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The spectra of two-electron configurations in (jj) and (jI) coupling and of the configurations
dr, f3, d*p, and @ in (LS) coupling are calculated with tensor operators. The agreement with
the odd terms of Ti II and Ni II is satisfactory. It is also proved that G*/(2k+1) is a positive
decreasing function of k.

§1. INTRODUCTION

IN a first paper on this matter! a general formula was given for the coefficients of Slater’s integrals
for the two-electron configurations in (LS) coupling. It was also shown that this formula gives the
possibility of calculating the terms of more complex configurations, and some simple examples were
given. But the method used for the configurations p?l still necessitates for d3 very long calculations,
because we must calculate the fourth power of the matrix of the scalar product of two angular
momenta. It appeared therefore more convenient to develop a new method, based on tensor operators.

The algebra of tensor operators is developed in analogy to the treatment of Chapter III of TAS?
for the vector operators. With this method some group-theoretical results of Wigner and of Kramers
are obtained by a direct algebraical way, and in some cases also in a more simple and general form.

Expressing the coefficients of Slater’s integrals as scalar products of tensors, we give a direct
demonstration of Eq. (12’) I, and obtain also its extension to (jj) and (jI) coupling. This new method
is more suitable for calculations of many-electron spectra, and applications are made to the con-
figurations d», f3, d?p, and d®p.

Since the whole method is based on Wigner's® transformation formula for vector addition
(TAS 1435), we shall begin with a direct algebraical derivation of this formula, without the use of
the theory of groups.

§2. THE ALGEBRAIC CALCULATION OF (jijemum|jijajm)

It is shown in §143 of TAS that the transformation coefficients (mm,|jm) for the addition of two
angular momenta are defined by the relation

Y(viijaim) = X ¢(vjrjemams) (myme| jm) (1)

mymse
and are completely determined by the initial condition
(el it Jejrtja) =1 (2)
and by the two recursion formulas

LG +m) (G —m~41) P (mams| jm — 1) = [ (G1+m+1) (1 — m1) 1 (my+ 1ma| jm)
+[(Gotma4-1) (Ga— ma) P(myma+1|jm)  (3)

and
LG —=m)(G4+m) (G — 1 Jiij) (mume| j— 1m)
= [m1—m (7 Jii ) J(mums| jm) — [(G—m~+1) G+m+1) PG+ 1 T8 5) (mama| j4-1m).  (4)

1 G. Racah, Phys. Rev. 61, 186 (1942), which will be referred to as

2E. U. Condon and G. H. Shortley, Theory of Atomic Specira (Cambndge 1935). We refer to this book (TAS) and to I
for definitions, notations, and bibliographical indications.

3 E. Wigner, Grup?entheone (Vieweg, 1931), Chapter 17, Eq. (27).
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But it is also pointed out there that a general formula for such coefficients is very difficult to obtain
from these relations.

The calculation is however much simplified if we add a third recursion formula, which follows
also, as (3), from TAS 333 if we take the upper sign instead of the lower:

LG —m) (G+m—+1) T (mims| jm+-1)
=L0G1=m+1) (Grtma) POma— Lma| jm) +[ (o — ma+1) (ja+-ma) T (mamz — 1| jm). (5)
In order to avoid the irrational factors we put
(muma| jm) = (= 1) 7= f(mama; jm)[(jrtm) (Got-me) \G4+m) /LG —ma) (o — ma) | G—m) 1 T4, (6)
and obtain from (3) and (5)

flmums; jm—1) = (jot+-mo+4-1) (Jo—ma) f(myma+1; jm) — (Gi+mi+1) Gr—ma) f(mi+1my; jm)  (3')
and

(G —m)(G+m—+1) f(mums; jm~+1) = f(mums—1; jm) — f(my— 1ma; jm). (5"
Putting m=j in (5’), we see that f(mim,; jj) is independent of m, and m, and we may write
fmumy; jj)=A; (7

From (7) and (3’) we get
flmumy; jj—1) =[(Getmat1) (ja—m2) — Gitmi41) Gh—m) 4 j; (7)
from (7’) and (3’) we get
flmamy; jj—2) =[(jatmat1) (Got-me+2) (Jo —ma) (ja—ma—1)
—2(Jetma+1) (o —ma) Gr+mi+1) i —m) + G mi+1) Ghi+mi+2) Gr—m) Gh—m— 1) ]4; (77)

and we see that the general formula will be

u) (]1+m1+t) '(]1—7111) '(]2+‘WI«2+74 —t) '(]2—WL2) !
¢/ Grpma) Gy — ma— )V (Gatme) 1o —ma — u4-1)
where, as in all formulas of this paper, the summation parameter takes on all integral values con-
sistent with the factorial notation, the factorial of a negative number being meaningless. To demon-

strate (8) it suffices to verify that it satisfies (3’); this verification is very simple and will be omitted
for brevity.

Introducing (8) in (6) and remembering that
m=my+ms, 9)

we obtain the dependence of (m,m,|jm) on my, ms, and m:

Flmoma; ji—w)=A; <—1>'( ()

(Jr=m) (Ja—ma) |(j —m) ! (F+m)!
(1tm) (joFm2)!

(myms| jm) = 6(my+my, m)A]{ ]’ T (—1)imrtt

Gr+mi+-0)1(G+ ja—mi—1)!
NG—m—D)Gi—mi—1t) Ga— j+mi+8) !

In order to obtain from (4) the dependence of 4 ;on j, we calculate at first from (10) the expression
of (mims|j+15): owing to the & factor and to the expression of (jiJ:ij) (TAS 10%2a), we have

(Grtma) 1 (Go+ma) 1(2741)!
(Jr—m1) !(jo—my)!

(10)

3
(sl 4 17) = 8(my+-ma, 7)(— 1)1‘1—'"1AJ~+1[ ] 2+ D)Im— G TR (1)
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The left side of (4) vanishes for m= j; introducing (7) and (11) and eliminating the common factors,

we get
0=4,-2G+D 2+ DG +1Tij) A5,

and owing to the expression of (j+1i/:i7) (TAS 10° 2b), this becomes
A;=[(h+i+i+D)Gi+i—N0+i =+ DG +2—h+D2i+1)/2j+3) P4 (12)
and is satisfied by
A;=B[(2j+ 1) (Gr+je— D'/ LG+ i+ i+ DG +5 = 32) G+ 7= i)' T (13)

where B is also independent of j.
It follows from (2) that
B=1; (14)

and collecting (10), (13), and (14) we have at last
Qi+ 1) Gt jo— D 1Gr—m) 1 (Ga—ma) 1 (G —m) (G +m) ! ]g
(h+ 7o+ i+ DG+ 51— 32) G+ Je— 30) 1 Gri+ma) ! (Ga+ma) !
M 13 s _ |
Xy (—1)inmett— (J1+m1.+t)-(.7+]_2 .ml . £)! .

(myme| jm) = 6(my+m, m)[

(15)

This formula is similar to Wigner's formula (TAS 1425), and is, also, unsymmetrical and unprac-
tical for the use; it is, however, possible to obtain a more symmetrical and useful form, by transform-
ing it with the methods shown in the appendix of I: using (52) I and (55’) I we have

(rt+m+)1G+je—m—1)!
t(G—m =) (Gh—m—!(ja— j+m+1)!
(Gr+mi+t)! (e +m) G+ jo—51)!
Na— jtmt0)! Gabma—u) G+ ja— ji—10) Gr— Ja—m—t+10)
(Grtm) G+ g1 — jo) {(Getma) G+ ja— Ju) !
(1= ja—mA41) Gi— j —ma+u) 1Gim—u) Gatma —u) G+ ja— jr—u) lu!

Z‘ (_ 1)i1—m,+t

=Y (—1)irmrtt
tu

= Z“ (—._ 1)l'z+"lz~u

and putting z=jo+m.—u we get
(rjamama| jijajm) =8(mi4-mae, m)[(25+1) Ga+ o — DG+ 51— i) G+ je— i) V/ (h+ e+ i+ D1
LGr+ma) (G —ma) (e tme) (o —m2) (G +m) (G —m) 1 ]}

'Zz (_1): .
2!+ jo— i —2) (i —m1—2) 1 (Jo+me— 2) 1(F — Jo+m1+2) (j — 1 —ma+2)!

(16)

We might also transform TAS 1435 in the same way, and the result would of course be the same.
For further use it is convenient to introduce the abbreviations

v(abe; aBy) =8(a+B+v, 0) L. (— 1)+
[a+a)(a—a)!(0+B8)!(6—B) ! (c+1) (c—7)! ]
zlla+b—c—2)(a—a—2)'(b+B8—2)(c—b+a+2)!(c—a—B+2)!
V(abc; afy) =[(a+b—c)(a+c—b)(b+c—a)!/(a+b+c+1)!Thw(abe; aBy) (179

and to write

(17)

and

(Grjamama| jrjajm) = (— 1) (25 4+ 1)V (jijaj; muma—m). (16")
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The functions v and V are defined for integral and half-integral values of the arguments, with
the limitation that a —a, b—B, c—~ must be integers; it follows from this limitation and from the
factor 8(a+B+7, 0) that all the nine numbers

ata, a—a, b+B, b—B, ct+v, c¢c—v, a+b—c¢, a+c—b, b+c—a (18)

must be integers.

