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The relativistic Hartree-Fock-Roothaan equation for closed-shell configurations of atoms is derived.
The relativistic Hamiltonian consists of the sum of the Dirac Hamiltonians and the interelectronic Coulomb
repulsion terms. The atomic wave function is assumed to be an antisymmetrized product of 4-component
orbitals whose radial functions are expanded in terms of the Slater-type basis functions. The Breit inter-
action operator is used as the relativistic interelectronic interaction term, and is treated as the first-order
perturbation. Expressions for the matrix elements of the Breit interaction operator are given for the closed-
shell configurations. Numerical results for the ground states of He, Be, and Ne atoms computed according

to this formalism are also presented.

INTRODUCTION

HE Dirac theory of the electron, combined with
quantum electrodynamics, has been very suc-
cessful for the relativistic treatment of the hydrogen
atom, but it is difficult to extend such a theory to
many-electron atoms and develop a practical relativistic
theory of complex atoms. The first obstacle to such an
extension is the difficulty of finding a Lorentz-invariant
Hamiltonian operator to describe all relativistic inter-
actions of atomic electrons among themselves and with
the nucleus. Since the Hartree-Fock self-consistent-
field (SCF) theory! starts from a Hamiltonian operator
(or the corresponding Schrodinger equation), the ex-
tension of the SCF theory to the relativistic case starts
with an approximation to the relativistic Hamiltonian
operator to be used, in addition to other approximations
on which the nonrelativistic SCF theory is based.

The first-order relativistic effects, however, such as
the spin-orbit coupling, magnetic interaction, and the
retardation of the Coulomb repulsion between elec-
trons, may be approximated by the sum of the Dirac
Hamiltonians? and the Breit interaction operators?
(referred to as the Breit operator hereafter). In the
nonrelativistic limit, these operators are reduced to
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1 For the nonrelativistic SCF theory of atoms, see, for instance,
D. R. Hartree, The Calculation of Atomic Structures (John Wiley
& Sons, Inc.,, New York, 1957). It is customary to reserve the
term “Hartree-Fock wave function” for the exact solution of the
Hartree-Fock integro-differential equation. We shall use the terms
SCF and Hartree-Fock interchangeably.

2 We follow the conventions of M. E. Rose, Relativistic Eleciron
Theory (John Wiley & Sons, Inc., New York, 1961) except for the
units. We use atomic units.

3 G. Breit, Phys. Rev. 34, 553 (1929). The derivation and dis-
cussion of the Breit operator, from the veiwpoint of the S-matrix
theory, can be found in A. I. Akhiezer and V. B. Berestetsky,
Quanium Electrodynamics (Interscience Publishers, Inc., New
York, 1965). See also H. A. Bethe and E. Fermi, Z. Physik 77,
296 (1932).
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the terms denoted by Bethe and Salpeter* as H; through
Hg, which include, among others, spin-orbit, spin-spin,
and spin-other-orbit couplings. The hyperfine structure
and the nuclear motion are not included in these
operators. At present, however, it is impossible to ex-
press the higher order relativistic effects, which con-
tribute to the Lamb shift, in terms of some operators
suitable for the extension of the SCF formalism.®

There is a theoretical difficulty associated even with
the use of the Breit operator in the relativistic Hartree-
Fock scheme. As was pointed out by Breit,? and later
by Bethe and Salpeter,® the Breit operator should be
treated as the first-order perturbation to the relativistic
Hamiltonian which is the sum of the Dirac Hamil-
tonians for the one-electron part and the nonrelativistic
Coulomb repulsion terms for the electron-electron
interaction. Inclusion of the Breit operator in the un-
perturbed Hamiltonian would lead to a result incon-
sistent with quantum electrodynamics.

The Breit operator accounts for the magnetic inter-
action and the retardation of the Coulomb repulsion;
both these terms are of the order (v/c)? compared to the
nonrelativistic two-electron interaction term, where v
is some average speed of the electrons and ¢ is the speed
of light. In the hydrogenic case, the ratio v/c is of the
order of Za, where Z and « are the nuclear charge and
the fine-structure constant, respectively. The nonrela-
tivistic expectation value of the nuclear potential is of
the order of Z%x?mqc?, where m, is the rest mass of the
electron, and the nonrelativistic expectation value of the
interelectronic repulsion term should be of the order of
Zo®mc®. Therefore, the change in the one-electron
energy due to the Dirac Hamiltonian is expected to be of

¢ H. A. Bethe and E. E. Salpeter, Quantum Mechanics of One-
(iusuli Two-Electron Atoms (Julius Springer-Verlag, Berlin, 1957), p.

8 For the computation of the Lamb shift correction, it is neces-
sary to include contributions from the unperturbed wave func-
tions of all the excited states, which is impractical for complex
atoms. See, for instance, K. Y. Kim [Phys. Rev. 140, A1498
(1965)] for calculations of higher order relativistic corrections for
the helium atom; also G. E. Brown et al. [Proc. Roy. Soc. (London)
A251, 92 (1959); A251, 105 (1959)], and D. F. Mayers ef al. [Phys.
Rev. Letters, 3, 90 (1959)] for the Lamb shift corrections for
heavy atoms.

6 Reference 4, p. 170.
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the order Z*moc?, whereas the change in the inter-
electronic interaction terms (including those from the
Breit operator) would be of the order of Z%a*mc2

The first attempt to formulate a relativistic SCF
theory was made by Swirles.” She tabulated the rela-
tivistic equivalent of the Slater coefficients arising from
the Coulomb repulsion term, but no serious application of
this scheme was made at the time. Later, some relativis-
tic SCF calculations were made by various authors, but
most of these calculations either omitted the exchange
term or made some approximations to avoid the numer-
ical difficulties. For instance, Schonfelder computed for
various atoms numerical wave functions without the ex-
change terms,® and Liberman and his coworkers cal-
culated numerical wave functions for the closed-shell
configurations of some atoms by approximating the ex-
change term by Slater’s method.® A significant theoreti-
cal advance was made a few years ago by Grant,
who derived more general expressions for the relativistic
Slater coefficients computed by Swirles as well as for
those arising from the magnetic interaction. In addi-
tion, Grant presented the relativistic Hartree-Fock
equations for closed-shell atoms including the magnetic
interaction term in the unperturbed Hamiltonian. More
recently, Synek!! proposed a relativistic SCF scheme in
which the orbitals are expanded in terms of 4-component
basis spinors, but he did not make use of Grant’s re-
sults for the relativistic Slater coefficients.

In this paper, we present a relativistic SCF theory for
closed-shell atoms based on an uperturbed Hamiltonian
which is the sum of the Dirac Hamiltonians and the
Coulomb repulsion terms. The complete Breit operator,
which contains both the magnetic interaction and the
retardation terms, is treated as the first-order perturba-
tion. The total wave function is a Slater determinant of
four-component, one-electron orbitals. The radial func-
tions of the orbitals are expanded in terms of Slater-
type functions with nomintegral principal quantum
numbers. The expansion coefficients for the large and
small components are determined by solving the varia-
tional problem as a pseudo-eigenvalue problem in a
method similar to that developed by Roothaan,!? but no
a priori relationships between the large and small com-
ponent radial functions are assumed. A nonintegral
principal quantum number occurs in the relativistic
wave function of the hydrogenic atom. Similarly, for
many-electron atoms, it is necessary to introduce non-
integral principal quantum numbers to satisfy the
relativistic Hartree-Fock equations near the origin

7 B. Swirles, Proc. Roy. Soc. (London) A152, 625 (1935).

8 J. L. Schonfelder, Proc. Phys. Soc. (London) 87, 163 (1966).

9 D. Liberman, J. T. Waber, and D. T. Cromer, Phys. Rev. 137,
A27 (1965).

101, P. Grant, Proc. Roy. Soc. (London) A262, 555 (1961). We
get the relativistic Hartree-Fock integro-differential equation for
our formalism by neglecting the magnetic interaction term in the
equation given in this reference.

11 M. Synek, Phys. Rev. 136, A1552 (1964).

12 C, C. J. Roothaan, Rev. Mod. Phys. 23, 69 (1951).
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[cf. Appendix IIT and Eq. (129)]. Such principal quan-
tum numbers also, as a bonus, provide additional
variational parameters for the orbitals.!?

The applicability of the formulas presented in this
paper is limited to closed-shell configurations of neutral
atoms and atomic ions. A relativistic shell is specified by
the total angular momentum and the space-inversion
parity of the electrons in the shell. For instance,
(p1/2)? and (ps/2)* in conventional spectroscopic notation
are relativistically closed shells, although their non-
relativistic counterparts, (p)? and (p)4, are not. A rela-
tivistically closed shell forms a J=0 state, where J is
the total angular momentum, but not all /=0 states are
relativistically closed shells.

The numerical results for the ground states of He, Be,
and Ne atoms, computed from the formalism presented
here, are given at the end of this paper.

HAMILTONIAN AND WAVE FUNCTION

The unperturbed Hamiltonian H for an N-electron
atom of nuclear charge Z is, in atomic units,

H=3 Hp(w)+3 2 > (1/1w), (1)

BovFEp

where the summations are from 1 to N, 7, is the dis-
tance between the uth and »th electrons, and Hp(u)
is the Dirac Hamiltonian of the uth electron, namely,

HD(/J') =0y 'p,,6+ﬁ,,62—Z/7'“ . (2)

In Eq. (2), p is the momentum operator, and 7, the dis-
tance from the nucleus to the uth electron, and «
and @8 are the Dirac matrices in conventional representa-

tion, i.e.,
<0 o') (I 0
o= ﬁ:
o 0/’ 0 —I)’

where the o are 2)X2 Pauli matrices and I is a 2)X2 unit
matrix.

The Breit operator Hp is given by

LT | [:((!,, V) (e V)]

™ 2

HB@,V):—{ } O

where the gradient operators V, and V, operate on 7.,
only, and not on the wave function when the expecta-
tion value of Hp is taken. The first term on the right-
hand side of Eq. (3) is the magnetic interaction term,
and the second is the retardation term. The matrices

@, operate only on the spinor containing the coordinates
of the uth electron.4

13 R. G. Parr and H. W. Joy, J. Chem. Phys. 26, 424 (1957).

¥ The last term of Eq. (3) reduces to the more conventional
form — (@1- @2)/(2r12) — (@1 1r12) (@2:112) /(2712*) when the differen-
tiation is carried out. In our form, however, each term has a clear

physical meaning, and it is easier to apply the Racah algebra to
the retardation term.
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The Dirac Hamiltonian contains the rest-mass energy
¢? of the electron. To get the binding energy, we sub-
tract this energy from the Dirac Hamiltonian and
obtain

Hp'(8) = e DucAB,/6*— 2/, @)

, (0 0
P=\o —2I>'

Therefore, the unperturbed binding energy is given by
E=(Y|H'|¥), )

where

where

H'=3Y Hpy(wW+3X X 1/rw),

B ovEp

(6)

and ¥ is the normalized total wave function.
The relativistic correction to the binding energy due
to the Breit operator is given by

Ep=%3 2 (¥|Hp(up)|¥).

bovFEp

™

The total wave function ¥ is determined by applying
the variational principle to the binding energy E.
The wave function is an antisymmetrized combination
of one-electron orbitals defined as

77LP (1) Xk (6,
)X em(8,0) ), ®

7100k (1)X_em(0, 0)

where P, (r)/r and Q,.(r)/r are the large and small
radial wave functions, respectively, and satisfy the
orthonormality condition

Ynem(r,0,0) = (

/ dr I:an(r)Pn'K(7)+an(7)Qn’K(7')]=5""’ P (9)

where 8., is the Kronecker delta. The choice of the
phase in Eq. (8) enables us to take real radial functions
both for the large and small components.

