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Molecular integrals over spherical Gaussian-type orbitals: |

Jiyun Kuang ad C D Lin
Department of Physics, Kansas State University, Manhattan, KS 66506, USA

Received 24 September 1996

Abstract. A novel derivation, involving the Fourier transform and the addition theorem of
harmonic polynomials, is presented for multi-centre molecular integrals over spherical Gaussian-
type orbitals. Compact closed-form formulae, consisting of vector-coupling coefficients and
well known functions only, are obtained for all multi-centre molecular integrals. The resulting
formulae manifest the angular and geometric dependence in vector-coupling coefficients and
spherical harmonic functions, respectively, and reghaf as many summations as those for
their counterparts, Cartesian Gaussian orbitals. An efficient computational method for molecular
integrals over contracted Gaussian orbitals is suggested based on the present formulae for multi-
centre molecular integrals.

1. Introduction

In ab initio calculations of molecular electronic structure Gaussian-type orbitals (GTOs),
more specifically, Cartesian Gaussian-type orbitals (CGTOSs) of the form

¢n1m(av T) = anm(a)xnylzme—arz (1)

have been employed due to the ease of evaluation of multi-centre molecular integrals
(Boys 1950). According to the Boys’ algorithm (1950), the molecular integrals over s-type
(n+1+m = 0) CGTOs are first evaluated and the integrals over CGTOs with higher angular
momentum are then obtained by repeated differentiation of the s-type integrals. But this
procedure rapidly becomes exceedingly complicated as the quantum numbers are increased.
In addition, the resulting formulae are inefficient computationally, because they fail to share
many common intermediates among integrals belonging to the same symmetry class. The
closed-form formulae for the integrals over the general CGTOs have been worked out by
Taketaet al (1966). However, these formulae are also inefficient computationally, since they
contain a large number of summations and fail to take advantage of spherical symmetry
properties. Since these earlier works, a lot of integral algorithms (for the most recent
reviews, see Saunders (1983) and Gill (1994)) over CGTOs have appeared, which try to
overcome these deficiencies. Most of these algorithms use recurrence relations (for instance,
Obara and Saika (1986)) to express integrals of high angular momentum orbitals in terms of
integrals, involving lower angular momentum orbitals. Since recurrence formulae require the
evaluation of unwanted integrals over low angular momentum orbitals, they do not always
guarantee efficient algorithms, especially for relatively large angular momentum orbitals.
Moreover, Cartesian Gaussian-type orbitals of high angular momentumi (+ m > 2)

are not eigenfunctions of angular momentum; therefore, extra work is necessary in order to
extract the spherical symmetry orbitals (Huzinaga 1985).
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In molecular calculations, one can also use spherical Gaussian-type orbitals (SGTOSs)
of the form

¢n1m (Q’, T) = an(a)fn (rZ)e—arzyZm (r) ylm (r) = rl Yim (7/;) (2)

where N,;(«) is a normalization constand},, (r) is the solid harmonic andl;,, () is the

usual spherical harmonic with the phase convention of Condon and Shortly (1935). There
are two obvious advantages of SGTOs. Firstly, spherical symmetry properties as well as the
geometric dependence can be taken into account naturally. Secondly, the well developed
vector-coupling coefficients can be applied fruitfully to derive compact formulae for all
molecular integrals.

At first glance, multi-centre molecular integrals over SGTOs are more complicated to
evaluate than their counterparts, CGTOs. The Gaussian orbitals fipitf) = r?* have
been considered by Harris (1963) and Krauss (1964). The integrals over these orbitals were
evaluated by repeatedly applying rotation operations until the integrals could eventually be
evaluated analytically. But the resulting formulae are so intricate that the CGTOs have been
preferred in molecular calculations. Applying the Talmi transformation (Talmi 1952) and the
Moshinsky—Smirnov coefficients (Moshinsky 1959, Smirnov 1961) of nuclear shell theory,
Fieck (1979, 1980) and Maretis (1979) were able to evaluate all the multi-centre molecular
integrals over SGTOs. Specifically, Fieck (1980) considered the SGTOsfnith) = r?

(1979) and £, (r2) = L™?(ar?), while Maretis considered, (r2) = L,?(ar?)ez?,

Here, L} (z) represents the associated Laguerre polynomial. Although these SGTOs are
general, a special type of Gaussian orbital wi(?) = 1 has been most widely used
instead. It can be expected that the corresponding formulae of the integrals over this special
type of SGTOs would be significantly simplified, but the simplification procedure of the
general formulae obtained by Fieck and Maretis is not trivial due to the presence of the
sophisticated Moshinsky—Smirnov coefficients.

Recently, Dunlap (1990) has evaluated the overlap and three-centre Coulomb integrals
over these special SGTOs using the differentiation opepatoiV) and the addition theorem
of solid harmonics. The resulting formulae involve the usual vector-coupling coefficients
instead of the Moshinsky—Smirnov coefficients and are therefore much simpler than the
corresponding formulae obtained by Fieck and Maretis. In this paper, we present a novel
derivation for multi-centre molecular integrals over SGTOs using the Fourier transform and
the addition theorem of harmonic polynomials. Molecular integrals over spherical Gaussian
orbitals modified with plane-wave phase factors are presented in the following paper (Kuang
and Lin 1997, hereafter referred to as paper Il). Our present work is largely stimulated by
a series of papers from Steinborn’s group (Trivedi and Steinborn 1983, Grotendorst and
Steinborn 1988, Homeier and Steinborn 1992). Here, we have taken advantage of their
techniques, developed for the evaluation of molecular integrals over Slater-type orbitals, to
compute the integrals over spherical Gaussian orbitals.

The rest of the paper is organized as follows. In the next section we will present the
Fourier transform of Gaussian orbitals as well as the basic tools used in their derivation.
In section 3 the conventional molecular integrals: overlap, kinetic energy, tensor operator,
overlap with plane-wave phase factor, nuclear attraction, electron repulsion, electric field,
electric field gradient, spin—orbit coupling and spin—spin interaction, are evaluated over
the special SGTOs. In section 4 the computation of molecular integrals over the general
SGTOs is briefly discussed. Finally, in section 5 numerical strategies for the efficient
implementation of the present formulae are addressed, especially for molecular integrals
over contracted Gaussian orbitals.
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2. Fourier transform of Gaussian orbitals

We shall first consider the Fourier transform of Gaussian orbitals (2). In this paper we will
use the symmetric version of the Fourier transformation, i.e.

