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one or two moments of the line, and not the detailed
shape. It is difficult to include the effect of the trans-
verse radiation field in this method. Our approach is in
some respects more fundamental than either of these, as
we attempt to directly construct stationary states of the
whole system consisting of field and matter. There is no
ambiguity in the definition of states, and radiative
processes on the energy shell are taken into account in
all orders. The main new physical effect is the frequency
dependence of the damping term in the resonance

C. ALDEN MEAD

denominator, which is easily overlooked in the above
two methods.
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Roothaan’s open-shell self-consistent field theory is extended in such a way that it can cover a number
of important classes of atomic and molecular states which are not included in the range of applicability

originally claimed.

I. INTRODUCTION

N a recent paper! Roothaan described a new self-
consistent field (SCF) theory for electronic systems
which can accommodate open shells as well as the closed
shells. However, his paper made a rather modest claim
on the range of applicability. The purpose of the present
paper is to extend the applicability of the theory in such
a way that it includes a number of open-shell cases of
practical importance which are not accommodated in
the original form of Roothaan’s scheme.

The relevant points of Roothaan’s open-shell SCF
theory are as follows. It is stated that the scheme is of
practical value if the total energy can be represented
by the following equation:

E=2% Hi+ X u(@Ju—Ku)
+f[:2 Zm Hm+f Zmn(ZG.,mn'—men)
+2 ka(ijm_Kkm)]' (1)

This is the expectation value of the total Hamiltonian
(in a.u.),

Je=2u Hr43 3 e (1/7). 2)
H* is the nuclear field plus kinetic energy operator for
the uth electron, and »* the distance between the uth
and the »th electron. In Eq. (1), H;, Ji, and K;; are
defined as usual by using Dirac’s notation:
Hi={¢:|H| ¢3),
Ji={pil Jil ey={e:| Ti| €,
Kij={¢i| Kj| o)={p;| Ki ¢)),

©)

* This work was assisted by the Office of Naval Research.
t Permanent address: Kyushu University, Fukuoka, Japan.
1 C. C. J. Roothaan, Revs. Modern Phys. 32, 179 (1960).

where
J¢“¢‘=[ f Ww”(l/r“’)dV']w,
(4)
K#‘<P“=[ f s‘m”so”(l/r‘”)dV”]so#‘.

Ji and K; are commonly called the Coulomb and ex-
change operators, respectively, associated with the
orbital ¢;. In referring to the individual orbitals, the
indices %, 7 are used for the closed-shell orbitals and m, »
for the open-shell orbitals in Eq. (1). @, b, and f are
numerical constants depending on the specific case. The
first two sums in Eq. (1) represent the closed-shell
energy, the next two sums the open-shell energy, and
the last sum the interaction energy of the closed and
open shell. The number f is, in general, the fractional
occupation of the open shell, that is, it is equal to the
number of occupied open-shell spin orbitals divided by
the number of available open-shell spin orbitals. The
numbers ¢ and & differ for different states of the same
configuration.

Two alternative formulations of the SCF problem are
given in Roothaan’s paper. The first is the following
set of equations:

Feor=mn1e¢x, -
3)
F0¢m=77m¢ma
where
Fo=H42J¢—Kc+2Jo—Ko+2aLlo—BMo, ©)
Fo=H+2J¢c—Kc¢+2aJo—bK o+2aLe—BMc,
a=(1-a)/(1-f),
I %

B=Q1-=8)/(1=).
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TasLE I. Coefficients for the configurations sp¥ of atoms S(f=1/2, a=b=0, a=p=2), p¥ (f',a’,b',a’,8').