The angular functions X,»(6,¢) are given by

X,‘m((), ‘P) = Z C(l%]’ m—a, 0') Yl,m—-v(e; ﬂ")d’v )
o=11/2

(10)

where the C(l37; m—a, o) are Clebsch-Gordan coeffi-
cients, the Yim-.(6,¢) are normalized spherical har-
monics, both in Rose’s notation,'® and the ¢, are the
two-component spinors

1 0
oo )s 2

The orbitals given by Eq. (8) are orthonormal to each
other.

15 See Ref. 2, and, also M. E. Rose, Elemeniary Theory of
Angular Momentum (John Wiley & Sons, Inc., New York, 1957).
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The quantum number « classifies the orbitals accord-
ing to their symmetry species analogous to the orbital
angular momentum in the nonrelativistic case. This is a
consequence of the fact that the Hamiltonian H' [cf.
Eq. (6)] is invariant under the spatial rotation, and an
irreducible representation of the rotation operator
with half-integer angular momentum j can be uniquely
determined only if the space-inversion parity along with
7 is specified.’® In Eq. (8), the orbitals are chosen in
such a way that the orbitals of same « form the basis
vectors for the (2j+41)-dimensional irreducible repre-
sentation of the unitary, unimodular group SU(25+1).
With this choice, the magnetic quantum number m
labels the subspecies, namely, the component of j along
one of the coordinate axes. The index # labels orbitals
which cannot be distinguished by « and m. Although we
are free to choose an arbitrary labeling system for #»
(e.g., the system used in the nuclear shell model), we
adopted the convention used by Swirles” (cf. Table I),

TasLE I. Relativistic shells and their parameters.

Shell S1/2 P12 D32 dsj2 ds/2
« -1 1 -2 2 -3
j 3 } 3 5
] 0 1 1 2 2
1 1 0 2 1 3
g + - - + +

Shell> s P » d d
a The space-inversion parity g =(—)%

b B, Swirles’s notation for the relativistic shells. (Reference 7.)
ie., 1s, 2s,--+, 2, 3D, -+, 2p, 3p,- -+, 3d, 4d,- - - etc.

The total angular momentum j and the orbital angular
momenta / and [ of the large and small components, re-
spectively, are related to k by

J= IKI_%)
I=|e+d| -3,
Y

In principle, we could have chosen radial functions
depending on #, k, and m; that is, different radial func-
tions for different angular-momentum orientations, but
in order to keep the computational complexity within
reason, we have foregone the use of such functions.

The symmetry species « is the eigenvalue of the
operator

(11)

K=p(e"-141),

-G )
u:
0 e

and 1 is the angular momentum operator; that is,

K‘pnmn: - m//m(m .

where

16 M. Hamermesh, Group Theory (Addison-Wesley Publishing
Company, Inc., Reading, Massachusetts, 1962), p. 348.
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The operator K commutes with the Dirac Hamiltonian
and j. The values of various parameters for some rela-
tivistic shells are given in Table I.

If we apply the variation principle to Eq. (5), we find
that the radial functions Pn(#) and Qn(r) must satisfy
coupled Hartree-Fock equations. If we want numerical
wave functions, we must solve these coupled integro-
differential equations (cf. Appendix III). If we want to
find analytic expansion-type wave functions, the applica-
tion of the variation principle to the expansion coeffi-
cients leads to a pseudo-eigenvalue equation, referred to
as the Hartree-Fock-Roothaan equation in literature,
to be satisfied by these coefficients.

Experience with nonrelativistic calculations shows
that the numerical wave functions have more accurate
asymptotic behavior than the analytic ones, though
both give total energies of comparable accuracy. The
analytic wave functions, however, are much easier to
handle, for instance, in the calculations of various ex-
pectation values other than the total energy. The solu-
tions of the Hartree-Fock integro-differential equations
can be approximated by Roothaan’s method to any
degree of accuracy by increasing the number of basis
functions to expand the radial functions, but the amount
of numerical work increases very rapidly as the number
of basis functions is increased. Actually, Roothaan’s
method enables us to find analytic wave functions of
high accuracy with a relatively small number of basis
functions provided the basis functions are chosen
carefully.

The radial functions may be expanded in terms of any
basis functions, i.e.,

Po(r)=2 Enxpfxp(r) ’

(12a)
an(r) =3 ﬂnanxq(r) )
q
or in vector notation,
PnK = fx “Cnky
(nN=1f¥ (12b)

an(”)=fx"'1nx’

where f, is a row vector of the basis functions f;, and
£, and n,, are column vectors of the expansion coeffi-
cients £n.p and 7neq, respectively.

Although we may choose any functions as basis
functions, the Slater-type functions are the best ones
for atomic calculations in the sense that a small number
of these functions are sufficient to describe the radial
functions to high accuracy. We use, therefore, the
Slater-type functions

failr)= ¢ i) veit1/2
X[I‘(Z'Yxi_‘_l)]—llzr‘hi eXp(_g‘xir) ’ (13)
where the exponents v and { are nonlinear variation

parameters and v need not be an integer. The standard
notation for the gamma function I'(x) is used in Eq.
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(13). Since we chose the radial functions to be real, we
may choose the expansion coefficients to be real also.

MATRIX ELEMENTS OF THE UNPERTURBED
HAMILTONIAN IN TERMS OF THE
RADIAL FUNCTIONS

As in the nonrelativistic case, the total energy E is
reduced to the sum of one-electron integrals 74, and
two types of two-electron integrals, the direct integral’
J 4p and the exchange integral K 45, where the subscripts
A4 and B denote the set of orbital labels (1,x,m),

E=§ Ii+3 AZB(JAB—KAB)- (14)
Integrals 14, Jag, and K 45 are defined as
Ls=Wal|Hp'|¥a), (15)
Jap=a(O¥s) | |Ya(Ys(2)),  (16)
and
Kap=@aWYs2)|rat [¥s(Ya(2)).  (17)

A straightforward derivation of Eq. (14) leads to a re-
striction B5#4 on the summation over B, but such a
restriction can be eliminated and the summation over B
may be carried out to all orbitals including B=4 be-
cause J 44=K 44 by definition. The summation over all
4 and B simplifies the expressions for the Slater coeffi-
cients greatly.

One-Electron Integral

The angular part of the one-electron integral 74 can
easily be integrated out,? and we have

Ii= f dr (=204 T
PO THIOAOD)
FcQa()[P 4 (r)+(ka/7)P 4(r)]
— PATOL )~ (ea/ QAT

where the prime indicates the differentiation with re-
spcet to 7. With our choice of radial functions, P4 (r) and
Qu(r) are specified by (#4,x4) rather than (ma,ka,m.4).
For brevity, we shall not introduce new symbols for the
labels of radial functions, and it should be understood
that in what follows all radial integrals depend only on
(#,x). Inasmuch as Eq. (18) does not contain #4, the
sum of I, over a closed shell can be obtained by
multiplying I 4 by the electron occupation number of the
shell, namely, 2j441.

(18)

17 We call J4p “the direct integral of the Coulomb repulsion
term” to distinguish it from the direct integrals of the magnetic
interaction and the retardation terms in the Breit operator.
Obviously, J 45 is the relativistic counterpart of the nonrelativistic
Coulomb integral.
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Two-Electron Integrals

A general expression for the two-electron integrals of
the Coulomb repulsion term

Capep=Wa(W¥5(2) |5 |Ye(W¥n(2))  (19)
is, as was shown by Grant,?
CABCD=Zy Ci(jeme; jama)Co(jems; jomp)
XF,(AC; BD)omgimp,metmp, (20)

where

C.(ims 3'm') = (=)= (24125 + 114/ 2+ 1)

ik

XC(ij'v; %, —3)C(G5v;m, —m'), (21)
F,(AC; BD)= f i / i dridrs U,(1,2)
X[Pa(1)Pc(1)+Q4(1)Qc(1)]
q X[Pz(2)Pp(2)+Q5(2)0n(2)], (22)
an
U,(1,2)=r/rs"4, (23)

where r<=min(r;,7s), and 7r>=max(ry,r2). The sum-
mation over » in Eq. (20) is carried out in steps of 2.
The range of » is limited by the relations

lA+lc+V= even,
l3+ ZD+V= even,

max(| ja+jel, | j—jol)
<v<min(ja+je, jtjp).

From Egs. (16), (20), (21), (22), and (24), we get
Jap=Capap=7 a(jama; jems)F,(A4; BB), (25)

(24)

where
a,(jm; j'm") = (=)="=""C(jjv; m, —m)

XC(j'j'v;m', —m")a,(j5'), (26)
and

a(j7)=Q2j+1) 25+ 1)(2+1)2
XC(jjv; %, —3)C(F'3"v: 3, —3). (2@7)
The summation in Eq. (25) runs from »=0 to

min(ZjA,ZjB).
Similarly, for the exchange integral, we get

Kas=Cappa=Y b,(jama; jems)F,(AB; AB), (28)

where
b(jm; 'm’)=[C(ij'v; m, —m" Pb,(jj"), (29)
and
b,(j5)= 25+ 1)(25+1)
X @17 [CG5v: 3 —DTF. (30)

CLOSED-SHELL ATOMS 21

The range of » for the exchange integral is limited by the
following conditions:

la+Ilgtv=even,

and (31)

IjA_jBI <V<jA+jB-
The coefficients C,(jm; i'm’), a,(jm; j'm’), and
b,(jm; j'm’) are the relativistic counterparts of the
nonrelativistic coefficients ¢*(Im; I'm’), a*(Im ; I'm’), and
b*(lm; U'm’), respectively, of Condon and Shortley.!8

The fact that the » dependence of a,(jm; 7'm’) and
b,(jm; 7'm’) can be factored out as the product of two
Clebsch-Gordan coefficients makes it very simple to
sum them over a closed shell using sum rules of the
Clebsch-Gordan coefficients. This feature is common to
all the relativistic Slater coefficients discussed in this
paper; the Racah algebra is to be thanked for the
manifestation of such a simple result.

Before we proceed to write the radial integrals
F,(A4;BB) and F,(A4B;AB) in terms of the basis
functions, it is convenient to carry out the summation of
a,(jm; 7'm’) and b,(jm; j'm’) over the magnetic quan-
tum numbers 7 and m’, taking both j and j' to be
angular momenta of closed shells. Then we have!?

