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The expansion method for the nonrelativistic Hartree-Fock theory by Roothaan is extended to relativistic
cases for general open-shell atoms. Numerical applications of the theory to the first transition elements are
carried out. It is shown that the conventional approximation of the exchange potential shifts the energy value
considerably, whereas the off-diagonal Lagrange multiplier has little effect on the energy. Some problems in
the application of the theory to open-shell atoms are discussed.

I. INTRODUCTION

The recent relativistic Hartree-Fock (RHF) cal-
culation® for all atoms in the periodic system has
shown that a complete treatment of the exchange
integrals of the repulsive Coulomb interaction
term is important for the ground-state energy of
open-shell atoms such as the transition elements.

The RHF theory derived by Swirles® and Grant®~®
is based on the semirelativistic wave equation that
is well known as the Breit equation.®™® Although
not fully Lorentz invariant, it is used as an ap-
proximate wave equation. For either RHF or non-
relativistic Hartree- Fock (NRHF) theory, thereare
two alternative schemes to solve the Hartree- Fock
equation. One is the numerical integration method
of Hartree®; the other is the expansion method' of
Roothaan, 1°™'? where orbitals are expanded in
terms of analytical functions. In the application
of the Hartree-Fock theory to open-shell systems,
one cannot obtain a single closed pseudo-eigen-
value equation because of the off-diagonal La-
grange multipliers (ODLM). The Roothaan ex-
pansion method can give the separate pseudo-
eigenvalue equations for closed- and open-shell
orbitals.

Kim?!® has extended the expansion method to the
relativistic closed-shell atoms. Although many
relativistic calculations for atoms have been re-
ported, no calculation using the relativistic Har-
tree-Fock-Roothaan (RHFR) theory, that is, the
expansion method, has been carried out except
that for helium, beryllium and neon by Kim. The
purpose of this work is to present the RHFR the-
ory for general open-shell atoms.

According to approximate ways for treating the
exchange potential, relativistic calculations by
the numerical integration method are classified
into three types, namely, relativistic Hartree
(RH),'*7'® Hartree-Fock-Slater or modified Slater
(RHFS), '""2! and Dirac-Hartree-Fock (DHF),422-26
where the exchange integrals have been treated
exactly for closed-shell atoms but approximately
for open-shell atoms by the use of a value aver-
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aged over the shell. The DHF wave function has
been obtained by neglecting the ODLM for open-
shell atoms. Some of the DHF results concerning
the ground-state configuration of atoms such as
Cu or Cr are not consistent with experiment,
whereas the NRHF calculation®” for Cu, in which
the ODLM has been treated rigorously, has given
the same ground-state configuration as the ex-
perimental one. In the present work, the RHFR
theory of Kim® is extended to general open-shell
atoms. It is interesting to investigate the effect
of the exchange potential and the ODLM on the
energy.

In the present RHFR theory, we assume that
states considered satisfy the following conditions:
(a) The state has no more than one open shell for
each symmetry species; (b) The wave function
for the state is expressed by a single configura-
tion; (c) When the configuration contains only
one open shell, the state can be uniquely speci-
fied by the total angular-momentum quantum num-
ber J and the seniority number v; (d) When the
configuration contains more than one open shell,
the state can be uniquely specified by J only.

For the ground state or some lower excited
states, it is assumed that the angular momentum
j of each shell takes a value less than §. This as-
sumption leads to a simple treatment of two-elec-
tron integrals, since the expectation value of any
two-body interaction operator with a wave function
constructed from orbitals with j < £, is diagonal
in the seniority scheme®®?° whichisused in the pres-
ent treatment. The Breit interaction and the ef-
fect of the finite nucleus are included in the theory
as a first-order perturbation. Numerical applica-
tions of the theory to the first transition elements
are made. Some problems in the application of
the theory are discussed.

II. FORMULATION

A. Hamiltonian and wave function

The total Hamiltonian is divided into two parts,
one unperturbed and the other perturbed:
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H,=H+H' (1)
where

-3 ﬁsmn; - @)
and

H'=Hy +I;'FN . 3)

ﬁj,(p.) is the modified Dirac Hamiltonian
ﬁ;}(”’)=cap.-ﬁu+czﬁlu-z/ry ; (4)

where the rest-mass energy is subtracted to get
the binding energy. Dirac operators & and 8’ are
expressed by the matrices