2ff’ zmm’ Imm’

Config. State f a v o B’ J(s,p) K(s,p)

sp spe 1/6 0 0 6/5 6/5 1 -1
1ipe 1

sp p 1/3 3/4 3/2 3/8 —3/4 2 -2
D 9/20 ~3/10 33/40 39/20 -1

25 0 - 3/2 6 -1

2p 3/4 3/2 3/8 —3/4 1

sp 55° 1/2 1 2 0 -2 3 -3
3p° 4/5 4/5 2/5 2/5 -2

sp° 2/3 0 2/3 2 —2

1p° 4/5 4/5 2/5 2/5 0

35° 1 2 0 -2 1

1pe 2/3 0 2/3 2 0

spt p 2/3 15/16 9/8 3/16 ~3/8 4 -3
2D 69/80 27/40 33/80 39/40 -2

2§ 3/4 0 3/4 3 -2

2p 15/16 9/8 3/16 ~3/8 0

P p? 5/6 24/25 24/25 6/25 6/25 5 -3
p° —1

The second is a more elegant scheme in which the closed
and open-shell orbitals are solutions of the same eigen-
value equation:

®)

Foi= € Q1
where

F=H+2Jr—Kr+2a(Lr—Jo)—B(Mr—Ko). (9)

The definitions of various operators in (6) and (9) are
listed below.

Je=2kJx,
]0=fzm T m,y
Jr=Jo+Jo,
KC=Zk Kk,
Ko=f3nKn,
Kr=K¢+Ko,
Lie={¢i|Jo| e)eit{ei| e} 00s,
Mip={¢i|Ko| e)oit{e:| ©)Koei,
Le=2x Ly,
Lo=fzm L,
Lp=Lc¢+Lo,
M0=Zk Mlc,
Mo=f23m My,
Mr=Mc+Mo.

Roothaan’s theory as it stands covers a number of
important cases but unfortunately the electron configu-
rations with two (or more) open shells drop out of the
range of applicability, with one important exception.
This exception is the case in which the open shell consists
of singly occupied, complete degenerate sets of orbitals,

(10)

(11)

(12)

and all the spins are parallel. Examples of atomic states in
this class are C 15225293, 55; Cr 152522563523 p%453d°®, "S.
A general molecular example is the lowest excited triplet
of a molecule with a closed-shell ground state, the
excitation being from a nondegenerate to a nondegener-
ate orbital.

II. EXTENSION OF ROOTHAAN’S SCF THEORY

It is, however, not necessary to restrict ourselves
within the form of the energy expression given by
Eq. (1). Consider the following formula for the total
energy which includes (1) as a special case:

E=2% Hit2 3 wHy+2 02T u—Ki)
+ 2k (2T o — Krar) + 220127 w1— Kirt)
+> v QIvr—Kwr)+ 22 m Hn
Ff 2 mn(2aT mn—bK mn)+2 2 km (2T km— K iem)
+2 Zk’M(2Jk'm_Kk'm)]+f’[2 Zm’ Hm’
F '3 e 28" Ty — b K nr)
F2 3 i QT km —Kiom ) F2 2 b 2T ey — K rm?) ]
F211" > mm L mmr. (13)

The indices &,/ refer to the first group of closed shells
with a corresponding set of orbitals {¢:}, &/, I to the
second group of closed shells with {¢w}, m, # to the
first open shell with { ¢} and finally »’, %’ to the second
open shell with {¢.}. The most essential condition is
that these two open shells should belong to different sym-
melries. More precisely, the orbital {¢,} and {@m}
should belong to different symmetry species. A possible
way out of this restriction will be discussed in the fourth
section of the present paper. The reason for dividing the
whole closed shell family into two groups will soon be-
come clear. In Eq. (13) all sums except the last one
hardly need explanation, Eq. (13) being a straight-
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TasLe II. Coefficients for the configurations on¥ of linear
molecules, ¢ (f=1/2, a=b=0, a==2), 7¥(f',a’,t',«',8’).

2f Zonmr Lame

Config. State  f’ a v « B J(em) K(o,m)
om 31 1/4 0 0 4/3 4/3 1 —1
I 1 1
on? Dong 1/2 1 2 0 =2 2 -2
2A 1/2 0 1 2 2 -1
25+ 0 - 2 6 2 —1
Dond 1/2 1 1 0 2 1
ord %I 3/4 8/9 8/9 4/9 4/9 3 -2
11 3 0

forward generalization of Eq. (1). We have two open
shells here and so we need two sets of parameters f, a,
b, and f', &', b'. The last term 2ff' 3 mm: Lmm: represents
the interaction between the two open shells. In some cases
it is expressed with familiar J;; and K;; integrals, but
in some other cases it is not. See Tables I, IT, and III.