2 a(jm; i'm)=(2j+1)25+1)a(7)

=(27+1)(254+1)ds0, (32)
and
En' b(jm; §'m’)=(2§+1)(25'+1)b.(55")
=27+ D25 +1)/(2+1)]
X[C(Giv;3—5)T, (33)

The symmetry relations and numerical tables of various
Slater coefficients are given in Appendix II.
Now the sum over B in Eq. (14) becomes

S Jan= 5 2t Daiags) / / drdry 1571
B 0o Jo

NBKB

X{LP () P4L04() PHLP5(2) P+[05(2) 1P}, (34)

and similarly,

> Kas=X T @it 1ilialn) / f dridrs
0 0

XU,(1,2)[P4(1)Pp(1)+Q4(1)Q5(1)]
X[Pa(2)P5(2)+Q4(2)05(2)]. (35)

18E. U. Condon and G. H. Shortley, The Theory of Atomic
f]pﬁectm (Cambridge University Press, London, 1935), pp. 175,
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MATRIX ELEMENTS OF THE UNPERTURBED
HAMILTONIAN IN TERMS OF THE
BASIS FUNCTIONS

One-Electron Integrals

If we substitute the expansion form of the radial
functions [cf. Egs. (12)] into Eq. (18), we get

Iu= Z [_ Zczﬂnxpsqu’?mq
»,q

—Z prq(snkpgnxq_*_ ﬂnxp"lnxq)

TN tepaEnka— CEHKPT_Kﬂqnan] , (36)

where S, is the overlap integral matrix whose elements
are defined by

SquE/ dr fep(7) fea?)

= [V(ZVprfxp) V(27xq:§xq)]-llz

XV (Yepoxa; 3 epca) s (37)
U, is the nuclear potential matrix defined as
Uspe= / "t LI ) =SeraCoalTered) s (39)
T+, and T-, are the kinetic-energy matrices
Phnm [ dr Sl AL (/) 10)]
=Upd (CxoVea—$xaYen) /Sepnate],  (39)
and
T epe= : dr ()L fed (1) = (&/7) fra(r) ]
= U pd (CxpVea—Sxa¥e0)/Cenia—x].  (40)

The function V(#,x) is defined as

V(nx)=T(n+1)/5"*,
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and the parameters vyp,«q and {p,«q are defined as

’YKP,KQE’YK]J_“_YKQ b

41
g‘l‘ﬂ,qug‘Kp_}_g‘Kq )
respectively.
The elements of T+, and T-, satisfy the following

relation:

Tp=—T xpq- (42)
Equation (42) is equivalent to
(T+)f=—T-, (42"

and the sums over p and ¢ of the last two terms in Eq.
(36) are identical. The dagger in Eq. (42") stands for the
Hermitian conjugate.

Equation (36) may be written, using the usual con-
vention for matrix multiplication, as

I (Eant ’f)( 7o o <EM )
nK— nx Mk —6T+x 202SK+ZU") 1’”") '

The 2X2 supermatrix in Eq. (43) is symmetric because
S, and U, are symmetric by definition and Eq. (42)
holds. Note that the kinetic-energy matrices T+, and
T-, are not symmetric by themselves.

The orthonormality constraint, Eq. (9), may be
rewritten in 2)X2 supermatrix form as

(En' xTnn’ KT) <S" 0 )(E""> = 5nn' .
0 Sx nk

Two-Electron Integrals

The sum of the direct integrals J 45 [cf. Eq. (34)]
now becomes, in terms of the basis functions,

% Jap= Z (pr]xquSAq+ ”Ap]xAzrq"lAq) ’ (45)
?.q

(44)

where the elements of the Coulomb matrix J, are
given by

]K?<1= Z (Zjl+ 1)2 gkpq,x’st,v
n’k’ 8,t
X (‘En'x’sgn'x’t_l_ ﬂn’x’s"?n’x’t) ) (46)

and the basic Coulomb supermatrix element epg, s,
is defined as

kD@, K’ sty = drld72 Ur 1,2 xpl qu x'sZ x'tz
g N (1,2 D)D) s @) f2)

=/ d”/ dv (uv/‘vv"‘l) [fxp(u)fxq(u)fx’s(”)fx’t(v)+fxp(”)fxq(v)fn’S(”)fx’t(”)] .

(47)

Equation (47) can be expressed in terms of the unnormalized incomplete beta function B(e,8; x) as

o(,[xmm’st.v: ZEV(Z'Y@:?W) V(2'7xq7§xg) V(Z'Yn’syg‘x'.«) V(Z'Yx’ t;fx’t)]_llz{ [%g'xp,xq]_a[’%g‘x’s,x’ z]_b

X I‘(d-l—b)B[a,b, x/(1+x):|+ [%g-xp.xq:ra'l %g_x’a,x’ t]_b’r(a’l—l_bl)B[b’:al; x,/(1+x’)]} ’

(48)
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where
a= 'Yxp,xq'l'”'{" 1 )

b='y“"v""__y ’ b,='YK’s,x’t+V+1 ’
*=Crpa/Sersne, ¥=1/x.

The unnormalized incomplete beta function!® is de-
fined as

-
@ =%Yxpxg—V,

(49)

z
Bagin= [ w—pa, 0
0
where 0<x<1,a>0, and 8 may be an arbitrary real
number. It is important that the integral (50) exists for
negative values of B8, because otherwise some of the
matrix elements of the Breit operator can not be cal-
culated with orbitals which satisfy the relativistic
Hartree-Fock equations exactly near the origin. The
matrix elements of the Breit operator are discussed
later. Equation (45) may be written, in matrix nota-

tiOIl, as
JKA NA .

Similarly, from Eq. (35), the sum over the exchange

Jea
S Jan= <zm*>( (51)
B 0
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integrals of the Coulomb repulsion term may be
written as

% Kap= Z (EAPKEE,KAZJqEAq"l' £40K ¢ncapafaq
D.q

145K st xancbaet ﬂApKnn,xqu’?Aq) ) (52)

where the elements of the exchange matrices K are
given by

Kt xpe= an' ;‘(2;7'"!‘ Dén v eXPhpg,erstbnrere, (53)
Keyere= £ E @7+ Db spnmurcts (54
Kpora= & S+ Dnwclopubet, (55
Komwa= ;K 4;(2]"4- D)1 5K b epg,wrstttrnre,  (56)
Gcbqu,x'.gz=zy 0,(77") Ropaerstr s (57)

and the basic exchange supermatrix element Kupg,«’st,»
is defined as

prq,x’st,vE/ / dridrs Uv(lyz)fxp(l)fxq(z)fx’s(l)fx’2(2)

- f du ] 00 (/7O g 8) fra(1) faa®) fer @)+ Fep®) fta0) i) Fo o) ]

(58)

In terms of the incomplete beta function, Eq. (58) becomes

Kepa,stp= ZEV(Z'Yxpyi‘xp) V(Z’qu;fxq) V(Z’Yx’s;g'x' s) V@’Yx't:fx’ t)]—llz{[%g‘xp.x' s:l_ct%fxq,x’t:]_d

XT(c+ad)Ble,d; y/(14+9) T+ 5 eoiwr s I [ ca e YT’ +d)BLd' 5 '/ A+ ]},

where
C=‘Yxp.x’s+1'+1 P
d=7xq,x’t_V )

Y=Cep,wrs/Sxanrts

¢ ="Yepwrs—V,
d'=Yquwetrvtl,
y'=1/y.

In matrix notation, Eq. (52) can be written as

Keea Kene
ZKAB=(5A*nA*)( B ‘)(EA). (61)
B Kita Kinea/ \na

(60)

We note that the Coulomb supermatrix element is
symmetric under the exchange of indices (p <> ¢) and/or
(s <> £), but the exchange supermatrix element is sym-
metric only under the simultaneous exchange of indices
(p <> ¢) and (s <> #). With this property of the exchange

19 For details, see Handbook of M athematical Functions, edited by
M. Abramowitz and I. A. Stegun (U. S. Department of Commerce,
National Bureau of Standards, Washington, D. C., 1964), Appl.
Math. Ser. 55. For the derivation of Eq. (48) from Eq. (47), see
H. W. Joy and R. G. Parr, J. Chem. Phys. 28, 448 (1958).

(59)

supermatrix element and from Egs. (54) and (55) we get
the relation

Keykap= KﬂE.qu . (62)

Other matrices J, K¢, and K,, are symmetric by defini-
tion and the 2)X2 supermatrix in Eq. (61) is also sym-
metric because Eq. (62) holds.

RELATIVISTIC HARTREE-FOCK-
ROOTHAAN EQUATION

Now we proceed to derive the pseudo-eigenvalue
equation (the Hartree-Fock-Roothaan equation) for
the expansion coefficients & and 5, in the same manner
as that of Roothaan.?

From Egs. (14), (43), (51), and (61) the unperturbed

energy is given by
Eq,. EEv,x) (fmc) (63)
Erm.x N nx ’

E= Z(2j+ 1)(§nxf7lnxf><
nK E’lf:"
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where
Eio=—2ZU 430K, (64)
EEmk= —cT-—3Ke,.es (65)
EnS.K—__ T+ — %Kﬂfv“ ’ (66)
and
Ew,x= - (ZUK+262SK)+%(JK— Km,,x) . (67)

To get the relativistic Hartree-Fock-Roothaan equa-
tion, we vary &, and .. in Eq. (63) and the ortho-
normality constraint (44) and combine them with
Lagrange multipliers. All the argument used by
Roothaan!? in his nonrelativistic theory can be applied
here also, and we get a pseudo-eigenvalue equation in
2X2 supermatrix form in exactly the same manner. For
instance, the Lagrange multiplier matrix is Hermitian,
and for closed-shell configurations, can be diagonalized
by a unitary transformation that, at the same time,
keeps the matrices J and K invariant, so that the
Hartree-Fock operator remains the same. The variation

E= Z (2j+ 1) { enx—%(fnxfnnxf)(

We note that both 2)X2 supermatrices in Eq. (68) are
symmetric and real. If we consider the expansion
coefficients &, and 1, to form a column vector, Eq. (68)
becomes the same type of pseudo-eigenvalue equation as
the nonrelativistic one derived by Roothaan.

The relative simplicity of our pseudo-eigenvalue
equation and of the total energy expression was achieved
by using the same set of basis functions for the large
and small radial functions, a procedure which is con-
sistent with the exact solutions of the Dirac equation
for the hydrogenic atoms. In principle, we could modify
our formalism so that the small radial function uses a
different set of basis functions from that of the large
radial function; this would require a modification of all
matrices related to the small component. For instance,
all off-diagonal elements of the 2)X2 supermatrices be-
come rectangular matrices if the numbers of basis func-
tions for the large and small components differ, and the
overlap matrices in the upper diagonal and lower
diagonal position of the supermatrices must accordingly
be defined. The practical value, however, of such a
scheme is very doubtful.

An important difference between the relativistic
Hartree-Fock scheme and the nonrelativistic one is that
the negative energy states exist in the former. For nega-
tive energy solutions, the role of the large and small
components is reversed. Since we have biased the one-
electron energies in our calculation by —moc?, the orbital
energies of the negative energy states would be of the
order of —2moc? Also, the variational principle will
lead to a stationary value, but not necessarily to a
minimum. The lowest minimum energy in the relativis-
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of & and 9ar in the J and K matrices leads again to
the same expression as the one obtained by varying
&.« and 1., and doubles the contribution from the
two-electron integrals.