Since in (17) z takes on only such integral values for which the argument of every factorial is not
negative, the number of terms in this sum is one more than the smallest of the nine numbers (18)
(and not only of four of them, as in (15) or in TAS 1435); therefore V vanishes if one of the numbers
(18) is negative, and the summation reduces to one term if one of these numbers vanishes.

Assuming the argument of one of the five other factorials instead of z as summation parameter in
(17), we obtain some symmetry properties for v and V:

V(abe; aBy) = (—1)**=V(bac; Bary) = (—1)*+**+ V(ach; ayB) = (—1)**+V(cba; yBe)
=(=1)»V(cab; yaf) =(—1)*V(bca; Bya). (192)
Interchanging in (17) a with b and a with —8, we have
V(abe; afy) = (—1)*V(bac; —f—a—1);
and owing to the first of (19a) and to the fact that 2(c—7) is even, we get also
V(abc; apy) =(—1)*t+V(abc; —a—B—7). (19b)

Since the transformation matrix (jijemms|jij2jm) is a unitary one, it follows from (16’) that the
real function V must satisfy the orthogonality relations

> Viabe; apy) V(abe'; aBy’) =8(c, ')o(v, ¥')/(2c+1) (a+b2c2|a—b|, ¢ |v]), (20a)
aff

and

2 (2¢+1) V(abe; afy) V(abe; o''y) =6(a, @)3(8, ') (a2 |al, b2 |B]); (20b)

if the inequalities in parentheses are not satisfied, the left side vanishes.

The sum in (17) cannot generally be transformed into a closed form; it is, however, possible to do
so for the particular case a=8=v=0 (a, b, ¢ integers!): if a+b-+c is odd, it follows from (19b) that
V(abc; 000) vanishes; if

at+b+c=2g (21)
with g integer, it is shown in Appendix A that
v(abe; 000) =(—1)og!/[(g—a)(g—b)(g—0)!] (22)
and therefore
+b—¢)! —b)!(b4c—a)!7? !
(V(abc;OOO):(—-l)ﬂ[(a Olete—blb+c—a) ] g , (a+bd+c even)
(a+b+c+1)! (g—a)!(g—0d)!(g—0)! (227
| V(abc; 000) =0, (a+b+c odd).

§3. THE ALGEBRA OF TENSOR OPERATORS
(1) Definition of Tensor Operator

It is shown in §8°¢ of TAS that the matrix components of the electrostatic interaction between two
electrons depend on the matrix elements of the spherical harmonics @(km)®(m); in this case the
spherical harmonics play the role of operators and not of eigenfunctions, and it appears convenient
to consider in a general way the algebra of such operators.
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In Chapter 1II of TAS the algebra of vector operators was developed from the sole assumption
that their components satisfy the commutation rule 832 with respect to J; this assumption is indeed
equivalent to the definition of a vector, because the operators J,, J,, and J, are proportional to the
rotation operators,* and therefore the commutation law with respect to J determines completely
the transformation law of each quantity considered for a rotation of the axes; since 832 holds for
x, 9, and 2, each group of three quantities which satisfies 822 has the same transformation law as
x, ¥, and 2, and is therefore a vector.

It is shown in the theory of tensors that by means of symmetrizations and contractions each
tensor may be decomposed in parts which transform themselves independently for a rotation of
the axes, the transformation law of each irreducible part being the same as that of the spherical
harmonics of a determinate degree. We may therefore define as “‘irreducible tensor operator of the
degree k"’ each operator T whose 2k+1 components T',® (¢g=—%k, —k+1, ---, k—1, k) satisfy
the same commutation rule with respect to J as the spherical-harmonic operators ®(kg)®(q); this
commutation rule is easily derived from §§32 and 42 of TAS, and is

[(Jeid)), To 1=[(kFq) (kg +1) PTyx, (23a)
[J. Ty l=qT, . (23b)
It is easily seen that for k=1 (23) reduce to TAS 822, if we put
T = —(T.4+iT)/@)Y, To =T., TH=(T.—iT,)/(2). (24)
In view of TAS 4318 we shall say that an irreducible tensor operator is Hermitian, if
t
T =(-1)TS, (25)

(2) Dependence of the Matrix of T™® on m

The dependence on m of the matrix elements of 7T,*) in the jm scheme will readily be derived
from (23). The relation (23b) gives us in the usual manner the selection rule: the only non-vanishing
elements of (ajm|T,®|a’j'm’) are those for which

m'=m—gq. (26)
The two relations (23a), written for a general non-vanishing element, give

LG+m)(G—m+1) M ajm—1UT Pl j'm—g—1)=[(j'+m—q)(j'—m—+g+1) P ajm|T P|a'j'm—q)

+[(k=q) (k+g+1) Plajm| Tl jm—q—1),
LG—m)(G+m+1) M ajm+1T Ple'j'm—g+1)=[('—m+g) (j'+m—g+1) ]}

X (ajm|T ®la’j'm—q)+[ (b +9) (k—g+1) P(ajm| T la’ j'm—g+1).

We observe now that if we replace (ajm|T,®|a’j'm’) by (j'km’q|j'kjm), (27), we reduce exactly to

(3) and (S); since we saw that these equations were sufficient to determine the dependence of
(j1jemime|j1j2jm) on my, ms, and m, it follows that

(27)

(ajm|T P’ j'm’y = A (j'km'q|j' kjm), (28)
where 4 is independent of m, m’, and ¢.®* Owing to (16’) and (19), we write
(ajm|T (®|aj'm’) = (= 1) (| T® || 5") V(jj'k ; —mm'q). (29)

+P. A. M. Dirac, Quantum Mechanics (Oxford, 1935), §29.
® This relation was already given by Wigner, Reference 3, Chapter 21, Eq. (19), with group-theoretical methods.
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This formula is the tensorial extension of TAS 93 II; in order to avoid mistakes we wrote the
quantities which are independent of m, m’, and ¢ with || instead of i, since for £=1 these quantities
differ from the analogous quantities defined in §93 of TAS; it is easy to see that they are related by
the following relations:

(I TPl /) =[G+ 1) 27+ 1) PefiTia'j),
(@l T®lle’j—1) =[j(2j - 1)(2j+1) N ejiTi'j - 1), (30)
(@l T®llej+1) = =[G+ 1)(2j+1)(2j+3) I ajiTia'j+1).

It must also be observed that for a Hermitian tensor T ®*) the matrix (aj||7*||a’j") is not Hermitian,
but satisfies the relation

(@[ T®]a' ) =(=1)7"(a'J| T®[[ej) ; (31)
the general relation for any tensor is
(@l T®(le’ ") = (= 1) (a'F'[ TP af). (31)

The reasons which brought us to this choice of phases are similar to those which fixed the phases in
TAS 4317.

(3) Scalar Product of Tensors

If two irreducible tensors of the same degree are given, we consider the quantity
Q=2 (=T BU_*; (32)
owing to (29), (19), and (20a), the matrix elements of Q are

(ajm|Qla’i'm") = X (=1 (aj| T®|la"j") (" 7" | UP o' 5)6(j, 7)8(m, m")/(2j+1).  (33)
alljrt

The matrix of Q is then diagonal with respect to j and m, and entirely independent of m; it follows
that Q commutes with J, and is therefore a scalar. Since, owing to (24), Q is for k=1 the scalar
product of the two vectors, we shall in general name Q the scalar product of T®*) and U, and write

Q= (T®.UW)=3, (—1)eT ,PU_,®. (32")

The most important example of such scalar products is given by the spherical-harmonic addition
theorem (TAS 4322).

The tensorial extension of TAS 1282 may be obtained by a direct use of (16’) and (29). If T and

U® are of such a character that, when a resolution of the type TAS 635 is made of the states in
question, T®*) operates only on ¢; and U® only on ¢,, the matrix elements of Q will be

(Vjsjagm|(T® - UR) |y'j"1j25'm’) = 2z (= 1) 2(Grjagml jrjemama) (v juma| To® |y ji'm"s)

v qmymam’ ym’ ¢
X (¥ jama| U~ (@' j'am’s) (717" sm"vm’a| j1j'25'm") = (= 1) ivtiz=i="=m[(2j4-1) (25’ +1) ]*
X Ty (VA TPy i) 2 UP |y 5'9) Z (= 1)V (jijaj s mama—m) V(jij'sk ; —mum'rq)
X V(jaj'sk s —mam’s—q) V(j'1j'2j" s m'vm's—m').  (34)

The last sum is very difficult to evaluate for general values of the parameters; but, owing to (33),
it suffices to calculate it for the particular case j=j =m=m/'. It is shown in Appendix B that

2 (—=1)/*ev(abe; ap—e)v(acf; —ay @)v(bdf; —B— ¢)v(cde ; v6—e)

afyde

=(—1)rH+by(abed s ef )/ (2¢+1), (35)
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where
bed; of) = 3 - (a+b+c+d+1-2)! 36
wlabed i )= 2. ( (a+b—e—2)(c+d—e—2)(a+c—f—2)! - (39
X (b+d—f—2z)zl e+ f—a—d+z) ! (e+f—b—c+2)!

