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The equations-of-motion (EOM) method proposed by Shibuya and McKoy (Phys. Rev., A2, 2208 (1970); J.
Chem. Phys. 58, 500 (1973)) has been extended to include (2p-2h)-state creation and annihilation operators in the

excitation operator O;f.

The equations-of-motion (EOM) method proposed
by Shibuya and McKoy?! has been successfully applied
to ab initio calculations of the transition energies and
oscillator strengths of small molecules like C,H,, CO,
N,, C¢H¢, H,0, and CH,.2® The EOM method has the
advantage that the equations are set up directly for the
electronic transitions, 1.e. for the difference between
the ground and the excited states, while in the tradi-
tional CI method the equation is solved for each of the
states separately.

The basic idea of the EOM method is to find an
excitation operator O;' which creates an excited state
|A> by its action on the ground state |[0>:

[A>=0;10>  (and 0,]0>=0). 1)

As was shown by Sinanoglu,? the major part of the
closed-shell ground state correlation consists of
doubly-excited configurations, i.e. 2p-2h states. Thus,
it is natural to construct the O;' as a linear combina-
tion of 1p-lh creation and annihilation operators.
The coefficients of the linear combination are deter-
mined in such a way that the excitation operator O,f
satisfies the equation

[H,0,11]0>=w;0,T|0>, 2)

which takes the same form as the equation of motion
for a boson creation operator. In this equation w; is
the energy difference between |0> and |1>.

The low-lying excited states of molecules are usually
well described as the linear combinations of 1p-l1h
states. However, some of the important valence states
of conjugated molecules are essentially of 2p-2h states.
The well-known example is the 21Ag state of linear
polyenes.®” For these states, the perturbative treatment
proposed earlier™® is not adequate and the whole
EOM-Hamiltonian matrix including those elements
of 2p-2h states must be diagonalized to give correct
solutions of the excitation operator. In the present
work, we provide all the matrix elements needed
for this type of the EOM calculations. Recently
Oddershede and coworkers® have developed the per-
turbative propagator methods which are essentially
equivalent to our perturbative treatment.'® Many ref-
erences in relation with the propagator methods and
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the EOM methods are found in a recent review by
Oddershede.”

The EOM for 1p-1h States

In this section, we begin with a summary of the
previously developed EOM method for 1p-1h states.”
Let us consider the excitation of an electron from the
occupied orbital vy to the unoccupied orbital m. The
excited electron may take the spin state of a or S.
Thus, if the molecule is initially in the closed-shell
ground state, its final state may be either singlet (S=0)
or triplet (§=1). Therefore, the creation operators of
the particle-hole pairs are written!?

Crny' (00)=(27V2) [cma™ Cyat cmp? €yp)

Coyt(AIM)= —cCmat Cyg M=+1)
272 [ema™® cya—cmp™ cvp] (M=0) } (3)
Cmpt Cya M=-1)

where ¢;,* and c;, are the creation and the annihilation
operators of an elcctron in the state of orbital ¢ and
spin a, respectively, and they satisfy the anticommuta-
tion relations of fermions. Inspecting the structure
of the correlated ground state |0> according to
Sinanoglu’s many-electron theory,* we have proposed
that the excited state |A> of spin-symmetry S, M may
be obtained by the action of the excitation opera-
tor

O'(ASM) ="§ {Yuy(AS) Crny' (SM) = Ziny (AS) Cony (SM)}
)
on the ground state |0>. In this expression,
Cony (SM) = (=)5*M Cyny (S,—M) (3)

annihilates the (m, ) pair and gives a state of spin-
symmetry S, M. Note that C,,(SM) is the adjoint
operator of Cn," (SM).