Thus, the relativistic Hartree-Fock-Roothaan equa-
tion becomes

(o e )
FﬂE.K Fm],x nk ™ 0 Sx nk: ’

where e, is the orbital energy of (n«) shell, and

Fi.=—2U0+J,—Ke:.., (69)
Fepo=—cT-— Ky, (70)
Foeo=cT+—Kyz., (711)
and
Fope=—(CZUA2¢28)+T— K,y . (72)
In view of Egs. (63) and (68), we have
JK_K K "K N3 nK
£ & )(E)} ‘ 713)
_Kné.x JK_KW,K nK:

tic formalism is — o, in the continuum range of the
negative energy states. The negative energy states are,
however, of no physical interest, and in numerical
application we use only trial functions corresponding to
the positive energy states.

MATRIX ELEMENTS OF THE
BREIT OPERATOR

Similarly to the electrostatic terms, the matrix ele-
ments of the Breit operator become the sum of direct
and exchange matrix elements of the magnetic inter-
action and the retardation terms. As will be shown later,
the sum of the direct matrix elements of the magnetic
interaction term over a closed shell vanishes, and the
direct matrix elements of the retardation term vanish
identically for all configurations. The first result is
readily understandable because a closed shell has no
net angular momentum and, therefore, cannot have net
magnetic moment to cause any mganetic interaction.
The second result is a consequence of the fact that there
is no time dependence in the charge distributions
YaT()Ya(1) and ¥51(2)¥s(2) and, therefore, no retarda-
tion for the Coulomb repulsion between static charge
distributions. For the exchange matrix element of the
retardation term, however, the charge distributions
YaT(1)ys(1) and ¢¥uT(2)Ya(2), when A5 B, do have a
sinusoidal time dependence and the Coulomb repulsion
is retarded accordingly.?0

20 This interpretation was suggested by G. Wentzel (private
communication).
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The direct and exchange matrix elements of the
magnetic interaction term are defined, respectively, as

MAB=<¢A(1>¢,,(2>1°‘: Claus(),  (74)
and ”
NAB=<¢A<1>¢B<2>|“; C esga@).  (13)

The exchange matrix element of the retardation term is
defined as
Rap=3@4(1)¥5(2)|
X[ (a1 Vi) ez Vo)ria]|¥a(Dya(2)). (76)

Then, the relativistic correction Ep, due to the Breit
operator, is given by

Ep=—% 3 (M ap—Nap—Rus). W)

4.B

All relativistic SCF calculations carried out so far
have neglected the contribution from the retardation

o1 Q2

M apep=a(1)¥5(2)|

[¥e(D¥n(2))

712
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term. However, no justification has been given for such
a simplification, and in the case of the closed-shell con-
figurations, when

Z MAB:O,
A,B

it is inconsistent to take only the second term and not
the third term in Eq. (77). As can be seen from the
numerical example of the Ne atom, the retardation
term is not always negligible compared to the magnetic
interaction term.

As was done for the matrix elements of the Coulomb
repulsion term, the restriction B#A was removed in
Eq. (77) because M 44=N 44, and R44=0 for the same
reason which made all direct matrix elements of the re-
tardation term vanish.

Two-Electron Integrals of the Magnetic
Interaction Term

According to Grant,'® the general expression for the
two-electron integral of the magnetic interaction term is

==23 % Smprmpmormp{ M 5(jclome; jalama)M 5(jslms; jplomp)G,(AC; BD)
7 —M 5(jcleme; jalama)M 5,(jslems; jplomp)G,(AC; DB)
~M 5.(Fcleme; Falama)M 5,(fslzms; jplomp)G,(CA; BD)
+M 5 (jcleme; jalama)M 5,(jslsms; jolomp)G,(CA; DB)}, (78)

where

M 5(glms §Vm)= (=)=~ [32+1)(2'+1)(2j+1)(25+1)/ 2+ 1)

G,(4B;CD)= / " / ) drydrs U,(1,2)P4(1)Q5(1)Pe(2)0p(2)

and
1 3 J
vy
v 1 J

is the 9-j symbol.2! The integer J in Egs. (78) and (79)
takes only the values »—1, », »+1 to satisfy the tri-
angular conditions of the 9-j symbols. The allowed
values of » are determined from those of the Clebsch-

21 For the definition and properties of the 9-j symbol, see A.
de-Shalit and 1. Talmi, Nuclear Shell Theory (Academic Press
Inc., New York, 1963). The numerical tables prepared by H.
Matsunobu and H. Takebe [Progr. Theoret. Phys. (Kyoto)
14, 589 (1955)] are very useful for our calculation.

1 3 7
XU 5§ CUv;00)C(G5'T;m, —m'), (79)
v 1 J
(80)
Gordan coefficient C(i'v; 00) in Eq. (79):
I+V'+v=-even integer, (81)

and
[I=V]| <v<IH-T.

For the direct integral of the magnetic interaction
term, we put A=C, B=D in Eq. (78). Then, we note
that Eq. (78) does not vanish only if M s, (jlm; jlm)
=—M 5,(jlm; jlm). From Eq. (79), it is found that this
is the case if J is an odd integer. Since 141 is odd and
I4+I4» must be even, » must be odd. Hence J=v is the
only allowed value for the direct integral, and we have

Map=—8Y d,(kama; kpmp)G,(4A4 ; BB), (82)
v
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where
dy(km; 'm’) =M (jlm; jim)M.(§'Vm'; §Vm).  (83)
If we substitute Eq. (79) into (83), then we get
d,(km; k'm’) = dy(kx")C(jvj; mO)C(5'vj'; m'0) ,  (84)

where

(k) = (=)*12Lj G+ 7'+ DT2(25+1) 25+ 1)

_ iy r g
XC(w; 00)C(lv;00)37 3 70 £ 7. (85)
v 1 »l{v 1 »
From Eq. (84) we note that
dy(xm; 'y —m’)=—d,(km; K'm’),

because C(jv7; m0)=(—)"C(jvj; —m0) and » is an odd
integer. Hence the sum of d,(km;«m’) over a closed
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shell vanishes; that is,

> d(wm; k'm’)=)_ d,(xm; K’'m’)=0. (86)

For the exchange integral of the magnetic interaction
term, we put A=D and B=C in Eq. (78) and get

Nag=23 [e.(jalama; jolsms)G,(AB; AB)

+e,(Falama; jalems)G,(BA; BA)

+2fw(KA'MA; KBmB)GV(AB; BA)] s (87)

where
e(glm; jVm')=2_ [M 5,('Vm’; jlm) 12,  (88)
J
and
folkm; K'm")=—3_ M 5,(5'Vm’; jim)
J
XM 5, (7 1m'; jlm). (89)

The m dependence of Egs. (88) and (89) may be sepa-
rated out by substituting Eq. (79) into them. Then,

e(jim; J'Um ) =2 er,(3l; U)CG 7 T; m, —m') 2, (90)
J
where
: N
3Q2+1)(2r+1)(25+1)(25+ 1)[
en(gl; 7'1)= Cv; 00090 3 7'+1, (91)
v+1
v 1 J
and . ..
Folom; k'm’)=3_ fr.()[C(F7'T; m, —m) ], (92)
J
where .
1204+ D@+ DL+ D7 +D] I
J J JU+D . . . )
(k)= C(Uv; 00)C(ll'v;00)< 1" L /050 %+ 7. (93)
2v++1
v 1 Jj» 1 J
The allowed values of J and » for the exchange integral N 45 are
J=v—1, », »+1(>0)
=1 =0) ¢, |ja—jsl<I<jatj5, (94)
=V L(naka)= (”BKB)]
IZA_'ZBI SVS l,rf—zB for e,,(jAlAmA; jBZBmB) N
[ZA'_lBl § VSiA-*-lB for e,,(]'AZAmA; jBlB'mB),
max(|la—Ipl,|la—1Ip]) <v<min(lu+Ip, la+1s) for fo(kama;kpms), (95)
and
v+jatje=even, if kikp>0,
=odd, if x4ks<O0,

for all coefficients in Eq. (87).

The summation of ¢,(jlm; j'Vm’) and f,(km; «'m’) over m and m’ is readily carried out with the use of the sum rule
2 [CGTsm, —m') P=2J+1.

m,m’

Hence,

2 e(jlm; jUm)=&(jl; jV)(27+1)(27+1)

m,m’

=Z;(ZJ+1)eJ,( 7l; 70),

(96)
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and

2 folkm; 'm’)= f(e')(27+1)(25'+1)
=2 (2J+1) fr(e’). 97)
J
Very recently, Grant has shown that the sum over J in Egs. (96) and (97) may further be carried out in closed

form by expanding the 9-;j symbols in terms of the Racah coefficients and using sum rules of the Racah coeffi-
cients.?? In this way, we get

&(jh; 31 =02+ 1) 2+ )T HTCGS v 3 —D P+ Q7 +HICU, 7 +1, v 5, —9], i /=V—-3, (98)
&(jl; i) =027 @+ 1) T2/ - DICG, 7'=1, 75 =D P+ G+HDICGT Y 3, — 9T, i /=143, (99)
and

25,y =b,(577). (100)

The symmetry relations of these coefficients and their numerical values for some symmetry species are given in
Appendix II.

Exchange Matrix Element of the Retardation Term

As is shown in Appendix I, the general expression for the matrix element of the retardation term is

Rapco=3a(L)y¥5(2)|[(er V1) (a2 Vo)ria]|¥e(1)¥n(2))
== Smusmp,metmplRn(Gclome; jalama)Ry(jlsms, jplomp)Gau(AC; BD)

3 W7
—Rn(jcleme; jalama)R,u(islsms; jplomp)Gru(AC; DB)
—Rn(jcleme; jAzAmA)va(jBleB; jDszD)G)\,,,,(CA ; BD)
+Ra(jeleme; jalama)Ru(julsmp; jolomp)Grw(CA; DB)}, (101)
where
Ra(jlm; §Um) = (— )= [3(21+1)(2/'+1)(25+1)(25+1)/(2v+1) ]2
‘ I 3 7
XV 3 7 C(Ww;00)C(»1w; 00)C(j7v; m, —m’), (102)
w 1 v
G (AB; CD)= / / dridrs Pa(1)05(1)Pe(2)0p(2)on1)3,2IW,(1,2), (103)
0 Jo
with
a3 v
() =——— if w=v+1,
r: 7§
0 v+1
=—-di if w=y—1,
ar; 7
=0 otherwise, (104)
and
W,(1,2)=U,(1,2)[r<*/(2v+3)—r>2/(2v—1)]. (105)

Obviously, from Eq. (104) the allowed values of M and u in Eq. (101) are limited to »==1. Equation (105) gives the
radial part of the expansion of 71 in terms of r; and r».2 The values of » are restricted by the triangular condition of
the 9-7 symbol in Eq. (102), namely,

=7 <v< i+

22 1, P. Grant, Proc. Phys. Soc. (London) 86, 523 (1965).
23 §,-S. Huang, Astrophys. J. 108, 354 (1948).
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Furthermore, the conditions on w in C(l'w; 00) and the fact that w=wv=:1 require » to change in steps of 2 as does w,
which also satisfies the triangular condition |I—V'| Lw<I+7.

