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PHYSICAL REVIEW A

VOLUME 12,

NUMBER 2 AUGUST 1975

Relativistic scattered -wave theory™

Cary Y. YangT and Sohrab Rabii
Moove School of Electrical Engineeving and Laboratory for Research on the Structure of Matter,
University of Pennsylvania, Philadelphia, Pennsylvania 19174
(Received 31 March 1975)

A scattered-wave formalism based on the one-electron Dirac equation for a muffin-tin po-
tential is presented. It is shown that the resulting relativistic secular equations reduce to
their nonrelativistic counterparts in the infinite—rest-energy limit.

1. INTRODUCTION

The application of the multiple scattering or
scattered-wave technique to determine the elec-
tronic structure of polyatomic molecules was
originally proposed by Slater! and subsequently
developed by Johnson.? This approach has been
coupled with the Xo statistical approximation
for the exchange correlation.®* The resulting self -
consistent-field- Xa —scattered-wave (SCF-Xa -
SW) method has been applied with considerable
success to various organic and inorganic mole-
cules.* The formalism has also been adapted to
the problem of localized states in solids.® The
SCF-Xa -SW method has proved unique in that it
combines accuracy with practicality in terms of
the necessary computational effort.

The first application of the method to a case
where relativistic effects are important was re-
ported by Pratt,® in the calculation of the elec-
tronic states associated with vacancies in PbTe.
The formalism was modified to include mass-
velocity and Darwin corrections to the energy,
neglecting the spin-orbit interaction in order to
eliminate the need for the introduction of spin-
angular functions in the description of the wave
functions. Thus the modification does not lead to
the splitting of the one-electron energy levels,
which is significant in systems consisting of heavy
atoms.

In this paper, we present a formulation of the
scattered-wave method based on the solution of
the one-electron Dirac equation for a muffin-tin
potential. The resulting method furnishes us with
a fully relativistic description of the wave func-

tions and spin-orbit—-split electronic energies,
without the need of perturbation calculations. Sec-
tion II outlines the development of the relativistic
secular equations. The approach is parallel to
Johnson’s nonrelativistic method, and similar to
the relativistic Green’s-function methods for
energy-band’ and electron diffraction calcula-
tions.’ In Sec. III, we demonstrate that the pres-
ent formalism reduces to the nonrelativistic limit
when the electronic energies are negligible com-
pared to the rest energy. The expansions of the
relativistic Green’s function in the angular mo-
mentum representation are derived in Appendix A.
Appendix B presents a proof of one of the symme-
try properties of the “relativistic Gaunt integrals,”
which is used in our formulation.

II. RELATIVISTIC SCATTERED -WAVE FORMALISM

We start with the one-electron Dirac equation
HY(F)=[cd P +Bmyc® + VN ¥(F) =W¥(F),
(2.1)

where the wave function ¥(r) is a four-component
column vector and P is the momentum operator.
Iy is the N x N unit matrix, and & and B8 are given

by
2

where § are the Pauli spin matrices. Equation
(2.1) can be transformed into the integral equa-
tion”

(2.2)

Ry

fC(F,F’)V(?’)W(F’)dr’—icf G, 7))@ - U(F')as' =¥(F) for T inside v,
v

=0 for T outside v, (2.3)

where # is the unit outward normal on the surface enclosing the volume v, and G(F,F’) is the Dirac free-

electron Green’s function satisfying the equation

12

362



(cd P +pmc? —PJ,;)GG, 1) =-0(F -T"). (2.4)

The Green’s function G(T, T’) appears in the form
of a 4X 4 matrix; thus unlike the nonrelativistic
case, the quantities in the surface integral in (2.3)
do not commute. The free-electron energy p,
satisfies the classical relativistic energy-mo-
mentum relation

pE=k2c? +mic*, (2.5)

where & stands for the magnitude of the free-elec-
tron momentum. The eigenfunctions of P are the
Dirac plane waves