(0 (7) 0 0
a= 50 and B’=s<0 _2£>, (5)

where G stands for the three Pauli matrices and 1
is the 2X 2 unit matrix. R

The perturbing Hamiltonian H’ consists of the
Breit operator ﬁB and the operator containing the
effect of the finite nucleus H,. Problems arising
in the use of the Breit operator have been discuss-
ed in detail by Bethe and Salpeter.?® The general
expression for two-electron integrals of the Breit
operator has been given elsewhere.3+1%+22:25 The
Breit interaction energy is smaller than the un-
perturbed energy by a factor (Za).? Moreover,
most of the contributions that are due to this in-
teraction arise from K and L electrons. It can be
expected that the total energy for open-shell atoms
shifts very little whether this interaction between
two open shells is calculated rigorously by tensor
algebra or approximately by an average method
such as the weighted-mean method of Slater.3!
The effect of the finite nucleus is important, es-
pecially for K electrons, but it is very small com-

pared with the unperturbed energy. These two
perturbation energies cause small energy shifts
of an equal amount for every state with different
J arising from a given configuration.

In the present work, H’ is neglected because
these two perturbation energies are small and
also because they have almost no dependence on
J.

A four-component orbital is written as

P () Xeml6,9)
V(@) =7"" > . (6)

1Quc () X-wmlb, @)

P,(7) and Q,,(7) are the large and small compo-
nents of the radial wave function, and they satisfy
the orthonormal condition

f [an(r)Pn'K(y) +QnK(T)Qn'K(’r)] dr = 6rm' . (7)
(/]
The spinor X .,(6, @) is written as

Xm0, @)= 3 CUzd;m =0,0)Y;,,-6(6, 9)%* ,
o=%3
(8)

where C(l3j;m — 0, 0) is a Clebsch-Gordan coeffi-
cient, Y;,,(6, ¢) is a spherical harmonic, and ¢*/?
is the two-component Pauli spinor. The relativis-
tic quantum number « is given by

k=%(j+3) for I=j+5and [=jF%, (9)

where [ and 7 denote the orbital-angular-momen-
tum quantum numbers of large and small compo-
nents of the wave function, respectively.

B. Unperturbed energy

In general, the total wave function is a sum of
several Slater determinants. The unperturbed en-
ergy for the state considered here is written as

E-= Z Z NcKInK +E NOKIOK +%Z Z Z Z NcKNcK'{%lK,n'K’ —Knx,n’x’}
n K K n K n’ K

+ E Z Z NCKNDK'{JYRK,OK'—KHK,DK'} +% Z Z No:cNoK'{Jox.aK'—KnK,ax’} . (10)
n K K’ K K

N, and N,, are the number of electrons in closed
and open shells, respectively. N,  always equals
2j +1, whereas N,, takes various values. The one-
electron integral I is given by

Iy =g H(D)] Y (1)) 8 s (11)

where s denotes nk or ok, and m and m' are the

magnetic quantum numbers associated with «.

By using tensor algebra, the general two-elec-
tron integral involving 1/7, has been given by
Grant.> The three types of direct and exchange
integrals have appeared in Eq. (10). The first two
types are the interaction between closed shells
and between a closed shell and an open shell.
These are given by



12 RELATIVISTIC HARTREE-FOCK-ROOTHAAN THEORY... 2247

1 1
Js,s'=m ; ; <¢sm(1)¢s'm'(2)|;;

and

¢sm(1)¢s'm'(2)> = Z as(kk')F¥(ss; s's") (12)

v

1 1 c ’ v ’. ’

Ks,s’=m ; § <¢sm(1)¢s'm'(2) |71-2_ wsm(2)¢a’m’(1)> = ; bu(KK )F (SS y SS ) ’ (13)
where

af/(’("/)=6vo ’ (14)

b5 (k") =[C(ji'v; 7, - 3)]2/(2v+1) , (15)

F*(AC;BD) = [ [ dr,dr,U,(1, D[P ADPo(1) +Q4(1)Qc(D)][Ps 2IP5(2) + Q5 (2)Q5(2)] , (16)
and (see Appendix). When « =«’ in Eqgs. (18) and (19),

U1, 2) =1 it an a)(kkJ) and b5 (kkJ) are not independent of each

The last type is the interaction between two open
shells, which is written in the following form:

ok oxt = E a% (kk'J)FY (oK, ok; ok’ , 0K") (18)

v

and

Kyoxt = z b, (kk'J)F” (0K, 0" 0k,0k') . (19)
v

The coefficients a(k«'J) and b (k«'J) are deter-
mined so that the integrals represent the correct
total energy for the state considered. In the pres-
ent theory, it is assumed that more than one state
with the same total angular-momentum quantum
number J and the same seniority number v does
not appear in a given configuration. The calcula-
tion of these coefficients by the seniority scheme
will be described in the Appendix.