Putting also

(a+b—e)l(ate—b)!(b+e—a)!(c+d—e)!(c+e—d)!(d+e—c)! 3
“(at+c=fla+f—o) (c+f—a)!(b+d—f)!(b+f—ad) (d+f—b)!| w(abed ; ef ), (36)

W(abcd ; ef) =
(a+bd+e+1)(c+d+e+1) (@a+c+f+1)!(0+d+f+1)!
we have
Y (—1)+eV(abe; af—e) V(acf; —ay o) V(bdf; —B6— ¢) V(cde ; vo—e)
afyde

=(—1)2+/+4=2W(abcd ; ef)/(2e+1) ; (35)
and owing to (34) and (33) we get
Y (—1)+eV(abe; aB—e€) Viacf; —aye) V(bdf; —B6— ¢) V(cdg ; v6—n)

afyde
4 = (—1)etetr+ddW(abed ; ef )é(e, g)é(e, n)/(2e+1) (37)
an

(Vj1jajm|(T® - UB)|y'j'j'2jm)
= (=1 (Al TRy 5D (Y 2l URNY 5 W(Gijag' g’ 5 5k),  (38)

which is the tensorial extension of TAS 1232.6

(4) Properties of W

The functions w and W are defined for integral and half-integral values of the parameters, with
the limitation that each of the four triads

(@b, e), (cde), (ac [, (bdf) (39)

has an integral sum. Since in (36) z takes on only such integral values for which the argument of

every factorial is not negative, W vanishes unless the elements of each triad (39) satisfy the triangular

inequalities; if one of these triangles reduces to a segment, the summation reduces to one term.
It follows from the symmetry of (36) and (36’) that

W(abcd; ef) = W(badc; ef) = W(cdab; ef ) = W(acbd; fe); (40a)

assuming the argument of one of the two last factorials instead of z as summation parameter in (36),
we obtain other symmetry properties of W:

W(abcd ; ef ) = (— 1)t/ ~o=3W (ebcf ; ad) = (— 1)t/ ~—<W(aefd ; bc) ; (40b)

combining (40a) and (40b) we obtain 24 different permutations of the parameters of W, which
correspond to all possible permutations between the four triads (39).

Since (33) and (34) have a meaning only for integral values of k, our demonstration of (37) holds
only for integral values of f; but it follows from the symmetry properties of V and W that (37) holds
also for half-integral values of f.

¢ For th;sdiagonal elements of this matrix an equivalent formula was given by H. A. Kramers, Proc. Amst. Akad. Sci.
34, 965 (1931).
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If we multiply the two sides of (37) by (2g+1) V(cdg; v'6' —n) and extend a summation over all
possible values of g and 5, we obtain, owing to (20b),

> (—1)teV(abe; aB—e) Viacf; —ay' o) V(bdf; —B' — @) = (—1)++/+i3W (abcd; ef ) V(cde; '8’ —¢),

afe

or, owing to (19) and (40) and omitting the dashes,
2 (=1)/*V(abe; af—€) V(afc; —apy) V(fbd; o8—9)
. = (= typre—e—trerW(aefd ; be) Viedc; —eby). (41)
We rewrite (41) with slightly different parameters,
2 (=1)+V(abe; o'’ —e) Viage; —a'ny) V(ghd ; 18’ —3)
" = (—1)b+e—o—dtetel¥(gegd ; bc) V(edc ; —edy), (41')

and multiply the two sides by the two sides of (41) and by (2d+1)(2e+1); extending a summation
over all possible values of v, ¢ and e, and owing to (20), we obtain an orthogonality relation
between the W:

2 (2e+1)W(aefd ; bc) W(aegd ; be) =5(f, g)/ (2f+1). (42)

Interchanging a with b and o’ with 8’ in (41’) and operating as before, we obtain another useful
relation between the W:

> e(—1)etotetdtets+to(2e+ 1) W(achd ; fe) W(abdc ; eg) = W(acdb ; fg). (43)

(5) Matrix of a Tensor T*® Which Commutes with J, or with J,
From (16’), (29), and (41) we have

(Yrgegm| T ® |y "1 j2i'm" )= 2 (Grjaim|jrgemums) (y juma| T (@ |y' jvm"y) (7'15em’ ymal 5’1 joj'm’)
mym’ymy
= (= 1)tk [(274+1) 27+ 1) PO Al TPy 7O W(iii"d" 5 jk) V(ij'k ; —mm'g),

and owing again to (29) we get

(Y17 d| TPy j'152f") = (= 1) iet*="=i(y o[ T® [ly" 7)) [(27 4+ 1) 27 + 1) W (517515 ; Jok),  (44a)
which is the tensorial extension of TAS 1138. In the same way we obtain also

(Y7dedllUP|Y 1j'23") = (= 1) irHe=im (v jo | UP ||y ) [(274+1) (25" +1) W (52j"s5" 5 jik).  (44b)

§4. THE ELECTROSTATIC INTERACTION BETWEEN TWO ELECTRONS

It was shown in I that the coefficients of Slater’s integrals F* and G* in the two-electron configura-
tions are the matrix elements of P.(cos w), where w is the angle between the radii vectors of the two
electrons. It follows from (32) and from the spherical-harmonic addition theorem (TAS 4322) that

Pk(COS w) = (Cl(k) . Cz(k)), (45)
where C(?) is the tensor operator defined by
C W =[4r/(2k+1) 'O (kg) ®(q) ; (46)

we see from TAS 8% that the non-vanishing matrix elements of C,*> are the ¢* of Condon and
Shortley.
Confronting the expressions TAS 98 and (29) of (10]|Co®||'0), we obtain

(=D¥|CP|I) V(IR ; 000) =3[ (2141) (2 +1) P} Cuerr, 47
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where (TAS 9¢7)
Cur =f Py(cos w)Pr(cos w) Py (cos w) sin wdw. (48)
0

In order to calculate algebraically Cixir we express the Legendre polynomials by means of TAS 4322
and 4318,
Py(cos w)=Pi(cos w) =[4n/(2l4+1)] T (—1)"OUm)®(m)O' (I —m)d' (—m),
Pi(cos w) =[4n/(2k+1)] 2, (—1)10(kg)2(q)O'(k—9)®'(—q),
Py (cos w)=[4n/2V+1)] Zw (—1)™O@Um")2(m")O'(I' —m") &' (—m"),

and integrate their product over the spheres (8¢) and (8'¢’); we obtain
81r2f Py(cos w) Py(cos w)Py(cos w) sin wdw=64m[ (21+1)(2k+1)(2I'+1) ]!
0

> f’f ’ Om)®(m) O (kq)®(q)O('m’)®(m’) sin 0d6d ¢
0o Yo

T 27
f f O'(l—m)d' (—m)O' (k—q)d' (—q)O' (' —m')®' (—m') sin §/d6’d ¢,
0 0

or, if we use successively (46), (29), (19b), and (20a),
2402V 4+ 1) Cur =2 3, (Im|C P'm")(1—m|C_ PV —m')

=2(17|T2/:n(,")|!l')2 L VUl'k; —mm'q) VIR ; m—m'—q) =2(= 1)+ CP|I)2. (49)
It follows from the compariso:lmof (47) and (49) that
Curr =2(—= 1)U+ V(II'E ; 000) ]2, (50)
and owing to (22') we obtain
(Cur=0 (I41V'+k odd)
]Czsz= 2040 —R)IQ+R=U)1V+R=1) g (41 +h = 2g even), (50"

U R D gD =) B — )

which agrees with TAS 9%9. The numerical values of C;x are tabulated by Shortley and Fried.?
It follows also from (47), (49), and (22’) that

IC®[1) = (=1~ [321+1) (21 +1) Cur 4, (51)

and therefore
cH(im, I'm") = (Im| Cormrll'm’) = (— 1)+ [ 3(214-1) (20 +1) Cune PVUE ; —mm'm—m').  (52)

We do not know to what extent this derivation is different from Gaunt’s derivation, because we had
no opportunity of consulting his paper;® in every case (52) has the same advantages in comparison
to Gaunt’s formula (TAS 8811) as (16) in comparison to Wigner's formula.

Introducing (45) and (51) in (38) we have a direct demonstration of Eq. (12’) I, from which we
obtained the coefficients of F* and G* for two-electron configurations in (LS) coupling.