- by +myc? | 12 K ik-T
ond- (25 ) " 5 )R
0 Do +moc? X

(2.6)
where X(s) are the two-component spin functions
with s =+3. Since, for a free particle, the energy
and momentum operators commute, ¢7,(¥) is also
an eigenfunction of the free-electron Dirac Hamil-
tonian with eigenvalue p,. Solving the integral
equation (2.3) requires a knowledge of the Green’s
function and the wave function outside some suitable
volume v. G(F,T’) in principle can be evaluated
via an eigenfunction expansion in terms of ¢7,(%).”
However, it can be verified by direct substitution
into (2.4) that G(¥,T’) of energy p, and correspond-
ing & is obtainable by applying the Hermitian oper-
ator c@ +p +Bmc? +p,l, to the nonrelativistic
Green’s function G,(F, T') of the same k, where
k®*=2m E. Since a Green’s function is associ-
ated with a specific energy,® it seems odd that
G(%, T') derives from G,(F, ') of a different en-
ergy. This apparent discrepancy can be resolved
by recognizing that as energies become small,
(2.5) reduces to its nonrelativistic counterpart,
that is,

k*c*=E(E +2m ¢?) ——— 2m C*E,
E/mgc2<<1

(2.7)

where E=p,—m,c? is the relativistic free-elec-
tron kinetic energy. Besides its simplicity, the
aforementioned relation between G(¥,¥’) and

G, (T, T’) has the additional advantage, over the
eigenfunction expansion, of preserving the bound-
ary conditions of the Green’s functions. Since
G,(T, ¥’) is known from the nonrelativistic scat-
tered-wave formalism, and since the same set
of boundary conditions prevails in our formula-
tion, the task of finding G(%, T’) is vastly simpli-
fied. In Appendix A, G(T,¥’) is evaluated and ex-
panded in the spin-orbit-coupled angular momen-
tum representation. We are then left with the
problem of choosing the suitable volume and
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creating a model potential which simplifies the
calculation of the wave function outside this vol-
ume.

Our formulation of the scattered-wave cluster
problem will be based on the muffin-tin potential
approximation, although in principle it can be
generalized to include non-muffin-tin corrections.
In the muffin-tin model, the potential is spherical-
ly symmetric inside nonoverlapping atomic spheres
and outside an outer sphere enclosing the entire
system, and is constant elsewhere. The wave
function within each atomic sphere and outside
the outer sphere are given in the angular momen-
tum or partial wave representation by

(gﬁ‘(ra)xo(f'a)

~ f =0,1,...N,
ifi‘(m)xa(m)> or«

VE(F) =) AG

Q
(2.8)

where T, =F - R,, and R, is the position of the
center of the ath sphere. N is the total number of
atoms and a =0 denotes the outer sphere with _ﬁo
being the origin. The radial functions g¢(r,) and
f%(r,) satisfy the pair of coupled differential equa-
tions

k-1
7

da _(E-V+1 y Kk+1
dTgK_ c? CJk— ¥ 8«

where atomic units (Z =1, m,=3, ¢>=2) are used
and will be assumed hereafter. The spin-angular
functions X4 (#,), where @=(k, ) and Q= (-«, u),
are eigenfunctions of the operators L?, S?, J?,

Jz, and - L +1 (about the center R,) with eigen-
values I(I+1), s(s+1), j(j+1), u, and -k respec-
tively. They are given by

%@fﬁ:( >cf,<—(E-V)g.<,

(2.9)

XQ(’;‘a)z _Z c(l%j;H_sas)Yl.u-s(;a)X(s)’
T (2.10)

where C(l3j; .~ s, s) is a Clebsch-Gordan (or C)
coefficient and Yhu_s(ffa) is a spherical harmonic
about the center R,. The parameter « takes on
integer values except zero, and is related to / and
Jj by

l=k for k>0,

for k<0, (2.11)

If the interstitial region (IR) (where V=V =con-
stant) is taken to be the volume v in the integral
equation (2.3), and energies are measured with
respect to V, then (2.3) is reduced to
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\Il(r)—-ch GF,T)a -n'¥(¥’)dS ' for Te IR,

(2.12)

where, by convention, T€ IR means that T can lie
within IR as well as on its surface. This surface
consists of the IR outer sphere boundary S, and
the IR atomic sphere boundary S,. Since the scat-
tered-wave theory requires continuity of the wave
function everywhere, the interstitial wave func-
tions on the surfaces S, and S, can be obtained by
matching with the outer and atomic sphere wave
functions. In particular, we have