"y 1 —ip-r

o) = v / dre P f(r)
; - 3

1) = G5 / dpe™” F(p).

Using the well known Rayleigh (partial-wave) expansion of a plane wave and the
orthonormality of the spherical harmonic (Bransden and Joachain 1983, appendix 5), we
have

~ 1 .
¢nlm (C(, p) = W / dr eilp'r(pnlm (Ol, ’I’)

ANy ()
- (27.[)3/2

Clearly, the spherical (Gaussian-type) orbitals have the same angular dependences in both
coordinate and momentum space, in contrast to the Cartesian—Gaussian (or Hermite—
Gaussian) Fourier transformation paizvkovic and Makst 1968). To obtain an analytic

and simple radial expression of the Fourier transform of an SGTO, the functional form of
f,(r?) is critical. From the tables of integrals (Gradshteyn and Ryzhik 1980, pp 718, 847),
we find a pair of formulae

(=)' (B) fo o 2y (pr) fu (e (4)

2'lge o B? 52 de)
oy (gg)e (a)
ﬂ2n+v

2tp! (20)n o+l
wheren is a natural number. The above two equations suggest that convenient choices
of £,(r2) are (i) £,(r2) = r2* and (i) £,(r2) = L;™?(@r?). In either case the Fourier
transform of an SGTO has simple analytic radial expression. For convenience in notation,
we shall work with unnormalized orbitals,,;,,, (o, ) = ¢ (a, )/ Ny (), i.€.

oo
/ dx x2n+v+le—ax2 Jv (,B.x) —
0

/ dx x" 1LY (@x?)e " J,(Bx) = g F/) (5b)
0

4 (7)) =€ Y (1) (6)
@b, (@, 1) = & LIFY2(@r?) Y, (r) . @)

The Fourier transform of these unnormalized orbitals can be readily derived from
equations (4), (& and (%),

~ . 1
q>Zlm (Ol, p) = (_I)lc;tll (a)(DZIm (E’ p) (8)
~ ) 1
Bl p) = (' C(@ D, (=) ©)

whereC% (a) = 2'n!/(2a)"*+¥2, andC? (a) = 1/[2"n!(2a)"+'+¥2]. As can be seen, the
two forms of Gaussian orbitals are reciprocal with respect to each other.

It is of practical interest to consider the special case: o0& 0, in which spherical
Gaussian orbitals possess exactly the same form in both coordinate and momentum space,
which can be seen by noticing thaﬁ;’l/z(z) = 1. These special SGTOs form an important
class of Gaussian orbitals and are most widely used in quantum chemistry. We shall
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first consider these special SGTOs, the representations of which in both coordinate and
momentum space can be explicitly written as

Gim (@, ) = Ni(@)€ " Vi (1) Gim (e, p) = (=) Ni(@)e "/ Y, (p) (10)
where
B 2(20[)l+3/2 1/2
Nifeo) = [F(z n 3/2>}
and
~ N[(Ol) 1
Mi(e) = o = Mi{zg)

Itis very useful to exten®?, («, r) forn > 0toincluden = —1, which will arise in the

nlm

evaluation of nuclear attraction and electron repulsion integrals. By means of equation (4),
its Fourier transform can be readily written as

~ 1 .
Oy (. p) = W/dre PTOLy ()

1 ol 1 oo - —
= V) [ e (. (1)
0

Use is made of the following integral formula (Gradshteyn and Ryzhik 1980, p 717):
o0 2v—1 132 ‘3 v 1
v—1—ax? _ —
/0 dx x"te " J, (Bx) = 5 y(v, —4a) (_Za) 5oV (12 (12)

wherez = 82/4a andy (v, z) is the incomplete gamma function (Gradshteyn and Ryzhik
1980, p 940), which, fow =1 + % is related to the well known functio#;(z) (Shavitt
1963) defined by

1
. 1
Fi(z) = /(; u2]e_4”2 du = W}/(l + %, Z)~ (13)

Combining the above three equations (11)—(13), we finally obtain

~ p?
By (et p) = (=)/C2y (@) Fr ) Vi () (14)

where we have define@ (o) = 1/(2a)'*Y/2.
For subsequent reference, we shall state some basic properties regarding solid harmonics.
The so-called addition theorem (Steinborn and Ruedenberg 1973) of solid harmonics reads

’
Mmax

1
Vin(ri+r2) =47 Y GUmI'm)Viw ()it mm (72) (152)
U'=0m'=m,
(2 + D!
Gm|l'm') = Im|lI'm/|l —1';m —m’
(mlFm) = G T — iy g et = Eom =)
2 +1 I I - 1z
_ + +m m (150)
A2+ D20 = 1)+ 1\ +m' J\I' —m’'
where my;,, = max—I',m — 1 +1'),mp, = min(',m + 1 —1I') and the second

expression ofG(Im|I'm’) in (15b) was introduced by Homeier and Steinborn (1991). Here
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{lomo|LM|l1m4) is the Gaunt coefficient defined as

(Lma LM |lymy) = / O Y ()Y a1 (P) Yy (F)

o EI( L)Y

where [] = 2/+1 and the quantities in large brackets ajesgmbols. The Gaunt coefficient
is used to simplify the following product expansions of solid harmonics (Edmonds 1974,
p 70):

Vioms ™ iamy (1) =D (lamallama |lm)yr® Yy (r) (17a)

1
Vi (P) Vi, (1) = (Im|lama |lom) 7" Yy () (17b)
!
wheren = (I3 + I — 1)/2 and the allowed values are those satisfying (/1/2/) and
l1+1,+1 = even integer due to the selection rule for the Gaunt coefficients and therefore the
resultingn values are non-negative integers. It should be noted that the two equatiajs (17
and (1'b) are equivalent except that = m, — mj in (17a) andm = m, + my in (17b).