When « #«’, a(kk’J) and b%(kk’J) are obtained
from the off-diagonal matrix element involving
1/r,, for the case where two open-shells exist

N,

ch _I\rok

m

The coefficients a,(xJ) and B,(kJ) are given by

a, (k) =a5(kk) — a% (kkJ) (23)
and

By (k) = b3, (kK) = b7 (kKT) . (24)
The direct integral involving J°¢ vanishes since

a,(«J) is always zero because of relation (14)
and assumption (20).

other because F"(ok, ok; 0k, 0K) is the same in
both J,, .« and K, ,«. In our case,

a?}(KKJ) =0y, (20)

is assumed. This leads to a simplification in the
treatment of the coupling operator, which is de-
scribed below.

The coupling operator R, introduced by Roothaan®
is defined by

N N, - 50
de)s’m’ =1'VA; Z [<¢smlJ0K -K KI ll)s'm')‘l’sm

+<wsml ws’m'> (j‘m - f(OK )‘psm] ’
(21)

where both s and s’ denote n«k or ok, thatis, orbitals of
symmetry k, and N, denotes N, and N, when s
represents nk and ok, respectively. J°¢ and K°¢
are the direct and the exchange operators by the
open-shell orbital, whose expectation value, after
carrying out the sum over the shell, is given by

le E Z (zpsmlj‘”‘ - K°%| Vgrmry =B Z [a, (k])F? (oK, 0k; s, 8') ~ B, (kJ)F" (0K, s; 0k, 8")] . (22)

r
C. The relativistic Hartree-Fock-Roothaan equation

Following Kim,'® we expand large P(r) and small
Q(7) components of the radial wave function in
terms of the same Slater-type orbitals (STO’s)
with nonintegral principal quantum number,32
where the expansion coefficients are different
for P(r) and @(7). These are given by the matrix
form

Pyr)= Y Eafus) =LYk (25)
»
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and

Qs('r) = Z nsqfl(q(r) =[1;<T’s ’ (26)

where &g, and 7, are the expansion coefficients.
A STO f,,(r) is written

pr(")=(2§Kp)"',"’+1/2[r‘(2”ép+1)] -1/2rn;(,e-§,<,.r ,

27

where I'(27,, +1) is a gamma function, and

Nip =N p+ (K2 = Z2*)12 n,,=0,1,... . (28)
The one-electron integral is written as

I =(£5m6) 1 (i) , (29)
where

£K=_< zZUu, Iy ) 30)

-cTy 268, +ZU,

S, is the overlap matrix whose elements have the
form

(Selpe = f Ty foy)fealr) . (31)

The nuclear potential matrix U, and the kinetic en-
ergy matrix 7' are given by

@ [ arlelea® (32)
0
and
+ ° d K
@ora= [ aroo) e E)r). 69

The direct and the exchange two-electron inte-
grals are also written by the matrix

}—]s,s' 0 _é,s
Js.s' =(_§;rﬂ:) 0 Jss' n (34)

and

- Ky Kvy'\ [ &
Ks.s’ =(Esgs) —i’.g' _I_{%';’ s s (35)

where

(L5 V5= 20 D (Boru baro+Tsr M 1)

x( ST AL RY(kp, K'u; kg, K'U)) ,

v

(36)

@g.gs’)’q___z Z Estubsto
X(Z BYS' RV (kp, k'u; K'v, Kq)) ,

@37

and
R”(AB;CD):ff dr,dr,U (1,2)
1]

Xfar ) F () fer))fp(y) .
(38)
The coefficients A% and B%*' are a (k') and
b¢ (kk'), respectively, when the interaction is
between two closed shells or between a closed

and an open shell. The coefficients become
a$, (kk'J) and 0% (kk’J) between two open shells.

8,8’ S,8'

Kiy, K3, and IS‘;,',?' are obtained by replacing
gs'u ga’-v in EQ- (37) by Es'ms'u, Ns'u Ss'v and
Ns'uNs'v, respectively.

The coupling operator matrix B, is given by

B’s =Ns [XOK'S(XK'S)T + XK.S(XOK.S)T] , (39)

'z:><_é_s>

an/\1s /)’ #0)
Sy 0\ /&

_YK'3=<O §K>(ﬂs>’ (41)

and

(:%KE)pq = Z Z ‘EaK o gax,v

x 3" B, (IR (kp, ku; k0, k).

where

X 0K -

(42)

The matrix elements for K%, K2, and K95 can
be expressed in the same way as for K%% by re-
placing the expansion coefficients appropriately.