VE) |5, =8 rgng s EE) s, =) gen,
V(E)| s, =V F) | rgmve s ¥E) s, =¥ rymng_ s

(2.13)
where b, is the radius of sphere @ and the sub-
scripts + and — denote the outer and inner surfaces
of the sphere, respectively. The secular equations
can now be set up by substituting the boundary

conditions (2.13) into (2.12). For the case T €S,,
using (2.13) and (2.12), we have

\IJO(PO)],,O:%_ =50+ * Z So-ct=»

a#0

(2.14)

where, for example, S,_,, stands for the integral
in (2.12) over the surface of the outer sphere with
¥o=bo_ and ' =b,,. In effect, (2.14) means that
the sum of the partial waves scattered off all muf-
fin-tin spheres (including the outer sphere) via

the propagator G(¥, ') are matched with the wave
function at the inner surface of the sphere. For
the other case, T€ S,, where waves scattered off
all spheres are matched at the outer surface of the
ath sphere (@ #0), (2.13) and (2.12) lead to

'I’a(?a)' ra=ba,:sa+o+ +Susa- ¥ E Setara-
a"o,(x
(2.15)

It should be kept in mind that the unit normal 7
in (2.12) points outwards from IR, thusonS,,
n=7,, whileons§,, #=-7,. Although (2.14) and
(2.15) each consists of two sets of algebraic equa-
tions (from the upper and lower components of
the wave function), they turn out to be identical.
Thus, as in the nonrelativistic case, the secular
equations consist of only two sets of algebraic
equations. The procedure for the explicit genera-
tion of these equations is outlined below. The sur-
face integrals are evaluated using the expansions
for the Green’s functions given in Appendix A and
those for the wave functions given by (2.8). Then
we multiply (2.14) and (2.15) by the appropriate
spin-angular functions and integrate over the
sphere surface to eliminate the angular depen-

dence. The results can be simplified using the
property of the spherical Bessel and Neumann
functions,

nl(x)jl+1(x)—nl+1(x)jl(x)=1/x2- (2-16)
Canceling the nonzero common factor (E/c? +1)
(since E > —c?) and utilizing the symmetry proper-
ty of the relativistic Gaunt integrals proven in
Appendix B, we finally arrive at the secular equa-
tions

[Te]-'cg- 3

&4 (R 40 )CE

a'g‘p,a
+2.8%,(R,)CY =0,
QI
(2.17)
Z gQQI CQI+T0CO —0
%"
where
Co =03k YAGLS Eny (kb o)gs — kem, (kby)f4)
for E>0
=b5(=y) T AQL I E [k (vbo)ghk = vek (vb,) £ 2]
for E<0, k=ivy,
CG=b%k~ AGIScEj7 (kb o)g% —kej (kb ) f 2]
for E>0,
=b%y T AGLIE i3 (10 )8R = veiy (vb o) £ 2]
for E<O,
B _ S E]l(kb )g,(-k(,‘],(kb )fK B
Te=3 Eng (kb g)gR —keny (kb g)f B g T (k)
for E>O,
___|Eliz0beled =vei,00p)f ¢ sy
|E|kD(rbg)gy —vekiV(vbg)f i
for E<O,
rf(k)==k"2-! for E>0, B=0,ca,
=xg(=)' ™! for E<O0,
Ag=-1for =0,
=1 for B=a#0,
and

-ﬁaa's—.a’_ﬁcx? giEg?((bo)’ ete. (2-18)
The structure factors QQQz Roo?) 859 (R,), and
930 (Ra ), where 0, a, a’ denote the centers of
the outer, the ath, and the «’th spheres, respec-
tively, are potential independent, and are dis-
cussed at length in Appendix A. The only other
type of quantities in the secular equations con-
sists of the “t matrices” T2, which, unlike the
structure factors, depend on the potential through
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the radial functions. As in ordinary scattering
theory, T? is essentially the tangent of the phase
shift of the kth partial wave scattered by the Bth
sphere. In these equations, the energy parameter
E=p,-3c? is measured with respect to the con-
stant potential V. For a given E, the correspond-
ing k can be deduced from (2.5) to yield

k=(E+E?/c®)'? for E>O0,
=i(|E| = E?/c*)"? for —c2<E<0. (2.19)

From (A21), it is apparent that the secular ma-
trix

<6aa'.éoar[Ti‘] — 83 (Raar) S23H(R, ))
839 Ry ) Boq TS
(2.20)

is Hermitian in the double set of subscripts SQ
and 8’Q’. If M58 is a general element, then

MBS =(MES)*. (2.21)
Hence the determinant of this matrix must be real.
This is expected since the one-electron energies
of the atomic cluster correspond to the zeros of
this determinant.

