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General formulas for calculating the several leading long-range interactions among three identical atoms where
two atoms are in identical S states and the other atom is in a P state are obtained using perturbation theory for
the energies up to second order. The first-order (dipolar) interactions depend on the geometrical configurations of
the three atoms. In second order, additive and nonadditive dispersion interactions are obtained. The nonadditive
interactions depend on the geometrical configurations in marked contrast to the case where all three atoms are in
identical § states, for which the nonadditive (also known as triple-dipole or as Axilrod-Muto-Teller) dispersion
interactions appear at the third order. The formalism is demonstrated by the calculation of the coefficients for
the Li(225)-Li(2 %5)-Li(2 2P) system using variationally generated atomic lithium wave functions in Hylleraas
coordinates. The present dipolar coefficients and additive and nonadditive dispersion coefficients may be useful
in constructing precise potential energy surfaces for this three lithium atom system.

DOI: 10.1103/PhysRevA.94.022705

I. INTRODUCTION

A considerable number of studies are devoted to investi-
gations of the long-range interactions between three ground
state atoms [1-10], but the case of three atoms with one atom
in an excited state is less studied. Reliable determinations of
long-range interactions for the case of one atom in an excited
state might be a consideration for characterizing excited
trimers in photoassociation [11-13], in implementing quantum
information processing with blockade mechanisms [14,15],
and in spectroscopic studies of highly excited bound trimer
states [16—19].

In the present work we use perturbation theory up to second
order to derive general formulas for calculating the long-range
interaction coefficients for three like atoms with two atoms
in identical § states and the other atom in an excited P
state. We exhibit the additive “dipolar” (or dipole-dipole)
interactions and additive dispersion interactions that enter,
respectively, in first- and in second-order perturbation theory.
(Here, additive means pairwise amongst the three atoms.) In
addition, we find that nonadditive dispersion interactions enter
in second order and that these contain a dependence on the
geometrical configuration of the three atoms. (Nonadditive
means that the terms appear collectively amongst the three
atoms.) The formalism is demonstrated by the calculation
of the coefficients for the Li(225)-Li(225)-Li(22P) system
using variationally generated atomic lithium wave functions
in Hylleraas coordinates. In addition, the coefficients are
given explicitly and as numerical values for the three basic
geometrical configurations of the nuclei in an equilateral
triangle, in an isosceles triangle, or equally spaced collinearly.
We show that the results are consistent with an available
ab initio quantum-chemical calculation in the case of the
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equilateral triangle and equally spaced collinear configurations
of the nuclei.

In general, the long-range interactions [9,20,21] for three-
body systems [1,3,8,10] have many applications, such as in
studies of atomic three-body recombination [22,23], crystal
structure [24], color superfluids [25], Pfaffian states [26],
and Efimov effects [27,28]. Three-body recombination is a
process in which three atoms collide and two of them form
a molecule [22-24,29]. The binding energy among them
depends not only on the additive but also on the nonadditive
three-body dispersion forces [22]. The nonadditive effects give
a successful explanation of the failure of the Cauchy relations
for the elastic constants in alkali-metal halide crystals [30].
Furthermore, the importance of these three-body interactions
has been considered by many authors in connection with
the Pfaffian state [26] and the formation of trions in the
color superfluidity [25]. And because of the large spatial
extension and tiny binding energies, some properties of Efimov
states would be expected to depend on the long-range van
der Waals interactions. Recently, some interesting theoretical
investigations on the Efimov effect in higher partial waves
(P-waves) have been reported [31]. However, additional
research is warranted. In this paper, we will focus on the
long-range three-body interactions for a system involving one
atom in a P state.

In order to emphasize the new aspect of the present analysis,
in the remainder of this section we very briefly summarize
some related work that places our analysis in context. There
are, of course, many studies on the ground and excited potential
energy surfaces of three like alkali-metal atom systems for
spectroscopy and for chemical dynamics. We will refer to the
case of the homonuclear bound molecule as a trimer and to
the case of an atom and a bound homonuclear dimer (such
as for scattering) as an atom-dimer. A ‘“global” potential
energy surface would encompass both of these regimes, but
a global potential energy surface might not be necessary for
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description of a particular physical process. For example, in a
recent theoretical study of the photoassociation of a Cs(6 29)
atom and a Csy(X IE;, v = 0) dimer [32], where two Cs(6 25)
atoms are already bound up as a diatomic molecule with
vibrational quantum number v = 0, long-range interaction
potential energies [33,34] of the (excited) atom-dimer system
Cs(62p)-Csy(X IE;,U = 0) were used.

Studies on three-lithium-atom system potential energy sur-
faces include the trimer system [35-37] and treatments of the
atom-dimer configuration within the context of a global trimer
potential energy surface [38—40]. Motivated by ultracold
science, some recent studies on lithium focused on generation
of improved global potential energy surfaces for the trimer
[41-43] or addressed the atom-dimer configuration in further
detail [44-46], with emphasis on the configuration of a Li(2 2S)
atom interacting with a (bound) lithium dimer for applications
to scattering processes [44,47,48]. Such investigations on long-
range interactions for three-lithium-atom systems continue
to support applications to atom-dimer scattering at thermal
energies [49] and to atom-dimer photoassociation in the
ultracold energy domain [45]. Calculations of trimer excited
electronic states are available at various configurations and
separations of the atoms [36,39,40,42,45,50]. Cvita$ et al.
[51] investigated the case of three spin-polarized Li(225)
atoms and considered the connection between the long-range
interactions of the atom-dimer and of the atom-atom-atom
potential energy surfaces. In contrast to their work, here
we consider the atom-atom-atom case where one of the
lithium atoms is in the 22pP excited state. As we will
show, our numerical results are consistent with the ab
initio quantum-chemical excited-state calculations of Ref.
[50] for the three atoms in the equilateral configuration or
in the equally spaced collinear configuration configuration.
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II. THEORETICAL FORMULATION

A. The zeroth-order wave functions

The Hamiltonian for three well-separated (sufficiently far
apart that electron exchange can be ignored) lithium atoms can
be written as

H=HY4+H (D

where
HO = 1" + B + 1", 2)
H' = Vi3 = Vip+ Vo3 + Vs, 3)

with Hl(o), Hz(o), and Hgo), the unperturbed Hamiltonian of,
respectively, atom 1, 2, and 3 and Vi, Va3, and V3 their
mutual electrostatic interactions. We label the atoms by 1, J,
and K, with, respectively, internal coordinates o, p, and g.
When the labels I, J, or K appear, it is understood that cyclic
permutation can be used. V;; can be expanded according to
Refs. [3,52]:

Vir=Y 3 Tym (@) Ty, (W AD . (4)
Ijly mpmy

In Eq. (4), the multipole transition operators are

Tyom (@) =) 0i6]' Yiy 1, (G), (5)

Toym, (0) =Y ;07 Yi,m, (B)), 6)
J

and the geometry factor is

Wi, =
1

where R;; = R; — R, is the relative position vector from
atom / to atom J, the notation (a,b, ...) = (2a+1)(2b+1).. .,
and P/}, ™ (cos ;) is the associated Legendre function with
01 representing the angle between R;; and the z axis. Similar
expressions result for V;x and Vi ;. The choice of the z axis
is discussed below.

