The
Hartree-Fock equations may then be condensed in a
single relation

(0] Qott]| ¥) =Ny

A=ARARA.

(106)
(107)

where

(f) The Coulomb and Exchange Integrals in the
MO-LCAO Theory of Conjugated Systems

In the theory of conjugated organic compounds,
there are particularly two types of quantities which
are considered to be of importance, namely the
“Coulomb integrals” a, and the “exchange integrals”
Bu (u7%v) defined as the matrix elements of the effect-
tive Hamiltonian? but usually determined by fitting
some theoretical quantities containing them to experi-
mental data. In the Hartree-Fock scheme, the effective
Hamiltonian is now given by the simple expression
(86), and its matrix elements may then be determined
on a purely theoretical basis. For the elements of 3Cess
with respect to the ordinary atomic spin-orbitals ¢,,
we obtain

o™ (Debe* (2)es (1) (2) — ™ (D" (2) 81 (1)$4(2)

+é zx R0w)

as a special case of (101). According to (76), the cor-
responding elements [u|3Cess|v] with respect to the
orthonormalized set ¢, may be obtained by replacing
¢, and R in (108) by ¢, and Q, respectively. We note
that the change of basic set is easily carried out by
means of the formulas

r=A"%, R=A"1QA™ .
(109)

DL [ FCett [ V] = Zuﬁ(A"%)na (O‘ | ICett I B) (A_%)BW

A further discussion of these quantities for the aromatic
compounds will be given in a following paper.

dx1dx2, (108)

712

4. ORDINARY AND VIRTUAL HARTREE-FOCK
FUNCTIONS

In treating the basic eigenvalue problem (39):

Qest (D (1) = i (1), (110)

by, e.g., the method of expanding the eigenfunctions
in a fixed set ¢, of order M, we have found that, in
addition to the N ordinary solutions used in forming
the density matrix (66), there are (M —N) solutions
to (77) and (78) which are also eigenfunctions to Qe

25 R, G. Parr and R. S. Mulliken, J. Chem. Phys. 18, 1338
(1950). ‘
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considered as a fixed operator. Hall and Lennard-
Jones? have called these extra solutions virtual
Hartree-Fock functions, and they have pointed out
that they correspond to the existence of spin-orbitals
containing ‘“‘virtual” particles moving under the influ-
ence of the real particles of the system without in-
fluencing their motion in return; the ‘“virtual” particles
should therefore in some way behave like classical
“test charges.”

If M—x and the basic set ¢, becomes complete,
the number of virtual solutions becomes also infinite,
but, without a detailed investigation, it is impossible
to predict the character of the eigenvalue spectrum
for wi, how large part of it will be discrete and how
large part will be continuous, etc. It could happen
that the ordinary and virtual solutions to (110)
together would form a complete orthonormal set, and,
in such cases, this set is of particular importance for
discussing the properties of the system.

If the N ordinary solutions to (110) are used for
describing the properties of the system in the Hartree-
Fock scheme, the virtual spin-orbitals could be used
for improving this approximation by, e.g., the method
of configurational interaction based on (I, 70) and
(I, 71). It is evident that, if the basic set satisfies
(110), considerable simplifications can be carried out
in the fundamental matrix elements (I, 68). Increasing
the number of virtual spin-orbitals taken into account,
one can in this way obtain a series of approximations,
where the Hartree-Fock scheme represents the first
step, as described by Mgller and Plesset.?”