As in the nonrelativistic case,? the secular ma-
trix (2.20) is contracted to the form

e’ O0q [T 1 =[5 (Rear) + 28871, (2.22)

where @, ’#0. The information concerning the
outer sphere is lumped together in the “pseudo-
structure-factor”

QQ,-Z 889 n(Re)TS v §2% (R 1) (2.23)

which can be interpreted to describe the propa-
gation of partial waves that travel between spheres
a and ¢’ via an intermediate scattering off the
outer sphere. Thus in the absence of an outer
sphere in the model potential, Zgg- » must vanish
since there is no outer surface for the partial
waves to “bounce back” from. The secular matrix
will then be reduced to

B’ 000 A T ™1 =833+ (Raq 1) - (2.24)

In the free-atom limit (Ryqr~), $35/(Ryqr) in
(2.24) vanishes, and we are left with the { ma-
trices, the zeros of which determine the relativ-
istic one-electron energies for isolated atoms.

III. THE NONRELATIVISTIC LIMIT

Our treatment of the relativistic scattered-wave
method based on the Dirac equation has been en-
tirely analogous to that based on the Schrddinger

equation.? However, the relativistic formulation
requires only the continuity of the wave function,
whereas in the nonrelativistic case, the first de-
rivative of the wave function has to be continuous
as well. Nevertheless, because of the two-com-
ponent nature of the relativistic wave function in
the partial wave representation, the number of
quantities to be matched remains equal to two.

The four-component Dirac equation can be re-
duced to a two-component equation via the Foldy-
Wouthuy sen transformation,® which in turn reduces
to the Schridinger equation when ¢ is taken to be
infinite. Thus it is natural to conclude that the
secular matrix (2.20) must also reduce to its non-
relativistic counterpart in the corresponding limit.
Since the two secular matrices have identical
forms,* we can compare the structure factors and
t matrices separately. The relations between the
relativistic and nonrelativistic structure factors
are given by (A15), the first of which can be re-
written as

8s(Roa)= D

p=m=p'-m'=+%

CUjsm, p-m)GEe (Ryqr)

XC(ZIéjI;mI, “: _mr)'
8.1)
In the nonrelativistic limit, the total angular mo-

mentum is simply the orbital angular momentum,
that is, j=land @=(Il,m)=L. Thus in this limit,

§e8 —= = GLL,. (3.2)

The potential-dependent ¢t matrices T2 given by
(2.18) also reduces to its nonrelativistic counter-
part

p_Wy (kD g)RP (b 5) = ki (kb )R (b 5)
"7 u (RO g)R] (b ) —ku(RD g )RP(D g)

rie), (3.3)

where w;, u, stand for appropriate spherical func-
tions j,, n;, i;, or k. R} is the Schrddinger
radial function within sphere 8, and the “prime”
denotes the first derivative with respect to the
entire argument. To show this, we make use of
the second of the Dirac radial equations (2.9), and
the recurrence relations

wi(x) =a,wir ) -[(k+1)/x]w (x),
where
a, =S,

=1 forw =i,k . (3.4)

for w, =j,, n;,

For example, the nonrelativistic limit of the nu-
merator of a ¢t matrix is given by
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SkEjr(kbg)glbg) —kcj; (kb g)f BB g) —= K%/ (Rbp)g2 (b 5) ~ R jy (kb g)gE (B 4), (3.5)

¢ >

where (2.7) is used. Recognizing that the larger
component gf simply becomes the nonrelativistic
radial function R? in the nonrelativistic limit, one
can easily verify that

T —=t} (3.6)

for both the outer and atomic spheres and for posi-
tive and negative E.
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APPENDIX A: GREEN’S FUNCTIONS AND
THEIR EXPANSIONS

The Schrodinger free-particle Green’s function
is given by

cos(k|T -T'])