We obtain the RHFR equations to determine the
expansion coefficients of large and small compo-
nents by applying the variational principle under
the condition that all orbitals are orthogonal to
each other. The derivation is the same as that for
the NRHF theory of Roothaan, where the coupling
operator has been introduced in place of the off-
diagonal Lagrange multipliers. The final equa-
tions are the following pseudo-eigenvalue equa-
tions for closed- and open-shell vectors of ex-
pansion coefficients

Enk _SK 0 _§n:<
Fol )70 s, )\ e 43)
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and
Eox S 0\ /&

—EOK Nox =€p¢ 0 §K Nox ’ (44)
where

_ECK=_'_[.K +£ck +on ’ 45)

For=L« +—POK+ZEHK ’ (46)

n

and

s,s’ s,s’
PAMEEY: ¢

P= Z Ns’( _Kss'
s' —nE

s,s’
-Kyy

st _gsst | - @T)
g“_z_ﬁ,;>

By use of the Hartree-Fock (HF) orbital energies,
the total energy is expressed in the following
form:

E=%<Z Z NCK(IYIK+€'IK)+KZ Ny 5« +€ok))‘
48)

The RHFR equation is solved by iteration for the
closed- and open-shell equations until the self-
consistency is obtained. The solutions for negative
energy states are not used, since we are con-
cerned with positive energy states.

III. DETAILS OF THE CALCULATION

The relativistic ground state, which is the
lowest positive energy state, corresponds to an
excited state in the nonrelativistic case, since
there are negative energy states below the state
in consideration. In the nonrelativistic varia-
tional calculation, it is guaranteed by the vari-
ational principle that one cannot obtain a lower
energy than the true ground-state energy. This
is not the case in the relativistic calculation. In
the RHF calculation, the ground-state energy is
obtained as the lowest stationary value among
positive energy states.

As Bagus?® has mentioned in his NRHF calcula-
tion for hole states of rare gases, a stationary
value may be found by the use of the virial theo-
rem. Kim!® has also used the virial theorem in
the RHFR calculation to obtain a stationary value
for the energy.

For a system interacting with a Coulombic
force, the relativistic virial theorem is given by*

(T)==(V) and E=(M), (49)

where (T'), (V), and (M) are the expectation values
for kinetic, potential, and rest-mass energy op-
erators, respectively. However, satisfying the
relativistic virial theorem is not a sufficient con-

dition for the energy obtained to be the lowest
stationary value. In the RHFR calculation, optimi-
zation of orbital exponents of STO’s is important
to obtain a good result, since the lowest stationary
value for the energy with a wave function obtained
by the expansion method would be found with re-
spect to variation both of the expansion coefficients
and the orbital exponents. However, this is dif-
ficult, because too much time is needed for the
computation.

In the present calculation, full optimization of
the exponents is not carried out. By starting from
the NRHF exponents,?” improvement is made by
carrying out some trial calculations with other
values of the exponents to test whether or not the
shift of the exponents yields a lower energy and a
good virial coefficient (V)/(T). Then, when it is
found that number of basis functions is too small
to construct reasonable orbitals, new functions
are added. The exponents of old functions are
adjusted if the overlap integral between new and
old functions has a value greater than 0.95.

IV. CALCULATED RESULTS

The RHFR unperturbed energies of the ground
and excited states of the first transition elements
are listed in Table I together with DHF(TE),!
RHFS,'” and NRHF?” ones. The calculations are
carried out for all the states of the configuration
[Ar]3d"4s?, where [Ar] means the electronic con-
figuration of the argon atom. For the configuration
[Ar]3d" *4s', only a state with the highest J is
calculated with and without the ODLM, i.e., the
coupling operator to examine the effect of the
ODLM on the energy. The Breit interaction and
the effect of the finite nucleus are neglected both
because they are small and depend on J very little.

The orbital exponents of STO’s used are listed
in Table II. The relativistic shells are described
by the notations of #l+ and nl — for j =l +3 and j
= l- 3%, respectively, where ! and j are the orbital
and a total angular-momentum quantum numbers
for the shell under consideration, The same STO’s,
except for the 1s STO for the p— shell and the 2p
STOfor thed- shell, are used for nl+ shells, since
the large components of the radial wave functions
for these shells can be expected to be nearly equal.
It is also expected that the use of the same STO’s
for these shells has little effect on the energy be-
cause the eigenvectors for the small-component
function are smaller by a factor 1072 than those
for the large-component one. For p— and d- shells,
1s and 2p STO’s are needed, respectively, since
the small-component function for the »nl - shell
has one more node than the large-component func-
tion,



2250

TAKASHI KAGAWA

TABLE I. Comparison of the RHFR and other relativistic and nonrelativistic energies for
the first transition elements (in a.u.). Valueswithout the ODLM are in parentheses. The
ground-state configuration obtained from experiment (Ref. 35) and the lowest RHFR energy
are underlined. The configuration without core electrons [Ar] is given in the third column.