When we carry out the differentiation of W,(1,2) for the four possible combinations of X and p, they all reduce to
combinations of U,41(1,2) and U,_;1(1,2) [cf. Eq. (23)] with different multiplicative constants. We can carry out the
summation over A and u by substituting »=2=1 for A and  in Eq. (101). Then each radial integral Gy, in Eq. (101)
will be split into two parts, G,41 and G,—1 [cf. Eq. (80)] with their own coefficients. The derivation of the general
formulas for such coefficients is tedious and the expressions are very cumbersome. We shall, instead, give the ex-
pression for the exchange integral.

The direct integral of the retardation term vanishes identically because of the triangular conditions of the
Clebsch-Gordan coefficients and the 9-7 symbols of Eq. (102). For instance, Ry (jclemc; jalama), in the case of
the direct integral, is

Ra(jalama; jalama)=(—)a—iama[125,(54+1)/2v+1)]V2(254+1)

o % ja |
X{lA '% jA}C(lAlAk; OO)C(V].)\, OO)C(jAjAV; ma, —mA) N
ANl o

The triangular conditions for C(lal4\; 00) and C(»1\; 00) require that {4+74-+A=even as well as »+1+4+A=even.

Since J4+14 is odd, and 254 is also odd,
la ja la ja
la jap=—3l4s Jag-
A v A v

Therefore, Ry (jalama; jalama)=Ry(jalama; jalama) and the right-hand side of Eq. (101) vanishes identically
when A=C, and B=D.

For the exchange integral, we put A=D and B=C in Eq. (101), carry out the differentiation of W,(1,2), sum
over the allowed values of A and p, and get

Rap=3_{g(jalama; jolsms)G,1(AB; AB)+g/(jalama; jslsms)G,_1(AB; AB)

e
b Ol N

+g.(Falama; jolsmp)Go1(BA; BA)+g/' (jalama; jelems)G,—1(BA; BA)
+2[h(kama; kpmp)Graa(A B; BA)+h,' (kama; kpmp)Gr_1(AB; BA)]
—I—Zk,,(chmA; KB’WLB)I:H,,_1(AB; BA)—HH_l(AB; BA)]} y (106)

where
g(gim; §'Vm")=g,(jl; §'V)LC(4"v; my —m') %, (107a)
&' (lm; §Vm")=g'(jl; J'V)C(F j'v; m, —m') 2, (107b)
hy(km; K'm’") = k(e )LC(5 5'v; my, —m') 2, (108a)
b (kmy €'m’) =l (k) [C (G §'v, m, —m') ]2, (108b)
Ey(my k'm’) =k, (e )\[C(F j'v; m, —m') 2, (109)
H,(4B; BA)= f " i / T P10 Ps(2)04(2) (110)
with ’ no
2+1) b 2
&(3l; 3'1)=3(25+1) 27"+ 1)(21+ 1)+ 1) (2v+ 1)1 — 3 v % 7 CUv+1;00)
v+1 1
I3 Nt o3 g
LOeEDTE v Y o 3 gleur—1;00C@v1;00)F,  (111a)
—1 1 )bt 1
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I 37 2
&' (gl 1) =—3(27+1)(25'+1)(21+1) 2/ +1)(2v+1)* Zz 3 7 Clv—1;00)
v—1 1 »
S B AN G I
+Le+0)IVR V3 s V3 7 RCUv—1;00)C0v+1;00) ¢+, (111b)
v—1 1 »J W41 1

(k') = —3(254+1)(27+1)[(214-1) 2+ 1) 2V + 1) (21 +1) ]2

7 l
jl j l/
w+1 v]) W1
Y (k)= —3(25+1) 27"+ D[ (2 1) 214 1) 20+ 1) 2+ 1) ]2

r 1
ZI

2(r+1) g
7 $CQ@v+1;00)C(Il'v+1;00), (112a)

X___—._..—____
(2r+1)(2v+3)

Z/

— N N
L )

v

J
7 +C(lv—1;00)C(Fv—1;00), (112b)

(!
j,ﬁ l/

vJ) b—1

2v
x_——————‘
(2v4+1)(2v—1)

N N

w—1
hali’) = — 3(24-H 1) 2+ DI+ 1) @ 1) QU+ 1) @I+ 1) T2
l
X2+ 1) 1pe+1)TJe < ¥
v+1

v

" LC@lv+1; 00)C(l'v—1; 00)

— N N
<
<
N\ "
— N N
LY

J
+4 7 7 tCUv+1;00)Clv—1;00) | . (113)
v+1

The particular form of %,(kx’) was chosen such that,
ky(kx") =R, (Kx) .

The sums over the magnetic quantum numbers 7 and m' of g’s, #’s, and %’s can be obtained simply by multi-
plying Egs. (111) through (113) by 2v+1. Hence, if we define

[ L e N1
.,
<
i
B
[t LI N

v) —1 v

2 &(jlm; jVm)=Q2j+1) 25 +1g.(55; 5V) s (114a)
etc., then we have, for instance,
1
20+1) 8
9:(jt; 7'1)=3(2+1)(2r+1)y — 3§ C@v+1;00)
2043
v+1 1
Iy v % J
F+oe+0)JN V3 7SV % 7 rCIv—1;00)C(Uv+1;00) 5. (114b)
v—1 1 »JULH1 1 »

The values of » are limited by the conditions
lj='l<v<it+d (1152)
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and
v+j+7=o0dd, if x>0,

=even, if w'<0. (115b)

We note that the conditions (115) are exactly the opposite of the conditions on » for the exchange integral of the
magnetic interaction term. [Cf. Eqgs. (95).] Hence the allowed values of =1 for R 45 will coincide with the allowed
values of » for V5. We may, therefore, combine the two exchange integrals, Egs. (87) and (106), by absorbing
g’s and A’s into ¢,’s and f,’s, respectively. Thus, the combined exchange matrix element of the Breit operator is given
by

> Nug'= Y (Nas+Ras)

mA,mB m4,mB

=(2ja+1)27p+1)2 [&/(jala; jsls)G.(AB; BA)

+&,(jala; jl5)G/(BA; BA)+2], (kax)Go(A B; BA)+ 2k, (xaxs) H,(AB; BA)], (116)

where
&' (j1; 7'V)=2&,(j1; j'V)+go1(jl; §V)+gi'(GL; 5'), (117)
5 ) =25, )+ Iy a (k) - ga (') (118)
and
) (k") = oy 1 (k") — Ty (k") . (119)
Then,

% NAB,=ZB: Z(ZjB‘f‘l)[év'(jAlA; fBZB)/ / drdrs U,(1,2)P 4(1)Q8(1) P 4(2)Q5(2)
v 0 0
8/ (Galas jols) / f drdr, U(1,2)Po(1)0a(1)P5(2)04(2)
0 0
27 (k) / j drdr, U,(1,2)Pa(1)05(1)P5(2)04(2)

+2]E/(KAKB)/ dr / di’z U,,(],Z)PA(l)QB(l)PB(Z)QA(Z):I . (120)

In terms of the basis functions, this equation becomes

Z Nap'=2" (EapBit,capabaatEapBencananagtna,B 26,capafaqt14Bun,kanaad) 5 (121)
».q

where
BEE kpg— Z (2.7,_" 1)2 N’k sNn’ K’t[z e,,(]l ]ll/)s{zqu kst V:] ) (122)
BE’I kPg Z (2]/+ 1)2 nn'x‘sgn’ ’tZ [f (K"I)JCqu x’st, v+k (KK )cequ kst v] B (123)
715 KPg— Z,:I(z],+1)z E’n’K snn’x'tz [f (KK/)gcqu K’st, v+k /(KK )mxgzq K’'st y], (124)

and

ﬂn kpg— Z (2]I+1)Z En’x sEn x't[z ev,(]l ]’l’)qu k’'st, v] (125)

The partial exchange supermatrix elements £,pq,xst,0 A0d Ny pg,e75¢,» are defined as

) )

vequ.x’st,vE/ d”/
0 %
) u

mnpq,x’st,vE/ du/
0 0

! (u)fkq(v)fx’ g(‘l)) ’ (1263.)

and

x's(u)fxq(v)fx’t(v) ) (126b)
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respectively. Equations (126) become, in terms of the unnormalized, incomplete beta functions,
Lapgwsto=2LV(2Yepsxn) V(2708 d V(270 ers) V(Z'Yx’tyg'x’t)]_lm

X3S epwrs I L5 ka e T (c+d)Ble,d; y/ (1491,

and

(127a)

Mipg,nrsty= 2[V(2'Yxp:§xp) V(Z'qu;g-xq) V(Z'Yx’s’g‘x’s)v(z'yx’tyg‘x’ t)]_l/2

X [%g‘xp,x' s]‘c,[%g‘nq,x' t]_d’I‘(G’—I-d’)B[d',C'; y,/(l'l_y,)] ’

where the parameters ¢, d, 9, ¢/, &, and »’ are given by
Egs. (60).

Now, we can write the relativistic correction due to
the Breit operator in 2)X2 supermatrix notation, and
Eq. (77) becomes

B K B K Enn
Es= Z(2j+1)(EnJ,,,.J)( e D )( ) (128)
nK B'r/E,x Bm),x nK

The 2X2 supermatrix in Eq. (128) is symmetric, be-
cause B, and B,,, . are symmetric by definition, and
the relation By, «pq= Byt,cqp f0ollows from the fact that

eBqu,x’st,v: qup,x’ts,v .

NUMERICAL"APPLICATION
Peculiarities of the Relativistic Calculation

Much of the numerical technique developed for the
electronic computation of the nonrelativistic, analytic
expansion type wave function?* may be used in our
scheme also. All of the basic mathematical manipula-
tions, such as the variation of the basis functions [see
paragraph (e) below ], orthonormalization of the orbitals,
and the solution of the pseudo-eigenvalue equation (68)
may also be used with very little modification.

There are, however, properties peculiar to the rela-
tivistic formalism which complicate the computational
procedure. These peculiarities are discussed below.

(@) Numerical accuracy. In the nonrelativistic case,
the numerical accuracy (within the framework of the
theory used) is normally limited by the accuracy of the
computer used. In the relativistic case however, the
velocity of light, which is equal to the inverse of the
fine-structure constant « in the atomic units, enters into
the total energy expression. Hence the numerical value
of « affects the accuracy of the final result. Although it is
difficult to express the o dependence of the total energy
explicitly without using an additional approximation, it
is found that a small change of the value of « in the sixth
significant figure results in a minor change of the total
energy in the eighth significant figure. This type of
difficulty cannot be overcome by simply using higher
precision in the numerical calculation, and the numeri-
cal accuracy for the relativistic SCF calculations is

24 C. C. J. Roothaan and P. S. Bagus, Methods in Computational
Physics (Academic Press Inc., New York, 1963), Vol. I1, p. 47.