Gy(r,17')=~ 4T -7 for k2>0,
e-yf?—pl
“oTEoFT for £2<0, k=iy. (A1)

The single-center (T and T’ originate from the
same point) expansion of Gy(F, T') in orbital angu-
lar momentum space L =(I,m) can be written as

Go('{', -fl) = Z HL(k;>)JL(k;<)* ) (AZ)

L

where H (kT,), J,(FT.) are each products of the
spherical harmonics with suitable spherical func-
tions (depending on the sign of £2), and 7, and 7.
denote, respectively, the larger and smaller of 7
and 7’. In particular, we have

H, (kL) =R Y, (700, (k) for k2>0

= (= Y)Y ()R (y75) for k2< 0,

T (6 ) = k™Y () (k) for k%50, (a3)

=y ()i (vv.) for k2<0,

where the modified spherical functions kg”(yr)
= —~'n{V(Gyr) and i,(»7)=i"",(iyr) are real for real
arguments.

We now wish to transform this one-center ex-
pansion of G, into spin-orbit-coupled angular mo-

r

mentum space @=(,7, u)=(k, u). To do this, we
first use the definition of the spin-angular function

Xa)= > Clzj;p=s,9)Y, ,-s(F)x(s), (A9)

s=t}

and the orthonormality of the Clebsch-Gordan co-
efficients C(l3j; . — s, s) to show that

3 Xe@xa )" =3 X(S)X(8) Vo ()Y, (7)*
Jn sm
=L, 3 VY 0)*, (A5)

where x(s) is the spin function with s=+3 and I,
is the 2X2 unit matrix. We note that the sums in
(A5) are real and they are invariant under inter-
change of T and T'. Substituting (A5) into (A2),
bearing in mind the equivalence of the summa-
tions 33 ,;, and 37, , we obtain

Golf, ), = 3 Ho(KT,)Jy(kE.)" (A6)
Q

where Hy and o, are the spin-orbit analogs of H,
and J;, obtained by replacing ¥; by xq.

To begin the derivation of the two-center expan-
sions of Gy(F, '), we let ¥ (or ¥’') be p + R, where
T (or ¥') and R have the same origin 0, but 7 is
measured from the point specified by R. From
the plane-wave expansion

IR AL LA (A7)

L

we derive the useful expansion

Jyn[k(F=5)]= D &7 R (L LY
LL’

X, (RE) I, (KD)* (A8)
where J(LL’L") are the Gaunt integrals

I(LL’L”)E4nfdQYL(Q)*YL,(Q)YL»(SZ), (A9)

which are always real, and nonvanishing only if the
conditions

m=m'+m"” , l+l'+l=even integer,

and
[1=1"|<s1"<1+0" or AQII'L") (A10)

are satisfied. Using (A2) and (A8), we obtain two-
center expansions of Gy(¥, ') in L space for the
following cases of interest:

(@) ¥'=p+R, R>|F-p
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- —.

)=, JL(RF)GIE (R)J, - (kD)
LL’

v>|p+R|

Gy(F, 7 +R) (Alla)

-

(b) T'=p+R,

GoF,p+R)= > H (AF)G2L (R)J, (kD)*, (Allb)

LL'

() T=p+R, »>|p+R|

G+ B, )= T (RD)GOS (BH,, (kF")*

(Alle)
where
GoE (R)= 3 ¢t R T T (L L L) H o (k)
e
=G2,(-R) for0#P, (A12a)
Ggi'(ﬁ)f Z il-l'-l”k—l+l’+l"I(LL/Ll/)JL”(k'§)* ,
P
(A12Dp)

Gig,(ﬁ)s Z il_l/_lukz-l/+z~I(LL/LN)JL”[k(_ ﬁ)] *
"
(Al12c)

chL) (0)=0, and GLL’_ LL’ - (Al12d)

The double superscript OP is chosen to mean that
the “structure factor” G4, is “measured” from
point O to point P as demonstrated by comparing
(A12b) and (Al2c).