For the Li(noS)-Li(noS)-Li(nL) system where the angular
momentum of one atom is L and the associated magnetic
quantum number is M, there are three orthogonal eigenvectors
for the unperturbed Hamiltonian corresponding to the same

: (0) _ (0) (0)
energy eigenvalue EnonO% =2E, s+ E% 1
1) = |@n, (LM;0)03,(0; p)n, (0; 6)). ®)
|62) = 90y (03 0) o, (LM p)p1, (0; ), ©)
93) = [ @, (050, (0; P) s (LM ; ). (10)

According to degenerate perturbation theory, the zeroth-order
wave function is a linear combination of the eigenvectors given

P,
R [ +m) A —mp)!Ay +m )y —m )12

(cosOry)explilm; —mj)®y,], (N

[
in Egs. (8), (9), and (10),

W) = alg) + blpa) + clgs). (11)

The expansion coefficients a, b, and ¢ are determined by
diagonalizing the perturbation V3 in the basis set {¢,¢2, 03},
which depends on the geometrical configuration formed by the
three atoms.

B. Choice of coordinates for three atoms

In this work, we set the coordinates for the three atoms as
shown in Fig. 1. Specifically, we choose the nucleus of atom 1
as the origin of our coordinate system and the x-y plane as
the plane formed by the three atomic nuclei. Furthermore, we
set the x-axis to be Ry, and the z-axis perpendicular to the
x-y plane by the right-hand convention. The interior angles
of the triangle formed by the three atoms are denoted as «,
B, y. Noting that [3] 0), = 6,3 = 631 = 7 /2, the associated
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FIG. 1. Coordinate system for the three atoms: the z axis is
perpendicular to the plane of the three nuclei and the x axis is parallel
to Ry,. The angles satisfy @, = 0, &3 =7 — B, P33 =7 + . The
nuclei lie in the x-y plane.

Legendre functions can be simplified as

m 1 I+m Lm
P"(0) = F[l +(=DT=D 2 (4 m)!

[T o

The angles ®1,, ®,3, and P3; satisfy &, =0, 3 =7 — B,
and ®3; = m + «, which can be used to simplify the exponen-
tial function exp[i(m; — m;)®;,] in the geometry factor.

C. The connection with other studies

With these eigenvectors and zero-order wave function, we
can easily find the connection between this work and preceding
studies of long-range interactions. For example, if we eliminate
the terms involving particle 3 (with angular momentum L),
our formulas describe the long-range interactions for the two-
body n¢S-noS system. If we seta = \/Li’ b= j:%, ¢ =0and
remove the terms involving particle 3 (with angular momentum
0), our expressions describe the long-range interactions for the
two-body ngS-nyL system. If we set a =1, b =c =0 and
L =0, the long-range three-body rnS-n¢S-n;,S interaction is
described.

We noted earlier that CvitaS et al. [51] considered the
connection between the long-range interactions for the atom-
dimer and the atom-atom-atom potential energy surfaces in
the case of the ground state for the three spin-aligned Li(2 2S)
atoms. They rewrote the distances separating the atoms in
terms of Jacobi coordinates 7, R, and &, where 7 is the dimer
internuclear distance, R is the distance of the third atom
from the center of mass of the dimer, and & is the angle
between 7 and R, and expanded the corresponding results
as power series in 7 /R for 7 <« R obtaining the contributions
of the atom-atom coefficients to the atom-diatom coefficients.
The approximation is suitable because in the n¢S-n¢S-noS
system the atom-atom coefficients are constants. However, for
the n¢S-noS-nyL system, we find the atom-atom coefficients
depend on the geometrical configuration of the three atoms.
In the present case, we can connect the atom-dimer and
trimer (atom-atom-atom) systems by adjusting the expansion
coefficients in Eq. (11). Thus, if we set a =b =0, ¢ =1,
our formulas reduce to the long-range interactions between an
atom ny L and a diatom nS-n¢S. However, unlike the study of
Ref. [51], (see also Ref. [38]), we do not include short-range
effects (damping), so in our case the limit of an atom-dimer
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would still correspond to the two atoms grouped as a dimer
sufficiently separated that exchange is negligible. In this work
we focus on the long-range interactions for the homonuclear
atom-atom-atom lithium system.

In the appendix, the general expressions for the
noS-ngS-nyL cases are presented up to second order in
perturbation theory. In the remainder of the main part of
the paper we take ngp =2 = n{), and L = 1, to describe the
Li(225)-Li(225)-Li(22P) system, for which we exhibit and
calculate the coefficients.

D. The first-order energy

According to perturbation theory, the first-order energy
correction for the Li(2 25)-Li(2 25)-Li(2 2P) system is

cPa,my  cPa,my  cPa,m)

AED = , (13)
R}, R, R3,
where
CP(1,M) = (ATA; + A% ADy(M), (14)
A] =a,A2=b,A3 =adq, (15)
and
4 (=M 2
Dy(M) = |{@no(0:0) || T1(0) |0, (1: 0))]| .

9(1 — M)!(1 + M)!
(16)
In the above, a, b, ¢ are defined in Eq. (11). It should be

mentioned that there exist only additive long-range dipolar
interaction terms at this order of perturbation.

E. The second-order energy

The second-order energy correction for the
Li(225)-Li(2 25)-Li(2 2P) system can be written as

@ (M) M) | CRV(1L.M)
R P S A o

n>3

c{*Pa,m)
R}, R3;

cPa,my 8P ,m)
Ry K3y Ry Ry, )
a7

where the CI2(1,M), CP(1,M), and C$"(1,M) are
the additive dispersion coefficients, and C;LZ’B)(I,M ),
C;?Sl)(l ,M), and CSLI "'2(1, M) are the nonadditive dispersion
coefficients. The derivation of these coefficients is given in the
appendix. In this work we are only concerned with n = 3 and
4 in Eq. (17). The corresponding dispersion coefficients are

cPA,M) = (AP +1A;DDy(M) + |Ag PDs,  (18)
A, M) = (JA2 + A, QM) + |Ak PQ,

F(ATAS + A% ADQs(M), (19)
Cé”’JK)(l,M) — Q4(AK,A1,1,MJ]J), (20)
CélJ,JK)(l’M): Q4(AK,A],2,M»UJ)7 @D
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with

Al=a,Ay=bA3s=c, m=am=Bn=y, (22

where a, b, and ¢ are defined in Eq. (11), «, 8, and y are the
interior angles, and the other terms in Egs. (18)—(21) are given
by

Di(M) =Y Fi(ngn;, Ly, 151,15 1,M), (23)
ngn; Ly
Dy = Fyngn,1,1), (24)

Nghy

QM) = > [Fi(ng.ni. L. 1:1,3;:1.M)

ngn; L
+Fi(ng,n;,Lg,1;2,2;1,M)
+Fi(ng,n;,Lg,1;3,1;1,M)

+Fl(nsvntvLS52;1’1;lrM)]v (25)
=Y [Fa(ng,n,,1,2) + Fa(ny,n,,2,1)], - (26)
Qs(M) = Y [F3(ns.n,,1,152,2;1,M)

+ F3(n5,f’l[,1,2;2,1; 19M)
+ F3(nx7nl7251; 172; 17M)
+F3(n5,n[,2,2;1,1;1,M)], (27)

and

Qu(Ak, A, M ny)

=2 Z Re[A% A; ! M=M Fy(ny 0, M3 1,M). (28)
n,M,

In the above (/,J,K) forms a permutation of (1,2,3) and the
F; functions are defined by Eqgs. (A10)—(A12) and (A13) in
the appendix.