Solutions of Eq. 2 are readily found by solving the
variational equation®

<0|[604, H, 0,1|0>=w;<0[[60,0,1[0>,  (6)
where the double commutator is defined as
1
[a,H,b]=7([a,[H,b]]‘*‘[[a,H],b])' M

The problem here is to find the eigenvector (Y,Z) in
Eq. 4 and the eigenvalue w;. We have shown? that the
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substitution of Eq. 4 into 6 leads to the matrix
equation

A Bl[rm D 0] [Y®™
=w) (8)
—B —4]||zn) 0 D| [ Z®)
where
Amyns(S) =<0|[Crmr(SM), H,Crs' (SM)][0>
Biy,ns (S) =—<O|[Cm‘v(SM):H;Cnﬁ(m)]'0>} 9)
Dy ns =<0|[Cmy(SM), Cns' (SM)]|0>

Note that 4 and B are independent of M, and D is
independent of S and M. We shall henceforth denote
unoccupied orbitals (particle states) by m, n, p, or g,
and occupied orbitals (hole states) by v, 8, 4, or v. In
expanding these elements explicitly, we first let

<0[0>=1. (10)

Then, in the level of the 2nd-order perturbation theory
of the ground-state correlation, we obtain?)

Amy,né(s) = Aomy,nﬁ (S)
1
+ 676 [ Ton— —5' (Em + &n— 287)pm"]

1
—5mn[T76_?(28m_87—35)P75] (11)

Bm‘y,n&(s) = Bomy,mS (S) + (—1 )S Smy, né

Dmy,n& =8mn 678 + 6mn Pys — 676 Pmn,

where 4° and B° are the RPA matrices, i.e.
Aom'y, né (S) =08mn 676 (em - a‘y) - VmBn‘y + (850) 2Vm6'yn } (12)
Bom-y, né (S) = _(_1)9 an&'y + (680) 2an76-

& 1s the HF orbital energy and
Viin=<i(1)j(2)(r2) " ()1(2)>. (13)

T and S are correction terms linear in the ground-state
correlation coefficients. p is quadratic in the correla-
tion coefficients. They are explicitly written as

Sy, n8=—p2“[Vmu6p Copp, ny (0) F Vipyp Cpp, ms (0)]

1
Twn=— E‘ ‘E’[qu#v Cav, np (0) F Viwng Cmg, qv (0)] (14)

1
Tvﬁ':? 22 [Vogvr Cav, 18 (0)t Viupg Cpy, qv (0)]

pav
and
1
Pmn =_2_ 2 C’pp, my (S) Cow, pu (S)
puv §=0,1
(15)
1
Py ="y 232 Cougy(S) Cos,pu(S),
pqp $=0,1
where

c (O)=%[SC(O)+C(1)]; c( =-i—[C(0)+3C(1)]. (16)

To the first order in the Rayleigh-Schrédinger pertur-
bation theory the ground-state correlation coefficients
are given by
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Crny, 78 (S)= =By, ns (S)/(em+en—ey—e5).  (17)
Finally, in the diagonalization approximation
Dy, n6== 8mnBys (1 pyy = Pmm) =Omn 8y gmy?,  (18)
Eq. 8 becomes

k-4 zB

40 7 )

=w; s (19)
—RB Z(A)

- Z(d)

where

Mm'y,n&Egm'y-l Am'y,n& gms_l

= 8mn Oys (Em—&y)
+{—=[Vmony+ 8mn Tys— 6ys Trun]
+(850) 2V msyn}/ Gy gno)
(20)
B rmyn6=Emy ! Bmy,ns Ens !
={——1s [Vimnsy — Smey,ns)
+(850) 2V mnys}/ (gmy Gnv)
yrnv =gmy Yimys Zmy=8my Zmy-

The EOM for (1p-1h)+(2p-2h) States
The excitation operator in Eq. 4 is now extended to
include 2p-2h creation and annihilation operators:

Ot (ASM)
=m§}{Ym7(lS) Cmy' (SM) = Z1ny (AS) Cpy (m)}

+2

(my,nd)

{ Y(z)(mv,ms) (/15 ) *(m%né) (SM)

_Z(Z)(mv,mi) (4S) Limy,ne) (S—M)}: (21)

where I'f (.15 (SM) are 2p-2h creation operators. The
second summation in Eq. 21 runs over all the inde-
pendent 2p-2h states, not over my and nd separately.
In general, I'tuyn5 (SM) is a linear combination of
Cmy[(SM)C,51(00), Crs H(SM)Comy 1(00), Cps ((SM)C,1(00),
and C,, (SM) Cns'(00).