To obtain the @-space two-center expansions of
G,(t,T'), we multiply (A4) by C(I3j; 1 — ', s") and
sum over j. From the orthonormality of the C co-
efficients, we get

Y, (r)x(s) = E CUzjsm, b —m)Xq@) . (A13)

Substituting for Y, and Yy in (A11) with (A13) and
changing the indices of summation from mm’ to
pp’ (L -=m=y -m’'=s), we arrive at the following
expansions of G,(T,T’) corresponding to cases (a),
(b) and (c):

-

G,(T,p+R)I, = Z Jo (BT 835, (R)J o (B)* , (Al4a)
QQ’

GoF,B+RI, =Y Jo(kF)854 (R) o (kD)" (A14b)
QQ’

G +R, 1), = 3" Jo(kD)SES (R)Hg (FF')" ,  (Alde)

QQ’

where

ForB)=S CUsjsu =5, 9GP, 10w -s(B)
XC(U'3§';u' = s, 8)

=3 B BQQL (k)
L/I

=Gh9.(=R) for O#P, (A152)
05 @)= CUzjin—s, )G iy —s®)
xC(U'zj'; ' =5, s)
= Z BTV BQQ' L"), (BR) %, (A15Db)
ggg’(ﬁ)s z (l2] K-S, S)Gl p-s;it,u’ -s(R‘)
S
XC('55'5 b’ =S, )
=S R B L)y k(- R)|*
=
(A15c)
50%(0)=0, §33:(0)=0qq- , (A15d)
and
BQQL") =" S Clziin -, 8)

S

x [(l) b= S;l; IJ'I— o L”)
XC(lzj';u'~s,s) . (A18)

Thus the “relativistic structure factors” g5, ®),
$9% (R) can be derwed from their nonrelat1v1st1c
counterparts G5 (R), G35 (R) using only the C co-
efficients. The modified “relativistic Gaunt inte~
grals” B(QQ'L") are real since the C coefficients
and the Gaunt integrals are real, and I =1'=1"
=even integer.

The Dirac free-electron Green’s function G(¥, 7')
is related to the nonrelativistic one G,(T, ') by*°

G(E,T)=(carp+Bmec®+py1)Gy(F, )/c?

i:(p0+mocz)12 cGp }G F7)

= - ﬂ-——-———[
G p (Do =moc®, c?
(A17)
Using (A17), (A6), (A14) and the relation
G PFq(kT)=iS kF (kL) , (A18)

where Fq(kT) stands for either Hq(kT) or Jp(kT),
S, =sign of k, and @=(l, j, L) =(~«, u), we can
expand G(T,T’) to yield the one-center expansion
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(E/c? + 1)Hg (KT, ) Jo (kT )" S (k/c)Hg(RT,)dg (kT <)

o, r )=ZQ 1S, (/) Hg (kF, ) I (65 )T (E/c*)Hg () o (FE.)* (a19)
and the two-center expansions
(a) T=p+R, R>|T-7]|
- - Zop ;= 2 11)dy (BT)Jy (BD)' iS(k/c)J5(RT)dy (kD)*
G, p+R)- Y 805,y | B/ D% (0 I (D)7 i (k/0) (k) Jo (D) | (a202)
Qq’ iS(k/C)Jg(kT) g (RE)"  (E/c®)dy(kT) g (RD)*
(b) ¥=p+R, »>|5+R|
(E/c? +1)Hg(kT)Jy (Bp)* S, (k/c)Hg(kT)Jy (kD)*
GE.D+R) = 822, (R)| . . - - . , A20b
CEB+R)= 2 560 B s, (k/e)Hig i)y (D) (B/c)Hg ()T (D)’ (420b)
(c) T=p+R, »>|p+R|
(E/c®+1)dy(kp)Hg (RT')" S (k/c)Jg(kp)Hq (kT')*
CG+R,T)=S" 829.(®)| . . ., . ., , A20c
+R, 1) % aq’(B) iS(k/c)Jg(kD)Hq (KT')*  (E/c?)Jy(kD)Hg (kT")" ( )
where E=p,—m,c® and atomic units are assumed. APPENDIX B: PROOF OF SKB@Q_’L”)=SK,B(QQ'L”)

We have also assumed that R is a constant vector
so that V3,5 =V73.