F. Three special geometrical configurations

In this work, three special geometrical configurations for
the three atoms are considered. The first configuration is
the equilateral triangle, where the interatomic separations
are the same: R, = Rp3 = R3; = R. With this configuration,
all the diagonal perturbation matrix elements are zero and
all the off-diagonal matrix elements are the same. The
perturbation matrix with respect to {¢,¢$,,¢3} thus becomes

0 1 1
H =H,[1 0 1], (29)
1 1 0
where
g AT (=DM[2L — D)2
127 R+ (2L + 12(L — M)!(L + M)!
% | (003 0) | T (0) | 0 (L)) (30)

Solving the eigenvalue problem of the above matrix, one
obtains the eigenvalues: 2H{,, —H|,, —H/,, and the corre-
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sponding orthonormalized zeroth-order wave functions:

1 1 1
D — — —163), 31
12 = 100+ 7100+ les) 31)
) = —[wm - 5. (32)
\If&‘”A: |¢1 ,/ ) + |¢3 (33)

where the symbol A denotes the equilateral triangle.
The second special geometrical configuration is the isosce-
les right triangle such that Ry, = %RB = R3; = R. With this

configuration, the perturbation matrix has the form,

0 1 1
‘=HL[1 0 S5 (34)
1
1 WGl 0
Thee1genvaluesare (\/_+V13) ‘2(\/_ +/130),— 2[,

and the correspondmg orthonormalized zeroth-order wave
functions are

«/13 -2 4
v = ) + ——=I¢)
1L T — ¢ o3

4
+—
65 — /65
(V130 + +/2)

po - ZWB0EVD L 4
2t 65+ /65

4
+——=I¢3), (36)

65 + /65

1 1
‘Ifé(,)l = —EIM + Elqﬁz), (37)

where the symbol L denotes the isosceles right triangle.

The third special geometrical configuration is that the three
atoms are in a straight line such that Ry, = %RB = R31 = R.
With this configuration, the perturbation matrix is

|3). (35)

0
H =H},|1
1

O =

(38)

O o= =

o=

The eigenvalues are 7—3(1—1—3\/57),7‘62(1—3\/ 7, — H‘z
and the corresponding orthonormalized zeroth-order wave
functions are

3v57 -1 16

WO = g+ ———— )
b 1026 — 6+/57 1026 — 6+/357

16
|p3), (39)

+—
V1026 — 6:/57
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TABLE L. Values of Dy(M =0), Do(M =+£1), D1(M =0), D;(M ==+£1),D,, Q;(M =0), Q(M ==%1), Qz, Q3(M =0), and Q3(M = +£1)
for the Li(2 5)-Li(2 25)-Li(2 2P) system, in atomic units. All these quantities are independent of the geometrical configuration formed by the
three atoms. The numbers in parentheses represent the computational uncertainties.

Do(M = 0) Do(M = £1) D(M = 0) Dy(M = £1) D,

Atom QM =0) Qi(M = =£1) Q2 Q3(M =0) Q3(M = =£1)
®Li —5.500111(1) 2.750054(1) 1406.68(3) 1741.06(5) 1393.42(5)
75804.1(5) 354147(4) 83429(1) 27239.28(1) — 165583.70(1)
Li —5.500926(1) 2.750462(1) 1407.15(5) 1741.59(4) 1394.05(5)
75809.6(5) 354206(4) 83456(5) 27242.91(2) —165615.09(1)
Li —5.501062(1) 2.750530(1) 1407.20(2) 1741.68(4) 1394.16(5)
75810.5(5) 354216(4) 83460(5) 27243.52(2) — 165620.32(1)
e —(BV37T+1) 1) & 16 62) the three lithium atoms. However, the quantity Q4, not listed
2,— = \/—/— 1 \/—,— 2 in Table I, is related to the nonadditive dispersion coefficients
1026 + 6757 1026 + 6757 and is dependent on the geometrical configuration. Do(M = 0)
T 16 I63) (40) and Dy(M = +£1) are connected with the first-order additive
1026+ 6457 coefficient C{”(L,M). D\(M = 0), D;(M = +1), and D,
| | are connected with the second-order additive dispersion
WO = ——|hy) + —=Ig3), 41y coefficient C//(L, M), and Q,(M = 0), Q;(M = £1), Q,,
3(M = 0),and Q3(M = are connected with the second-

V2 V2 (M = 0),and Q3(M = +1) d with th d

where the symbol _ denotes the geometrical configuration of
a straight line.

III. RESULTS AND DISCUSSION

In the present work, the atomic wave functions of lithium
were constructed variationally using Hylleraas basis sets and
the intermediate states were generated by diagonalizing the
lithium Hamiltonian, as in Ref. [53]. All relevant matrix
elements of the multipole transition operators were thus calcu-
lated, including the finite nuclear mass corrections. With these,
we calculate the first-order dipolar and second-order long-
range dispersion coefficients for the Li(2 29)-Li(2 %5)-Li(2 2p)
system.

Table I lists the values of Dy(M = 0), Dy(M = £1),
DM =0), Di(M = £1), Dy, Qi(M =0), Qi(M = +£1),
Q2, Q3(M = 0), and Q3(M = =£1) for lithium isotopes, all
of which are independent of the geometrical configuration of

order additive dispersion coefficient C. ém(L ,M).

With the values in Table I, we can obtain the long-
range interaction coefficients for geometrical configurations
specified by Ryz, Ry, R31, o, B, and y as follows: Initially,
we obtain the geometric parameters for the configuration under
consideration by the method as described in Sec. Il F. Then, the
long-range interaction coefficients for that configuration are
given by Eqgs. (13)-(28). In the following, we will discuss the
long-range coefficients by explicitly evaluating coefficients for
the three elementary geometrical configurations of the atoms in
an equilateral triangle, an isosceles triangle, or equally-spaced
collinearly, representing, respectively, the symmetries Dy,
Cyy, and Dygy,.

A. Dipolar and dispersion coefficients for an equilateral triangle

Using the coefficients a, b, ¢ of the zeroth-order wave
functions Eqgs. (31)—(33), for the case where the three atoms

TABLE II. The additive long-range coefficients C ;1,)( 1,M) of the Li(225)-Li(2 25)-Li(2 2P) system for three different types of the zeroth-
order wave functions, where the three atoms form an equilateral triangle, in atomic units. The numbers in parentheses represent the computational

uncertainties.

Atom State

c{?1,M =0)

cP1,M =0)

c$(1,M = 0)

*©Li A
WA
WA
Lo e,
v’
v
oLi i
w’)
Wi

—3.6667415(5)
0
3.6667415(5)

—3.667284(1)
0
3.667284(1)

—3.667374(1)
0
3.667374(1)

—3.6667415(5)
0
3.6667415(5)

—3.667284(1)
0
3.667284(1)

—3.667374(1)
0
3.667374(1)

—3.6667415(5)
5.500110(1)
—1.8333702(3)

—3.667284(1)
5.500925(2)
—1.8336420(5)

—3.667374(1)
5.501062(1)
—1.833686(1)

cPa,M=+1) cPaM=+1) c0,M=+1)
1.8333702(3) 1.8333702(3) 1.8333702(3)

0 0 —2.750054(1)
—1.8333702(3) —1.8333702(3) 0.9166850(2)
1.8336420(5) 1.8336420(5) 1.8336420(5)

0 0 —2.750462(1)
—1.8336420(5) —1.8336420(5) 0.9168210(2)

1.833686(1) 1.833686(1) 1.833686(1)

0 0 —2.750530(1)
—1.833686(1) —1.833686(1) 0.9168437(2)
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TABLE III. The additive and nonadditive dispersion coefficients C.”(1,M = 0) and C”"*(1,M = 0) of the Li(2%5)-Li(2%5)-Li(2%P)
system for three different types of the zeroth-order wave functions, where the three atoms form an equilateral triangle, in atomic units. The
numbers in parentheses represent the computational uncertainties.