3. Molecular integrals over the special SGTOs

3.1. Overlap integrals

The two-centre overlap integrals over Gaussian orbitals are defined as
Sy (o, B, A, B) = (Grm, (@, 7 — A)|lym, (B, 7 — B))

- / dg e REE (@, O Pym, (B, @)

= (=1"21)*2N, ()N, (B) " (¢, R)
jlatiz

(2r )3/2/dq CRACE /(%)yllml(q)ylzmz(q)

whereR = B — A, & = af/(a + B), and we have used the Fourier transform formulae (3)
and (10). Thel integral can be readily evaluated in terms of the expansioa)(17

m L e M 1
lesz(%_ R) _ IllJrlz Z<12m2|llml|lm) W / dq ig- R(bnlm (45 ) q)
1

= (1) lomallma im)Coy (- 415) (6 R) (19)

1

where we have used equations (4) and (8) as wefl as(l; + [, — [)/2. In contrast with
previous work (Harris 1963, Fieck 1979, 1980), this is a remarkably compact formula for
the overlap integral over SGTOs of the form (10). It only contains one sum and all the
guantities in this equation can be evaluated efficiently. We could have chosen to evaluate
the overlap integral in coordinate space; however, the resulting formula would not be as
compact as equation (19). In the case of one-centre overlap integrald &e.B, thus

R = 0, the above formula can be readily simplified as

1228, 0) = (—1)/281,1,8ym, T (12 + 3)(46)'27%¥2/[2(27)%?] (20)
8[1[28m1m2 and

(18)

I (& R) =

11m1

by noting the following facts:Y,,(0) = —2=8,08m0, (lom2|lim1|00) =

r b Var
n+v\y _ I'(n+v+
L, (O) ( ) — nlC(v+1) °

E
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3.2. Kinetic energy integrals
The two-centre kinetic energy integrals over Gaussian orbitals are defined as
l”m”(a B. A, B) = (¢im, (.7 — A)| — 3V |$1m,(B. 7 — B))
~3VE (B, (@ 7 — Ay, (B, 7 — B))
= —3V5S/m (@ B, A B)
= %(—1)”’ 2m)¥2N, ()N, (B)K (£, R) (21)

whereR = B — A, & = af8/(a + B), and we have used equation (18). Thentegral may
be evaluated in the same way B&s

K&, R) = —VEI2"2 (&, R)
i11+12

= (21)32
i11+12

= (277)3/2
= X:(—l)'Z (lzm2|11m1|lm)cr‘:+1,1<
7

(-V3) / dge T Re /AN (@)Y, (@)

/ dg g2 I Be OV (@) Vmy (@)
1
26) P& B (22)

wheren = (I + 1, — 1)/2 as before.

3.3. Tensor operator integrals

The two-centre integrals of tensor operaiyg (V) over Gaussian orbitals arise in the study
of electronic properties of molecules and are defined as

T (ke o, B, A, B) = (G, (0, 7 — A)| Vi (Vo) diym, (B. 7 — B))
= Vi (=VB) @lm, (@, 7 — Al dpm, (B, 7 — B))
= Vi (—=VB)S/'" (a, B, A, B)
= (=" 21)*2N, ()N}, (BY T (k. &, R) (23)

lym,

whereR = B — A, & = af8/(a + B), and we have used equation (18). Thentegral may
be evaluated in the same way /s

T2k, £, R) = Vi (—VB) 202 (5, R)
|11+12

(27-[)3/2

jlaitlatk

(27[)3/2
L

1
_ L —iqg-R fa
=1 Z(lzmz, kpllymy, lm)W/dqe o q)nlm(4€’q>

=0

————Viu(~VB) f dg e ' Re Yk (@) Vi, (@)

/ dg & 4R 1Y, (@Y7 (@) Vimy (@)

1
26) P& B (24)

whereL =11+, +k,n= (l1+1,+k—1)/2 is a non-negative integer and we have applied
both equations (1& and (1d) to expand the product of the three solid harmonics. Here

L
_ Z(_D" (loma, kp|limy, Im)Cy, (
=0
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(lomg, ku|limy, Im) stands for the following quantity:

(loma, kp|lamy, Im) = Z(lzmzlllmlll'm/)(IMIk/LIl/m’>
l/

_ f 0 Vi ()Y (B) Vigms () Vi (D) (25)

where we have used the fact that the Gaunt coefficient is realvgnforms a complete
set. It should be noted that,ms, ku|limi, Im) must satisfy the following conditions:
A0, Akl'D), I+11+1" = even integerk +1' +1 = even integer andi, + . = mq1+m
due to the selection rules of the Gaunt coefficients. Therefore, the allowatlies in
equation (24) are those satisfying+ Io + k + I = even integer.

3.4. Overlap integrals with PWETF

The two-centre overlap integrals with plane-wave electronic translational factors (PWETF)
arise in the close-coupling treatment of ion—atom collisions. Here, they also serve as the
basic building blocks for three-centre nuclear attraction and four-centre electron repulsion
integrals. This integral can also be viewed as the Fourier transform of a two-centre product
of orbitals and is defined as

Sy (o, B, A, B, p) = ($1,m, (o, 7 — A€ 7|y, (B, 7 — B))

_ / dr e P g" (@, 7 — Ay, (B, 7 — B)

=e 7B / dge Bk (&, @)bim, (B. 4+ P) (26)

whereR = B — A. Itis clear that we can evaluate this integral in either coordinate space
or momentum space. In either case, we need to expand a product of Gaussian orbitals of
the form (10) on two different centres. We shall first evaluate this integral in momentum
space and refer the evaluation of this integral in coordinate space to appendix B. Using the
following identity:

2

p
+ +—-p) +— 27
y 25 2 q gJ? r: (27)

whereé = aff/(a + B), ¢ = a + B and lettingq + («/¢)p = ¢/, we obtain the following
expansion of a two-centre product in momentum space:

7 (q+p)2:i< o )2

B @ Db, (B a4+ p) = IR, (@) (B 7/ 4040
* , o , B
Xy[ama (q - ZP)MW,, (q + Ep)

= (=1 (47)?N,, (@) N, (B)e /4
X Z il;G(zama|z;m;)y;Zm; (—%p)

" m
l{l’mll

(28)

y , B Nyr
X Z |le(lbmb|l,/,mb)y1;]m;(Zp)lla“be 9 /(%)yl?mg(q/)yl}’)'m;]’(q/)

T
Ly,my,

wherel] =, — I, for e = a, b and we have used the addition theorem of solid harmonics
(15). Substituting (28) into (26), changing the variable frgm— ¢’ and making use of
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equation (19), we obtain
St (@, B. A, B, p) = (=1 (41)2(2m)¥?N,, (o) Ny, ()& P For 1"/ 46)

Z mg
. o
X Z |¢1G(lama|l;m’a)yzm;(—zp)
l,,m)

B
¢

where R,g = B — (¢/¢)R = (¢ A+ 8B)/(a + B). Since the summations ovémn in
equation (29) can be readily linearized, there are, in effect, only three summations noting
that there is one sum inside the integfalBesides its compactness, this formula possesses
another important advantage due to its clear separation of the dependemcanshR.
Hence, the integranijj(a,ﬂ,A, B, p) can be readily used in the evaluation of three-
centre nuclear attraction and four-centre electron repulsion integrals. It is of interest to note
that the integral can also be evaluated in another way by first absorbing the PWETF into

the Gaussian orbital and then applying equations (18) and (19) (see paper ll).