The substitution of Eq. 21 into Eq. 6 gives

A B 412 B2 [y@)
-B -4 —BW  —403| | z@)
A2 Beh 422 B2 | | Y@
—Beh  —qen  —pen  —gea| | ze)
D 0 0 o0 Y(4)
0o D 0 0 Z(A)
T o o pea g you| » @@
0 o o Dpea| | zop

where the matrix elements of 4, B, and D are already
given above, and the matrix elements of A®?, B2,
A2 B22 and D®? are defined by
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Table 1.

The Orthonormal 2p-2h Creation Operators I (my,ns)
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S=M=0

Iy myy=Cma mpT €y8Cya=Cimy'(00)C ., T(00)

Iy, nyy=(1/ \/2)(C ma CngTFenatempt)e 7ﬁcva=\/2cm-yT(00) Cny'(00) (m#n)
T nymo=(1/\/2)ma* cmp™ (€opC vat €y8C82)=\/2Cimy1(00)Crms"(00) (v%8)
It oy, =1/2(Cima* cnpttcna™ cmpt)(CsCyatCypcsay=Cmyt(00)Crs'(00)+Cms(00)Cry(00) (m#n,y#6)
T myn8,=(1/\/3){(Cma™ Cna™ CoaCyatcmpt cng™ copCyg)
+1/2(¢ma* cngt—Cna® cmp®)(copcya—CypCsa)}=(1/ \/3)(CmvT(00)Cn6t(00)—C ms'(00)Cny7(00)) (m#n,y#8)
S=1, M=0
Ty =(1/\/2)(Cma’* ng*—Cna™* cmp*)e38030=(1//2)(Cmy'(10)C 1y (00)—Ciny "(10)Ciny (00)) (m#n)
Ty, mey=(1/\/2)Cma™ cmg ™ (CopCya—Cy8C52)=(1/\/2)(Crmy(00) Cus(10)—Cims(10)Com(00)) (v#9)
T myn5y =1/ 2(Cma* cnp*—Cna™ cmp*)(copcyatcypcsa)
=1/2(Cmy'(10)C57(00)=Cn5"(10)Crmy'(00)+Cns"(10)Cry 1(00)—~Crny 7(10) Crms"(00)) (m#n,y#0)
I (ny,n8,=1/2(Cma” Cnpt+Cnatcmp® ) (Copcya—CypCsa)
=1/2(Cymy'(10)C157(00)—C5"(10)Crny '(00)=Cins(10) Cy "(00)+C iy 7(10)C is"(00)) (m#n,y#9)
Iy ne,=(1/ \/2)(5 mat Cnat CoaCya—CmpT Cnp* capeyp)=(1/ \/2)(Cm~/T( 10)Cns(00)+Cns'(10)Crmy'(00))  (m7#n,y#8)
A(l’z)m’v';(mv.nﬁ)(s) ?/
=<0|[Cry(SM), H,I T (my,ns)(SM)]|0> _ Zz
B(l’z)rn’v’:(m*/mS)(S) - Y®

=—<0|[Cry(SM), H:r(rn%n&)(m)] |0>
APy 5 ymyma)S)

=<0| [Ty, wo)(SM), H,T M my,n8/(SM)]|0>
B®D(roy st imy.me)(S)

=—<O|[T iy, wsr(SM), H,T(,n5(SM)]| 0>
D@2 yroy mstysmy,n)

= <O\ Tim, ) (SM), Ty SM)]|0>

(23)

Note that
AN = 4019, BeH=B1.2)

Also note that A2, B4 422 and B?? are independ-
ent of M, and that D?? is independent of S and M.