The more or less complete set of ordinary and virtual
solutions to (110) may be used also in the one-particle
space for solving eigenvalue problems of the same type
as (110) but for other effective operators. One can
then apply the standard scheme developed in Sec.
3 (a), and the method is, of course, particularly con-
venient if the operator under consideration is only
slightly different from the basic operator Qe in
which case the procedure will be related to the “per-
turbation method” developed by Peng.?®

In treating the virtual solutions to (110), one should
observe the difference between the exact potential (42)
containing also exchange operators and Slater’s!?:13
average potential (53). In deriving (53), we have
minimized the weighted “error sum” (I, 100) con-
taining only the ordinary solutions, and this means
that there might be considerable differences between
(42) and its approximate form (53) when applied to
the virtual spin-orbitals. For the sake of simplicity,
let us consider the Coulomb potential, in which case

2 G. G. Hall and J. Lennard-Jones, Proc. Roy. Soc. (LLondon)
A202, 155 (1950).

27 C. Mgller and M. S. Plesset, Phys. Rev. 46, 618 (1934).

28 H, W. Peng, Proc. Roy. Soc. (London) A178, 499 (1941).
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(42) and (53) take the forms

2,2)—p(2,1) P12
V)= [ P2 =p2DPe iy
712
—{p(2,1
VAv(l)=e2f P(2)2) {P( 7r)p(1y2)}/p(1)1)L s, (112)

where the density matrix g has the character of a pro-
jection operator fulfilling (13). We have further

w(1), k=1,2,---N;
(113)

f p(2,1)¢k<2)dxz={
0, k=N+1,N+2, -

giving a characteristic difference between the ordinary
spin-orbitals (k=1, 2, ---N) and the virtual spin-
orbitals (k=N-+1, N+2, --.). The potentials (111)
and (112) are different particularly with respect to
their asymptotic behavior when applied to virtual
spin-orbitals, and, if #; is a point having a very large
distance R; from the average position of the ordinary
particles in the system, then we obtain

N—1, k=1,2, ---N;

62
Veop (D (D) ~— (1) X 114
O~wxf, T

and

&
VAv(l)x//k(l)~E¢k(1)>< V—-1), for all k. (115)

This result implies that the virtual spin-orbitals will
be essentially different for the two potentials under
consideration. We observe that the approximate form
(112) corresponds to a screening of the nuclear frame-
work which is one particle less than the screening cor-
responding to (111), and one can therefore expect that
the virtual solutions associated with (112) would be
more stable and have a more extended discrete eigen-
value spectrum than the virtual spin-orbitals be-
longing to the exact eigenvalue problem (110). From
this point of view, the Slater potential would therefore
be more convenient in constructing a complete set.?

In the MO-LCAO theory of molecules and crystals,
sets of approximate virtual spin-orbitals have been
evaluated in a few cases and used in configurational
interaction, but, otherwise, the theory of the virtual
Hartree-Fock solutions to (110) seems to be a field
waiting for a closer investigation.

5. TREATMENT OF IONIZED AND EXCITED STATES

In considering the eigenvalue problem (32), we have
applied the variation principle (I, 22) without any
further restraining condition, and this means that we
are actually investigating the state corresponding to
the lowest eigenvalue of @y, i.e., the ground state of
this operator. In this section, we will now show how the

2 See also Part I, reference 17.
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method may be extended to include also the treatment
of ionized and excited states.

In Sec. 1, we have shown that, in the Hartree-Fock
approximation, the entire physical situation of the
system is determined by the first-order density matrix
v(x1'| x1)=p(x1,X1), and we have not been able to give
a particular physical importance to anyone of the basic
sets of individual spin-orbitals ¢ (k=1, 2, - - - N) being
connected with each other by unitary transformations.
However, in considering also the ionized states, Koop-
mans® has shown that a special physical meaning could
be attached to the set representing the eigenfunctions
to the effective operator (40), i.e., to the set for which
the matrix A({|2) of the Lagrangian multipliers is
diagonalized, and, in this connection, he gave also a
specific interpretation of the corresponding eigenvalues.

In considering also other properties of the system, it
could happen that another set of spin-orbitals will get a
particular importance, and, as an example, we will
mention the “equivalent” orbitals introduced by
Lennard-Jones® in treating the problem of chemical
valency.