X Z il’;G(lbmbllémﬁ,)yzgm;<

1,,m),

p) it € R) (29)

3.5. Nuclear attraction integrals
The three-centre nuclear attraction integrals over Gaussian orbitals are defined as

N (a, B, A, B, C) = (¢1,m, (@, 7 — A)| 1 |$um (B, 7 = B))

1 d
2772/ pép%m m, (@, 7 — A)|€P |y, m, (B, 7 — B))
1 d
=52 f L erOsim(a, p, A, B, p) (30)
where we have used the identity
1 1 dp ip(r—C)
=— [ = =), 31
r—C| 2n2/p2e (1)

Substituting equation (29) into (30), we obtain
l(’/
N/ (@, B, A, B, C) = 8(-1)" 21)°N,, @ N, (B) Y Gl mau’m;)(—%)

Um

aMq

X2 G(lbmhu,,mb)(ﬂ ) Lt & Roo) i (6 Rpe) (32)
lym),
whereRy,, = B — A, Ryp. = - C, and
11+12

I (6. R) =

11m1

dp _ ) .
(zn)s/zf P lep /(45)3}11,"1(17)3712”12(1))

1
= Uamallyma|LM)C?, (72 ) Fue RO Vi (R

L-2

+ 3 (D lamallmallm)Coy

[=lmin

1 b
E)q)n—l,lm ¢, R (33)
whereL =11 + Ip, Imin = |I1 — I2],n = (I3 + I, — 1) /2 and we have used equations &),7

(11), (14), (4) and (8). It is of interest to note that integralend J are independent of each
other and therefore can be evaluated simultaneously in (33) on multi-processor machines.
The evaluation of this integral in coordinate space will be presented in appendix B.
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3.6. Electron repulsion integrals

The four-centre electron repulsion integrals over Gaussian orbitals are defined as
1

vl (o, By, 8, A, B,C, D) = ($1,m, (e, 11 — A)pym (v, 72 — C) g
1— 72

X@tym, (B, 11— B)P1m, (8, 72 — D))

1 d
-t / D Do (0, 71— A)

272

X|€7 PTGy, (B, 71 — B (@rom, (v, 72 — C)E€P 2|y, (8, 72 — D))

1 dp l7m
-5 | sine s A Bp

XS[(/md(‘ya 8’ C’ D7 _p) (34)
where we have used equations (31) and (18). Substituting equation (29) into (34), we obtain
vjmlini o, .y, 8, A, B, C, D) = 32(—1)"*4(21)*¥2N, (@)N;, (B)N;, () Ny, (6)

<3 Gttamaltm) (~) 3 Ot (1) 1 s, B

a a [b b

X 1;:; G(leme|lcmy, ( ) Z G(ldmd|ldmd)( 5) ‘ l"m"’(.fz, Ry.)

t[ d

XU (£, Rapys) (35)
where the parameters appearing in equation (35) are defined as follows:
off yé
&1 o h=a+p & — L=y+ (369)

G152 (a4 By +9)

Rw.=B-A Ry,=D-C (= - (360)
Gi+& a+p+y+é
aA+ BB yC + 68D
Ryp=—"+— =— Rypys = Royg — R 36C
P T ax B vé 13 pys p— Eys (36c)

and the integraly is defined similarly to the/ integral

Ullzmz Jamy (é. R)

miq lgms

o )3/2 / € e Y D)V (0)Vians (P Vi, (P)

1
= (zmz. lama| LM |1y, tama)C1, (32 ) FL 6 KD (B

L-2

n a 1

+ 20 0z Lamalimm, lams)Cis (5 ) s @ B (7)
whereL =11+l +l3+ly,n=(L—-1)/2=(1+ 1+ 13+ 14— 1)/2 and we have applied
both equations (1&) and (1'b) to expand the product of the four solid harmonics. Here,
(lomg, lamg|lm|limy, lsm3) stands for the following quantity:

I+
(loma, Lamallm|lymy, lamg) = > (lama|los, marllamy)
la1=ll2—11]
I4+3
x> (lamallas, mazllams) (Imla1, moallas, mag). (38)

laz=|la—13|
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From this equation, we have three triangular relatiofi&l1121), A(lalslsz), A(l21la3l) and

Iy + 11 4 lp1, 4 + I3+ a3, 121 + 143 + | are all even integers. Therefore, the olhand

m values in equation (37) are those satisfyiigt I» + I3 + 14 + I = even integer and

m1 + m3 +m = my + my due to the selection rule for the three Gaunt coefficients. If
one can evaluate the angular palitsny, l4m4|lm|lymy, Izm3) before hand and store them

for later use, equation (37) is expected to be more efficient in actual computation than the
formula evaluated in coordinate space (see appendix B).