In the present work, we shall replace the correlated
ground state |0> in Eq. 23 by the Hartree-Fock ground
state [HF>, obtaining A4°12, B°1.2, 4°22 B°22 and
D°@?, respectively. Itis clear that B°!? and B°?? van-
ish, for the Hamiltonian H consists of only the pair
creation operators C;'(00) and their products
Cii*(00)Cr'(00). The matrix elements of 4°1? and
A°22 are obtained from their primitive elements given
in the Appendix. The matrix D°22 becomes an iden-
tity matrix when the basis set of I, .5 is chosen such
as given in Table 1. These 2p-2h creation operators
were given earlier in Ref. 1b. They are reproduced here
for convenience and some typographic errors involved
there have been corrected. In this basis set of 2p-2h
creation operators, we now have, instead of Eq. 22,

o B AN ¥
-B - 0 o0 z

woen g A°22) 0 Y@

0 —FoeD @ —4°22) zZ@

(24)

7@

(25)

where &, &, % and Z are already given in the preceding

section, and

¥'; (my, n8)/ §m'y'-

(26)

In order to reduce the matrix size of Eq. 25, we first

VD, gty = A2,
write it as
(o —B A0 [y—2F ]
S °@) A°22) y(2)—Z(2)J
[S+B 702 [g+Z ]
A 4°22] | y@+z0)
Multiplication of the matrix
A—B A2
oo 4or2

from the left on both sides of Eq.

A~B S| [A+B o 02
” o(2,1) A°(2,2) M o(2,1) A°(2,2

Similarly we also have

S+ B A A~ B
o goea|[ oo

”O(l 2

-]
A4°2 23 [?(2 ia:
|

~

Y+Z ]
Y(2>+Z(2ﬁ

Y-z ]

y@—z@

27b gives
Ny+2
il Y@+4-72)

v+Z ]
Y®+22)

Y®
¥-z
y®—z0)

i

(27a)

(27b)

(28)

(29)
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Solving either Eq. 28 or 29 may suffices if one is only
interested in finding the transition energy w. For the
evaluation of the transition moments, however, both
eigenvectors of Egs. 28 and 29 are needed. In any case,
the order of the matrix to be diagonalyzed has been
reduced to the half.

The Transition Moment

In deriving the explicit expressions of the matrix
elements, we have assumed the normalization condi-
tion of Eq. 10 for the |0>. For excited states, we let

<AA>=1. (30)
Then, the transition dipole moment is written

D; =<0|(1)op|A>
=— \/22d°,-i<0|[c,~j‘r(00), ofjl0>, (31)
i

where
&> =[i(r)rj(r)dr. (32)
The oscillator strength is given by
f1=(2/3) w3| D32 (33)

Employing the diagonalization approximations
used in the treatment of D and D22, we can rewrite the
normalization condition Eq. 30 as

2 {?}nv (A-S)IZ—Izmv (/15)|2}
my

+ 3 (Y@ nyns) (AS)|2 = ZP sy, ne) (AS)|2}=1 (34)

(my,n8)
Note that the first and the second terms on the left-
hand side of this equation are the scalar products of
(Y+Z,%—2)and (YO+Z®, Y@+Z®). These are evalu-
ated by using eigenvectors of Eqgs. 28 and 29. With the
diagonalization approximation in Eq. 18, Eq. 31 leads
to

D). = 6SO \/22 {Z/m'y (10) +Im'y ()-0)} (gm'y dom*/) (35)
my

Note that terms of Y® and Z® vanish in deriving the
last expression, for in our approximation,

<O|[CyiT (00), I Tmy.ns) (00)]|>=0. (36)

Thus, D; is only indirectly affected by Y® and Z®
through the normalization condition Eq. 34. When
the second term bccomes large on the left-hand side of
Eq. 34, D; may drastically reduce in comparison with
that obtained from the (1p-1h) EOM.

Discussion

With the results obtained above, we are now able to
make computations of the EOM at the level of (1p-
1h)+(2p-2h). Previously we® analyzed the dynamical
screening due to sigma-electrons in the m—#* transi-
tion of the ethylene molecule. We showed that the
N—T (triplet) transition is almost free from this kind
of screenings but the N—V (singlet) transition is sig-
nificantly affected. More recently wel® have shown
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that in the zero-differential overlap (ZDO) approxima-
tion between sigma- and pi-orbitals, the triplet m—m*
transitions are generally unaffected by the dynamical
screening. Such observations have led us!? to propose
a scheme to parametrize the EOM for m—n* transi-
tions. In the forthcoming papers, we propose a semi-
empirical scheme of the (1p-1h)+(2p-2h) EOM for m—
m* transitions and present numerical results of its ap-
plication to linear polyenes.