Atom  State CPA,M =00 cPam=0 cPam=0 cPPa,m=0 cPPa,m=0 cMPA,M=0)
*Li A 1402.26(4) 1402.26(4) 1402.26(4) 157.059(5) 157.059(5) 157.059(5)
v 1400.05(4) 1400.05(4) 1406.69(4) —235.588(7) 0 0
v 1404.46(3) 1404.46(3) 1397.85(5) 78.530(3) ~157.059(5) —157.059(5)
"Li i’ 1402.77(4) 1402.77(4) 1402.77(4) 157.132(5) 157.132(5) 157.132(5)
v 1400.59(4) 1400.59(4) 1407.14(4) —235.697(7) 0 0
v 1404.95(4) 1404.95(4) 1398.41(4) 78.565(2) —157.132(5) —157.132(5)
SLi A 1402.86(4) 1402.86(4) 1402.86(4) 157.144(5) 157.144(5) 157.144(5)
LA 1400.68(4) 1400.68(4) 1407.20(3) —235.715(7) 0 0
LA 1405.02(3) 1405.02(3) 1398.50(4) 78.571(2) —157.144(5) —157.144(5)

TABLE IV. The additive and nonadditive dispersion coefficients C¢”’(1,M = +1)and C"®(1,M = £1) of the Li(2%5)-Li(2 %5)-Li(2 2P)

system for three different types of the zeroth-order wave functions, where the three atoms form an equilateral triangle, in atomic units. The
numbers in parentheses represent the computational uncertainties.

Atom State CP(1IL,M =+1) CPA.M=+1) ca,M=+1) c*Pa.m=+1) cFPa.M==+1) c"PAM==+1)

“Li W) 1625.18(5) 1625.18(5) 1625.18(5) —137.426(4) —137.426(4) —137.426(4)
v 1567.24(5) 1567.24(5) 1741.06(5) 206.141(7) 0 0
v 1683.12(5) 1683.12(5) 1509.30(5) —68.713(2) 137.426(4) 137.426(4)

Lo e 1625.74(4) 1625.74(4) 1625.74(4) —137.490(4) —137.490(4) —137.490(4)
v\ 1567.82(4) 1567.82(4) 1741.59(4) 206.235(6) 0 0
LA 1683.67(4) 1683.67(4) 1509.89(4) —68.745(2) 137.490(4) 137.490(4)

Li W 1625.84(4) 1625.84(4) 1625.84(4) —137.500(4) —137.500(4) —137.500(4)
v 1567.92(4) 1567.92(4) 1741.68(4) 206.252(7) 0 0
v 1683.76(4) 1683.76(4) 1509.99(4) —68.750(2) 137.500(4) 137.500(4)

TABLE V. The additive and nonadditive dispersion coefficients Cém(l,M =0) and Cé”’JK)(l,M = 0) of the Li(225)-Li(225)-Li(2%P)
system for three different types of the zeroth-order wave functions, where the three atoms form an equilateral triangle, in atomic units. The
numbers in parentheses represent the computational uncertainties.

Atom  State C{PA.M=0) cPam=0 cPam=0 cFPam=0 cPPam=0 c{MP0A,M=0)
=L v 96505.6(9) 96505.6(9) 96505.6(9) 9858.985(6) 9858.985(6) 9858.985(6)
v 79616.8(9) 79616.8(9) 48564.8(5) —14788.47(1) 0 0
i 58915.7(8) 58915.7(8) 89968(2) 4929.492(3) —9858.985(6) —9858.985(6)
Li A 96519.5(9) 96519.5(9) 96519.5(9) 9861.200(6) 9861.200(6) 9861.200(6)
v\ 79631.3(9) 79631.3(9) 48566.4(2) —14791.80(1) 0 0
LA 58921.7(8) 58921.7(8) 89987(2) 4930.600(3) —9861.200(6) —9861.200(6)
SLi A 96521.8(9) 96521.8(9) 96521.8(9) 9861.567(5) 9861.567(5) 9861.567(5)
v 79633.7(9) 79633.7(9) 48566.9(4) —14792.35(1) 0 0
v 58922.7(8) 58922.7(8) 89990(2) 4930.784(3) —9861.567(5) —9861.567(5)
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TABLE VI. The additive and nonadditive dispersion coefficients Cy’(1,M = #1) and C{”"*(1,M = 1) of the Li(2 %5)-Li(2 5)-Li(2 *P)
system for three different types of the zeroth-order wave functions, where the three atoms form an equilateral triangle, in atomic units. The
numbers in parentheses represent the computational uncertainties.

Atom State C{P(1IL,M =+1) CP,M=+1) c{0,M=+1) c*?a,M=+1) cFPU.M==+1) "M =+1)

*Li W) 153520(4) 153520(4) 153520(4) —26496.02(2) —26496.02(2) —26496.02(2)
v 218790(4) 218790(4) 519731(4) 39744.04(3) 0 0
L2 419417(4) 419417(4) 118475(3) —13248.01(1) 26496.02(2) 26496.02(2)

i w% 153546(4) 153546(4) 153546(4) —26501.97(2) —26501.97(2) —26501.97(2)
v, 218830(3) 218830(3) 519821(4) 39752.95(2) 0 0
v 419491(4) 419491(4) 118500(3) —13250.98(1) 26501.97(2) 26501.97(2)

‘Li w) 153549(3) 153549(3) 153549(3) ~26502.97(2) ~26502.97(2) ~26502.97(2)
LA 218838(4) 218838(4) 519838(5) 39754.44(2) 0 0
LA 419504(4) 419504(4) 118504(3) —13251.48(1) 26502.97(2) 26502.97(2)

TABLE VII. The total long-range interaction coefficients of the Li(2 25)-Li(2 25)-Li(2 2P) system for three different types of the zeroth-order
wave functions, where the three atoms form an equilateral triangle, in atomic units. The numbers in parentheses represent the computational
uncertainties.

Atom  State C3(1,M = 0) Cy(1,M = £1) CeI,M=0) Co(ILM==%1) Cy(1,LM=0)  Cg(1,M=+£1)

L4 v —11.0002245(15) 5.5001106(9) 4677.95(13) 4463.26(16) 319093.8(27) 381071(12)
W 5.500110(1) —2.750054(1) 3971.20(12) 5081.68(15) 193009.9(23) 997055(12)
v 5.5001128(13) —2.7500554(8) 3971.18(12) 5081.67(16) 193010.9(18) 997053(11)

TABLE VIII. The additive long-range coefficients c§”>(1,M ) of the Li(225)-Li(225)-Li(2%P) system for three different types of the
zeroth-order wave functions, where the three atoms form an isosceles right triangle, in atomic units. The numbers in parentheses represent the
computational uncertainties.

Atom  State  C{?A,M=0) cPam=0 cPam=0 cPam==+1) cPamMm==+1) cPPA.M==+1)

“Li W’ —3.8591328(7)  —3.0911576(6)  —3.8591328(7) 1.9295663(4) 1.5455789(3) 1.9295663(4)
v 3.8591328(7)  —2.4089529(4) 3.8591328(7)  —1.9295663(4) 1.2044764(2) —1.9295663(4)
v 0 5.500111(1) 0 0 —2.7500551(6) 0

"Li W’ —3.8597053(9)  —3.0916162(7)  —3.8597053(9) 1.9298527(4) 1.5458080(4) 1.9298527(4)
v 3.8597053(9)  —2.4093103(5) 3.8597053(9)  —1.9298527(4) 1.2046552(2) —1.9298527(4)
v, 0 5.500926(1) 0 0 —2.7504631(7) 0

°Li W —3.8598006(9)  —3.0916924(8)  —3.8598006(9) 1.9299002(5) 1.5458460(6) 1.9299002(5)
v 3.8598006(9)  —2.4093697(6) 3.8598006(9)  —1.9299002(5) 1.2046848(3) —1.9299002(5)
v 0 5.501062(1) 0 0 —2.7505310(7) 0
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TABLE IX. The additive and nonadditive dispersion coefficients C{’(1,M = 0) and C**)(1,M = 0) of the Li(225)-Li(2%5)-Li(22P)
system for three different types of the zeroth-order wave functions, where the three atoms form an isosceles right triangle, in atomic units. The
numbers in parentheses represent the computational uncertainties.