3.7. Other molecular integrals

The electric field and electric field gradient operators are obtained by differentiating the
nuclear attraction operato€y, = Vi, (Ve)/|r — C|. For electric fields, we have = 1,
while for electric field gradients; = 2. Using equation (30), we obtain

gk, o, B, A, B, C) = Vi (Vo)N™" (o, B, A, B, C). (39)

lam

The resulting formula for this integral is similar to equation (32), except that we have to
replace the/J integral by the followingE integral:

E[22(kp, ¢, R) = Yeu (Vo) I3 (¢, R)

|ll+12+k dp iR 240 .
- o / D v Re 1?14y, () VY. (0) Vi (D)

1
= (zmz. knllyms, LM)C, (32 ) Fue KD (R

L-2
+ > () lamz, kallams, Im)Coy
l=lmin
whereL = I1 + b+ k,n = (L —1)/2 and (lomy, ku|lymy, Im) has been defined in
equation (25). The space operator of the spin—orbit coupling is of the ;fg?m‘t X V. ~
(Vi (V) /7¢]Viou, (Vi) (uncoupled form), withk; = k; = 1. Hence, the uncoupled
spin—orbit coupling integral can be evaluated as follows:

1
4{) n— 1lm(§ R) (40)

1
SOpn @ f. 4. B.O) = (Grn, (.7 = A)|[ Yo (Ve) Vi B))

= yklul(VC)ykzuz(_vB)Nllb,:?b (Ol, ﬁ» Av Bv C)
= Vo (—VB)E! M (kap1, @, B, A, B, C) (42)

where we have used equation (39). The remaining derivative can be carried out similarly
to equation (40) sincé, = 1,

PR vm[lﬁ'” (& Ron) i (Kkapin, €. Rupo) | = Ty (kattz, €, Ri)

lbmh (k]_//l«]_’ é‘ Raﬂa) + ( 1)#1/3 ll/;’,mb (g_- Rha)Ullh::]’ 1/;12"2“1 ({s Raﬂc). (42)

Just as for the electric field and field gradlent, integrals over the space part of the electron
spin—spin interactionsSy, = Y. (Vy,)/r12, can be easily evaluated using the following
substitution:

272

The space part of the two-electron spin—orbit coupling operator has theernmzx Vp, ~
[Vewir (Vo) /712) Vigus (Vi), With k1 = k2 = 1. The resulting integral can be expressed as

1 1 dp _ .
Sip = Vip (V) — = == / Ly (—ip). (43)
r12 p
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Vioua(—VB)S/" " (kypu1, . B, v, 8, A, B, C, D), as in equation (40). Her§ is the

ma,leme

space integral of the electron spin—spin interaction.

4. Molecular integrals over the general SGTOs

Having evaluated all the molecular integrals over the special type of SGTOs of the form
(10), we shall now consider these integrals for the more general SGTOs. Although the
SGTOs used by Fieck (1979, 1980) and Maretis (1979) are general, the resulting formulae
for molecular integrals contain the sophisticated Moshinsky—Smirnov coefficients from
nuclear shell theory. As pointed out by Niukkanen (1980), these coefficients consist of
very complicated sevenfold sums with two continuous parameters. In this section, we will
show that molecular integrals over the general SGTOs can be evaluated in the same way as
over the special SGTOs with the least modification and the resulting formulae are almost
as simple as in the case of the special SGTOs. Our formulae for the general SGTOs do not
contain the Moshinsky—Smirnov coefficients and therefore are simpler than those obtained
by Fieck and Maretis.

To facilitate the evaluation of molecular integrals in momentum space, we shall first
consider the Gaussian-type orbitals of the form (7), the momentum representation of which
is of the form (9). We will consider Gaussian-type orbitals of the form (6) in appendix B.
Since the two kinds of general SGTOs (6) and (7) are reciprocal with respect to each other,
it is expected that the resulting formulae for the molecular integrals will also be reciprocal.
Before proceeding, we need to generalize the two indispensable tools: the addition theorem
of solid harmonics (15) and the product expansion formulae (17). The general harmonic
polynomial is introduced as

Vi () = (- 1)" V(1) = r2Y,,, () (44)

where Y, (r) is simply the solid harmonic as before aig, (") is the usual spherical
harmonic. Now the general SGTOs, equation (9), can be written as

Guim (@, p) = (=) Ny (@)e /@01 (p) (45)
where N, (@) = N2 («)C? («), with

2(2a)1+3/2 j|1/2

b __on
Nu(@) =2 ”![r(zn Y1+3/2)

Note that we have dropped the indeof equation (9). It is worth noting that the above
representation of the general SGTOs has exactly the same form as the special SGTOs of
form (10) except that the solid harmonic in equation (10) has been replaced by the general
harmonic polynomial. The translational property (addition theorem) of the general harmonic
polynomial (Niukkanen 1980, Niukkanen and Gribov 1983) can be written as

Vi (ri+rg) =4r Y Knlnan) Vi, (roViz, (r2) (46a)

[n1,m2]

@)l [2(n + 1) + 1) (Im|lym1|lomy)
N 2n)NN [2(ng + 11) + 1N[2 (n2 + 1) + 11
wheren stands for the triad of quantum numbets!, m), andn; = (n;, [;, m;) fori =1, 2.

It immediately follows from (46) that (n|n;|n;) = K(n|ni|ny). The square brackets
over the summation indices; andn, in (46a) mean that the summation is constrained by

K(n|ning) = (46b)
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the selection rules of the Gaunt coefficient and by the relatienn; +ny,+ A. Specifically,
these constraints are as follows:

O<h<<l+2n =Ll <l <min(y+1,14+2n —1)
O<m<n—A A=(1+1-1))/2

max(—Iy, m — [p) < mqy < min(ly, m + ) (46c)
no=n-—n;— A mo=m—my

l1+ 1> +1 = even number

It is clear that only four indices out of sixni, n,) are independent and they can be
either (n1, I1, m1, I2), or (ny, I, my, 1;). Note that we have simplified the coefficients in
equation (48) given by Niukkanen and Gribov (1983). A more general derivation of the
above addition theorem will be presented in the appendix of paper II. It immediately follows
that the above formulae (4§-(46c) reduce to the addition theorem of the solid harmonic
whenn = 0. In this case, we have, = n, = 0 andl; + I, = [, thus the 4-tuple summation

will be reduced to a 2-tuple summation and the coeffici€étiecomes; in equation (15).
Compared with the addition theorem of the solid harmonic, equation (15), the additional
2-tuple summation in equation (dbis the price we have to pay for the generalization. The
product expansion formulae can be easily derived from equatiorsd &t (1D),

(Vi ] V2, () = (lamallyma|Im) V), (r) (474)

l

Vi (mViz (r) =Y (Im|lyma|loma) Yy, () (470)
1

wheren = n1 +ny + A with A = (I3 + I, —1)/2 and the allowed values as well as other
constraints are the same as before.