7 G. H. Shortley and B. Fried, Phys. Rev. 54, 739 (1938), Table III.
8 J. A. Gaunt, Phil. Trans. Roy. Soc. A228, 195 (1929).
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In order to obtain from (45) and (38) the matrix elements of the electrostatic interaction in (j7)
coupling, it suffices to calculate the elements (3/j||C®|4/'j’); it follows from (44b) and (51) that

(G+7—RG+E—)G +k—]) !J*

@lli%nwu%l'l'i%)=<—1><f'+k-">/2[

(G+7+k+1)!
G+7+E+D!
X ; I —  (53a)
(G+i' —k=DNG+E— NG +R— )
VL N N 1a
(%ll:t%HC““H%l’l’q:%)=(—1)<f'+k—i—l>/2[(1+] k)'.(J“L k—j)(7'+k J)-]
G+ +E4+1)!
i+5 +k)!
X .(JJ.). : » (53b)
4 G+ —=RNG+HE— = DUG +E—j—1)!!
an en
(k—1)11(25, — ) 11(2ja—E)!!
Fullijihje]) = - -

(21 +k) (27 +R) !

-Zw(—1)”(j1+j2+]+1+w)(jl+j—J)(J+j]—j2)(J+j2_j]). (54)

w k—w k—w

It is remarkable that (54) depends only on the j's and not on the /s of the electrons, and therefore
the coefficients of F* for the interaction between two p1; electrons are the same as between two dy;
or between a p1; and a dy;.

For the coefficients of the G* the situation is somewhat different, because, although g; does not
depend explicitly on I, in the case that both the electrons have their spins parallel or antiparallel to
their orbital momenta the formula is not the same as in the case that one spin is parallel to its
orbital momentum and the other is antiparallel. In the fifst case

J(j1+j2—k) N2(k+j1—ja— D12 (k+jo— 1 — 1) 112
(r+7a+k)!12

gu(hhE e} ) = (— )it

~Zw(—1)‘”(j1+j2+]+1+w)(j1+j2—J)( J+jh—Je )( J+i—1 ) (55a)
w w E+ji—jo—w k+jo—jhi—w
and in the second case
g , T . v
A et L
(h+i+E+1)102
5, (_1)w(j1+j2+J+1+w)(j1+j2—-J)( J+j1—ja )( J+ja— ) (55b)
w w k+]1—]2——w k+]2‘—]1—‘w

It must also be noted that in (LS) coupling g is preceded by different signs, corresponding to the
singlet and triplet states; but in (jj) coupling g is always preceded by a minus sign, since in (j5)
coupling only antisymmetrical eigenfunctions are possible.

By means of these formulas the results of Inglis® were checked, and the following mistakes were
found: the coefficient of —G* 225 for the level pd;; with J=2 is not 25, but 75; the denominators
of F?and F*in the configuration dd’ are not 25 and 49, but 1225 and 441.

* D. R. Inglis, Phys. Rev. 38, 862 (1931), Table II.
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The non-diagonal elements of the electrostatic interaction in (jj) coupling may also easily be
calculated in this way.
From our results follows also that the coefficients of F* in (jI) coupling!® are

(=DM —R)NQ2I—k—1)!11(214+1)
274+R)NQ2I+E+1)!!
JHIAK+14wy fj4+1-K\ (K+j—1\ fK+1—j
()

w k—w k—w

fe(GIK) =

The particular expression for 2=2 which we gave already for the rare-gas spectra differs from (56)
in the sign, owing to the fact that in the rare-gas configurations there is an almost closed shell (see §6).

§5. MANY-ELECTRON SPECTRA. GENERAL PART

In §4 we expressed the coefficients of the F* in the interaction between two electrons as scalar
products of tensors, each of which operates on a definite electron (type (34)); thus by the general
methods of §3 we may calculate for every configuration that part of the energy matrix which depends
on the F*, in a schema in which each state is defined by its ‘‘genealogical characterizations” (TAS
§28).

The problem is more complex for the coefficients of the G*, since the gi are not scalar products of
tensors of the type (34); in the particular cases considered in §§5 and 6 of I we gave to gi the form
of a polynomial in A, but in more general cases it appears convenient to develop g; in a sum of scalar
products of tensors of the type (34).1! It follows from (6) I and (45) that

ge(hbL) = (— 1)t L(LLLM|(Ci® - Co®) (LW L M), (§7)
and owing to (38), (31), and (43) we obtain
gk(lllgL) = (l1|]C(")|[l2)2 Zf (— 1)L+k+'(27+1) W(lllzlllz H Lf) W(lllllglz H rk) )

if we define the tensor u) by
w2y =80, 1)

and take into account (38) and the fact that l,4I,+k is even, we may also write
ge(hbL) = (h||CP||l)? X (— 1) 2r+ 1) W(hidaly ; k) (hleLM | (0, - up®) LI LM). (59)

Following Dirac’s vector model we can also substitute the operator (37) I for the double sign
which precedes g, and assume as coefficient of G* in the exchange interaction between two electrons
the expression

—[3+2(s1- 8) JU[ C®[|1)* s (= 1) 2r+1) W(hilidale ; 7k) (ur® - ue®). (60)

It will also be convenient to consider the quantities (s;-S2)(u;-u,) as scalar products of ‘‘double
tensors’’ ;> a double tensor of the degree (x, k) is defined as a quantity which behaves as an irreducible
tensor of the degree « with respect to S and as an irreducible tensor of the degree & with respect to L.
The algebra of these double tensors is a trivial extension of the tensor algebra developed in §3; it
must be noted only that such a double tensor does not satisfy the commutation rule (23) with
respect to J, because with respect to J it is reducible and may be decomposed in a sum of irreducible
tensors, the degrees of which lie between |k — k| and k+«. From this point of view the scalar product
(1-s) is the scalar part of the decomposition of the double vector Is.

10 G. Racah, Phys. Rev. 61, 537 (1942).

11 These two different possibilities correspond to the developments of a function in series of powers or of Legendre
polynomials.

12 Reference 3, p. 295.
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If x electrons of a configuration are equivalent, it has no sense to speak of the tensor (or double
tensor) t;**) which operates on the electron ¢ (TAS §I8), but we must be content to consider tensors
of the type

TW) =3, ¢,60, (61)
1

which operate on the whole group of equivalent electrons; it is easily seen that every symmetrical
operator may be built up with such tensors. The matrix elements of a tensor (61) must be calculated
in the scheme of the allowed states of the group: for x2 3 this calculation is not very simple, as a
general method of vector coupling for equivalent electrons is not yet known ; however, it is possible
at first to couple the vectors and then to antisymmetrize the obtained states, but in this paper we
shall not deal with such cases.

§6. CONFIGURATIONS CONTAINING ALMOST CLOSED SHELLS

Let us consider a shell “&" which is complete except for e missing electrons; if the number of
places in the shell is m, this configuration “R"’ will contain m — ¢ electrons. We shall in this paragraph
determine a simple relation between the matrix of a tensor of the type (61) which operates on R
and the matrix of the corresponding tensor for the simpler group ‘“®” of e equivalent electrons.

Let us denote by ®e(aSLMsM,.) the eigenfunctions of the allowed states of € and by
®n(bSLM sM 1) those of &R, the parameters a and b being introduced in order to distinguish the dif-
ferent multiplets of the same type which may occur in the given configurations. We consider now a
fictive configuration €43 in which the exclusion principle does not hold between the electrons of &
and those of R : a complete set of eigenfunctions of such configuration is given by the functions

‘DE(GS/L’M’sM’L)‘I’m(bS"L”M”sM”L)

or by the functions

V(abS'S"L'L"SLMsM;)= > Pe(aS'L'M'sM' )P (bS"L"M" sM" 1)
M/'SM'' sM'LM''L

X (S'S" M sM" || S'S" SM)(L'L" M L M" ||L'L"LM}). (62)

If the exclusion principle holds also between the two groups of electrons, only one state will be
allowed, a particular 1S state which we shall denote by 15*; its eigenfunction will be

(15 = ¥ g(abSL)¥(abSSLLO00O). (63)

In order to establish a correlation between the states of  and those of it and between the phases
of their eigenfunctions, we consider, for S and L given, the Hermitian matrix

Aoe= 25 q(ab)q(ch) (64)
and the unitary transformation u., which diagonalizes it : in view of the special form of (64) it will be
azc 'daauc‘yA ac= Qz(a)a(ay)y (65)

where the Q(e) are real numbers, which we may assume are not negative. If we put for each value of
B for which Q(B8) does not vanish

Usp =2 Uepq(ch)/Q(B)  (Q(B)=0), (66)

it follows from (64) and (65) that
26 Tnatba =0(af). (67)
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If Q(B) vanishes for some values of 8, we complete the matrix v so that it be unitary : owing to (64)

and (65) it will be anyway
Q(B)ves = 2. 1epq(ch). (66")

We change now the schemes of the states of & and R, putting
@(QSLMSML) = Zd @Q(GSLMSML)uaa(SL)p
SR(aSLMsM)=3 dR(bBSLM sM1)vsa(SL)

(68)

and shall consider two terms of & and % as correlated, if they have the same values of «, .S, and L.
It follows from (62) that