(127b)

limited probably to nine significant figures with the
current knowledge of the fine-structure constant.

(6) Computation speed. The use of nonintegral princi-
pal quantum numbers in our basis functions slows down
the computation of all matrix elements with respect to
the basis functions. Factorials become gamma functions
in our case, and to some extent we lose either speed or
accuracy.

(¢c) Computer memory. The dimension of most of our
matrices will be twice that of the corresponding non-
relativistic matrices. In addition, the matrices Kg,, Kz,
B;,, and B,; are not symmetric and we cannot
symmetrize our exchange supermatrix elements as was
done by Roothaan ef al.?® for the nonrelativistic
calculations. These conditions increase the com-
puter memory storage required for the relativistic
computation.

(@) Small component. Although the nonrelativistic
radial functions are very good starting points for the
large component, some care must be taken in finding
the trial values of the small component. The properties
of the small component of the hydrogenic solution of
the Dirac equation? seem to be a good guide in the case
of light atoms. In general, the ratios of the expansion
coefficients of large and small radial functions are of the
order Za. The numbers of nodes of the large and small
radial functions are the same if k<0, and the small com-
ponent has one more node if ¥k>0. For instance, the
small radial function of the 2 orbital can be constructed
from the linear combination of basis functions with
y=1 and y=2 whereas the large radial function will
depend very little on the basis function with y=1.
(Cf. Table V.) Also, near the origin the sign of the ratio
of the large and small radial functions agrees with the
sign of «.

(e) The ground state. To improve the numerical
accuracy, we have shifted the energy scale by —mc? by
using §’ matrix instead of 8 matrix [cf. Eq. (4)]. How-
ever, as was mentioned earlier, the ground state of the
positive energy spectrum, which corresponds to the
nonrelativistic ground state, is a stationary value, but
not the lowest minimum. In the nonrelativistic case,
the variational calculation will not give a total energy
lower than the true ground-state energy. In the rela-
tivistic case, however, a poor approximation to the

2 C. C. J. Roothaan, L. M. Sachs, and A. W. Weiss, Rev. Mod.
Phys. 32, 186 (1960).
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Tasre II. Comparison of total energies (atomic units).
Nonrelativistic This calculation
calculations® Breit operator Total Other relativistic

Atom Relativistic Unperturbed Magnetic Retarda- relativistic calculations

(XSo) Total energy  correction energy interaction tion energy® Hartreec Hartree-Slaterd
He —2.861680 —0.000070 —2.861838  0.000080 0 —2.861758 —2.862 —2.965150
Be —14.57302 —0.00220 —14.57590  0.00116  —0.000004 —14.57474 —14.31500
Ne —128.5470 —0.1312 —128.6919 0.0131 —0.0012 —128.6800 —126.547 —127.7752

& Reference 29. Sum of the first two columns should be compared with the total relativistic energy.

b Total relativistic energy =unperturbed energy - expectation value of the Breit operator.

¢ Reference 8. This and the last columns should be compared with the unperturbed relativistic energy.

dD. A. Liberman, D. Cromer, and J. Waber (private communication). The exchange terms were approximated by the modified Slater approximation

discussed by R. D. Cowan et al., Phys. Rev. 144, 5 (1966).

correct solution may give an energy lower than the
ground-state energy, because an approximate energy
value may be on either side of the correct stationary
value. Other quantities such as the virial theorem value
[ct. (g) below] may be used in finding the “correct”
solution. The total energy of He in the Hartree-Slater
approximation quoted in Table II is an example of the
“less accurate” case. The fact that it is lower than the
experimental value is insignificant in the relativistic
calculation. What matters is the accuracy with which
the conditions for the stationary property of the energy
value is fulfilled. The numerical technique needed in
computing the nonrelativistic wave functions of the
excited states must be used for the computation of the
relativistic ground state.?

(f) Singularity at the origin (the cusp condition). In
the nonrelativistic case, we ruled out the radial solu-
tion which has singularity at the origin because it
violated the condition that the wave function be
continuous and finite at all points in the space.?” In the
relativistic case, however, for s shells, the Dirac theory
introduces a weak singularity at the origin in order to
satisfy the relativistic wave equation there. This condi-
tion restricts the lowest power of 7 of a radial function to
be exactly

Ymin= (k?— Z2%2)1/2, (129)
so that in the Dirac equation the kinetic-energy term
and the nuclear potential term cancel each other for
small values of 7. (Cf. Appendix I11.) Equation (129) is
equivalent to both the nonrelativistic cusp condition®
and the requirement that the lowest power of 7 of an
orbital be equal to /41.

(g) The virial theorem. In our formulation, the unper-
turbed energy is not only the sum of kinetic and po-
tential energies, but also has the contribution from the

26 For instance, the method described by B. J. Ransil, Rev. Mod.
Phys. 32, 239 (1960) was found to be useful for small atoms.

27 The basis functions used by Parr and Joy, Refs. 13 and 19,
seem to violate this condition. They have used basis functions of
principal quantum numbers less than 1 in the nonrelativistic
radial functions of He atom and H; molecule, and their radial
wave functions (radial function/r) are not finite at the origin.
The amount of singularity allowed in their calculation is larger
than that allowed in the relativistic theory. For a general dis-
cussion, see T. Kato, Commun. Pure Appl. Math. 10, 151 (1957).

mass term, §'c%. Let
E=H")y=M)+(T)+(V),
where { ) denotes the time average,

(M)=mass energy
= BJ¢?,
u
(T)=kinetic energy
=<L; @ Puc)

and
(V)=potential energy
=E—(M)—(T).

Then, in analogy to the nonrelativistic virial theorem,?
we get

(D)Y/(V)=n, (130)

if the potential-energy operator is a homogeneous func-
tion of radial parameters, i.e., if

V=2 (ry)*+3 2. 2 (rw)".

B ovFEu

Furthermore, if the potential is Coulombic (z=—1),
then

E=(M). (131)

Results

An IBM 7094 computer was used for the computation
of the ground states (1S,) of He, Be, and Ne atoms. These
results have not yet been fully optimized, but further
optimization is expected to affect the total energies

28 For a classical treatment, see H. Goldstein, Classical Mechan-
ics  (Addison-Wesley Publishing Company, Inc., Reading,
Massachusetts, 1950), p. 69. Equation (130) may be derived by
using the methods described by L. I. Schiff, Quantum M echanics
(McGraw-Hill Book Company, Inc., New York, 1955), 2nd ed.,
p. 140, and by H. Eyring, J. Walter, and G. E. Kimball, Quantum
Chemistry (John Wiley & Sons, Inc., New York, 1944), p. 355.
Equation (131) is given by M. E. Rose and T. A. Welton, Phys.
Rev. 86, 432 (1952). A general discussion of the virial theorem is
given)by R. M. Schectman and R. H. Good, Am. J. Phys. 25, 219
(1957).
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TasLE III. Orbital energies (atomic units).

Atom This calculation Nonrelativistic®
(1So) 1s 2s 2p 2p 1s 2s 2p

He —0.91803 —0.91796

Be —4.73349 —0.30932 —4.73267 —0.30927

Ne —32.81745 —1.93599 —0.85284 —0.84848 —32.77276 —1.93048 —0.85048

a Reference 31.
TasrLE IV. Exponents of the Slater-type basis functions.
Atom He Be Ne
Basis
function\ Exponent ¥ ¢ 7 ¢ Y ¢

s1 0.9998935 1.444107 0.9995739 3.4703 0.997334 9.5735
52 1.9998935 2.710702 0.9995739 6.3681 0.997334 15.4496
s3 1.9998935 1.731053 1.9995739 0.7516 1.997334 1.9550
s4 1.9995739 0.9084 1.997334 2.8462
s5 1.9995739 1.4236 1.997334 4.7746
s6 1.9995739 2.7616 1.997334 7.71131
pl 0.997334 9.5735
P2 1.997334 1.6663
p3 1.997334 3.0315
P4 1.997334 4.7746
PS5 1.997334 7.7131
#1 1.998668 10.5420
92 1.998668 4.9450
3 1.998668 2.7935
P4 1.998668 1.6230

only in their sixth and higher significant figures, and
will not change any qualitative conclusions presented
below.

The energies computed by various methods are pre-
sented in Table IT, and the orbital energies are given
in Table III. Our calculation clearly shows improve-
ment over the corresponding nonrelativistic Hartree-
Fock-Roothaan calculations,? except for the orbital
energy of the 2p orbital of Ne, which is expected to
improve when the orbitals are fully optimized. The
nonrelativistic total energies after the relativistic cor-
rections (computed by the first-order perturbation)
agree remarkably well with our relativistic total ener-
gies. This agreement is not surprising at all because the
Hamiltonian operators for the relativistic corrections
were derived from the relativistic operators we have
used. This agreement should, rather, be interpreted as
a support for the Pauli approximation procedure used
by Bethe and Salpeter* to reduce the Breit operator
into the operators H; through Hs in their notation.

Also, it is interesting to see that the magnetic inter-
action increases the total energy, whereas the retarda-
tion effect decreases it. It is difficult, however, to ex-
plain these effects in terms of classical electrodynamics
because they all come from exchange matrix elements,
which have no classical analogy.

The retardation term amounts to approximately 109,
of the magnetic interaction term for Ne, although it is

29 H. Hartmann and E. Clementi, Phys. Rev. 133, A1295 (1964).

negligible for Be. The retardation term vanishes for He
because both electrons belong to the same shell, and
there is no retardation between the electrons belonging
to the same shell. OQur result indicates that, for atoms
with p-shells, the retardation effect is by no means
negligible compared to the magnetic interaction.

The exponents for the Slater-type basis functions are
given in Table IV. The v exponents were not varied in
the present calculation, although we expect that the
number of basis functions may be reduced when 4’s
are optimized as well. The basis functions for the He
atom were adopted from those used by Bagus and
Gilbert?® for their nonrelativistic calculation, and the
basis functions for the Be atom are those used by
Clementi.?! The basis functions for the Ne atom are a
cross-breed of those used by Bagus®? and Clementi.?! It
was found that the nonrelativistic Hartree-Fock-
Roothaan wave functions of high accuracy—2 provide
an excellent starting point for the relativistic calcula-
tion. In fact, Clementi’s basis set for the Be atom was
used without any optimization, except for adjusting the
values of the v exponents to satisfy the relativistic cusp
condition (129). A more accurate relativistic calcula-
tion, based on the present formalism, for some isoelec-
tronic series and closed-shell configurations of small
atoms (Z<18) is in progress.

30 P, S. Bagus and T. L. Gilbert (private communication).
31 E. Clementi, IBM J. Res. Develop. Suppl. 9, 2 (1965).
32 P, S. Bagus, Phys. Rev. 139, A619 (1965).
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TasrLe V. Expansion coefficients of the radial functions.