Since the generalized formulae for the harmonic polynomial have exactly the same
forms as those for the solid harmonic, it is a simple matter to generalize the preceding
formulae of molecular integrals to the general SGTOs (equation (45)). We will illustrate in
detail how the overlap integral over the general SGTOs is evaluated, while the remaining
integrals are summarized in appendix A:

Sy (ot B, A, B) = (@i, (@ 7 — A Buyim, (B, 7 — B))
= / dq e_iq.Rg;,;alamu (a’ Q)(%Iblbmb (ﬁ’ q)
= (=" (27)* N1, (@) Ny, (B0 (&, R)

lymg
jlatlz

(27)¥2 /dqe R O @] Vi, @)

whereR = B — A andé = oB/(a + B) as before. The integrdl can be evaluated in the
same way as equation (19) by means of the expansiom),(47

1 1
nzlzmz _ i+l ig*R 3ya
n1/1m1 (S R) =1 El <127712|llml|ln1> (27.[)3/2 / dq e q)nlm (4%_ ’ q)

(48)

nglzmz
illllml (s )

1

26) P& B (49)
whereA = (I1 + 1, —1)/2,n = n1 + nz + A and we have used equations (4) and (8).
As can be seen, equation (49) is almost as simple as (19). In other words, introducing
the general SGTOs does not increase the complexity of the overlap integral. This also

Z(—l)A(lzmzlllmlllm> Z/(
]
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holds true for the integrals of kinetic energy and of the tensor operator, see appendix B.
However, the formulae for overlap integrals with PWETF as well as nuclear attraction

and electron repulsion integrals over the general SGTOs will inevitably introduce more

sums because of the two extra summations in the addition theorem of the harmonic
polynomial (4&).

5. Numerical strategies and concluding remarks

Since the relative merits of spherical Gaussian-type orbitals over Cartesian Gaussian-type
orbitals have been addressed by a number of authors (Fieck 1980, Huzinaga 1985, Dunlap
1990), we will not reiterate them. Instead, we shall concentrate on how to efficiently
implement the preceding formulae, especially for four-centre electron repulsion integrals.
Before proceeding, we shall summarize the typical features of the present formulae. Firstly,
all the angular parts are treated analytically by means of vector-coupling coefficients (Gaunt
coefficients), which can be efficiently evaluated to any desired accuracy for arbitrary high
angular momentum. Secondly, the important geometric dependence with respect to multi-
centres comes into play through the solid harmonic functipRg R). Here, we have

to distinguish between the two different cases according to whehelepends on the
exponents of Gaussian orbitals. Thirdly, only the teJip (R) in the present formulae
involves complex number operations. The solid harmonics appear in the forpisRf
(equations (19), (22) and (24))Y(R1)Y(R,) (equation (32)) andV(R1)Y(R2)Y(R3)
(equation (35)). When real Gaussian orbitals are used, these formulae can be readily adapted
so that only real number operations are needed. Finally, for the special SGTO, only two
indicesim are needed to specify an orbital while for the corresponding CGTO, three indices
are needed. The present formula for each integral only nkelisas many summations

as its Cartesian Gaussian orbitals counterpart (Tagetd 1966). This is still true even

after we have improved the original treatment (Takettal 1966) of nuclear attraction and
electron repulsion integrals over CGTOs, see appendix B of paper II.

As can be seen, Gaunt coefficients appear throughout the present formulation. A reliable
scheme for the evaluation of these coefficients is available (Weniger and Steinborn 1982). It
is advisable that the Gaunt coefficients be pre-evaluated and stored in memory. The storage
requirement is of the order df,,,, which should not be prohibitive on any reasonable
system. Meanwhile, th& (Im|I’'m”) coefficients in equation (15) should also be evaluated
first and the corresponding storage is only of the ordei¢gf It would be desirable that
(lomy, lamg|lm|limy, lsm3) be evaluated and stored first if the memory is available, since
about/? . values are required. All the integrals require the evaluation of solid harmonics
Vi (R), and the associated Laguerre polynomials of the fatid’ 2’2”(z) with n < [//2].

An efficient recursive scheme for computipg, (R) is presented in paper Il. For low angular
momentum the explicit form of the associated Laguerre polynomials may be used, while
for high angular momentum the recurrence evaluation may be preferable. In the cases of
nuclear attraction and electron repulsion integrals, a sequence of the fungfigrsneeds

to be evaluated. The efficient computation of this function has been discussed by a number
of authors (Shavitt 1963, Grotendorst and Steinborn 1986 and references therein) and it is
generally agreed that a carefully constructed interpolation scheme, such as that described
by Gill et al (1991), is the most effective approach.

It is computationally more effective to introduce contracted Gaussian-type orbitals,
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which are defined as

K

B (e, ) = { Ckeakrz}ylm (r) (50)

k=1
where K is the degree of contraction ar@, are contraction coefficients. The original
uncontracted Gaussian-type orbitals are called the primitive functions. It should be noted
that all the primitive functions in a contracted orbital share the same centre and angular
momentum. The contracted orbitals, in some sense, eliminate our need for the general
spherical Gaussian-type orbitals of the form (45). However, this leads to the so-called
contraction problem. Assuming that all the orbitals & €fold contracted, the molecular
integrals over these contracted orbitél4 B|C D) may be expressed in a straightforward
way as a sum of their component primitive integradsB|C D] which, in turn, are computed
individually, i.e.

K K K K

(ABICD) =) >33 " CiCICiC{[A;Bj|C.D)]. (51)

i=1 j=1 k=1 I=1
It immediately follows that the computational effort to generate the desired class of
(AB|CD,) integrals will rise with the fourth power ok, which is termed the contraction
problem (for a recent review, see Gill (1994)). To reduce the computational cost of
generating the integral class, it is crucial to make use of the fact that the primitive functions
in a contracted basis orbital all share the same centre and the same angular parts. Our
formulation of the integrals has fully separated the geometric and angular dependence from
the exponent dependence. For instance, in the case of the four-centre electron repulsion
integral (35), we can pull the geometric and angular dependence out of the summation over
the primitive parts by substituting equation (35) into (51) and replacind timegral with
equation (19),

(AB|CD) = 32(—1)"*121)*¥2 > ™ G(lama|l,m}) Y " G(Uymy|lym))