Number of electrons Virial
Atom Z 3d- 3d+ 4s+ J Theorem RHFR DHF(TE)®> RHFS® NRHF®
Se 21 1 3 -0.99998  763.377  763.3895  760.496  759.736
2 1§ -0.99998  763.268  763.3150
Ti 22 2 2 —0.99999  852.841  852.8392  849.791  848.405
0 -0.99998  852.749
3 1 2 -0.99998  852.728  852.7797
(-0.99998  852.726)
\ 23 2 099999 948.217  948.2191  945.016  942.883
4 1 %+ -0.99998 948.156  948.1693 '
(~0.99995  948.117)
Cr 24 2 0 -—1.00001 1049.67  1049.6820 1046.299 1043.306
4 1 3 —0.99999 1049.73  1049.6319
(~1.00000  1049.70)
Mn 25 3 -0.99998 1157.3¢  1157.3673 1153.867 1149.865
4 2 1 § -099997 115749  1157.3251
(~0.99998  1157.47)
Fe 26 4 2 2 4 —0.99999 1271.44  1271.4370 1267.795 1262.443
2 —=1.00000 1271.40
0 -1.00000 1271.30
4 3 1 5 —0.99999 1271.61  1271.4017
(—0.99999 1271.60)
Co 27 4 3 2§ -0.99998 1392.09  1392.0441 1388.264 1381.414
3 -0.99998 1391.99
2 -0.99998 1391.98
4 4 1§ -0.99994 1391.11  1392.0155
(~0.99998 1392.19)
Ni 28 4 4 2 4 —0.99998 1519.32 1519.3420 1515.425 1506.869
2 —0.99998 1519.28
0 —0.99998 1519.15
4 5 1 3 -0.99997 1519.40 1519.3194
(-0.99998  1519.42)
Cu 29 4 5 2 3 -0.99997 1653.44 1653.4852 1638.949
4 6 1§ -0.99997 1653.44 1653.4679 1649.474 1638.961
(—0.99997 1653.43)

2Reference 1.
bReference 17.
®Reference 27.
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TABLE II. Optimum values of orbital exponents of STO’s used in the RHFR calculation for
the first transition elements.

Shell s+ p—andp+ d— and d+
Atom\ STO 1s 2s 3s 4s 2p 3p 3d
Sc 20.87912 18.007 7.3798 3.2266 9.5892P 9.0 5.5469
36.0 8.6 4.7354 1.5278 16.476 5.0 4.57
3.2087 0.96 4.1417 3.57
2.8391 2.25
1.8 1.6
0.9
Ti 21.78322 18.7059 8.2372 3.4877 10.0056" 9.5 9.1
37.0 9.3846 4.8316 1.5391 16.7923 6.0 5.4
3.3793 0.9385 4.,7353 3.3
2.9246 2.15
1.3418 1.3
0.95
v 22.77632 23.0 9.5 3.75 10.6236b 8.0449 9.971
40.0 9.374 6.7 1.6576 16.6889 5.367 4.7919
3.7 0.9947 3.2011 3.5249
1.475 2.5756
0.9947 1.572
1.172
Cr 23.5354 2 21.2835 10.5 3.2839 10.66‘74b 6.6401 8.3587
41.0 10.5 6.5 1.7226 16.3625 3.5474 5.2264
4.0251 1.0567 7.6 2.0 3.47
1.2 2.7
1.8
1.2645
Mn 24.60962 21.1177 8.7566 3.65 9.5894 " 9.0 11.1772
40.0 10.6685 5.7335 1.816 16.2699 5.88 5.6157
4.148 1.0811 4.28 4.5
3.13 3.7239
2.1 2.4849
1.3718
Fe 25.87822 21.333 9.5002 3.8 10.092° 12.0 7.5
41.0 11.0123 6.0 1.8 17.0237 6.4765 5.0041
4.5 1.0 4.4681 3.5954
3.4539 2.6169
2.5518 1.8488
1.2
Co 26.82722 22.0 10.547 4.55 12.0° 11.5 10.703
40.0 12.1605 6.6822 2.0159 19.7 6.0 6.5802
5.2084 1.1973 4.7 4.5541
3.5319 2.7482
2.7084 1.534
0.9
Ni 27.7812 22.6667 12.0 4.8023 12.3% 11.3575 12.6791
40.0 12.65 7.5 2.8 18.2 6.3026 6.8718
4.5 1.2653 4.1333 4.63
3.0 2.9253
2.3286 2.2
1.6098
Cu 28.7426°2 23.333 11.4199 5.0328 12.2857b 11.8919 13.0023
42.1133 13.1453 6.6632 2.1422 19.0591 7.2841 7.3857
5.8397 1.2525 4.5745 5.0748
2.8669 3.0723
1.5 1.7192
0.8

2This 1s STO is also used for the p —shell in the calculation.
bThis 2p STO is also used for the d—shell.
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TABLE III. Comparison of orbital energies for copper
(Z =29) (ina.u.).