Mr)= [ Bue D0 (1 Dt ) [ 21

Ap(1,1) Ap(1,2) p(1',3)

Ap(1,1)  2p(1,2)
Ap(2',1)  Ap(2,2)
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Here we will show that it is possible to extend Koop-
man’s theorem for ionized states to be valid even for
many-particle operators Qo of the form (I, 2). However,
the main purpose of the investigation is to try to give
a thorough treatment also of the problem of the excited
states.

Let us consider two different states of the same
system having a fixed outer framework® and repre-
senting different eigenstates of the same operator (I, 2).
In the Hartree-Fock approximation, these states may
be described by two single-determinant wave functions
¥’ and ¥, characterized by the invariants ¢’ and g,
respectively, where

o'=o+Ap. (116)
In order to determine the differences
A(Qop)= <Qopl)Av—<Qop>Av, Aﬂeﬁ—_— Qeff,'—geff, (117)

we will put (116) into (21) and (40)-(42), and carry
out the subtractions. We obtain the two basic formulas

X10X9

Ap(1,1)  Ap(1,2) Ap(1',3)

+ (3D f Quosd 3|A0(2,1)  A0(2,2) p(23)|+|Ap(2,1) Ap(2,2) Ap(23)| Hdwrdwadist- -, (118)

Ap(3',1) Ap(3,2) p(3,3)
an

AQots= fﬂw(l — P12)Ap(2/,2)dx,

@) f 9123(1—P12—P13){ 2

(a) Ionized States

Let us first consider the singly ionized states, where
the system has the operator (I,2) but contains only
(N —1) particles. This means that one particle has been
removed to infinity from the original system, and it
seems therefore natural to assume that, at least in a
first approximation, nothing new has been added to the
system and that, in the terminology of Part I, Sec. 5,
the mairix o' for the ionized state belongs entirely to the
subspace defined by the matrix o for the original state, or
0o'o=09’. The matrices ¢ and ¢’ are both “projection
operators” fulfilling the relations g?=p, Tr(g)=N,
(o)?=9¢', Tr(p)=N—1, and for their difference

® T, Koopmans, Physica 1, 104 (1933).

31 J. Lennard-Jones, Proc. Roy. Soc. (London) Al198, 1, 14
(1949); G. G. Hall and J. Lennard-Jones, Proc. Roy. Soc. (London)
202, 155 (1950); J. Lennard-Jones and J. A. Pople, Proc. Roy.
Soc. (London) 202, 166 (1950); J. A. Pople, Proc. Roy. Soc.
(London) 202, 323 (1950); G. G. Hall, Proc. Roy. Soc. (London)
202, 336 (1950); G. G. Hall and J. Lennard-Jones, Proc. Roy. Soc.

(London) 205, 357 (1951); G. G. Hall, Proc. Roy. Soc. (London)
205, 541 (1951); 213, 113 (1952).

Ap(2)2) p(2',3)
Ap(3,2) p(3',3)

Ap(3,1) Ap(3,2) Ap(3,3)

Ap(27,2) Ap(2',3)
Ap(3,2) Ap(3,3)

l }dxgdxs-l— c--. (119)

Ap=o'— g, we then obtain

(Ap)?=—Ap, Tr(Ag)=—1. (120)

In expanding Ap in a fixed basic set according to (I, 34),
this implies that the matrix of the coefficients has a
single eigenvalue equal to —1 and all the others 0. By
transforming this expansion to “natural spin-orbitals”
analogous to (I, 74), we then obtain

Ap (XI’XZ) = _"P* (Xl)¢ (Xg), (12 1)

where ¢(x) is an undetermined spin-orbital. Our basic
assumption leads therefore automatically to a fac-
torization of the difference Ag, which will essentially
simplify the discussion, since all determinants in (118)
which are of at least the second degree in Ap will now
vanish identically.