Atom  State CPAM=00 cPam=0 cPam=0 cPPam=0 cPPam=0 cMP0,M=0)

*Li v 1402.96(4) 1400.87(4) 1402.96(4) 165.300(5) 165.300(5) 132.405(4)
v 1403.78(4) 1399.22(4) 1403.78(4) —165.300(5) —165.300(5) 103.183(3)
v 1400.05(4) 1406.69(4) 1400.05(4) 0 0 —235.588(7)
"Li v 1403.46(4) 1401.40(4) 1403.46(4) 165.376(5) 165.376(5) 132.466(4)
v 1404.27(4) 1399.78(4) 1404.27(4) —165.376(5) —165.376(5) 103.231(3)
v 1400.59(4) 1407.14(4) 1400.59(4) 0 0 —235.697(7)
SLi v 1403.54(4) 1401.49(4) 1403.54(4) 165.389(5) 165.389(5) 132.476(4)
v 1404.35(4) 1399.87(4) 1404.35(4) —165.389(5) —165.389(5) 103.239(3)
v 1400.68(4) 1407.20(3) 1400.68(4) 0 0 —235.715(7)

TABLE X. The additive and nonadditive dispersion coefficients C.”’(1,M = 1) and C*"*)(1,M = +1) of the Li(225)-Li(2 5)-Li(22P)
system for three different types of the zeroth-order wave functions, where the three atoms form an isosceles right triangle, in atomic units. The
numbers in parentheses represent the computational uncertainties.

Atom State C{P(1L,M =+1) cPa,M=+1) cPa,m=+1) c*Pa,m=+1) cPPa,M=+1) cfVPA,M = +1)

*Li W) 1643.37(5) 1588.80(5) 1643.37(5) 41.324(1) 41.324(1) —264.810(8)
v 1664.93(5) 1545.68(5) 1664.93(5) —41.324(1) —41.324(1) —206.367(6)
v 1567.24(5) 1741.06(5) 1567.24(5) 0 0 471.18(2)

Lioow 1643.94(5) 1589.37(4) 1643.94(5) 41.344(2) 41.344(2) —264.932(8)
v 1665.48(4) 1546.26(4) 1665.48(4) —41.344(2) —41.344(2) —206.462(6)
v 1567.83(5) 1741.59(4) 1567.83(5) 0 0 471.40(2)

Li v 1644.02(4) 1589.48(5) 1644.02(4) 41.348(2) 41.348(2) —264.954(9)
v 1665.59(5) 1546.36(4) 1665.59(5) —41.348(2) —41.348(2) —206.478(6)
v 1567.93(5) 1741.68(4) 1567.93(5) 0 0 471.42(1)

TABLE XI. The additive and nonadditive dispersion coefficients C{’(1,M = 0) and C§”’*'(1,M = 0) of the Li(225)-Li(2%5)-Li(22P)
system for three different types of the zeroth-order wave functions, where the three atoms form an isosceles right triangle, in atomic units. The
numbers in parentheses represent the computational uncertainties.

Atom  State  C{PA,M =00 cPam=0 cPam=0 cFPam=0 cPPam=0 cMPA,M=0)

L j v 97059.4(9) 94454(2) 97059.4(9) 14674.28(1) 14674.28(1) 0
v 58361.9(9) 92021(2) 58361.9(9) —14674.28(1) —14674.28(1) 0
v 79617(2) 48564.8(5) 79617(2) 0 0 0
Li v 97072(1) 94468(1) 97072(1) 14677.57(1) 14677.57(1) 0
v 58368.8(9) 92038(2) 58368.8(9) —14677.57(1) —14677.57(1) 0
v 79631(1) 48566.7(5) 79631(1) 0 0 0
oL v 97074(1) 94472(2) 97074(1) 14678.12(1) 14678.12(1) 0
v 58370(1) 92041(2) 58370(1) —14678.12(1) —14678.12(1) 0
v 79633(1) 48567.0(5) 79633(1) 0 0 0
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TABLE XII. The additive and nonadditive dispersion coefficients C§”(1,M = +1)and C§"""*(1,M = +1) of the Li(2 %5)-Li(2 %5)-Li(2 *P)
system for three different types of the zeroth-order wave functions, where the three atoms form an isosceles right, in atomic units. The numbers

in parentheses represent the computational uncertainties.

Atom State C{P(1IL,M =+1) CP,M=+1) c{0,M=+1) c*?a,M=+1) cFPU.M==+1) "M =+1)

Lo
W)
W)

Lo,
W
W)

Lo,
vy,
o),

161893(4)
411044(4)
218790(4)

161920(4)
411116(3)
218830(3)
161924(4)
411130(4)
218838(4)

142518(4)
129477(3)
519731(4)

142544(4)
129502(3)
519821(4)

142548(4)
129506(3)
519838(5)

161893(4)
411044(4)
218790(4)

161920(4)
411116(3)
218830(3)

161924(4)
411130(4)
218838(4)

—16508.56(1)
16508.56(1)
0

—16512.27(1)
16512.27(1)
0

—16512.89(1)
16512.89(1)
0

—16508.56(1)
16508.56(1)
0

—16512.27(1)
16512.27(1)
0

—16512.89(1)
16512.89(1)
0

(=)

S O O O O o O O

TABLE XIII. The additive long-range coefficients Cg")(l,M ) of the Li(225)-Li(225)-Li(2%P) system for three different types of the
zeroth-order wave functions, where the three atoms form a straight line, in atomic units. The numbers in parentheses represent the computational

uncertainties.

Atom  State  C{P(,M=0) cPamM=0  c"a,m=0 cPam=+1) cPam=+1) cPPAM==+1)

*Lj v —3.8853730(7)  —2.8714730(6)  —3.8853730(7) 1.9426864(4) 1.4357365(3) 1.9426864(4)
v 3.8853730(7)  —2.6286373(5) 3.8853730(7) —1.9426864(4) 1.3143187(2) —1.9426864(4)
v 0 5.500111(1) 0 0 —2.7500551(6) 0

Li v —3.885949(1) —2.8718991(7)  —3.885949(1) 1.9429746(5) 1.4359496(3) 1.9429746(5)
P 3.885949(1) —2.6290273(6) 3.885949(1) —1.9429746(5) 1.3145136(3) —1.9429746(5)
v 0 5.500926(1) 0 0 —2.7504631(7) 0

°Li v —3.886045(1) —2.8719700(7)  —3.886045(1) 1.9430227(4) 1.4359849(4) 1.9430227(4)
v 3.886045(1) —2.6290922(6) 3.886045(1) —1.9430227(4) 1.3145461(3) —1.9430227(4)
v 0 5.501062(1) 0 0 —2.7505310(7) 0

TABLE XIV. The additive and nonadditive dispersion coefficients Cém(l,M =0) and Cé”’]K)(l,M = 0) of the Li(225)-Li(2%5)-Li(22P)
system for three different types of the zeroth-order wave functions, where the three atoms form a straight line, in atomic units. The numbers in
parentheses represent the computational uncertainties.