RHFR NRHF"°
Shell =3 RHFS? ¢s) Experiment?
s+ 332.661 328.67  328.793 330.14
26 + 41.664 39.92  40.820 40.48
2p— 36.302 35.23 35.11
2p + 35.548 34.45 50619 34.38
3s + 3.149 4.458  5.013 4.57
3p — 3.421 2,960
3p + 3.322 2.861 0326 2.87
3d— 0.478 0.372
3d+ 0.466 0.361 0492 0.39
4s+ 0.244 0.261  0.236 0.284
E 1653.44  1649.47 1638.96
V.T. —0.99997 ~2.000 00

2Reference 20.
bReference 27.

The number of STO’s used in the calculation is
10 for s+, 8 for p-, 7 for p+, 7 for d—, and 6 for
d+ shells, respectively. The optimum exponents
are obtained in the calculation of the state with the
configuration [Ar]3d"4s? and are transferred for
the calculation of the state with the configuration
[Ar]3a” "14s!,

The RHFR energy is obtained so as to satisfy the
virial theorem. The maximum deviation of (V) /
(T') from the best value of —1.00000 is +0,000 03
in these calculations, so that the maximum energy
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deviation owing to incomplete optimization of the
exponents is considered to be within +1 in magni-
tude at the fifth figure, whereas the numerical
error of the single precision calculation lies at
the sixth figure within *1.

The electronic configuration of the ground state
as determined by experiment® is underlined in the
columns labeled “Number of electrons” in Table
I. The lowest energy obtained by the RHFR cal-
culation is also underlined in that table. Agree-
ment of the ground-state configuration obtained
from the RHFR and experiment is obtained for Sc,
Ti, V, Cr, and Cu, whereas the DHF(TE)' results
are in agreement with experiment for all atoms
considered here except for Cr and Cu. The dis-
crepancies probably arise from inaccuracy of
prediction of the ground-state configuration for
these atoms by various Hartree-Fock schemes,
Since 3d and 4s orbital energies are approximately
the same, the energy difference between the con-
figurations [Ar] 3d"4s? and [Ar] 3d" *14s! is small.

The DHF energies obtained by Maly e? al.! have
been calculated by two methods with the same wave
function that was obtained by neglecting ODLM’s
in the Hartree-Fock equation. One is the method
denoted by TE (total energy), in which the exact
coefficient N, 0% (kkJ) is replaced by N, b5(kk).
The other is denoted by AE (average energy), in
which (N,, —1) [(27 +1)/27 165 (kk) is used, The
latter is the weighted-mean method of Slater.®
The AE method gives the exact coefficient of the

TABLE IV. Energy difference by the RHFR calculation between the ground state and excited
states arising from the same configuration as the ground state for Ti, Fe, Co, and Ni (in

a.u.). AE =E (excited) —E (ground).

RHFR Experiment ?
Number of electrons Ground Excited Ground Excited
Atom Z 3d- 3d+ 4s+  state state AE state state AE x10?
Ti 22 2 2 J=2 J=0  0.092 F, F, 0.0775596
¥, 0.176 368
Fe 26 4 2 2 J=4 =2 0.04 D, ‘D, 0.189 615
=0  0.14 ‘D, 0.320 940
D, 0.404 881
Dy 0.445884
5
Co 271 4 3 2 J=7 J=y 011  ‘Fy,  ‘Fy,  0.37200
J=¥  o0.10 oy 0.641349
Fyy 0.824 836
Ni 28 4 4 2 J=4 = 0.04 F, F, 0.607 301
=0 0.17 F, 1.01046

2Reference 35.

1 em™1=4.55879% 1078 a.u. is used.
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exchange integrals for the ground state of a closed-
shell atom and an open-shell atom which has one
electron or one hole in the open shell. Comparing
these coefficients, we expect that TE is lower than
AE for any open-shell atom if the same wave func-
tion is used, since N,,> (N, ~1)[(27+1)/2j].
This, however, is not so in the DHF results ob-
tained by Maly et al.! In Table I, TE’s in the DHF
results are listed.

The RHFR orbital energies for Cu are listed in
Table III together with the RHFS'” and the NRHF?’
ones and the experimental binding energies.®*® The
RHFS and the NRHF orbital energies are closer
to the experimental binding energies than are the
RHFR ones. Because Koopmans’s theorem does
not hold in this case®* %" and, moreover, the ex-
perimental energy contains various energies that
are due to electron correlation effect, quantum
electrodynamic effects,® etc., it cannot be con-
cluded that the RHFR result is not valid.