V(o' S'S"L'L" SLMsM1) =Y. ¥(abS'S"L'L" SLM sM 1Ythaar(S'L )t (S"L"),  (68)
ab

and from the unitarity of #., and v that

V(abS'S"L'L"SLMsM )= Y taar(S'L)bpar(S"L")¥ (' S'S"L'L"SLMsMp); (68")

a'al’

introducing this result in (63) and owing to (66") we obtain
Y(1S*) = Y Q(aSL)¥(aaSSLL0000). (63")
aSL
Since ¥(15*) is the only antisymmetrical eigenfunction of the configuration {+%R, the matrix
elements connecting 1S* with every state (68’) will vanish for every symmetrical operator, unless

S=L=0. If Te*» and Tn®* are two tensors which operate on the groups € and R according to (61),
T ®* +Tx®*k is symmetrical in all the electrons, and then

(/e S'S"L/L" SL|| Te®||1$*) + (o’’’ S'S"L'L" SL|| Tg = |1 5*) (69)

vanishes, unless S=L=0. Owing to the triangular conditions, each term vanishes alone unless S=«
and L=«; we shall therefore consider only the remaining equations

('’ S'S"L'L" k| Te®0||1.S*) + (o’’’ S'S"L'L" xk| T®||1.5*) = 0 (70)

which hold for every double tensor, excepting the double scalars.
Owing to (63’) and to the fact that Te™* is diagonal with respect to &’S”’L" and Tn®** with
respect to o/S'L’, we get

(«’a/"S'S"L'L" kk|| Te™®| o’’’ S"" S" L L"00)Q(a"" S"'L"")
+(a’a” S"S"L'L" kk|| TR™®||a'a’ S"S'L'L'00)Q(a’ S'L") =0,
and introducing (44) and (36’) this becomes
(o S'L | Teb o S"L") Q(a" S"L") /(28" +1) (2L +1) P (= 1) S +1/=8/=1 et
X (& S"L"|Tp™®||a’ S’L")Q(’ S'L") /[ (28" +1)(2L"+1)}=0. (71a)

Also, since Tg«®t4+Ta*Mt is a symmetrical operator, and since the Q(aSL) are real, it follows from
(71a) that

(" "L || TeDt]of S'L))Q(al S'L)Y/[(2S'+1) QL+ 1) (= 1) 58— Er etk
X ((a'S'L'H Tm(‘k””a”S”L"))Q(a"S”L")/[(2 S+ 1) (2L"+ 1):];= 0,
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and owing to (31’) we get
(o/ S'L’||Te*® ||’ S""L")Q(a' S'L") /[(2S"+1) (2L 4+ 1) 4 (— 1) 8'+L/—8"" =L "+xtk
X (&' S"L"|| To"®| o’ S'L")Q(" S"L")/[(2S"+1)(2L"+1)]#=0. (71b)

It follows from the homogeneous equation system (71) that the matrix elements connecting two
terms o’S’L’ and o’’S”L'" vanish for every tensor (61) operating on { or on 3R, unless

Q(aISILI) 3 Q(aIISNLII) ‘
[S+1D)EL'+1)] [@S"+1)L"+1)]

since every symmetrical operator may be expressed as a function of tensors (61), and since there exists
always at least one symmetrical operator connecting two allowed terms, it follows that (72) must
hold for every couple of allowed terms, or that

Q(aSL) = C[(25+1)(2L+1) %

Since (2541)(2L+1) is the number of states of the term aSL, it follows from the normalization of
¥(1LS*) that 1/C? equals the number of states of the configuration £, or that

mA —
C=( ) . (73)
€

It follows from (65) and (72') that the matrix (64) is a multiple of the unit matrix: the unitary
matrix #., is then entirely arbitrary and to every aSL scheme of ® a scheme of & may be correlated.
From (71) and (72) we have also

(a'S'L'H TS!("")”(IHS"L") - (_ 1)sr+1,'__s~_Lu+,,+k(anS//L//” T (xk) ||a'S’L'),

(72)

and owing to (31')
(" S"L"||TR*®| o' S'L") = — (— 1)xt* (o' S""L"|| Te"1||a’ S'L")), (74)

which is the requested relation between the matrices of To®** and Te«®,

This demonstration, however, does not hold for scalars. In this case (Im|[t®®|lm’) is a multiple
of the unit matrix; if its value is @, the matrix of Te®® has the value ea and the matrix of Tn(®
has the value ma— ea; we may, therefore, say that apart from a constant diagonal term (74) holds
also for scalars, and if only differences of energies are considered we may use (74) even in this case.

The coefficients of F* for the terms of a configuration [* are, apart from a constant term, the
squares of the tensor }_; C;®; the relative electrostatic energies of correlated terms are then the
same.

Since the expression for the coefficients of F* contains only tensors with k=0 and k even, we
obtain immediately the known rule that the coefficients of F* in the interaction between the group
Im=< and an electron !’ are the negatives of those for I and /'.

For the coefficients of G* the situation is more complex, since in (60) there are tensors of even and
of odd degrees. For two-electron-like configurations I}’ the result is, however, very simple, since
it follows from (60), (74), and (58) that the coefficient of G* is

[3—2(s-s)ICCPI) (= 1) E+* 32, Qr+1) WL ; LYW ('Y 5 rk),
and reduces, owing to (40), (42), and (51), to
1—4(s-s") 2I41)(20+1)
4 (241

Cund(L, k) ; (75)
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this formula agrees with the result of Shortley and Fried,” since the first coefficient vanishes for
triplets and equals unity for singlets.

Some interesting results may be obtained for the configurations with e=m/2, which may be con-
sidered as “self-corresponding.” Since the electrostatic energies of two corresponding terms are the
same, it follows that in (LS) coupling each term is self-corresponding ;13 it is therefore

@(aSLM,sML) =C¢§R(aSLMsML)
with |¢|=1, and since with our choice of phases all transformation coefficients are real,
@ﬂ(aSLMsML)=:E‘I>§R(aSLMsML). (76)

According to these two possibilities the terms of a self-corresponding configuration split in two
classes, and a remarkable selection rule follows from (74): the elements of T **) connecting two terms
of the same class vanish if k4« is even, the elements connecting two terms of different classes
vanish if 24« is odd. A particular case of it is the vanishing of the diagonal elements of the double
vector Y, s;l;, which causes the vanishing of the spin-orbit interaction constants for all terms of I™/2.

This splitting in two classes is also the cause of the unexpected number of rational roots found by
Laporte' in the electrostatic-energy matrix of d5.

§7. THE CONFIGURATIONS d»
d2
The formulas for this configuration are well known (TAS p. 202) ; we wish only to point out that
putting
A=Fy—49F,=F'—F*/9, B=F,—5F,=(9F*—5F*) /441, C=35F,=5F*%/63, W)

they get the simpler form
1S=A4+414B+47C, P=A+7B, 'D=A—-3B+2C, *F=A—-8B, 'G=A+4B+2C. (78)
&3

Condon and Shortley calculated the formulas for this configuration, but they could not separate
the energies of the two 2D terms; this separation was performed by Ufford and Shortley by calculating
the eigenfunctions of these terms. We shall calculate in detail this configuration with the tensor
method, since the same method will be used without greater complication in the cases @4, %, and f3.

The term energies of d* are the eigenvalues of that part of

3FO4[(C1® - Co@) 4 (C, - C5@) + (Co@ - C3@) ] F2
+(CO- CO)+(C0- Ce®) +(Co®- C) I (19)

which operates in the space of the antisymmetrical states with J;=1/,=13=2. Since this operator does
not affect the spins, we shall calculate its matrix in a msL scheme, and it will be sufficient to consider
the elements corresponding to ms;=ms, =%} and ms;= —}; in this scheme only the two first electrons
are to be considered as equivalent, and we can thus avoid the difficulties arising from the coupling
of three equivalent electrons.

It follows from (51) that

@2IC®(2)=—(10/7)},  (2[C®|[2)=(10/7)}, (80)

13 This holds only in (LS) coupling: it is, for instance, evident that in (jj) coupling of the three levels with J=$ in
the p® configuration, only the level pu’p‘ is self-correspondmg
14 0. Laporte, Phys. Rev. 61, 302 (1942).
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and hence and from (44) that
P F

Pl (6/5))  —(48/35)!
(22L|| 2+ C,®||22L") = (6/5) (48/35)
F| —(48/35)} —(12/35)!

81
P F (81)

Pl 0 —(4/7)}
(22L]| G0+ || 22L) =
F| —@/my  —2/1)

From (38) we obtain now easily the interaction matrix between the d? group and the third d electron:

50D )

1
W(d2, d) =2Fy+ F,

ZA[(6+L (S—L)J* A?2—35A+210
15 2 ) 2 30

N (O[89

HEDH 9\t Ay 11 Fu (82)
[(S—L)(S-L)] 10 S—L)
A=L(L+1). (83)

It suffices now to add to (82) the diagonal matrix of the internal energy of d?, and to diagonalize this
sum for each possible value of L; with this method we cannot specify to which value of .S each eigen-
value belongs, but the quartet terms may be recognized, according to (23) I, as those for which
the coefficient of C vanishes. The results are

where

2P=34—-6B+3C, ‘*F=34—15B,
iP=34, :G=34—-11B+3C,
D=34+5B+5C+(193B*+8BC+4C?)?}, *H=34—-6B+3C,
*F=34+9B+3C,

(84)

and agree with those of the above-mentioned authors (TAS pp. 206 and 233).

d?