The structure factors Go5., Gob., $95., and
$9F ., possess the symmetry

In arriving at the secular equations (2.17), we
have made use of the following property of the
relativistic Gaunt integrals:

S«B(QQ'L")=S.B(QQ'L") , (B1)
GO, (R) = G22 . (R)*, etc. (a21) where B(QQ'L") is given by (A16). Defining
B’Eil -1 -IB(QQILII) agd B/Eil -1 -IB(Q Q/L"),

and using the identity I =/ -S,, we see that
This property can be easily verified for each

structure factor using the conditions (A10) for @S S =Sk =8, /S, (B2)
nonvanishing Gaunt integrals. This symmetry Hence we need only to show that B'=B’. The
is to be expected in view of the Hermiticity of Gaunt integral can be expressed as a product of
both G,(¥, ') and G(¥,T') in T and T'. Clebsch-Gordan coefficients,'* that is,
4m(2L, +1)(21, +1) \/?
I(L3L2L1)=(—1——-——2—-—( 5 4)-(1 )> C(l, Ll m mym5)C (11,153 000) . (B3)
3

Substituting (B3) into B’, with Ly=(l,u -s), L,=(',u' —=s), L,=L", we obtain

’ ’ 1/2
p= (DR VE gy 00) 5 COrty -, wi= WG =, ) CAE 5= 5, ) (B4)

s=+%
where the selection rule mg=m,+m, has been used in rewriting the C coefficients. The summation over s
can be simplified using a single Racah recoupling'?

20 Cldad's matta)OU Gy hy +thas 1s)ICUas "5 bats)
2
BotHg= " fixed

=[5+ )25 + D W (152353 35" )C (1" 35 11"

(B5)



where W(j,j,ijs;7'7") are the Racah coefficients for
the coupling of three angular momenta 31, 3’2, 33,
with intermediate angular momenta J'=J, +J,,
J"=7, +J,. Substituting (B5) into (B4) using the
correspondence of (j,7,7 jzjj”) to (1”1'13j4') and
changing the index of summation from s =3 to
m’=p'¥3, we find that

B'=[4n(20' + 1)(21" + 1)(2j' + 1) M2C(1"1'1; 00)
XWU V35 1 )CE 35 510 = ', 1) (B6)
The product [4m(21"+1)(2j'+1)]Y2C(1"j"j;m ~ ', ")

is independent of both I and ', so to prove B’ =B’,

[la+b+e)]
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it is sufficient to show the invariance of
®B(Sy, S )= 2U+1)Y2C(1" 'L 00)W(1"1j3; 15')
B17)

under simultaneous changing of signs of x and «'.
In other words, all that is left to be done is to ver-
ify the relations

®B(++)/®(==)=®(+ =)/®R(=+)=1 . (B8)

To achieve this, we simplify the notation by the
replacement of (1”1'j3lj’) by (abcdef) in the expres-
siong!?:1¢

C(abe; 00) = (=)@*°=2)/2(2¢ + 1)1/2A , (abe)

[Bla+b=e)[zla=-b+e)l[z(~a+b+e)]l ’

(B9)

(_)n+a+b+c+d(n + 1)1

W(abed; ef ) = Ap(abe)ag(cde)Ag(act A 5 (bdF) Z(

m=—a=-b-e)ln~-c=d=-e)l(n—-a-c—-fl(n=->b-=d=f)

1
><(a+b+c+d-n)!(a+d +e+f=n)(b+c+e+f=-n) > ’

where
(a+b=-eN(a=b+e)l(—=a+b+e)
(a+b+e+1)! ’

(B11)

and the index of summation assumes all integral
values as long as none of the factorial arguments
are negative. C(abe; 00) vanishes unless the con-
ditions a +b +e =even integer and A(abe) [see (A10)]
are satisfied, while W(abcd; ef ) vanishes unless
we have A(abe), Aedc), A(bdf), and Aafc). The

Ap(abe) =

(B10)

relation I =j +3S, is used to substitute b =f +3S,
and e=c+3S, into ® making its dependence on

(S¢, Syr) exclusively explicit. The summation in
(B10) looks forbidding, but upon closer examina-
tion, it can be reduced to only one term for d=3.
This is true for all combinations of (S,, S,/), name-
ly, ++, ==, +=, —+. The combination (++) con-
sists of the term specified by n=a +f+c+1, while
for the remaining three, #=a +f+c¢. Then sub-
stituting the simplified (B9) and (B10) into (B7)
for each of the four combinations, we verify (B8).

*Supported by ARPA Order 2380, DOD Grant
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