The orbital energy of the 3d+ shell is higher
than that of the 3d- shell in the RHFR results for
the state with the highest J of Cr, Mn, Fe, and Ni,
whose configurations are [Ar]3d"” "'4s!, and of Co,
in which it arises from both [Ar] 3d" *'4s! and
[Ar]3d"4s?i.e., Cr(J=3), Mn(J=%), Fe(J=5),
Ni(J =3), and Coftwo J =%) states (see Table I).
The inversion of the orbital energy between nl —
and nl + shells will be discussed later in connec-
tion with problems in the RHFR calculation.

V. DISCUSSION

In Table I, the difference of the energy values
between the RHFR and the DHF(TE ) calculations
is due not only to incomplete optimization of the
exponents in the RHFR calculation and the dif-
ference of numerical technique, but also to the
approximation of the exchange potential in the
DHF(TE) calculation.

The effect of the exchange potential on the energy
can be examined by comparing the energy value
between the states with various J values arising
from the same configuration. By using the energy
values in Table I, energy differences between
various states for Ti, Fe, Co, and Ni and cor-
responding experimental values are listed in
Table IV.

For Ti, the energy difference between the ground
(J =2) and the excited (J =0) states arising from
the configuration [Ar]3d -~ 24s +2 is 0,092 a.u.,
which is 0.01% of the ground-state energy. For
other atoms, the magnitude of the energy dif-
ferences between the ground and the highest ex-
cited states are also about 0.01% of the ground-
state energy. This means that energy value could
shift at the fifth figure by the approximation of the

exchange potential in the worst case. As has been
mentioned before, the RHFR energies for all the
states considered here are obtained by using the
same STO’s, since the difference in the wave func-
tion between the ground and lower excited states

is very small, Regarding the energy difference
between these states, it will be expected that the
RHFR values in Table IV shift little if the RHFR
energies are obtained by carrying out the complete
optimization of the exponents in each calculation.
It is concluded that the approximation of the ex-
change potential shifts the energy value considera-
bly. However, the RHFR energy difference is too
large when compared with experiment. The former
is several hundred times larger than the latter.
The reason for this is that a single configuration
wave function by pure jj coupling cannot give an
adequate description for these atoms.

By comparing the energies obtained with and with-
out the ODLM, that is, the coupling operator for
the configuration [Ar]3d"” *4s!, it is found from
Table I that the ODLM has little effect on the en-
ergy. In Table I, the RHFR energies obtained
without the ODLM are in parentheses. The ex-
ceptional result for Co may be due to the inap-
propriate basis functions which gave a bad virial
coefficient of — 0.999 94,

Sometimes convergence is not obtained in the
RHFR calculation. Even if the convergence is ob-
tained, it happens in some cases that the orbital
energy of the %l + shell is lower than that of the
nl - shell, which contradicts the experiment.

Such an inversion of the orbital energy has oc-
curred in the calculation for atoms from Cr
through Ni, whose configuration is [Ar]3d -43d
+"*14s' and for Co in the ground state. This has
already been mentioned. For excited states with
lower J, this inversion of the orbital energy does
not appear. The reason for the inversion of the
nl + orbital energies is that the electronic states
of small atoms or outer electrons of heavier
atoms are described substantially by the LS or
intermediate coupling. In other words, nl+ or-
bitals are nearly degenerate. The single-con-
figuration wavefunction by the RHFR theory is
written in pure Jjj coupling and is not adequate for
describing these states.

The inversion of the #nl * orbital energies will
disappear if we use the average method. How-
ever, the description of the state with the rigorous
total angular momentum J is discarded in this case.
Proper improvement of the RHFR scheme would
be made by constructing the wave function as a
linear combination of some configurations, i.e.,
by taking configuration mixing into account. How-
ever, this leads to the multiconfiguration Hartree~
Fock scheme, which will be difficult to solve and
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is not described here.

One of the merits of using the expansion method
is that the wave function obtained is easy to use
in other calculations in related fields. The diffi-
culty of this method lies in the optimization of the
orbital exponents in terms of a small number of
basis functions. This requires a large amount of
time for computation. However, the application
of the RHFR theory to heavier atoms is now pos-
sible as high-speed computers with large memory
are coming into existence.