This configuration was calculated by Ostrofsky,!® but Laporte and Platt!® found some mistakes in
his results.

If we assume ms,=ms, =% and ms;=ms,s= — }, the scheme will be an L,L,L one, where L,=1;+1,
and Ly=15+1,; the interaction matrix W(d?, d?) between the two d? groups is of the fourth degree
and was calculated in the same way as for d®. Adding to it the diagonal matrix of the internal energies
of the two d? groups, we obtained the complete energy matrix, the eigenvalues of which are the
requested energies of the configuration d*; the singlet and the triplet terms were distinguished by the

16 M. Ostrofsky, Phys. Rev. 46, 604 (1934).
16 O. Laporte and J. R. Platt, Phys. Rev. 62, 305 (1942).
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irrationality of the results in the cases of two expected terms of the same kind. The results are
1S=6A4+10B+10C+2(193B2+8BC+4C?)},

3P=64—5B+(11/2)C+£3(912B*—24BC+9C?)},
1D=6A+9B+(15/2)C+$(144B*+8BC+C*)},
3D =64 —5B+4C,

D=6A4—21B,

1F=64+46C,
3F=64A—5B+(11/2)C+3(68B2+4BC+ C?)},
IG=64A—5B+(15/2)C+£3(708B2—12BC+9C?)},
3G=64—12B+4C,
SH=64—17B+4C,

1I=64—15B+46C,

(85)

and agree with those of Laporte and Platt, with the exception of a misprint for the term 'F, which
must be 6Fy—84F,.
dx')

Catalan and Antunes!” and also Bowman!® calculated the formulas for this configuration, but they
could not separate the energies of the terms of the same kind.

Assuming ms;=ms;=ms3=% and mss=msy=—3%, we need at first the elements of
(222L||C1® 4 Cy® 4 C4®||222L") for the antisymmetrical states; but if we consider only electrons
with mg=1%, d® is the almost closed shell corresponding to d?, and according to (74) the needed
matrix elements are the same as (81) with inverted signs; it follows that the interaction between
the @® and the d? group is

W(d?, d*) =10F°— W(d?, d?) (86)

and we can proceed as for d*. It must, however, be noted that the irrationality criterion is not suf-
ficient in this case for the distinction between quartets and doublets, since almost all the eigenvalues
are rational ; this distinction may be based on the property that the relative positions of the quartets
and of the sextet are exactly opposed to those of the terms of @* with the same L; this property
follows immediately from the possibility of calculating these terms in a scheme in which msi=ms,
=msy=mss=% and ms;= — . The results are

2S=104 —3B+8C, 2f'=104 —25B+10C,

55=104 —35B, ‘F=104 —13B+7C,

2P =104 +20B+10C, °G=104 —13B+8C,

+P=104 —28B+7C, °G' =104 +3B+10C,

2D =104 —3B+11C+3(57B2+2BC+C?)}, *G=104 —25B+5C, (87)
2D’ =104 —4B+10C, *H =104 —22B+10C,

4D =104 —18B+5C, 2T=104 —24B+8C,

F=104 -9B+8C,
and agree with the recent results of Laporte.!

17 M. A. Catalan and M. T. Antunes, Zeits. f. Physik 102, 432 (1936).
18 D, S. Bowman, Phys. Rev. 59, 386 (1941).
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The Coefficients of C

It is pointed out by Laporte and Platt!® that if B vanishes all the energies of the d” terms are
rational and show high degree degeneracies; this fact may be explained by general considerations
similar to those of §3 of I.

It follows from (20)I and (77) that if B vanishes the interaction between two electrons is

Nt 5NiP — 15Ni2— TSNy
3 C; (88)

Wi=A+

owing to the relation
it 6N 2 —13N,;2—90N;;— 18
(si-sj)=— o , (89)

which corresponds for equivalent d electrons to Van Vleck’s relation for p electrons,'® we may also
write

Wi=A+[3—2(s:i-s) +g:5]C, (88)
where
Nig =) Ni;(Nij+3) (Nij+5)
qgi;j= 36 (90)

is an operator which has the eigenvalue 0 in all cases, except if the resultant of the two electrons is a
LS state. Owing to the relation

S(SH+1)=3%n+2 Y (si-s;), (91)
i<j
we find that
n(n—1) n(n+2)
WeX W= A+[ -—S(S+1)+Q]C, 92)
i<j
where
Q=2 ¢is- (93)

<j

If in the configuration d" a term occurs which does not occur in d*~2, it is impossible that in this
state two electrons are connected so as to have a 1S resultant, and therefore Q vanishes in allsuch
terms.

For the terms which occur also in d*? the calculation of Q may be made as follows. Each mm;
state of d"2 gives rise in d" to a ‘‘family”’ of states in which the first z— 2 electrons have the quantum
numbers of the ‘“parent’’ state and the last two electrons have the quantum numbers m*+ and —m—.
The number of states of each family equals five minus the number of possibilities forbidden by the
exclusion principle: if in the parent state there are no other couples of electrons of the type m'*
and —m'~ (and this is always the case when the values of M s and M under consideration are not
allowed for d»*), each electron of the parent state excludes a possibility, and the residual number is
then 7—mn.

Since the matrix elements of ¢;; are

(mam;| gij|mimi’) = (= 1)m—'s(m;, —m;)d(m, —my’), (94)

and the exchange term compensates the direct term for electrons of like spins, the only non-vanishing
gij 18 gn—1» and the only non-vanishing elements of g.—1. are those connecting states of the same
family, the values of these elements being (—1)™™'. The eigenvalues of these submatrices, owing
to this particular expression of their elements, are all 0 except one, which equals the trace of the
submatrix, i.e., 7—n. We can then say that each term of d*2 gives rise in d* to a term with Q=7 —n,
and that the other eigenvalues of Q vanish also in d".

19 J. H. Van Vleck, Phys. Rev. 45, 412 (1934), Eq. (33).
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If more than a couple of the type m* and —m~ may be simultaneously present in a m,m, state, the
calculation is more complex, but the result is almost the same: each term which occurs in d*—2 has
in d* its Q value increased by 7—#; each further term has Q=0.

Since Fy2 9F, (TAS p. 177) and it is therefore impossible that B could vanish, we omitted in §3 of
I this application ; but the recent paper of Laporte and Platt induced us to put here these considera-
tions. The high degree degeneracies remarked by these authors for this hypothetical case and the
relation between their Table IT and an old table of Hund® are really based on the simple form of
(92) and on the properties of the operator Q.

We take this opportunity for pointing out that Eq. (6) of Laporte and Platt is right only for
certain m, since its exact form is

2k+1 c*(Imlm')c*(Imidm'y) 2041
p =8(mm1)d(m'm"y)+ (—1)"=m™8(m, —m")d(mi, —m')——; (95)
2 c*(1010) 4

its demonstration follows almost immediately from (52), (20b), and (19a).

The ratios between the distances of the 1S terms in f? and g® from the other singlets and the
distances between these singlets and the triplets are also incorrect by a factor 2.

§8. THE CONFIGURATION f3
For the configurations f* it is also convenient to introduce new parameters; if we put
A=Fy—21F,—468Fs, B=(SF:+6F,—91Fs)/5, C=71(Fs—6Fs)/5, D=462F, (96)
the formulas for f? assume the simpler form
1S=A4+460B+105C+9D, G=A-30B+110C+2D,

3P=A+445B, SH=A —25B,
1D=A+19B—-72C+2D, ‘I=A+25B+2D. &)
3F=A4—10B,
The calculation for f* was made exactly in the same way as for d3, and gave the following results:
45=34—30B,
2P=34—-25B+35C+3D,
:D=34—7B+(57/2)C+3D+3(2176B2— 18096 BC+74529C?)},
‘D=3A4+25B,
*F=34+55B+(75/2)C+6D+3[9700B%—180B(45C+2D)+9(45C+2D)* ]},
4F=34—-30B,
*G=3A+7B+(113/2)C+3D=+3(12676B2— 31676 BC+36169C?)}, (98)
{G=34—10B,

*H=34—23B+(63/2)C+3D=+4(5056B2— 18816 BC+29169C?)*,
°I=34—5B+45C+3D,
4]=34—65B,
2K =34 —40B+80C+3D,
2L =34+3D.
20 F. Hund, Zeits. f. Physik 33, 345 (1925), Table IV.
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§9. THE CONFIGURATIONS d?» AND d%

The energy matrix of the configuration d?p will be calculated in a scheme in which each term is
characterized by a definite state of the core d%. In this scheme the interaction between the two d
electrons is diagonal and has the values given by (78); the interaction between each d electron and
the p electron follows from (60) and is