Atom  State CPAM=0 cPam=0 cPam=0 cPPam=0 cPPam=0 cP0,M=0)
=L v 1403.22(4) 1400.34(4) 1403.22(4) 166.425(6) 166.425(6) 122.995(4)
v 1403.50(3) 1399.76(4) 1403.50(3) —166.425(6) —166.425(6) 112.594(4)
v 1400.05(4) 1406.69(4) 1400.05(4) 0 0 —235.588(7)
"Li v 1403.72(4) 1400.88(4) 1403.72(4) 166.502(6) 166.502(6) 123.052(4)
vy 1404.01(4) 1400.30(4) 1404.01(4) —166.502(6) —166.502(6) 112.646(4)
v 1400.59(4) 1407.14(4) 1400.59(4) 0 0 —235.697(7)
SLi v 1403.80(4) 1400.97(4) 1403.80(4) 166.513(5) 166.513(5) 123.060(3)
vy 1404.09(4) 1400.39(4) 1404.09(4) —166.513(5) —166.513(5) 112.655(4)
v 1400.68(4) 1407.20(3) 1400.68(4) 0 0 —235.715(7)
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TABLE XV. The additive and nonadditive dispersion coefficients CS”’(1,M = £1)and C""*)(1,M = £1) of the Li(2 %5)-Li(2 %5)-Li(2 *P)
system for three different types of the zeroth-order wave functions, where the three atoms form a straight line, in atomic units. The numbers in
parentheses represent the computational uncertainties.

Atom State C{P(1I,M =+1) CPU,M=+1) cPa,M=+1) c*?Pa,M=+1) cFPa.M==+1) c"P0,M==+1)

*Li  w? 1650.30(4) 1574.90(4) 1650.30(4) 416.06(2) 416.06(2) 307.487(9)
v 1657.99(5) 1559.55(4) 1657.99(5) —416.06(2) —416.06(2) 281.483(8)
v 1567.24(5) 1741.06(5) 1567.24(5) 0 0 —588.97(2)

Li v 1650.88(5) 1575.49(4) 1650.88(5) 416.25(1) 416.25(1) 307.63(1)
vy 1658.54(4) 1560.16(5) 1658.54(4) —416.25(1) —416.25(1) 281.615(9)
vy 1567.83(5) 1741.59(4) 1567.83(5) 0 0 —589.24(2)

Li " 1650.96(4) 1575.60(5) 1650.96(4) 416.29(2) 416.29(2) 307.653(9)
vy 1658.65(5) 1560.24(4) 1658.65(5) —416.29(2) —416.29(2) 281.636(9)
vy 1567.93(5) 1741.68(4) 1567.93(5) 0 0 —589.29(2)

TABLE XVI. The additive and nonadditive dispersion coefficients Cy”’(1,M = 0) and Cy"""*(1,M = 0) of the Li(225)-Li(2%5)-Li(2*P)
system for three different types of the zeroth-order wave functions, where the three atoms form a straight line, in atomic units. The numbers in
parentheses represent the computational uncertainties.

Atom  State  C{P(I.M=0) cPAM=0 cPaM=0 cPPam=0 cFPam=0 c"PAM=0)

©Li v 97037.1(9) 93669(1) 97037.1(9) 20893.68(2) 20893.68(2) —15441.40(1)
vy 58384.2(9) 92803(1) 58384.2(9) —20893.68(2) —20893.68(2) —14135.55(1)
v 79617(1) 48564.8(5) 79617(1) 0 0 29576.95(2)
Li v 97049.9(9) 93685(1) 97049.9(9) 20898.36(1) 20898.36(1) —15444.87(1)
v 58391.4(9) 92821(2) 58391.4(9) —20898.36(1) —20898.36(1) —14138.73(2)
v 79631(1) 48566.7(5) 79631(1) 0 0 29583.60(2)
Li " 97052(1) 93689(2) 97052(1) 20899.14(1) 20899.14(1) —15445.45(1)
P 58392.6(9) 92822(1) 58392.6(9) —20899.14(1) —20899.14(1) —14139.26(2)
vy 79633(1) 48567.0(5) 79633(1) 0 0 29584.70(2)

TABLE XVIIL. The additive and nonadditive dispersion coefficients Cy’(1, M==1) and C{”""*)(1, M==1) of the Li(2 %5)-Li(2 %5)-Li(2 *P)
system for three different types of the zeroth-order wave functions, where the three atoms form a straight line, in atomic units. The numbers in
parentheses represent the computational uncertainties.

Atom State C{P(1IL,M =+1) CP,M =+1) c{0,M=+1) c*?a,M=+1) cFPU.M==+1) "M ==+1)

*Li  w? 166509(4) 138319(4) 166509(4) 41787.35(3) 41787.35(3) —30882.81(2)
vy 406428(4) 133676(3) 406428(4) —41787.35(3) —41787.35(3) —28271.10(2)
v 218790(4) 519731(4) 218790(4) 0 0 59153.90(3)

Li v 166537(4) 138343(3) 166537(4) 41796.72(2) 41796.72(2) —30889.75(2)
vy 406499(3) 133701(3) 406499(3) —41796.72(2) —41796.72(2) —28277.45(2)
v 218830(3) 519821(4) 218830(3) 0 0 59167.19(3)

oL i v 166540(3) 138347(3) 166540(3) 41798.29(2) 41798.29(2) —30890.90(2)
vy 406513(4) 133707(4) 406513(4) —41798.29(2) —41798.29(2) —28278.51(2)
vy 218838(4) 519838(5) 218838(4) 0 0 59169.40(3)
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FIG. 2. Long-range potentials (E) multiplied by R* for the Li(2 25)-Li(2 25)-Li(2 2P) system for three different types of the zeroth-order
wave functions, where the three atoms form an equilateral triangle and R is the interatomic distance, in atomic units. For each curve labeled by

a wave function, the plotted curve is the sum of AE® and AE®.

form an equilateral triangle, the first-order dipolar coefficients
are listed in Table II and the second-order additive and
nonadditive dispersion coefficients are listed in Tables III-VI.

From Table II, we can see that for the zeroth-
order wave function \Pi?)A, Célz)(l,M =0), C§23)(1,M=
0), and C§31)(1,M = () are all the same because a = b =

C i (12) (23)

c=1//3; similarly C; “(1,M = £1), C;7'(1,M = £1),
and C§31)(1,M = =+1) are all the same. For the zeroth-
order wave function ‘IISO)A, Célz)(l,M) and C§23)(1,M),
whenever M =0 or M’=:|:1, are zero because b =
0. For the zeroth-order wave function W;?)A, Cglz)(l,M)

and C§23)(1,M) are the same because a =c = 1/«/5.
The coefficients between M =0 and M = 41 sat-
isty the relationship C{(1,M = 0) = —2C"(1,M = £1).
Also listed in Table II are the values for "Li and ®Li obtained
by taking the finite nuclear mass into consideration.

For the leading terms of the second-order long-range
interaction, there exist both additive and nonadditive terms as
shown in Table III for C\’(1,M = 0) and C*'®(1,M = 0)
and in Table IV for C”’(1,M==+1) and C"'®(1,M=+1),
for the Li(225)-Li(225)-Li(22%p) system. For the second
zeroth-order wave function \Dé?)A, the nonadditive coefficients
CéZ3’3l)(1,M) and C((f]’lz)(l,M) are zero for M=0 or M==+1
because Qq(a,b,1,M,y)=0 and b =0. For \llé(’))A and
Wi\, we have C{'?(1,M) = C$V(1,M) and €V (1,M) =
Cé31’12)(1,M) for M = 0 or M = %1 because a = c.