32 In considering molecules and crystals, this means that we
treat only “vertical” transitions with the nuclei fixed in the same
positions in both states. If the nuclei are in equilibrium in one
state, they are therefore usually outside their equilibrium positions
in the other states; compare the Franck-Condon principle.
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Combining (118) and (121), we obtain

Maw)== [P0, (122

or

<Qopl>Av=<Qop>Av_f‘l’*(l)ﬂeff(l)lﬁ(l)dxh (123)

According to the variation principle (I, 22), the eigen-
states of the ionized system are associated with the
extreme values of (Q.p )a, and, since (Qop)a is a con-
stant, these occur simultaneously with the extreme
values of the last term in the right-hand member of
(123), i.e., for spin-orbitals satisfying the relation

Qess (DY (xy) = wip(xy), (124)

where the variation principle is applied a second time to
the one-particle space. The eigenfunctions ¥ to Q. are
therefore of particular importance in constructing the
ionized states, and, if the wave function for the original
state is a determinant built up from the functions ¥,
¥s, - - -¥u, then the wave function for the ionized state
(k) may be obtained by striking away the column
containing the spin-orbital ¥, together with an arbitrary
particle row. Combination of (123) and (124) gives
further

<Qop,>Av = (Qop>Av — Wk

This is a generalization of Koopmans’ theorem® to
include also many-particle operators,®® and it gives a
rather visual interpretation of the eigenfunctions ¥
(k=1, 2, ---N) and the corresponding eigenvalues wy.
We note that the result is not exact even within the
Hartree-Fock approximation, since it is based on a sim-
plifying assumption leading to (121). A proper treat-
ment could be carried out by solving the Hartree-Fock
equations for the system of (V—1) particles by apply-
ing the methods in (3a) to, e.g., the basic set formed by
the ordinary and virtual eigenfunctions of ¥ for the
system of N particles.3 However, as Mullikan* has
pointed out, due to cancellation of errors, it seems
likely that the values of A{(Q) given in (125) will show
better agreement with experimental data than the
refined quantities.

(b) Excited States

Let us now turn to the problem of the excited states
which, according to our opinion, has not been too
satisfactorily treated in the literature. If ¢ and g’ are
the invariants associated with the original and the
excited state, respectively, we have

o'=0+Ao=p+A0;—Ag;, (126)

3 It should be noted that, in several textbooks and surveys,
Koopmans’ theorem have been treated rather superficially,
proving only the relation A{Qop)=—w; without considering the
extreme value properties.

3 See also G. G. Hall and J. Lennard-Jones, Proc. Roy. Soc.
(London) A202, 155 (1950), where this problem is treated by using
perturbation theory.

(125)
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where the quantity +4Ag; indicates that something
essentially new has been added in the excited state,
whereas the quantity —Ap; means that something
previously existing in the original state has been taken
away. In a first approximation, we will assume that the
three matrices

o+Agj, (127)

are all idempotent (g*=p, etc.), and that the first
belongs to the subspace defined by the second, and the
second to the subspace defined by the third; see (I, 88).
It is then easily shown that the matrices Ag; and Ag;
are also idempotent with 0 and 1 as their only eigen-
values, and their traces are then also integers. For a
single excitation, their traces are 1, and the coefficient
matrices in their expansions (I, 34) have therefore a
single eigenvalue equal to 1 and the others equal to
zero. By transforming Ag; and Ag; to diagonal form
according to (I, 74), we then obtain

Apl’(liz) =‘l/t*(1)¢t(2)> Apj(l,Z) =¢J*(1)¢](2)’

where ¢; and ¢, are natural spin-orbitals to be deter-
mined. Under these simplifying assumptions, Ag may
therefore be written in the form

Ap(1,2) =v;* (W¥s(2) =¥+ (D¥(2)

for a single excitation, and we will now see that this
special form for Ap leads to a considerable simplification
of our discussion.