Ly, Bj.m,
X Y (=L na Gy my i m ] 1ms) Vi, (Roa) Y GUem|lm?)
Iy Il.,m,
< Y Glamallymy) Y (=1)"2na Lymigl1m ! |1m2) Viym, (Rac)
,m) I>
K K K K n
b e d ,
XY NN N CHCICIC F (@i, By Rua)
i=1 j=1 k=1 I=1
1,1 1y, 1m), ijkl
X Ey 15O Vi Ra) Uy (€ Ry s) (52)
ijkl

where ¢ and Rz ; depend on the primitive exponents, 8;, yx and §, as defined in

equations (38)—(36c). Here F stands for

I.lp _(_ “ h B 2, i —£ERZ 1 [4+1/2 2
it R = (-o55) (55p) Gilg)e ™ uritery 63
with &€ = aB/(a + B). It is clear from (52) that the evaluation of the integral class over
contracted orbitals is nearly optimal under all circumstances, since there is not too much
additional cost in the evaluation of the integral class for contracted orbitals compared with
that for primitive functions.
In summary, we have derived all the multi-centre molecular integrals over spherical

Gaussian-type orbitals by using the Fourier transform and the addition theorem of harmonic
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polynomials. The resulting formulae, involving only the Gaunt coefficients and well known
functions, are simpler than those obtained previously by Fieck (1980). The special spherical
Gaussian orbitals of the form (10) are preferable in the actual molecular computation since
they have simpler integral formulae than the general Gaussian orbitals (45). The loss
of flexibility with the special SGTOs may be readily compensated for by using contracted
Gaussian orbitals. Most importantly, the present formulation supports the efficient evaluation
of molecular integrals over contracted Gaussian orbitals.
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Appendix A. Molecular integrals over the general SGTOs in momentum space
The molecular integrals of kinetic energy and tensor operators for general spherical

Gaussian-type orbitals can be easily worked out as for the special SGTOs. We shall just
provide the corresponding formulae below.

Kinetic energy integral

Ky (o, B, A, B) = ($nytym, @, 7 — A)| — 3V bu,1m, (B, 7 — B))
= 11" 21)*2N,.,1, () Ny, (B (€, R) (A1)

NalaMa

I’l m a 1
Kz, B) = 3 (=1 lamallamalim)Cay (2 ) Db (& B (A2)
1

%)
whereé = af(a + B) as beforeA = (I3 + 1, —1)/2 andn = ny + no + A.

Integral of a tensor operatoy,,, (V)

n’t,b/ibgf( /3 A B) (d)né,l‘,m“ (Ola T — A)Iylm (VT)|¢nblbmb (/3 r— B))

= (=1 (21)*2N,1, (@) Ny, (BYTS (6, R) (A3)
. lhi+l+k 1
T & By = 3 (D lama, kultym, ImCiy ()@l 6. ) (A4)

1=0

whereé = af(x + B) as beforeA = (1 +1+k—1)/2 andn = n1+ny+ A. The allowed
[ values are the same as before.

As we mentioned in section 4, overlap integrals with PWETF as well as nuclear attraction
and electron repulsion integrals may be evaluated by means of the addition theorem of
harmonic polynomials, at the expense of introducing more sums. However, the derivation
is straightforward.
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Overlap integral with PWETF

SI (, B, AL BLp) = (im0 7 — A)E PTG, (B — B))
— il“_lenal (a)ﬁn,,m (lg)e—ip'Ruﬁ e—PZ/(4§)

/dq gl Rgq /(4€>[37an <q - E )] ylhm,, (q + gp) (A5)

where all the parameters appearing in the above equation have the same definitions as
before. Now the integral (A5) can be evaluated by means of the addition theorem of
harmonic polynomials (46),

SI (@, B, A, B, p) = (= 1) (4m)2(20) 2N, 1, @) Ny, ()€ P Feor g1/ (40)
ol " . @ N\
x Y i mam ) [V, (- 2p)]

[nf,.n}]
x 3 i Knlng )V, (f p) kit (6. B (A6)
[n},.m;
where n, stands for the triad of quantum numbes,, l,, m,),n, = (n,,I,, m,), and
n = (0] 1. m}).

Nuclear attraction integral

¢Ilhl],m[7 (ﬂv r— B

nalum[

N (o, B, A, B, C) = (¢p,im, (@, T — A)‘|

2n, 41,
= 8- N1, @ N, (B) Y (—1>Aﬂ16(na|n;|n;’)(—%)
[n/ n//]

,3 +l7 n ] m! n l m,
x > (—1>AbiC<nb|n;,|n;,’>(E) UL € Ry T € Ruge) (AT)
[}, m;]
whereA, = (1, + 1) —1,)/2, Ay = (I, + 1 —1,)/2, and all the rest of parameters are the
same as before. The integralis defined similarly

1
Jizeme e R = <zzmz|zlm1|LM>Cil,L(Q)FL@RzmM(R)

22 D amaltymalimiCoy () @)1 6 ) (A8)

l=lmin
whereL =11+ 1, A= (1 + 1 —1)/2 andn = n1 + ny + A.
Electron repulsion integral
1 d
Vit @ B..5. 4. B,C. D) = 55 [ ES1 @ . A B.p)
%S dldmd(y’ 5,C, D, —p)

neleme

= 32(—1)"*(2) 32N, 1. (@) Npyi, (B) Nit, () Ny, (8)
A,y 4 " _z 2+,
x Y YKl ()

[n,m;]
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20+, n)l'm)
x > (- 1>AbIC(nb|nb|ng>(ﬂ ) L €. R

[r}.m;]

x Y oKt (L)

[n;,n/]
20+, i
x > (-1 f'icmd|nd|n;;>(—§—) 1" (€2, Rac)
[ny,my]
XU (8, Rgiys) (A9)

whereA, = (I, +1 —1,)/2 fore = a, b, ¢,d, and all the rest of parameters have the same
definitions as before. The integréll may be evaluated accordingly,

naloma,ngtgm a 1
Uy wione (€. R) = (lamz, Lama| LM |lymy, lam3)C | (E)FL@ RY)YViu(R)

L-2

1
+ 2 (=1  Uama, Lamallmllymy, lyma)Ca_y (2

® .6, R (AL0)
l:lmin 4{) 1’1

whereL =11+l + 13+ 14, A = (L —1)/2 andn = n1 +ny +n3+ng4 + A. The allowed
values are those satisfyirig+ [» + I3 + I4 + [ = even integer.