Atom He Be Ne
Basis\
function'\ Coefficient & 7X10% £ 7X102 £ 7X102

(1s)

s1 1.37099 —1.00300 0.91784 —1.15951 0.93040 —3.20705
s2 —0.09597 0.10309 0.08737 —0.20322 0.04595 —0.26276
s3 —0.30310 0.31589 0.00144 —0.00041 —0.00088 —0.00004
s4 —0.00262 0.00089 0.00329 —0.00136
s5 0.00217 —0.00117 —0.00193 0.00038
s6 0.00602 —0.00473 0.03550 —0.08292
(@2s)

s1 0.17051 —0.20914 —0.23196 0.81387
s2 0.01475 —0.04005 —0.00445 0.03363
s3 —0.11676 0.02096 0.18078 —0.12231
s4 —0.67647 0.20611 0.66154 —0.52675
s5 —0.30353 0.02285 0.32444 —0.21934
56 0.09262 —0.14454 —0.14229 0.52730
(2p)

Pl —0.00147 0.50594
P2 0.41897 —0.12567
P3 0.47190 0.02062
P4 0.16635 0.28041
PS5 0.04285 0.41291
(29)

»1 0.00940 —0.03622
2 0.24188 —0.43676
3 0.47964 —0.48906
4 0.36757 —0.21772

The expansion coefficients for the large and small
component radial functions are tabulated in Table V,
and the radial functions of the Ne atom are plotted in
Figs. 1 and 2. It is obvious from the values of the ex-
pansion coefficients that one skould not assume a con-
stant ratio between the large and small radial functions.
Such an assumption will force the large and small radial
functions to have not only an equal number of nodes,
but also to have them at exactly the same values of 7.
Such a property does not hold, in general, for the hydro-
genic solutions of the Dirac equation, and it is not ex-
pected to hold for more complex atoms.?? (Cf. Appendix
1V.) The ordinate of Fig. 2 is amplified compared to
that of Fig. 1 because absolute values of the small radial
functions are too small to be shown on the same scale
as the large radial functions. The large radial functions
Py5(r) and Ps,(r) are so close to each other that they
cannot be distinguished on the scale used in Fig. 1.3
We found that maxima of the large radial functionsoccur
at the same points (e.g., Ar<<0.02 a.u. for the 1s orbital
of Ne) as those of the nonrelativistic radial functions.

33 For the trial input it is not necessary to use elaborate formu-
las for the ratio 97/& as was done by M. Synek (Ref. 11). The SCF
process will automatically adjust the expansion coefficients to
satisfy Eq. (68). A simple formula such as = —aZ’§, where
Z' =7 — (total number of electrons in the inner shells), is adequate
for the orbitals with negative «. For the orbitals with positive «,
the trial input must be chosen to represent the number of nodes
properly. [Cf. paragraph (d) of previous section.]

3 The numerical tabulation of the relativistic radial functions
and the charge densities will be included in the Technical Report,
Laboratory of Molecular Structure and Spectra, The University
of Chicago, 1966 (unpublished).

The nonrelativistic charge density differs little from
the relativistic one except that the relativistic charge
density is slightly larger near the nucleus (e.g., Ap=19%,
at r=0.02 a.u. for the 1s orbital of Ne) than in the non-
relativistic case. Lower leading powers of the radial
variable, which are necessary to satisfy the Dirac
equation, lead to higher charge density near the nucleus,
and consequently to larger binding energy for the elec-
trons than in the nonrelativistic case.

CONCLUDING REMARKS

Comparison of our result on the He atom with the
experimental value, Eexpe=—2.903571(=0.7X107%)

Pnx(r)

r (atomic units)

Fic. 1. The large-component radial functions of the neon atom.
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F16. 2. The small-component radial functions of the neon atom.

atomic units,?® indicates that a significant part of the
total energy is yet to be explained by many-body
theory. According to Pekeris,? the relativistic correction
corresponding to ours (E;—2a? atomic units in his
notation) computed from his correlated wave function
for the ground state of He is —23 cm™! whereas ours is
—17 cm™. This shows, as expected, that many-body
effects also contribute a substantial amount to the
relativistic correction. On the other hand, for small,
closed-shell atoms, all the relativistic energy corrections
that can be computed in terms of the relativistic
Hartree-Fock model can also be computed with equal

accuracy by applying the perturbation method to the

operators given by Bethe and Salpeter? with accurate,
nonrelativistic Hartree-Fock-Roothaan wave functions.

The numerical results presented in Table II speak for
themselves on the importance of the correct treatment of
the exchange terms in any relativistic calculation, as is
also the case for the nonrelativistic one. In fact, our ex-
perience shows that the so-called minimum basis set
relativistic wave functions lead to results so bad that it
makes no sense to do any relativistic calculation with
them. It is the great advantage of the analytic expan-
sion method that it can handle the exchange matrix
elements as easily as the direct matrix elements. Even
in the nonrelativistic case, the exchange terms cause a
great deal of difficulty in the numerical solution of the
Hartree-Fock equation, and the situation is worse in the
relativistic case.

Our formalism will be more valuable when it is ex-
tended to open-shell configurations. This can be done
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for configurations containing only one or two open-shell
electrons, and for corresponding %ole configurations be-
cause, in such cases, we know how to couple the orbitals
in j-j coupling to construct the total wave function
which is an eigenfunction of J, L, S, and M, where J is
the total angular momentum, L is the orbital angular
momentum, S is the spin angular momentum, and M is
a projection of J.37 Such an extension of this theory,
although of limited scope, will greatly increase the
variety of atoms and configurations which can be
treated relativistically. The formulas for the relativistic
Slater coefficients presented here can be used for the
coupling of open-shell electrons also. To treat the open-
shell configurations, the theory should also be extended
to include configuration mixing. The ground state of
the carbon atom (3P,) will serve as an example. The
eigenfunction of the 3P, state is constructed from a linear
combination (in a definite way) of (2)? and (2p)?
configurations. The formalism to handle such open-
shell cases can easily be extended to include other con-
figurations. Extension of our formalism to general cases
of open-shell configurations will require a considerable
amount of work on the theory of angular momentum
coupling, including the introduction of a seniority
scheme, to construct an eigenfunction of J, L, S, M, and
the seniority number(s) by j-j coupling.

At present, the outlook for the application of our
method to large atoms (ZZ350) or molecules is not
bright. The computers currently available are too slow
and short on memory storage to handle the large num-
ber of basis functions needed to represent the Hartree-
Fock solutions to an accuracy which makes any rela-
tivistic calculation meaningful.
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APPENDIX I: THE MATRIX ELEMENT OF THE RETARDATION TERM

Let # be the large component and v the small component of an orbital, that is,

va=(

% G. Herzberg, Proc. Roy. Soc. (London) A248, 309 (1958).
3 C. L. Pekeris, Phys. Rev. 112, 1649 (1958).
37 Reference 18, p. 291.

M'A)
4
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Then,

2R spep= @ 4(1)¥5(2) | [(«(1)- V) (1) («(2)- V(2)r12]|¥c(1)¥n(2))
= (ua(1)up(2) | R|vc(1)1p(2))+ (ua(1)v5(2) | R|vc(1)un(2))
+(a(Dus(2)| R|uc(1)vp(2))+(va(1)25(2) | R|uc(1)up(2)), (A1)
where
R=(0(1)-v(1))(e(2)- V(2))r12, (A2)

and ¢’s are the 2)X2 Pauli spin matrices. The gradient operator V(i) and (i) operate on the orbitals containing
the coordinates of the 7th electron. The interelectronic distance 712 may be expanded as?

rie=y. W,(1,2)C,(1)-C,(2)

=3 W,(1,2)2(=)"Cy,—n(1)Com(2), (A3)
where
Com(@)=[4r/(2r4+1) ]2V, n(8;, 0)

is the unnormalized spherical harmonic, and W,(1,2) is given by Eq. (105).
Furthermore, we note that?®

V(@) Com(@) =22 CIN; 00)C(IN; mp)Cx,mi5(1)02() , (A4)
x
where 9, is defined by Egs. (104), and C(v1)\; 00) and C(v1\; mp) are the Clebsch-Gordan coefficients. If we substi-
tute Egs. (A3) and (A4) into (A2), we get
R=3 3% 2.(=)rtemCpIN; 00)C(IN; —m, p)

v m p,g\p

Xo_p(1)Cx,p-m(1)0r(1)C1p; 00)C(r1u; mq)o—o(2)Cpqem(2)04(2)W,(1,2) . (AS)
From Egs. (8) and (AS5), we have
(ua(Vus(2)|Rloc(Dop(2))=2 22 X X X (—)rtetn

v “m 5.0 \u 04,0C 059D

XC(asja; ma—oa, ca)Clekjc; mo—oc, ac)CIN; 00)CHAN; —m, p)
X C(Is% jB; me—op, 08)C(Ip%jp; mp—op, op)C(vin; 00)C(v1u; mq)

XV 14,ma-0a(D)boa(1) | 0—p(1)Cx, p-n(1) | Vig,me—oc(1)bac(1))

XY 15,mp-05(2)$05(2) | 0—-o(2)Cp04m(2) | Vip,mp—op(2)ban(2))

xi? / ) / " drdra Pa()Pa2)0e(D0p2)5xDIDW(1,2), (AS)

where (V| 4| Y’) is the matrix element of 4 with respect to the spherical harmonics. With the help of the Wigner-
Eckart theorem,?® we get
<YlA,mA——vA(1)¢vA(1) |0'——22(1)C)\,p—m(1) I Yic,mc—v0(1)¢vc(1)>

=(bo4lo—p| o)V 1sms—oul C%.p:—ml Yicme—oc? i

=CG13; 00, —p, 04) Glol|3)CAcNa; me—oc, p—m, ma—aa)(al|Cilllc), (AT)

Glloll) =3

where

together with i ) )
(Ll Callle) = C(leM.a; 00)[(204+1)/ (2le+1) TM2

~ gives the reduced matrix elements.

38 H. Horie, Progr. Theoret. Phys. (Kyoto) 10, 296 (1953).
3 M. E. Rose, Elementary Theory of Angular Momentum (John Wiley & Sons, Inc., New York, 1957), p. 85.
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The summation over p and m may immediately be carried out in Eq. (A6) because the triangular conditions of
the Clebsch-Gordan coefficients in Eq. (A7) limit the values of p and m to

p=o0¢—oa4,
and

M=mge—1mA.
Similarly,

(YlemB—ﬂB(2)¢FB(2) l 7—(2)C,q4m(2) ‘ Yipmp—op(2)$en(2)) X i
=C(31%; o, —4, 08) (3l 0l[3)CUpuls; mp—op, g+m, ms—o5) (5| Cilll) ,
and the values of ¢ and m are limited to

g=0dp—os,
and

M=mp—1Mmp.