The basic quantities (118) and (119) are expressed
in terms of determinants of the elements g and A, and
we note that all determinants of third or higher degree
in Ap will vanish identically independent of their orders,
since they may be expanded in determinants containing
two or more columns of Ag; or Ag;, which vanish due
to the factorization in (128). By putting p=o’— Ap into
(21) and repeating the subtraction, we may also obtain
a new form for A{Q,,) expressed in Q., ¢/, and Ap,
which is-analogous to (118) but has minus signs for all
the determinants of the second degree in Ag. By adding
the two expressions for A(Q), the determinants of the
second-order cancel, and the higher order determinants
combine to determinants of the third degree in Ap,
which will then vanish identically due to the argument
given above. In this way, we obtain the simple formula :}

o—Ags, o,

(128)

(129)

A Qop)= %f{Qeff'(1)+Qeff(1)}Ap(1',1)dx1. (130)

By using (119) and (128), we may further derive the

t We note that, in Eqs. (130)-(132) and (137)-(138), the
“prime” has been used with two different meanings, which must
not be confused: the prime on Qe¢s’ (1) indicates that the operator
is associated with the excited state, whereas the prime on x,’ in
the integrands indicates that the operators do not work on this
coordinate, which afterwards has to be put equal to xi.
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relation:

f AQuse(D{dps(, 1)+ Ap; (1, 1)} das=0, (131)

which, in combination with (130), gives
A(Qop)=fﬂe“’(l)Apj(l’,l)dxl

_ f Qure(D)Aps(1/ )dzs,  (132)

or finally .
Qon = oot f 97 (1) et (D5(1)dey

- f V(1) Qets (i (1)day.  (133)

According to the variation principle (I, 22), the
higher eigenvalues of Q,, are associated with the extreme
values of (Qup")a, and since (Qop)a is a constant, these
occur simultaneously with the extreme values of the
second and third terms of the right-hand member of
(133), i.e., for functions ¢, and y; satisfying

Qest¥i' =wi¥y, Qethi=wis.
For the excitation difference, we then obtain

(Qop',>AV“ <Qop>Av =wj'— Wi,

(134)

(135)

The process may therefore be described as an excita-
tion ¢—7 of an entire particle from an occupied spin-

Qess’ (1) = Qese (1) + fﬂm(l — P12)Ap(2',2)dz,

F(2) f 9123(1—P12~P13)l2

Ap(2,2) p(23)
8p(32) p(3'3)
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orbital ¢, being an eigenfunction to Qesr, to an unoc-
cupied spin-orbital ¢, being an eigenfunction to Q..
We note particularly that, in (135), the quantity w; is
a spin-orbital eigenvalue associated with the operator
Qotf’ for the excited state, and_that Qe may have an
eigenvalue spectrum which is rather different from the
corresponding spectrum for Q.35 It is evident that the
arguments leading to the naive form (w;—w;) for the
excitation difference A{Q,,) must be erroneous, but also
that it is possible to preserve the visuality of the theory
by introducing the operator Qeg’.36

Let us now construct the wave function ¥’ for the
excited state by using (129) and (134). If the function
V¥ for the ground state is a determinant built up from
the eigenfunctions ¢ (k=1, 2, ---N) to the operator
Qets, then ¥ is the determinant obtained from ¥ by
replacing the column containing the spin-orbital ¥; by
a column containing the excited spin-orbital ;. Using
(119) and (128), we may derive the relation

fl[/j'*AQemﬁidx=0, (136)

which shows that the spin-orbitals ¥/ and y; satisfying
(134) will still be orthogonal, and, according to (I, 39),
the same is then true also for the total wave functions
¥’ and V. The auxiliary condition to the variational
principle (I, 22) is therefore fulfilled.

Even under the simplifying assumptions leading to
(128), the treatment of the excited states is a rather
complicated problem due to the unknown character of
the operator Qo’. According to (119), Qe is given by
the formula

Ap(2,2)  Ap(2,3)
Ap(3,2) Ap(3,3)

}dxgdxg‘l- Tty (137)

but, as usual in the Hartree-Fock scheme, the problem of finding its eigenfunctions has a nonlinear character,

since Q" depends on Ap and consequently also on ;.