W(d, p) = Fo+10(21)}(us® - u, @) Fa—[342(su* 8p) {24+ 94/5(ua® -u,?)
+5021)Hug® u,@)]Gi4[7—214/5usP - u, ) 4+5(21) 5 (ua® -u,®)]Gs},  (99)

where?
Fo=F(nd, n'p), Fo=F*(nd,n'p)/35, Gi=G'(nd,n'p)/15, G3;=3G*(nd, n'p)/245. (100)
In order to obtain the matrix of

W(d*, p)=W(d, p)+W(ds, p). (101)

we calculate at first, by means of (44), the matrices of the tensors
U® =y, ® 414, (102a)
and of the double tensors
Vb = g1, ® + s,u,® (102b)

for two equivalent d electrons; the results are

N 3p D 3F G
1S[T0 0 0 0 0
Pl 0 (1/5)4 0 0 0
(SL|U®|S'LY=D| 0 0 1 0 0 (103a)
SF| 0 0 0 (14/5)? 0
1G] 0 0 0 0 (6)}
1S 3p D 3F G
1S[T0 0 (@/5)} 0 0
Pl 0 —(21/25) 0 (24/25)* 0
(SL|U®||S'L") =D | (4/5)* 0 -3/1 0 (144/245)}  (103b)
3P| 0 (24/25)* 0 (6/25)} 0
G| 0 0 (144/245)} 0 (198/49)+
N 3p 1D 3F IG
1S[70 (2/5)* 0 0 0
3P| (2/5)F  (1/5) —(7/10)?} 0 0
(SL|Vav||S’L"y='D| 0 —(7/10)} 0 (4/5) 0 (103c)
F 0 0 (4/5)} (14/5)* —(3/5)4
Gl 0 0 0 —(3/5)* 0

2 This definition of G, differs by a factor 3 from that of TAS, but agrees with (50) I.
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1S sp 1D Ja 1G
15770 0 0 0 0
sPl 0 —(21/25)  —(3/10)}  (24/25)} 0
(SL|Va2|S'’Ly=D| 0  —(3/10) 0 (32/35)} 0 (103d)
sl 0 (24/25)4  (32/35)F  (6/25)  —(9/7)}
G| 0 0 0 —(9/7)} 0

The matrix of (101) follows from (99), (103), and (38) ; adding to it the energy of the core we obtain
the following results for the terms of d?p
:S=A~+TB—14F,— 3G+ 7G;
S=A4+4+7B—14F,46G,—14G;
‘{P=A+TB+ TF,—6G1—21G;
‘F=A4—8B— 3F,—G,—16G;
{G=A—8B+ F.—9G1—4G;
H=A+4B+2C+4F,—6G1—G3

i "A+7B—(7F2+2461+49Ga)/5 (12F2—6G1— 6G3)(14/25)} H
iD=

! (12F2—6G,—6G3) (14/25)} A —8B+(12F2+4G,—146G3) /5
. HA——SB+F2+(9/2)G|+263 (—3G+G3) (15)} “

(—3G1+Gy)(15)} A+4B+2C—11F4+3G1—6G;

A+14B+7C—2G,—1Gs (—3G:1+7G3) (3)} (4F:—G1—Gy) ()
PP=|  (—3G1+7G5)(3)? A+1B+T1F,+3G1+(21/2)Gs (5/2)Gs(21)}
(4F,—G1—G3) (1)} (5/2)Gs(21) A~3B+2C—-3F:+G1—(23/2)G,

A+TB+(—TF2412G,4(49/2)Gs) /5 (—6G149G3) (21/20)} (12F243G1+3G3) (14/25)
D= (—6G1+9Gs)(21/20)4 A—3B+2C+3F,—2G,— (19/2)Gs (Gi+11G3)(6/5)}
(12F243G,1+3G) (14/25)* (G1+11G3) (6/5)? A—8B+(12F,—2G,+73G3) /5

A—3B4+2C—(6F+23G1+23Gs) /7T  (—10G14+10G3) (3/7)% (24 F,—6G,—6G3) (3/49)%
2F= (—10G1+4-10Gs)(3/7)* A—8B—3F,+3G:1+8G; (9G,+54G;) /(28)}
(24 F—6G,—6G3) (3/49)% (9G1454G3) /(28)F A+4B+2C+ (55F:—3G1—124G3) /7
For calculating the terms of d%p it suffices to take into account the fact that the constant matrix

and the matrices of U® and V@ change their signs at passing from the core d? to d®, according to

(74). The results are:
2S=4S=A4+ 7B+ 14F,

‘P=A+TB—1TF,
‘F=A—8B+3F,
{G=A—8B—F,
*H=A+44B+2C—4F;+15G;

22 The parameters have the meaning given in (77) and (100), with the exception of A which contains also 2F°(nd, n'p).
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TABLE I. The configuration 3d*4p of TiIl. TaBLE II. The configuration 3d%p of Ni II.
Calc.

Term Obs. A B Term Obs. Calc.
(3F) ‘G 29936 29748 29823 (3F) *D 52588 52581
(3F) *F 31108 31028 31125 (3F) G 53883 53707
(3F) 2F 31369 31375 31471 (3F) ¢F 55394 55163
(3F) 2D 31918 32132 32251 (3F) G 55775 55735
(3F) ‘D 32690 32813 32890 (3F) 2F 57685 57492
(3F) G 34657 33951 34109 (3F) 2D 57933 57892
(®P) S 37431 37623 37628 (3P) 4P 66649 66853
(D) 2D 39380 40461 40000 (D) *F 67943 68729
(D) 2P 39627 40035 39496 (D) 2D 68442 68929
(D) ?F 40011 39983 39507 (D) 2P 68636 69013
(3P) 4S 40027 40233 40237 (3P) ‘D 70716 70527
(3P) *D 40612 40518 40441 (3P) *D 72011 72159
(®P) *P 42127 42213 42100 (3P) 2P 73256 73245
(1G) G 43763 43259 43675 (3P) 2S 74282 74497
(3P) 2D 44907 44807 44737 (3P) 4S 74299 74497
(3P) 2P 45524 45672 45673 (1G) :H 75460. 74713
('G) *H 45802 44822 45184 (}G) *F 75904 75494
(!G) *F 47535 47751 48078 (G) *G 79878 79505
(1S) 2P = 64692 (64465) (1S) 2P = 109339
Parameters: Parameters:

669 = B 1022
C 2563 = C 4509
€ = 0.9484 F, 364
Fy 290 288 G 303
G, 332 337 Gs 54.4
G 18 20.2

, “A+7B+7F-1/5 —12Fy(14/25)}
D=
—12Fy(14/25)t A—8B—12F,/5

- “A —8B— Fy+75G3/2 —5G(15/4)}
| =5Gs(15/4))  A+4B+2C+11F245Gs/2
A+14B+7C+2G1+7Gs (3G1—17G5)(3)} (—4F:+G1+Gs5) ()}
p= (3G1—7G3) (3)* A+TB—TFy+(27/2)G1+21G, (3G1—2G3)(21/4)}
(=4Fo+G1+Gy) (1) (3G1—2Gy3) (21/4)} A—3B+2C+3Fs+(1/2)Gr+Gs
A+ 7B+ (1Fa+(27/2)Gr+126G5) /5 (3G1—12G3)(21/20)} (= 12F349G1+9Gs) (14/25)}
D= (3G1~12G3)(21/20)} A—3B+2C—3F+(7/2)G1+6G; (1G1—3G3) (6/5)}
(—12F24+9G149Gs) (14/25) (1G1—3Gy) (6/5)} A—8B+(—12F4+84G149G3)/5
A —3B4+2C+ (6F2+2G,+72G) /7 (2G,—18G3) (3/7) (= 24F:+6G1+6Gs) (3/49)4
F= (2G1—18G3) (3/7)} A—8B+3Fy+6G1+(27/2)Gs (18G1— (9/2)Gs) /(T)}
(—24F,46G1+6G3) (3/49)* (18G1—(9/2)G3y)/(N)? A+4B+2C+(—55F:+54G1+3G3) /T

We fitted the experimental values?® of Ti II and Ni II to the theoretical formulas by least squares,
and obtained the results given in Table I (column A) and Table II. The mean deviations are 4430
for Ti Il and #4347 for Nill, and confirm the known fact that the agreement is better for the
elements on the right side of the periodic-table.

It must also be observed that these deviations show a certain regularity: in almost all the cases
the differences between observed and calculated values are positive for the terms grounded on the

2 R. F. Bacher and S. Goudsmit, Atomic Energy States (McGraw-Hill, 1932).
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3F and !G terms of the core, and negative for those grounded on 3P and 'D. Since the configurations
a2, d’s, d®, d of the whole iron group show the same regularities in the deviations,?* the main part
of these deviations may be attributed to second-order effects in the coupling of the core electrons.

It seems therefore reasonable to substitute in the formulas of d*p and d®p for the part depending
on the energy of the core (terms with B and C) the experimental values of the corresponding ions
d? and d8; these values must, however, be multiplied with a convenient reduction factor e, since with
increasing ionization all coupling parameters increase slightly.