It is necessary to divide the whole family of closed
shells into two groups. The first group {¢:} contains
all the closed shell orbitals which have the same sym-
metry property as that of the first open-shell orbitals
{¢m}; the second group { ¢} contains all the closed-
shell orbitals which have the same symmetry property
as that of the second open-shell orbitals {¢m}. If there
are remaining closed-shell orbitals of symmetry species
different from both {¢m} and {enm}, these closed
shells can be grouped either within the first group
or within the second one. For example, suppose we have
to deal with the following electronic configuration.
15225223523 p%3d%4s4pY (1K NKS). It is possible to
divide it in the following two alternative ways:

HUZINAGA

Keeping this kind of ‘grouping in mind, we recast
Eq. (13) into the following form:
E=23 (Hither)+2X 02T u—Kr)
+ /12 Zn(Huthom)+ f Zmn(20] ma—bK n)
+2 3 im (T km—Kiem) 142 2w Hy
+3wr 2Ty —Kirv)+ f'[2 2w Honr
+fl 2omrar (20" T i — b K i ar)

23 im QT m—Kew)], (14)
where
hor=2v 2T —Kw)+ ' o QT tm'—Kim), (15)
h0m=Zl’(2Jml'—Kml')+f, Zm’ Imm'-
Or alternatively,
E=23 wHp+her' )+ 2 wv@Twv—Kpr)
+ 12 2w (Hp+how')
'+'fl Zm’n’(za’-]m’n’_b,Km’n’)
F2 3 w2k — Krm) ]
42 3 22T — Krr)
+f[2 ZmHm+f Zmn(ZaJmn—me,,)
+2 ka(Zka—Kkrn)]y (16)
where
hew' =212 ki—Ki)+ f 2 m @I krm—Kirm), an

hom' =2 12T mi—Kumt)+ f Lom It m.

Application of the variational principle to Eq. (14)
[or to Eq. (16)] will yield the SCF equations for the
orbitals. Instead of varying all the orbitals simultane-
ously, we proceed in the following way. Assume that we
have a reasonable starting approximation for the or-
bitals { ¢i-} and {¢m'}. Now apply the variational prin-
ciple to Eq. (14) by varying the orbitals {¢x} and {¢m}
(the first group) only with {¢z-} and {¢n} held fixed.

2 962 342 3410 4g: 246 356 4pN . . .k . o
(D) 1s% 2s% 357, 3d', 4s; 295, 3p°, 4p™. This is permissible because the orthogonality conditions
(II)  1s% 2s% 352, 4s; 295, 395, 34, 4p7. between {¢r,om} and {ew,om} are always secured.
TasLE III. Coefficients for the configurations m,m,~ of linear molecules
Wﬂs(f= 3/41 a=b= 8/9) a=ﬂ =4/9): TVN(f/»a,)blyalyﬁ,)-
20" Zom Lim

Config. State f a v o B’ J(mtmt) K(mdmy™) K(wgtwe™) (motwet|mgmy™)

mdmy =t 1/4 0 0 4/3 4/3 3 -1 -1 -1

2y 3 -1 —1 1

12t 3 -1 3 -1

P 3 —1 -1 1

3A 3 -1 -1 0

1A 3 1 —1 0

wadry? 1, 1/2 1 2 0 -2 6 -2 —2 0

1, 0 —2 2 6 6 -1 —1 0

2P, 1/2 0 1 2 6 -1 -2 0

L X Wt 3/4 8/9 8/9 4/9 4/9 9 -3 -3 1

e 9 -3 -1 —1

13,* 9 -1 -1 1

P 9 -1 -3 -1

3A, 9 -2 -3 0

1A, 9 -2 -1 0
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The orbitals {¢x} and {¢.} being fixed, the last five
sums in Eq. (14) drop out from the expression for éE.
This means that the expression for 8E assumes essen-
tially the same form as that derived from Eq. (1) as far
as the present variation is concerned, with some modifi-
cation only in the one-electron part of the energy as
indicated in (15).