The long-range dispersion coefficients Cém(l,M ) and
75 (1, M) are listed in Table V for M = 0 and in Table VI
for M = =+1 for the Li(225)-Li(2 25)-Li(2 2P) system. These
coefficients have very similar characteristics as Cé”)(l,M )
and Cé”’JK)(l,M). For example, for fixed M, Cém(l,M)
are all the same for the zeroth-order wave function \Ilf))A;

similarly for Cé”’JK) (1,M), they are all the same for \Ifff))A.
For \Ilé?)A, C§23’3])(1,M) and C§31’12)(1,M) are zero because
Q4(a,b,2,M,y) = 0 and b = 0. We also have C{'”(1,M) =
¢ (1,M) and €0 (1,M) = €§11P(1,M) for both W’
and \Dgf))A.

From Tables III-VI, we can also see that the dispersion co-
efficients for the additive terms are always positive, but the dis-
persion coefficients for the nonadditive terms can be positive or
negative. Furthermore, the absolute values of the nonzero non-
additive dispersion coefficients are less than the additive dis-
persion coefficients by one to two orders of magnitude. How-
ever, the nonadditive terms may not be neglected in construct-
ing an accurate potential surface for Li(2 25)-Li(2 %5)-Li(2 >P).
For example, for the case of \Déf))A, the ratio of

(A, M=%1 {21, M==%1
(S i)/ (e
the energies AE" and AE® are given by, respectively,
Egs. (13) and (17), and are listed in Table VII. The curves
of potential energy (E) multiplied by R® corresponding to the
different zeroth-order wave functions are plotted in Fig. 2.

We identify the \I’i(’))A, \Ilé?)A, and \Ilé?)A states with M =0
as trimer states of A symmetry and those with M = =+1
as trimer states of £ symmetry by comparison with the ab
initio calculations of Ref. [50], where A and E are standard
nomenclature labeling D3, symmetry in electronic states. This
identification is consistent with the double degeneracy of E
symmetry states. In Ref. [50], quantum-chemical calculations
were carried out for the ground and excited quartet electronic
states of Liz. While the emphasis of that work was on
the ground electronic state, a plot (Fig. 2 of Ref. [50]) is
given of the excited state potential energies corresponding
to Li(225)-Li(225)-Li(22pP) for the atoms in an equilateral
configuration at atomic separations up to 10~ m (194g). Six
electronic states are given, of which three are identified with

) = 18%. For this configuration

022705-11
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_12 |
o) (1,M = 0)

-16 |

R (units of aj)

oY) (1, M = £1)

(o o) T
Li
o0 (1, M= +1)

FIG. 3. Long-range potentials (E) multiplied by R* for the Li(225)-Li(2 25)-Li(2 2P) system for three different types of the zeroth-order
wave functions, where the three atoms form an isosceles right triangle and R is the interatomic distance on the congruent sides, in atomic units.
For each curve labeled by a wave function, the plotted curve is the sum of AE®" and AE®.

A symmetry and three with E symmetry. At R ~ 19a9, AEW
is the leading contribution to the long-range interactions and
we note that the ordering of the states from lowest to highest
energy at the maximum distance is in accord with our results
shown in Table VII. At this value of R, our values of AE®
range from —350 cm~! to 175 cm™! and are entirely consistent
with the results shown in Fig. 2 of Ref. [50]. Because the
calculation of Ref. [50] includes exchange a more quantitative
comparison may be inconclusive. In addition, because our
choice of coordinate system (see Fig. 1) doesn’t naturally
reflect the symmetries of the equilateral triangle, we refrain
from making further symmetry assignments.

3 12 -
ER (aau.)

8 —
v (1,M = 0)

B. Dipolar and dispersion coefficients
for an isosceles right triangle

For the configuration of an isosceles right triangle, the
first-order dipolar coefficients are listed in Table VIII and the
second-order additive and nonadditive dispersion coefficients
are listed in Tables IX-XII.

For this configuration, we have b = ¢ for the first two
zeroth-order wave functions \Ilfol and \Ilg))l, and b = —c and

a = 0 for the third zeroth-order wave function \Ilgol We can
clearly see that Célz) (1,M) equals C§31)(1,M) for \Ilfoi and
Wi’ ,and 5 (1,M) = €5*V(1,M) = 0 for ¥}”) , as shown in

v (1,M = 0)

-12 +

-16 |

\Ilg?l(l,M: :l:l) R (units of ay)

ol (1, M = +1)

*°Li

o) (1, M = +1)

FIG. 4. Long-range potentials (E) multiplied by R* for the Li(2 25)-Li(2 25)-Li(2 2P) system for three different types of the zeroth-order
wave functions, where the three atoms form a straight line and R is the distance between adjacent atoms, in atomic units. For each curve labeled

by a wave function, the plotted curve is the sum of AE®™ and AE®,

022705-12
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Table VIII. Compared to the values in Table II, we can conclude
that a change in geometric configuration will influence the
long-range coefficients.

The second-order dispersion coefficients C éu), C é”'“()
Cém, and CE(;U’JK) are listed in Tables IX—XII. One can see
that C{2(1,M)=cS"(1,M), c{*P,M)=cF*"(1,M),
c{?a,my = c{P(1,M), and > (1,M) = ¢V (1, M)
because b = +¢, a =0, and f = y. Also C{""'?(1,M) =0
and CSI’IZ)(I,M) # 0 because o = /2 and M; — M can be
even or odd in Eq. (28). We find that allowing for finite nuclear
mass increases the additive dispersion coefficients, as shown in
Tables IX—XII. Similarly to Sec. III A, the nonadditive terms
may not be neglected in constructing a three-body potential
surface for Li(2%5)-Li(2 %5)-Li(2 2P). The curves of potential
energy (E) multiplied by R? resulting from AE") and AE®
for this geometrical structure are shown in Fig. 3.

>

C. Dipolar and dispersion coefficients for a straight line

For the configuration of three atoms equally spaced and
forming a straight line, the long-range dipolar and dispersion
coefficients are listed in Tables XIII-XVII. Since the zeroth-
order wave function coefficients have b = ¢ in Egs. (39)
and (40), and @ = 0 and b = —c in Eq. (41) the dispersion
coefficients have similar characteristics as the case of the
isosceles right triangle of Sec. III B. The only differences are
the values of three interior angles: § = y =0 and o = 2,
which leads to the relatively larger nonzero dispersion
coefficients C{'"'?(1,M = 0) and C{"'?(1,M = £1). The
corresponding curves of potential energy (E) multiplied by
R? resulting from AE™" and A E® are shown in Fig. 4.

Asin Sec. III A, we can make a comparison with the results
of Ref. [50], where, in their Fig. 1, the excited electronic
potential energies of Li(225)-Li(225)-Li(22p) are given for
the equally spaced collinear geometry at values of R up to
19ay. We identity \Ilio), \1150), and \IJ(O) states with M =0
as trimer states of ¥ symmetry and those with M = +£1 as
trimer states of IT symmetry, corresponding to Do, symmetry
labels. In the present work, the magnitude of the leading long-
range interaction energy AE) ranges from —341 cm™! to
170 cm~! and is consistent with the ab initio results shown in
Fig. 1 of Ref. [50].

IV. CONCLUSION

The long-range additive dipolar and additive dispersion
interactions and nonadditive dispersion interactions for the
Li(225)-Li(2 25)-Li(2 2P) system were obtained using pertur-
bation theory. The additive dipolar and additive dispersion

J

PHYSICAL REVIEW A 94, 022705 (2016)

interactions and nonadditive dispersion interactions depend
on the geometrical configuration of the atoms.