Appendix B. Molecular integrals over the general SGTOSs in coordinate space

As we mentioned in the text, overlap integrals with PWETF as well as nuclear attraction and
electron repulsion integrals can also be evaluated in coordinate space without introducing
too much complexity. To evaluate overlap integrals with PWETF, we need to expand a
product of Gaussian orbitals of the form (6) on two different centres. Using the following
identity:

a(r — A + B(r — B)? = {(r — Rop)* + R (B1)

with & = af/(a + B), ¢ = a + B, Rep = (@A + BB)/(a + ) and lettingr — Rys = 7/,
we obtain the following expansion:

(I): lamq (a, 7 — APy ym, (B, 7 — B)
= e—[a(T—A)z-Fﬂ(T—B)Z] [yl"a (r A)] y;[lb (r — B)

B e
y T ¢ y[bmh ¢

= (4m)%e R Y K(na|n;|n2)|:ylz:;n;<§R>i|

[, ]

[r},,my

n 0%
x Y Klngln))Yyh, (——R)
¢
X Z Lm|lm] | loma) @2, (¢, 7)) withR=B - A (B2)

whereny = n), + nj + Ap with A, = (I} +1; —I)/2 and we have used equations 46
and (44). Combmmg the two solid harmonic}? with (47a), we could obtain a more
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symmetric formula,
(Ol rT— A)anbl,,mb (,3 r— B)

i 3 xtnaninp (7 5 (-2

[n,n;] { [n),, T"b]

> (i \lm | lma) > (UpmyLm ) lmo) @, (6, R)®L, (. 1)
I I

”nlama

(B3)
whereny = n), +nj, + Ay with Ay = (I, +1;, —11)/2. If all the coefficients in equation (B3)
are collectively written as a single coefficient, the above formula (B3) would look like that
obtained by Fieck (1979) using the Talmi transformation. However, it should be noted that
formula (B3), though more symmetric, does not bear any computational advantage over
formula (B2) and is actually more complicated because of one more summation involved.
In the following derivation, formula (B2) will be used exclusively.

Overlap integral with PWETF
S (o, B, A, B, ) = (fu,t,m, @ 7 — A€ |y, (B, 7 — B))
= / dT’ e—ip'r¢2‘01amu (Ol, T — A)(pm,lhmb(ﬁv T — B)

= (4m)2(27)¥2N,,,1, (@) Ny, (B)E K e P Fes

> K(na|n;|n2>[y,’géné<§R>}

[, mg]
o
x > Kl )Yy, (~=R)
[, m;] ¢

. 1
x YD Gmplmim) oy ()%, (- x p) (B4)
l

2(2a)2n+1+3/2 1/2 . . .
where N, (o) = m] is the normalization constant, and we have used

equations (B2), (4) and (8).

Nuclear attraction integral

(bnblbmb (/3’ r— B))

nlm

N (o, B, A, B, C) = (@ 1,m, (@, 7 — A)‘|

1 d
— 53 ppelp CSZ[}:lth:b(a’ 8. A, B.p)

= 8(2m)3N,,,1, (@) Ny, (B)E K

< 3 xonini i34 ()

[ng,n7]
/ " ”;7 o
x D Knplnmp)Yyi, (= Ri
[n},m;]

X Y (=DMt my | m 1 Im)Cly () Noum (£, Rege) (B5)
!
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whereR,, = B — A, Rys = R,s — C, and

7| ‘R 5 b 1
-/V.nlm(g R) (2 )3/2f_ P q)nlm<4é. )

l =
(n +i+ 2>Ca_1,z(E)FZ(§R2)yZ’”(R)

S (CDE ml+1/2\ L, 1y
X_;k!(‘k)k( n—k )Ck1,1<4§>¢)k 1m (¢ R) (B6)

n

where we have used equations (11), (14), (4) and (8) as well as the explicit form of the
associated Laguerre polynomib} (z) (Gradshteyn and Ryzhik 1980, p 1037)

Ly =) (-1 (" i Z) o (B7)

k=0
Electron repulsion integral

Ve ot (o, B, v, 8, A, B, C, D)

nalamg,nclem,

= 32(27)*%2N,,,1, (&) Nyyi, (B) Nt () N1, (8) € ExREatE2RE)

x 3 K(na|n;|n;’)[yl’},in;,(£Rba>}

[n},n}]

x Z K(ny|ny|n;, )yZ%(—%Rb»

[r}.m;]

n.. ) :

[n),n/]

X Z K(ng|nj|n) )y,/m< éRdc)
[n.mg]

< Y (=DM (tymy|lm) lyma)Ce,y, (1)
I
Y (Lymigllim] lama)Cry, (E2) Vel on (21, L2, Rapys) (B8)
7]
where all the parameters have been defined iR)3@6c), and
itz d 1 1
prel I P _—ip-R b b
,1112]12,7”1112 (é‘lv §2a R) (2 )3/2 e ip- q>n111m1 <4—§l, p) q>n212m2 <4—§2, —p)

1 1 1
- <LM|llm1|lzm2>Df:fzzo( 25,1 (50 FL @ ROV (B

41" AL,
+ ) (Im|lyma|loms)
1

ni+nz 1

x kgo)( )" D,z k(4_:2_-l 4—C2)CZ—1,1(41§> n1im (&, R) (B9)
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whereL = l1+13,n = (h+12—1)/2+k andD is determined through the product expansion
of the two associated Laguerre polynomials, i.e.

ni+no

L (@)L (azz) = Y D2 (a1 az)(—2)* (B10)
k=0

with v; = I; + 3. By means of (B7), we can find

min(ny,k) j o k—j
DI (ana) = ). %L_(nﬁ v;) ( na+ v ) 1)
‘ j=max(0,k—n2)]!(k_1)! ny—j ny —k+j

As can be seen, the formula for, equation (B10), is much more complicated than the one
for U, equation (37). Therefore, formula (35) is expected to more effective for computation
than (B9), especially, when one can evaluate the angular fanis, l4m4|lm|lymy, lam3)

before hand and store them for later use. The formulae\foandV are similar to those
obtained by Krauss (1964). Nevertheless, they are not recommended for the evaluation of
nuclear attraction and electron repulsion integrals.
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