ACKNOWLEDGMENTS

I wish to thank Professor Kimio Ohno for reading
the manuscript and offering helpful criticism. I

also wish to thank Professor Tomokazu Murai for
his encouragement and interest in this work. This
work was supported by a Grant-in-Aid from the
Japanese Ministry of Education. I am indebted to
the Data Processing Center of Kyoto University
for the numerical computation on the FACOM
230-75 computer,

APPENDIX: THE MATRIX ELEMENT OF 1/r,, BY USE OF
THE SENIORITY SCHEME

Even if more than two open shells are involved
in the configuration, the integrals for a general
two-electron operator V,, are reduced to the fol-
lowing two open-shell cases®:

nytn,
<j:1(vlJ1)jzz(szz)J Z Vie jrl(vlJl)j:Z(szz)J>=A1 +A; +B (A1)
i<k

where the diagonal matrix element A, is written

)\
n .n
Ax=<1kaxe > Vi Jx)‘Uxe> (A2)
i<k
and the off-diagonal matrix element B is
.n, n m o mtng n .n,
B ='<]11 v, 9,)4,2, Jz)J, Z Z Vie| 7,10, 9))3,% @, Jz)J> 5
i =1 r=ny41
I
7y is the number of electrons in the j, shell, and TABLE V. Values of d, (j"J).
vy and J, are the seniority and the total angular-
momentum quantum numbers for the configuration, d, (j"vJd)
respectively. The diagonal matrix element A is K j n v J v=2 v=4 v=6
expressed by use of the seniority number v as 3 3 1
follows: 2 7 3 1 7 T
. 3 ¥ 3 1 % 0 0
A =<j"vJ D Vi j"vJ> ;s & ~k -
i<k 9 1o 8
n-v n-v)n+v-2) 2 1
: -V
g Vo+ 227 -1) (Ey=Vo), 4 0 0 0 0
1
(A4) 2 2 -m  -g
2 L
where 4 -3 —~%5
1 5 8 2
E,= =2 207 +1)V (A5) i A
0371 L, BTV s F o3 o1 F @ & @
3 17 1 5
3 7 -t ) —T287
and 5 1 13 575
v 27|V | 74) 2 b —363 —nai
= . 9 9 31 2714
7= UMVl 5 (48) T -T®m T B
1 5 13 _ 425
Recently, Grant® has made a computer program z "?—9 '5253_41 432751
to calculate the coefficients of two-electron radial 5 -5 —347 —T3704

integrals involving 1/7,, for the jj configuration-
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TABLE VI. Values of bJ(k,J) for the configuration the coefficients of fractional parentage (cfp),*® the
¥=1i110J 9, Go=5, N diagonal integral A for 1/7,, is given in the fol-
Shell &y j; ny vy Jy v J bYked) J  bOkiKyd) lowing form:
b~ 1+ 11 L10 * L 4=2021 5 g (maFek,ox0k,00).  (AT)
p+ -2 ¥ 11 ¥+ 11 % 2 v

2 0 0 17 F From Egs. (20), (21), (22) and (A7), b%(kxJ) is
2 2 1 % 0 L obtained as
3 1 § 11 7 2 ¥ b%(kkJ)=1/n, v=0,
i- 2§ 11 F 21 § 2 % == (1 =1/0)d,(jwd), v>0, (A8)
i 1
2.0 02 —f Tf 5 s where n=N,,. The values of d,(j"vJ) are calculated
2 2 2 7 3 7 50 by use of Eqs. (A4), (A5), and (A6), and are listed
3 1 521 & 2 % in Table V.
i+ =3 ¥ 1 1 & 2 2 -4 3 1 The expression for the off-diagonal matrix
2 ' zf s element B is complex for general open-shell cases.
2 0 0 2 roow As has been noted, we consider the cases where
2 2 2 7 ?ls' ¥ % more than one state with the same J does not ap-
2 4 2 -} 0 : % pear in a given configuration which contains more
3 3 F 2 1 * than one open shell. Detailed expressions for the
9 2 4 matrix element B are given elsewhere.?' % After
3 7T 2 4 ™ 5 % . X .
. N evaluation of the angular integration and by use of
4 0 0 27 T cfp’s, the matrix element B can be expressed with
2 2 2 % w7 # aj(k,k,J) and bJ(k, k,J) as follows:
e 4 2F w7 %
5 1 %- 2 2 -{;g 3 % B=nn, Z [ag('ﬁ"zJ)Fu(OKuOKx;OKz’OKz)
v

2j , is for the s + shell. -2 (k, k,J)F 0 "1,0"2;0"1,0"2)] ,
mixing method, where the seniority scheme is (49)
used. The integral of Eq. (Al) is included as the where aj (k,k,J)=8,,. Numerical values of
single-configuration case in the program. After by (k,k,J) in which j, is for the s+ shell, are
carrying out the angular integration and by using listed in Table VI.
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