Appendix: The Matrix Elements of 4°*? and 4°@?

The matrix elements of 4°!:? and 4°?? appearing in Egs.
25—29 are constructed on the orthonormal basis set of
Ity ns) in Table 1. These elements are readily obtained
from the primitive elements

Ao“’z)m’v’; my, né (S)

=<HF|[Cpy (SM), H,Cmy (SM)C,51(00)]|HF > (A. 1)

Ao(z’z)m"y'. n’é’; my, né (S)

=< HF|[(Cwy T(SM) Cps T(00))1,
H,Crmy T(SM)CsT(00)]|[HF > (A. 2)

To expand these primitive elements, it is convenient to have
the Hamiltonian in the following form:'®

H=H(1)+H(2)+H(3);

H(1)=Zei V2 Ci*(00),

”@’:?[“%?Vfw§<Vfw,«—2V,~m>1 vacyon |
H(3)=3Z Viu Cix 1(00) C11(00),
where "

Viur=<i(1)j(2)|(rg) | R(1)I(2)>. (A.4)

In Eq. A. 3, v refers to a hole orbital and ¢, j, &, I to any

orbital, i.e., hole or particle. Cf. Ref. 1a for various relations

useful in expanding the right-hand side of Egs. A. 1 and A. 2.
First note that Egs. A. 1 and A. 2 can be also written as

4°¢ ’2)m’7’; my, nd(S)

=< HF|[Cumry (S0), H]Cpmy T(SO)Crs 1(00)| HF>

1
+ 5 <HF|HCyry (SO)Cny '(S0) s (00)| HF >

A°22)

(A. 5)

m’y’, n'd; m‘y,n&(s)
=< HF|[Cys (00) Courp(SO)H, Crmy T(SO) Cys 1(00)]| HF>

+%< HF|[Cp& (00)Comry (SO)Cimy 1(SO) Crst(00), H]|HF >.

(A. 6)
In the second term of Eq. A. 5, we have
< HF|H(1)Cpy (S0)Criy 1(S0)Crs 1(00)|HF>=0 (A.7)
and
< HF|H(2)C 'y (S0)Cry 1(SO)Crs 1(00)| HF >
=—<HF|H(3)Cmy (S0)Cmy T(S0)Cns T(00)| HF >

1 .
= \/2 > {?(2anvp_zquqP)_szwpv}x
j2 v q v

< HF|Cpu(00)Crmyr (S0)Comy 1(S0)Crs T(00)|[HF >.  (A. 8)
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In the second term of Eq. A. 6, we have

Curer (00)Crnryr (SO)Crny (S0)Crs T(00) | HF>

1
S5 0} 8y'5 Osy)

1
+ 8m'n On'm (Os0 Oy76 55/7—? Oy Oos)}| HF>

and a similar expression for <HF|C,s (00)C(S0)
Cumy 1(S0)C.:57(00). Hence, the second terms of Egs. A. 5 and
A. 6 vanish, and we have

A°“‘2)m"y’; my'ms(s)
= <HF|[Coy(S0),H]Cry 1(S0)Crs 1(00)| HF>
Ao(z'z)m"y’, n’d’; my, "5(5)
= <HF|[Cw5(00)Cry (SO) [H,Comy 1(S0)Cns (00)]| HF>
(A. 11)

={0m'm Own (Oyry

(A. 9)

(A. 10)

Now, it is useful to note the following equations:
[H(1), Cmy (S0)]= (&m —&y) Cmy (SO)
[H(2), Cmy 1(S0)]

(A. 12)

1
=23 ? Vikkm+ 2 (Viyrym = 2Viy'my)} Ciy 1(S0)
- &

2Vyy'iv)} Cmi 1(S0)

1
-2 = 3 DVmkit 2 (Voyyryri—™
7 k v’
(A. 13)

[H(3), Gy 1(S0)]
1 1
=——3 Vitkm Ciy T(S0) — = Voisj Cmj T(S0O)
2 % 2 %
+3 Vyiim Cij 7(S0)
ij
+v2 3 (3 Vikm Cri1(00)Ciy 1(SO)
T