Before applying the variational principle to Eq. (14)
[or to (16)] in the way just described, we define the
operators, kg, ko, h, Ai, Ac, Ao, Ar and the correspond-
ing ones with prime by

hor="{ex| ke or),

hom= (QOthOI ¢m>; (18)
h=he—ho,
hor' ={ o | B’ | or'),
hOm’l= <¥7m’ | hO,I Sam’), (18’)
hl_:hcl___kol’
Ajp= (%’Ihl ﬂ0>¢i+(<ﬂil eYhe:, (19)
Al o={oi| | @) oit{ il o) 0, (19
Ac=2_1 Ay,
AO‘:me Am, (?O)
Ar=Ac+Ao,
Ad' =3 p A,
Ao'= f" T A, (20')

Ar'=A¢"+A0.

A close relationship between (19), (19%), (20), (20),
and (11), (12) is evident and the derivation of the SCF
equations closely parallels the derivation of the SCF
equations (5) and (8), which are described in detail in
Sec. 2 of Roothaan’s paper.! We restrict ourselves here
to writing down the results and only for the scheme
employing the combined Hartree-Fock Hamiltonian:

Fpi=eip; ("’= k:m)) (2 1)
where
F=H+G,
H=H+’Y(ho-—ﬂlc+AT), (22)
G=27p—Kr+2a(Lr—Jo)—B(Mr—Ko),
a=(1—a)/(1-/),
g=(1-b)/(1-f), (23)

y=1/(1-1.

This is the equation for { ¢x,¢n} and a generalization of
Eq. (8 with (9). The corresponding equation for
{‘Pk', me’} iS

Flov=erps (@'=k,m'), (24)
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where
F1=ﬁI+GI’
H'=H+'(ho'— f'hd’+ A7), (25)
G'=2Jr"—Kr'+2d' (L' — T o) —B' (M1 — Ko'),
o'=(1-a")/(1-f),
B'=Q1=b)/(1~1), (26)

¥Y'=1/1-f").

The operators Jo', Ko', Jr', K¢', Lr’, M¢' are obtained
by replacing { ¢k, om} With {@w,omn} in the definitions
of the corresponding operators without prime. The addi-
tional terms v (ho— fho+Ar) or ¥/ (ho'— f'h'+Ar") may
be regarded as a kind of force field for the electrons in
nonfixed orbitals due to the electrons in fixed orbitals.

The following is a summary of the self-consistent
field procedure:

(I) Fix { 0w, om}. Determine { ox, 0} from Eq. (21).

(IT) Fix {¢x,¢n} as obtained above. Determine a
new set of { o, on} from Eq. (24).

(III) Fix {¢w,on} as obtained above. Determine a
new set of { ¢z, ¢} from Eq. (21).

(IV) Continue the above procedure until the cycle
produces no appreciable changes in all the orbitals
{¢r,om} and {or,om}.

(V) With thus determined orbitals {¢z,¢m} and
{ o', om} calculate the total energy from the full ex-
pression (13) or (14) or (15).

III. APPLICABILITY

The iterative procedure described in the previous
section is directly applicable to electron configurations
which have two open shells of different symmetries.
Three tables presented in this paper constitute useful
supplements of Tables I and IT of Roothaan’s paper.!
It is to be noted that these tables cover only a part of
the applicable range of the procedure proposed here.

Table I (spN, 1< N<K5). This table is a supplement to
Table IT of Roothaan’s paper.! With these two tables
one can now cover all atomic states arising from dis-
tributing the electrons in all possible ways over the s
and p atomic orbitals. Here and in the following,

Heved= [ 0B W/ eit) es@)aviar
) @7)
- f 2D i) (1/712) 3,(2) o5 (2)aVaV®,

K(¢iye,)= f 2:(1)2;(2) (1/72) 0;(1) s (2)dV'dV?
(28)
- f 21 ;1) (1/7) 5(2) s (DAVIV™.
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If we denote the three components of the p orbital by
by, P2 and b3,

J(S:P) =J(5y?1) =J(S:P2) =J(SJP3)!