In principle, this problem could be solved by the general method developed in (3a) by expanding the eigen-
functions ¥;’ to Qess in the set formed by the ordinary and virtual eigenfunctions to Qe In a first very rough ap-
proximation, the eigenvalues to Qe are then given by first-order perturbation theory:

w,-'mf:/z,-*(l)(le“'(l)x//j(l)dx1=w,-——fﬂu

Ap;(1',1)  Ap;(1,2)
Ap;(2',1) Ap;(2',2)

x1dx2

Ap;(11,1)  Api(1',2)  Aps(1,3)

- fﬂlgg Ap,;(zl,l) Api(2,,2) Api(2',3) dxldxzdxg— ey, (138)

P31 p(3,2)  p(3)

35 Compare, e.g., J. C. Slater, “Technical Report No. 6 of the Solid-State and Molecular Theory Group at M.LT.,” April 15,

1954 (unpublished).

3 Compare C. C. J. Roothaan, Revs. Modern Phys. 23, 69 (1951), p. 80.
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where we have used (128). Using the notations (49),
this may also be written

w;’zwj— Vj""‘z:k Vjik_ ) (139)

which result corresponds to the formula for the two-
particle case and average singlet-triplet state given by
Roothaan.?® However, first-order perturbation theory is
probably not accurate enough for treating the question
of the nature of the excited states, and a much more
detailed study seems therefore to be necessary.® In a
really accurate theory, one must finally remove the
simplifying assumptions leading to the factorization in
(128).

(c) Limitations of the Present Theory

Up till now we have assumed that the total wave
function for the state and system under consideration
may be represented by a single Slater determinant. We
note that, in most cases, this means a rather hard
restriction on the validity of the Hartree-Fock scheme;
only in exceptional cases can we consider, e.g., pure
spin states, since a single determinant will in general
represent a mixture between several multiplets.

In order to treat this problem in greater detail, we
will assume that the natural spin-orbitals involved have
either plus or minus spin and write the fundamental
density matrix g, defined by (35), in the form

p(x1,X2) = p.(r1,12)a (1) (52) +p—(r1,12)B(s1)B(s2), (140)

where we have separated the two groups of orbitals
having different spins. The matrices g; and p_ are
“projection operators” in the ordinary r-space satis-
fying the relations

Tr (9+) = N—H
Tr(e-)=N-,

e’=¢.
R (141)

o t=o_

where NV, and N_ are the number of orbitals associated
with plus and minus spin, respectively. Independent of
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the way in which we have chosen our two sets of orbitals,
we will further let » denote the number of “doubly
occupied orbitals,” defined by the integral

v= fp+ (1’1,7’2)[)_ (rg,fl)d'l)ldﬂz. (142)

The average value of the total spin S? (measured in
units of %) with respect to a single determinant, charac-
terized by the invariant (140), is given by the general
formula (I, 14), and, since the second-order density is
represented by the determinant (19), we obtain after
some elementary calculations:

(=1 (WV1—=N_)y+GEN—»). (143)

Only in the special cases Ny=N_=y=N/2and N,=N,
N_=y=0, we have, respectively,

(=0, (SHw=3NGEN+1), (144)
corresponding to the pure spin states of lowest and
highest multiplicity.

It is therefore evident that the ordinary Hartree-Fock
scheme cannot properly treat states and systems
showing spin or orbital degeneracies, since, in such
cases, the wave function cannot be represented by a
single determinant. It is also well known that corre-
lation effects associated with particles having different
spins are not taken into account in constructing the
single-determinant wave function (2). These weaknesses
in the present theory may be removed only by con-
sidering wave functions to be sums of Slater deter-
minants, i.e., by using the method of “configurational
interaction” described in Part I. However, between the
ordinary Hartree-Fock scheme and the exact method
of configurational interaction, there seems to exist also
an intermediate stage of “fixed” configurational inter-
action, where it is possible to preserve part of the
physical simplicity and visuality characteristic of the
Hartree-Fock method. This problem will be treated in
a following paper of this series.