—2_ Vykit Cr 1(00)C i 1(S0)} (A. 14)
i

which amounts to
[H, Cmy 7(S0)]
= (&m— &y)Cmy 1(S0) + 2 Vyiim Ci;1(S0)
—Z‘. (Z‘. Vimem” m+2 Wiy Cin (S0)
-2 (Vw v 2Vw~n~)Cm; ¥(S0)
+\/2 2 {2 Vikmi Cu T(00)Ciy T(SO)
-z Vit Caa (00)Cong (SO)} (A. 15)
Also note that
[H, Ciny T(S0)Cs7(00)]
= (&m+ &n— &, — £5)Cmy 1(S0)Cns 1(00)
+3 {Vyiim Ci7(S0)Cns 1(00) + VijnCimy "(S0)Ci; 1(00)}
~S{(S Vigpm+2 3Wium) Ciy H(S0)Cs1(00)
+('2 Iﬁ,-ppn+2 z:V.-‘,‘,,.,,)c,,,7 1(S0)C;5 T(00)
30 (Vo= 2V 34i0)Con (S0)Crs1(00)
+ (Vauss = 2V 4ia) ey (S0)Cry 1(00)}
+2 kzl [{g Vikmt Cu 1(00)Ci, 7(S0)
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—3W kit Cra 1(00)Crmj 1(S0)}Crs 1(00)
+ ,Cm'y 1(S0) {33V ikm Cri T(00)Cis (00)
—2 Vst Cu TzOO)Cn;' (00)}].
Now, f;om Eq. A. 15, we have
[Cry(S0),H]

(A. 16)

= (g —
- Z (Eme’ip + 23V uin)
- 2 ( Vuw’u 2V;:7 w)Crrj (SO)

+ \/22 {2V mtis Ci/(S0)Chi (00)
z V,ly " Em, (S0)Cii (00)}.

£y)Cryy (S0) + 2 Vimyi Cii(S0)
ij

Ciy (50)

(A. 17)

The substitution of this expression into Eq. A. 10 gives

AD s imyns(S)
=<HF|\/2% {ZVmiir Cir (SO)Cwi (00)
— 3 Vs o (SO)C(00)}Cory 1(S0)C T(00) | HIF>
=< HFIV2Z (SVmsoa Coy (S0)Cqn (00)
3 Vivyq 5:.»“ (pSO)Cq,,(OO)}Cmy 1(S0)C s 1(00)| HF>
P

1

= \/2{67’7 (Vm'émn - ? Vm'&nm)
1

+ 67’6 (650 Vm"ynm - ? Vm'ymn)

1 1
7 Voyyn) = Omn(8s0 Voyym™ 5 Vysym)}
(A. 18)

- am’m (V‘y&/’n -

On the other hand, the substitution of Eq. A. 16 into Eq.
A. 11 gives

A°(2,2)m,,y,’"/5,; m‘y,n&(s)

=< HF|Cws(00)Crmy(S0)

X[(ém+ &n— &y — €5)Crmvy 1(S0)C s T(00)

+ 31 (Vapum Cpu "(S0)Crs(00)

+ VspunCony 1(S0)Cp 700}

=2 (2 Vappm + 233 Vaumu)Cqy T(S0)Cys 7(00)
+(S2 Vappn 252 Vrpns) Gy "(S0)C 1 (00))

~ 3 (V= 2V 30)Cons (S0)Crs (00)

(¥ sy— 2V o) Cony {(SO) Gy H(00)}] | HHF>
+< HFI Crs (00)Crmry(SO)

XA/23 {2V ikmiCri 1(00)Ciy T(SO)
T
— 2 Vit Cu T(OO)Cm,' 1(S0)}C,s T(00)
i
+ Cy 1(S0) {2 Viknt Cri 7(00)C;5(00)

— 3 Vskwt Cr 1(00)Co, T(00) | HF>. (A. 19)