K(s:P) =K(51P1) =K(5;?2) = K(S,PQ‘

For example, in the case of the sp? 2P state we see that

211" Tommt T =27 (5,8)+K (5,p)
=2(1/2)(1/3)[{27 (s,p) +K (5,p1)}
+{2J(5,p2)+ K (5,02)}
+{27 (s,p3)+K (s,3)} 1.

Table II (ox™, 1< N<KJ3). This table, together with
the next table, is a supplement to Table I of Roothaan’s
paper.! The = molecular orbital has two degenerate
components. (See comments to Table IIT). With this
table one can treat several important electronic states
of molecules, for example, N 30,17, 31, and II,.

Table IIT (m®m™, IS NKJ3). In this table 7t and
are the molecular orbitals with the component of angu-
lar momentum -1 and —1, respectively, along the
molecular axis. There are several identity relations
among integrals over = molecular orbitals:

K (rtmt) =K (r=7),
K(@ta™) =K (r 7).

(29)

As is seen in Table III, 8 = states contain the integral
(mutmyt|my~m,~) which is not expressible with the J
and K integrals:

(%%’l %‘@j)

- f (D) 05(2) (1/r) o:(1) 03 ()AV'dV?
(30)
- f oD es(1) (1/72) 03(2) 0,(2)AVIdV™.

Note that

(watmt | mgmy) = (wama™ | wgtmgt), @31)

(watm u+| wgtm ) = (rume l mymy) =0.

It seems sensible to examine a little more closely

the structure of the interaction between two open

shells 2ff' > wm Imm by taking an example from

Table III. The table gives the following expression for
211 > mm Imme of the mlir2 33, state:

9J (7"u+.v7"q+) —3K (71'%+,7ra_)

—3K (rut )+ (mutmat |7 mg).

This can be rewritten in the following way by using

HUZINAGA

(29) and (31);

/DT (watymgt) — (3/2) K (matymgt)
+ (1/ 2) (watmat l mgtmgt)

+(9/4)J (ﬂ'u+,7rg—) - (3/ 2)K (7ru+;7ra-)
+(1/2) (rutmat | wgmg)

+ (/DT (uymgt) — 3/ K (wiymg™)
+ (1/ 2) (wumy l L

+(9/49)J (wuymg) — B/2)K (waymg™)
+(1/2) (mim [ mgmmg).

This means that
L =2J (m;m") — (4/3)K (m,m")+ (4/9) (mm | m'm").

Generally speaking, however, it is not necessary that
all I,..’s have the same functional form as it is in the
above example. They may all be different from one
another.

It is hoped that the SCF wave functions will be
worked out for the lower lying electronic energy levels
of N, Os* and O, molecules arising from the configura-
tions listed in Table III.

IV. POSSIBLE EXTENSIONS OF THE
APPLICABILITY

With additional elaborations described in the pre-
ceding sections Roothaan’s open-shell SCF theory now
covers electron configurations which have two open
shells of different symmetry. Generally speaking, how-
ever, if we have two open shells of the seme symmetry,
the scheme is not directly applicable. Here we describe
briefly a possible scheme to include such cases, taking
the 15225?2p3p configuration of an atom as an illustrative
example. This electronic configuration yields P, 3D,
55, 3P, 1D, and 1S states. On the other hand, the lower
lying configuration 1s22s?2p? yields the lowest 3P, D,
and S states and so the straightforward variational
treatment is applicable only to the first three states,
1P, 3D, and 3S. We choose the 1P state. Now we start
with the application of the LCAO form of Roothaan’s
theory to the 1s225?2p%3P state which is described in
Sec. IV of Roothaan’s paper.! In general, we expect that
the SCF orbitals can be expressed with sufficient ac-
curacy in terms of a given set of suitable basis func-
tions X pha:

Pira™= Z ? kaac)\ri-

Here X refers to the irreducible representation, or sym-
metry species; « refers to the subspecies, that is, it
labels the individual members of the degenerate set that
transform according to the representation A; and 7 is a
numbering index which labels orbitals which cannot be
distinguished by symmetry any more. The notation /Ae
is analogous to the familiar #im in atomic spectra. Now
focus our attention on the p orbitals. First, we may drop
the subscript A. Second, we may group together three
degenerate functions (a; m=-+1,0, —1) and simply
write Xp@) OF @i, Which actually represents three
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functions. For the 2p* configuration we need only one
@(a for the 2p orbital. But if the subscript  of the basis
functions xp runs, say, from 1 to », we are supplied
with a set of orbitals ¢;) where ¢ also runs from 1 to »
and the usual procedure is that we pick up one orbital
@iy Which corresponds to the lowest “orbital energy.”
It is important to note that the set of orbitals { ¢}
spans the same functional space as the one spanned by
the original set {xpw@} and each member of the new
set @i is orthogonal to one another. Taking advantage
of this property we can treat the 15?2s22p3p 1P state in
the following way.

(I) Apply Roothaan’s SCF scheme to the 1522522p?% 3P
state. It gives a set of orthogonal functions for the p
orbitals;

Pl(a)y P2(a); "5 Pn(a)y

where

n
Pi@= 2 Xp@Cpi.
p=1

Suppose that the above sequence is in the order of
ascending “‘orbital energy.” Thus ¢1( is taken for the
2p orbital.

(II) Now we consider the 15°2522p3p 1P state. Repre-
sent the 2p orbital by ¢1(,) and keep it fixed. Apply the
SCF procedures described in the present paper to
15%2523p by using 2, @32, ** *y Pn(@ aS a new set of
basis functions for the 3p orbital. Thus we get

’ 14 !
P2(a) s P3@)y """y Prla),

where

n
2 ¢p@Coai’-

=2

<Pi(a)'=

Here ¢2(a)’ is the first approximation for the 3p orbital.
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Notice that these functions are all guaranteed to be
orthogonal to the fixed 2p orbital ¢; ().

(III) Represent the 3p orbital by ¢a’ and keep it
fixed. Use ¢1(0), ¥32), Pa@)’y ** *5 Pniey’ a8 a new set of
basis functions for the 2p orbital. Thus we get

’ ” ” ”
Plla) y P3(a) 5 Pa@) 5 ' "y Pr(a)

where ¢y’ is the second approximation for the 2p
orbital.

av) Represent the 2p orbital by ¢1)’ and keep it
fixed. Use o2, ¥3t)”, ***, @nt@’’ as a new set of
basis functions for the 3p orbital.

(V) Continue the above procedures until self-con-
sistency is attained.

It should be admitted that the procedure described
above is not at all simple and the convergence property
of the whole process is not very clear mathematically.
In some favorable cases, however, it could be of practical
value because the number of necessary basis functions
n is expected to be rather small in most cases.

V. CONCLUSION

It has been shown that with some additional elabora-
tions Roothaan’s SCF theory covers almost all the elec-
tronic configurations of atoms and molecules which are
of immediate importance. It is easy to extend formally
the SCF procedure described in the present paper in
such a way that some classes of three, four or more
open shells can be accommodated but it hardly seems
worthwhile to make such a formal extension.
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The existence of a (0.654-0.25)9%, K-electron capture branch in the decay of 2.8-hr Sr8"™ has been estab-
lished by means of an “internal source” technique. The low logft=4.25 and small energy release of 115 kev
make this K branch especially interesting because it establishes Rb87 as a possible low-threshold detector

for the inverse neutrino capture reaction, Rb8+» — Sr8™m4-¢~

characteristic decay of the Sr8” isomer.

HE 2.8-hr Sr®™ isomer decays by an M4 transition

of 388 kev to the Sr¥” ground state. We find that

it also decays by a previously undetected K-electron
capture branch to Rb¥. From the measured ft value

t This work was performed under the auspices of the U. S.
Atomic Energy Commission.

, which could be identified by observing the

we can calculate the rate of the inverse reaction and
thus judge the potential usefulness of Rb%” as a low-
energy neutrino detector.

In Sr¥™ the 49th neutron is in a p; state, while in the
ground state it is in a go state. Long-lived Rb¥
(t3=6X10" yr) decays to Sr® by S~ emission, with a