Hence, Eq. (A6) reduces to
(ua(Dup(2)|Rloc(Dwp(2))=22 Y ¥ X (—)Hia—matlo—ip—mp

v Mok 04,0C 9B,D

X [(204+1)(2s+1)(2le+1) (2Ip+1) J2[ (204-1)2(20+1) (2u+1) 12
XCG $1; 00, —04)C(lelaN; me—0c, o a—ma)Clasja; ca—ma, o4)
XC(chje; me—oc, 0c)C(Ny; ca—0oc+me—ma, oc—o4)C(s 31; 08, —op)
X C(lglpp; m— o5, op—mp)C(lpkja; mp—op, 08)C(pkjp; op—mp, —0p)

XC(MIV; —og+ap—mp+m3, —0'1)+0'B)(—)“+1_"C(V1)\; OO)C(chA)\; 00)
X C(p1p; 00)C(Islop; OO)6MA+MB.mc+mD/ / dridrs P 4(1)Qc(1)P5(2)Qp(2)9x(1)0,(2)W,(1,2) .  (A8)
0 0

The summation over the ¢’s can be carried out by using Eq. (14.41) of de Shalit and Talmi,?! and we have
Z C(Z(,%]c, me—og, Uc)C(lA%jA; TgA— M4, ~(7’A)C(Z(;JA)\; mce—oc, oA——mA)
GA,0C

XC(% %1; ae, —O'A)C()\ll); mc——mA—l—oA——ag, Ug—-O'A)

lo

.
2 Je

=[3(2ja+DQ2jec+1)2A+1)T2C(jcjav; me, —ma)yla 5 ja
Al oy

A similar relation also holds for the sum over o3 and op. With these results, Eq. (A8) becomes

(ua(Dus(2)| R|ve(1)op(2))=6 2 ?(— Ya=ia=matip=ip=mp

X[(27a+1)(2jc+1)(273+1)(27p+1) (2044 1) 2o+ 1) (2154 1) 2lp+1) JV2
X (2v+1)"1C(lclar; 00)C(lsl pu; 00)C(v1N; 00)C(v1u; 00)

le

3 je) (B 3 Js
XC(jejav; me, —ma)C(jpjov;ms, —mp)yla % jarilo % jo
Al o w 1

X / / dridr, Pa(1)0c()P5(2)0p(2)or(1)0,2)W(1,2), (A9)
0 0

where the fact that u=»=21 was used to eliminate (—)#+. The rest of the matrix element of the retardation term,
Eq. (A1), may now easily be deduced from Eq. (A9). The general expression for the matrix element of the re-
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tardation term is
Rapcp= —Z,, )‘Z,#{ny(]'chmm jabama) R, (jplsms; jplpmp)Gr,(AC; BD)
—Rn(jcleme; jalama)R,(jelsms; jplpmp)Gru(AC; DB)
—Run(Gclome; jalama)R,(jelems; jolpmp)Ga,.(CA; BD)
+Rn(jclome; jalama)Ru(jslsms; jolomp)Grw(CA; DB)}, (A10)
where R, (jlm; j'U'm') is given by Eq. (102), and Gaw by Eq. (103).

APPENDIX II: THE SYMMETRY RELATIONS tegrals, namely, a,(jm; 7'm’) and d,(km; x'm’):
AND THE TABLES OF THE RELATIVISTIC gy, L, ’
SLATER COEFFICIENTS d a(jm; j'm')=a(jm; j', —m'), (A15)
an
(a) Symmetry relations. The following symmetry rela- dy(km; k'm’)=—d,(km; &', —m'). (A16)
tions can easily be verified from the symmetry proper- . .
ties of the Clebsch-Gordan coeffici e:;;ts an dy fh ep9-j (b) Tables of the relativistic Slater coefficients. We pre-
symbols. Let s,(m;km') be any of the relativistic sent tables of the coefficients which are summed over
. y(km;

Slater coefficients the magnetic quantum numbers » and '
a,(jm; j'm’), b(jm; i'm’y, d,(km;'m’), TaBLE VI. The values of the coefficients ,(j5").
ajim; 7Y, flms k'), gl Um), ) 0 o -
&' (Glm; j'Um’), h(em;k'm’), k' (km;k'm’), s R 12 0
P s 0 1/6 0
and P P 1 62 0 0
k,(lcm; x’m’) . g ;—) 0 166 1/010
Then 14 ? 1/4 0 1/20
s(emy K'm’)=s,(x, —m; &', —m’) (A11) _
For a,(j4/) and d,(k’), simple relations exist. [Cf.
=s,(K'm’; km). (A12)  Egs. (32) and (86).]
When the summation over m and =’ is carried out, we a@(77)="6.0 (A17)
get from Eq. (A12) and
5, k") =3,(x'x). (A13) > d(km; K'm)=(24+1)(27+1)d, (k') =0. (A18)

Note that Eq. (A13) means, for instance,
Bl S =a (T e ), (ag) T e (§9, wehave
B,(ii)= @+1)"[CG: 3 =D, (A9
and similar relations for §,(j7; 7'V), §,'(ji; 5'1'), and (77)=( JmLCUT Y s =0T, (AL9)

&' (jl; 7'7). and the expressions for the coefficients of the Breit
Additional symmetry relations exist for the rela- operator can be obtained from Egs. (98), (99), (100),
tivistic Slater coefficients arising from the direct in- (111), (112), (113), and (114).

TasLe VIL The values of the coefficients &°'(jl; 7'7), &' (jl; i), f' ('), and &' (xx’).

&' (il; 71 &/ (il; ) W) O ORw)
K K’ 14 25,. gy..1 _(7,,.,.1’ éy’ Zéy g,._l gy+1’ éy’ va hv—l ﬁv+1, ju’ kv—l kv+1 kr’
s s 1 1/2 —1/6 0 1/3 1/2 —1/6 0 1/3 1/3 1/6 0 1/2 0 0 0
p s 0 1/6 0 —1/6 0 3/2 0 —1/2 1 1 0 —1/6 5/6 0 —1/3 —1/3
2 4715 —1/15 0  1/5 0 0 0 0 0 0 0 0 —-1/3 0 1/3
p p 1 1/2 —1/6 O 1/3 1/2 —1/6 O 1/3 1/3 1/6 0o 12 0 0 0
p s 0 2/3 0 —1/6 1/2 0 0 0 0 0 0 0 0 0 —1/6 —1/6
2 1/6 -1/15 0  1/10 310 —1/10 O 1/5 1/5 —1/30 O 1/6 —1/6 0O 1/6
p p 1 1/2 0 -1/6 1/3 1/10 0 —-1/15 1/30 1/3 0 —1/30 3/10 0 —3/10 —3/10
3 0 0 0 0 6/35 —3/70 0 9/70 0 0 0 0 -3/10 0 3/10
p p 1 1/4 —1/12 1/60 11/60 1/4 —1/12 1/60 11/60 1/30  1/12 1/75 39/300 0 —-3/50 —3/50
3 3/28 —3/70 0  9/140 3/28 —3/70 O  9/140 9/70 9/700 O

99/700 —3/50 O 3/50
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We have tabulated the values of these coefficients up
to p(j=4%) symmetry in Tables VI and VII. The values
of the coefficients which make up &’'(jl; /) and
f/'(kx’) [cf. Egs. (117) and (118)] are also given in
Table VII so that the coefficients from the exchange
matrix elements of the magnetic interaction term
(22, and 2f,) and those from the retardation term
(Gr—1, o4’y Pr—1, and h,41") may be compared directly.

As is mentioned in the main text, the direct integral
of the retardation term vanishes identically. We expect,
therefore, that the contributions from the exchange
matrix elements of the retardation term will cancel
each other when the orbitals in the radial integrals of
Eq. (120) are identical, i.e., if A= B. This can easily be
checked to be true from Table VII, using the identity

0 00 u”
/ du / dv y+1PA(u)QA(u)P 4(0)Q4()

— / du / o P 4(4)Q4()P4(2)Q(0)

uV‘l'

1 o0 0
=—/ / dridrs U,(1,2)
2Jo Jo

XPa(1)Qa(1)Pa(2)04(2). (A20)

APPENDIX III: THE RELATIVISTIC HARTREE-
FOCK EQUATIONS

The relativistic Hartree-Fock equations for the
closed-shell configurations are!®

P4/ (r)+(ka/7)Pa(r)— (cr)Qa(r)[r(2c*+ea)+2Z
—§ (278+1D)U(BB; 7)]—(er)1 22 ZB:(ZJ'B-I- 1)
X Ev(jAjB) U,,(AB; r)QB(r) =0 )
Q4 ()= (ka/7)Qa()+ (cr) P a(r)[resa+Z
—% 27+ 1)Uo(BB; )+ ()1 2 % (275+1)

(A21)

Xb,(jajs)U(4B;7)Pp(r)=0, (A22)

where the prime stands for the derivative with respect
to 7. The allowed values of » are specified by Egs. (31),
and

U,(4B; r)= f ds (5/7YTP4(s) Po(s)+0a(s)05()]

+ / ds (r/sy [P () Pa(s)+0a(s)05(s)]. (A23)

The condition on the cusp at the origin [cf. Eq.
(129)] is found as follows. Let, near the origin,

Po(r)=r"4(paotparr+tpasr®+--+),

(A24)
Qu(r)=r74(qaotqarr+qazr*+--+),
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where the p4; and g4; are constants. For small 7, low
powers of 7 in Egs. (A21) and (A22) dominate, and we
need keep only terms of the lowest power in 7, namely,
of rv4=1, Then, we have

P4/ ()4 (ka/1)Pa(r)—(Z/cr)Qa(r)=0,
Q4" ()= (ka/1)Qa(r)+(Z/cr)P a(r) =0,

to be satisfied simultaneously. Using an argument
similar to that given by Hartree! for the nonrelativistic
case, it can be shown that the leading powers of 7 in the
relativistic two-electron integrals are higher than that
retained in Eqs. (A25). If we substitute Eqs. (A24) into
Egs. (A25), then, after factoring out 774, we get

(vatxa)pao— (Z/c)qa0=0,
(Z/0)paot(ya—K4)qa0=0.
To have a nontrivial solution for p4o and g40 from Egs.

(A26), the determinant of their coefficients must vanish,
viz.,

(A25)

(A26)

YAl =k (Z/c)*=0
from which Eq. (129) follows.

APPENDIX IV: NONRELATIVISTIC LIMIT OF
THE RELATIVISTIC HARTREE-FOCK-
ROOTHAAN EQUATION

Equation (68) can be written as a pair of coupled
linear equations for & and 5 as

Fee&+Fem=eSE,
Fe&+F,n=eSy.

For brevity orbital labels # and « are omitted in above
equations. The leading terms in F,: and F,, are ¢T+
and —2¢S, respectively, [cf. Egs. (71) and (72)].
Hence, by neglecting the terms of lower orders in Eq.
(A28), we get

(A27)
(A28)

T+e22cSy,
or

n=(S~1T+/2c)¢&. (A29)

Equation (A29) is the approximate relation between
the large and small components. It also confirms our
expectation that g~ (v/c)¥, because T+ comes from the
momentum operator in the Dirac Hamiltonian and the
denominator of Eq. (A29) from the rest-mass term.
Hence, (T+/(2mocS)Yav= p/2moc=1v/2c.

If we retain only —cT— in Fy,, then from Egs. (A27)
and (A29) we get

(Feet-7)€=€S¢, (A30)
where

=—T-S"'T+/2. ‘ (A31)
In Eq. (A31) = corresponds to the matrix of the non-

relativistic kinetic-energy operator.