The last term of this expression can be reduced as follows:
(the lasst term)
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=< HF|Cuws (00)Cpy(S0)X
[—?‘: {Vsqmv Cry 1(S0) + VygnsCims 1(S0)}C4s (00)
+3 {:z V pgmn Cpy T(S0)— z: Vyqun Gy 1(S0)}C s 1(00)
+ qZ'. {;2 Vyour Cmp T(S0) = XV gsmy Cqy T(S0)}Cns 7(00)
+ {qz (,,2 Vpgmn+ 2”2 quj)cqy 1(S0)
+ ? (Vv = 2V yuw) G 7(S0)

+230 (850 Voygmv— Vaymw)Caqv T(S0)} Crs 1(00)
qv
+ Cony (S0) {2 (2 Vpanp + 233 Vguny)Cqs 1(00)
q P v
+ 2 (VBI-UW - 2V6;wy)cnv T(OO)
uv

+237 (Vagny— Vequn)Caqv T(00)}]| HF>. (A. 20)
qv

Thus, Eq. A. 19 becomes

AO(Z'Z)m’*/’.n'G’: my.ns (S)

=< HF|Cw& (00)Cr(S0) X
[(em + & — &y —&5) Cmy T(SO)Crs 1(00)
+ qE {(2Vsqn—V 5qm)Cmy T(S0)Cq» T(00)
+ (850 2V 5qmv—V gymv) Cqv 1(S0)C1ns 7(00)
=3 {Vagmv Cny (S0) + Voygny Crms 1(S0)}Cyq, 1(00)
pm
+ qE {pE Vigmn Coy T(SO)—VZ Vyqum Cmy 1(S0)}Cqs 7(00)
+ 2 {MZ‘ Vysus Conys 1(S0)

— 3 Vgomv Cqy 1(S0)}Cyy 1(00)]| HF >. (A. 21)
q

After some tedious calculations using Eq. A. 9 in the last
expression, we finally obtain

Ao(z'z)m"v'm'é’; my,né (S)

={(emt&n—&y— &)X

1
[(6m'm an’n 67'7 66'6_ ? 6m’m 6n’n 67’8 66'7

1
- '2— am'n 6n'm a'y"y 66’6) + (680) 6m’n 6"'m 67’8 66’y]
+ (am’m Bn'n - %am'n an'm) V78'y’6’

1
+ ((690) 6m’n 6n’m - -2_ am'n 6n’n) V'y&&"y’

1
+ (a‘y"y 65’8_ ? a'y'é 66’7) Vinrn'mn
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1
+ ((680) 67’8 66’7 - '2_ 57'-y 66’6) Vn'm'mn}

+ {[am'm 67'7 (2 V&n'n&’) - (6m’m 56’7 Van’n‘y’ + 6n’m 67’7 Vmns
+ ‘Sm’n 67'7 Vén’m6’+ 6m’m 67'6 V‘yn'n&')

+%!(3m'm 86 Vaywny + 8uwn 8yy Vomme
+ 8un 8oy Vormy + 8uwm 85 Voymens)]
+ (850) [2(8n S5 Viynme

+8utm Sty Vamtny + Butn 868 Vamemy)

— (8uwn Oy8 Voymrmer+ Omrn 856 Vaynrmy)]
+(8wm B Vymny T Onn 85y Vemmy) 1}
F=0mm 858 Voynyn+ 8uwn yy Vomsm
+ 6mrm Oy Vonsm+ Onn 856 Voym'y'm)

1
+ 3’ (6m'm 66’7 V&n"y’n + 6n'm 67'7 V&m’&'ﬂ + 6m’n 67’7 V&n’é'm

+ am’m a‘y’é V‘yn'&’n + 6n’n 67’6 V'ym'&’m + 6m'n 68’6 V‘yn’y'm
+ an'm Os's Vym"y'n + an'n 68’7 Vﬁm"y’m)]
+ (680) [_(am’n 66"y Vén'y’m + 6n’m 67’6 V’ym'&'n

+5m'n 67'6 V‘yn’&'m +6nim 66")4 VGm"y’n)]}‘ (A 22)

Note that all the terms in the second braces are of particle-
hole “‘exchange integral” type and those in the third braces
are of particle-hole “Coulomb integral” type.
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