The result of fitting the terms of Ti II to such semi-theoretical formulas by least squares is shown
in Table I, column B; the mean deviation reduces to 4332, although the number of free parameters
is also reduced (e instead of B and ().

For writing down the matrix of the 2P terms we needed also the value of the term 342 1S of Ti III:
since this is still unknown, we calculated it from the other 3d? terms by least squares; this approxi-
mated value suffices for calculating the perturbation of (1S) 2P of Ti II on the other 2P terms, but
cannot be of use for predicting with the same approximation the position of (1S) 2P himself.

We could not apply this method of calculation to Ni II, since the terms of Ni III are still unknown,
as far as known to us.

§10. THE INTEGRALS G*

It is noted in TAS (p. 177) that F* is essentially positive and a decreasing function of k, and it is
stated as an empirical fact that also G* shares the same properties, although they do not follow
from its definition. Since this fact was sometimes questioned,? it seemed worth while to us to seek
for a mathematical demonstration: we found that the first property may be proved, but only
G*/(2k+1) is necessarily a decreasing function of k.

According to its definition, G* has the form

6= [ [ e /mrnseiseinn, (104)
0 0
where 7. is the lesser and 7 the greater of r, and 72; we may also write
6= [ s olwas (105)
0
with
o@) =571 [ yisoday+a* [ 3500, (106)
0 z
It follows from (106) that
J) = =L@ 0) T/ 2k +1) (106"

introducing this expression in (105) and integrating by parts we get

Gt = f T (e ) Tod/ (2h+1) 3 0. (107)
In the same way, putting
G*/(2k+1) —G**1/(2k+3) = f fle)y(x)dx (108)
0

% TAS, Figs. 37 and 47; G. Racah, Phys. Rev. 61, 538 (1942), Table 1.
2% TAS, p. 366.



THEORY OF COMPLEX SPECTRA 461

with
o0

e =[x-k-l [ sy [ y—k~lf(y>dy]/(2k+1>
0

z

et sty [ ooy |+, 09

z

we have

fla) =L (o) "]/ 2R+ 2), (109)

and from (108) we get with a double integration by parts
G*/(2k+1) —G*+'/(2k+3) = f a2 (xk+2y)" J2dxc/ (2k+2) 2 0. (110)
0

It is also possible to find particular functions f(x) for which the ratio G¥*!/G* tends to the theoretical
limit (2k+3)/(2k+1); an example is given by

flx)=8(x—a)—dé(x—a—">) (111)
with b<a.
APPENDIX A

From the definition (17) we have
alblc!

(a+b—c—3z)+=

Blabe; 000) = oy (= ) A T T e =) 16 —2) (e—at2) (e—b+a)!
= 2B 3 (et Calatb—c—s— 1) 1@ =) 16— omata) (o= b+)1 T

F+Le—=1)a+b—c—2)(a—2)!(b—2)!(c—a+2)(c—b+2)!]1},
and changing the summation parameter in the second term of the brackets,

v(abc;000)=aﬁl;)!c_!cEa(——1)°+'{[z!(a+b—-c—z—1)!(a—z)!(b—-z)!(c—a+z)!(c—b+z)!]"
—[zla+b—c—z—-1)a—z—1)!(b—z—1)(c—a+z+ 1) (c—=b+z+1)!]}
__a!b!(c+1)!E (= 1)etet a+b—c—2z—1 .
T a+b—c zlla+b—c—z—1)(a—3z)1(b—2)(c—a+z+1)!(c—=b+z+1)!"’

owing to the identity
ala+b—c—2z—1)=(a—z2)(a+b—c—z—1)—3z(c—b+2+1),
we have also

v(abc ; 000) = @=1)bl(c+1)! _;L!_I;!(::' !

Z(— ezl a+b—c—3—2)(a—z—1)!(b—2) ! (c—a+z+1)(c—b+2z+1)!]!
—[E—Dlae+b—c—z—1)(a—2)!1(b—2)(c—a+z+1)(c—b+2)!]},

and changing again the summation parameter in the second term of the brackets,

(@a—1)bl(c+1)!

v(abc ; 000) = 2=zl a+b—c—z=2)(a—z—1)!(b—2) (c—a+z+1) 1 (c—b+2+1)!]?

a+b—c
+[zla+b—c—z=2)(@a—z—1)I(b—z—1)(c—a+2+2)(c=b+2z+1)!]1}
_b+c—a+22(_l)c+z+l (a—1)1b!(c+1)!
T atb—c ‘ zle+b—c—z—2)(a—z—1)1(b—2)(c—a+2+2) ! (c—b+2+1)!

=[(g—a+1)/(g—c)Jo(a—1bc+1; 000).

From this recursion formula we have
v(abc ; 000) = (g—a+x)!(g—c—x) v(a—xbc+x; 000) /[ (g—a)!(g—c)!],

v(abc ; 000) =blv(g—bbg; 000)/[(g—a)!(g—0)'];
v(g—bbg ; 000) = (—1)9g!/[b(g—b)'],

and for x=g—c,
since

we obtain at last (22).
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APPENDIX B

Using repeatedly Egs. (52), and (55’) of I, and also the relation
3, (a+9)!(6—95)!_(a+bd+1)!(a—c)!(b—d)!
(c+s)ld—s)1 (c+d)(a+b—c—d+1)!"’
which follows from (51) I for x and y negative, we obtain from the definition (17):
(—=1)**v(abe; af—e)v(acf; —ave)v(bdf; —B5—)v(cde ;ys—e)

(112)

p)
aByde

=‘; (=1)/**="y(abe; ae—a —e)v(acf; —ay a—7)v(bdf; a—ee—vy y—a)v(cde; ve—y —e)

(U letllade) e el o) (o= DI —aty)
awu(e-l-tl b)l(e+b—a)lle+c—d)!(e+d—c) i (a+c—fF—)ul(b+d— f—u) (ata—0) (F—a—v+1)!
(@te—y—u)!(f— d+a—e+u)'(6+7—t)'(f—c—a-i-t)'(b+e—a—u)!(f—b+v—e+u>!
oy (= 1P 414926 1@ +-0) (b +e— a) e +-7) d+e—3)!
" avtwew (e+a—b) (e+b— a)l(et+c—d)(e+d—c) it (a+c—f—t)ul(b+d—f—u)!
(f—atctt—v)l(c+d+e—u—v)(a—c—d—e+a—t+utov)!(v—c—7)!
cw—t—w)(f—b—c—etutv—w)l(b+e—at+t—u—v4w)!(c+y—v+w)!
> (—-1)“‘“"f+‘+"28!(a+b+e+1).’(c+d+e+1)!(c+d+e—v)!(v—w)!(u+v—t—w)!(c+d+e+t—u—v)!
wow (e+a—b)!(e+b—a)!(e+c—d)!(e+d—c) wle+b—c—d+w)!(c+d+e+1—w)2(f—b—c—e+utov—w)!
wlo—t—w)la+c—f—O)(f—atctt—v) it (c+d+e—u—v)(b+d—f—u)!
s (=1)eme+t+udel(a+b+e+1) (c+d+e+1) ! (c+d+e—v) ! (v—w) ! (f—a—c+utv— w)!(c+e+f—b+t—v)!
tuore (e+a—bd)!(e+b—a)!(e+c—d)(e+d—c)w!(a+b—c— d+w)!l(c+d+e+1—w)!2
(f=b—c—etutv—w)!(u—x)(a+c—f—t—x)(f—a—c+v—w+x) lx!
(fmatett—o)lt—z+x)(0+d— f—u—z+x) (ct+e+f—b—v+z—x) (z—x) !
_ (=1)2et+d=bt22el(a+b+e+1) c+d+e+1) (c+d+e—v) | (v—w)!
vwzs (e+c d)let+d—c)wle+b—c—d+w)!(c+d+e+1—w)!2(2c—v— ) d—c—et+v—wtx—2)!
2(e=2) at+c—f=2) b+d— f~2) e+ f—a—d+2) e+ T —b—c+2)!
-3 (=1)2e+ddtagel(a4-bte+1) (c+d+e+1)([d+e—c+x) (c+e—d+2z—x)!
e (e+c—d)!(e+d—c)!w!(a+b—c—d+w)!(c+d+e+l—w)!(c+d—e—w-—z)!(23+z+1)!
xlz—x)atc—f—2)(b+d—f—2) e+ f—a—d+2) e+ f—b—c+3)!
(= 1yrtis (=1)(@+btctd+1—2)!
2e+1 *(at+b—e—2)l(c+d—e—2z)zl(atc—f—2)(b+d— f=2)le+f—a—d+z) e+ f—b—c+z)!

ERRATA OF PART 1

Last line of the summary: read p for p"; element (!D|E|3P) of the ?P matrix on p- 195: read (3Go+2G2)\/S for
(—Go+2G2)4/5; second line of §6: read G!*! for G+2,