Here we found that the nonadditive dispersion interactions
start to appear at the second order in the perturbative treatment,
which is different from the case of three S atoms where the
geometry dependent nonadditive dispersion interactions start
to appear at the third order. While the formulas apply to all
geometrical configurations, we demonstrated the methodology
for three basic types of geometrical configurations (nuclei
forming an equilateral triangle or an isosceles triangle, or
nuclei equally-spaced and collinear) by calculating coefficients
to high precision using variational wave functions in Hylleraas
coordinates. The calculations are in accord with quantum-
chemical calculations, where available. Our numerical
results might be useful in constructing accurate three-body
potential curves and for exploration of schemes to create
trimers with ultracold atoms in optical lattices using pho-
toassociation. The formulas listed in the appendix are general
for A(noS)-A(noS)-A(nyL), where L is an arbitrary nonzero
angular momentum.
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APPENDIX

We consider three like atoms with two atoms in identical S
states [¢,,(0)) and the third atom in a non-$ state |@, (L M)),
where n and nj, are the principal quantum numbers, and L and
M are the usual angular quantum numbers. In the following, as
discussed in Sec. Il A, we use o, p, and ¢ to represent collec-
tively the coordinates of each atom. The three orthonormalized
degenerate eigenvectors of the unperturbed Hamiltonian with

. 0 0)
the energy eigenvalue Efl )sn Sl = 2Eflo s+ E , L are given

in Egs. (8)—(10). The correct zeroth order wave functlons can
always be expanded as a linear combination of {¢;,¢>,¢s},

W) = alg) + blpa) + clgs), (A1)

where a, b, and c are the expansion coefficients with their
values depending on the geometrical configuration of the three
atoms.

1. The first-order energy correction

According to perturbation theory, the first-order energy correction is

AED = (WO Vi3 9)

= lal*(¢1|Viaslp1) + 11> (d2| Viaslha) + lcI* (3] Vinsls)
+ (@b + b*a){(p1|Vias|da) + (a*c + c*a){p1| Viaslds) + (b¥c + c*b) (2| Vias|¢3)
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A (=DEM©2L)I Py (cos o)
R 2L + DAL — M)(L + M)!
. o AT (= DMLY Py (cos 653)
e+ D) T L DAL — ML+ M)
RZEFT 2L + 1X( (L + M)!

V% (—1)L+M(2L)!P2L(COS 0931)
RIHT2L + DXL — ML 4+ M)!

= (a*b + b*a)

(900 (0; 0)|| T(0) | 0 (L 0))

(02003 )| T(0) | 0y (L 0)*

(#0003 )| T2(6) | 0y (L3 )|

+(c*a +a*c)

2. The second-order energy correction

The second-order energy correction is given by

IVEIER Sl ol [(WOI V1231 xn, (Ls My 0) Yn, (Lt My )X, (LuMu; §)) 1

)
Enroniine, —E

ngnny LyL, L, MM, M, noS;npS; ”o

_y® Ly Ly @ @) @
- V12 + V23 + V31 + V12,23 + V23,31 + V31,12’

(A2)

(A3)

where x,, (LsM;0)xn, (L M;; 0)xn,(L,M,; ¢) is an intermediate state of the system with the energy eigenvalue E, 1 .0, 1,:n,1, =

En i, + E, 1, + E,, 1. It is noted that the above summations should exclude terms with E,, ; .n,1,:n,1, = ©

noS:ngS:ngL*

In this paper, we choose the coordinate system defined in Sec. II B and shown in Fig. 1. Thus in the associated Legendre

functions, we have all cos(6;,) = 0 due to 6;;, = /2. Also in exp[i(m; — m;)P;,], etc., P, =0, D3 =7

— B, and ®3; =

7 + «. Then the three additive terms in the second-order energy correction, denoted by VS), V2(32), and V3(12), become, respectively,

?2) L ll Ls L li Lg —m M;—m,
=D S T (e i) (e )P ons

nshe LoLdyl MM,ml

(Le+15 — M, +m)UL, + 1y — M, +m) (L, L)~ (1)~ ?
Ly + MWL, — M)U{; + m)Wy — m)I, + m)XT — mp)!]72

(wno(L )| T, 0| o, (L5 ) {0y (L )| T (@) sy (L )| (020 O3 )1 T2, ()| 2, (L 0)]

E".va + Ener - E(O) E(O)

noS

b Lo b L\(L L L\ phomg phm
— | | Z Z Z 2L+12+l’+2 -M my, M, -M m, M, L+12 ) L+l

ngng L Llol MM;mo

(Ls + b = My +mo)! (L + 15 — My +ma)/(Ly, Ls) ™" (o, 1) ~"/?
L+ MONL, — MOz + mo)l(l — m)!(l5 + mo)!(ly — m2)!]1/2

5 (#0003 )| T, (@) | s, (L 0)) {0 (L )| T, (0) ]| s, (L 0)) (0 (L5 0)]| T (0| s (L5 )

EnSLS + EnlLf E(O) - E(())

noS
[PAM O Ly + L — My — M) (Lg L)

P20 Dt (1 ML~ ML+ ML — M)

nn,LL,MM,

|<<pn<o )| T2, xn, (L )| (0405 0)| T, (0) | 2, (L )
mLX + En,L, - 2E(0)

n()S

16 2 -1 LA+12—MS—M, /
D D I D e (P | Sy PR S
1L+ L+ +2 -M  —my M;J\-M m;, M,

nshy LyL 115 MyMymm) R12

P (0) LMHrmz(O)(Lz + 1 — My —m)NLy + 15 — My +my) (L, L)~ (1, 1)1

[(L + MWLy — MOWL; + M)NL; — M)y + m)i(ly — m)I; + mH)A5 — m))!]H?
X (@ (L3 0) | T1,(0)]| X, (L3 0)) (€003 0| T2, (0) | s, (L1 )
(sono(o 0)| T2, (0) | Xn, (Ls:0)){@ny (L3 0)|| T, (0)|| xn, (L3 0))
En.;L_v + Ean; _ E(O) E(O)

Vlos
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16n2(_1)L.v+lszﬁM, L I L L l L
__ h* 1 K 2 t
ba Z Z Z R ,+L,+L:+lz+2 —-M / M, -M my

—m M,
nshy Lerlilz M;M,m’lmz 1

PR OP I ONLy + 1 = My = m)D!(Ly + b — My + mo)!(Lo, L)~ (1, 1) ™

WL + MOXL, — MWL, + MONL, — M)W, + m)I — m)i + mo)l (s — mo)! ]2
X (@ny (03 0) | T2, (@) X, (L3 0)) (0 (L3 )| T (0) || X, (L )
(</>no(L 0)| T (&) || xtn, (L 53 0))(@1, (05 )| T, (0) || 2, (L5 0))
Eni, + Eni, — Eps — Ey)

noS

F n, L, Lyl LM F Mg, Ly Lyl LM
_ _ |a|ZZ 1(ng,n;, Ly ts b1yt ) lb'ZZ 1(ng,ng, Ly, L 25tp )

2L,+l]+l’ +2 2L sHh+142
nsny LeLyl] 12 nsny LLbl) 12

FZ(”Y’nhLYaL) F3(nY’nt7LYaLl’llalva M)
P DD ey b )

L +L,+l|+l/+2
ngn; LgL, n”rLLlllz 12

F}(ng,ng,Lg, L3111 L,M)
D IP I LI

RL5+L/+li+l2+2 ’ (A4)
nshy LoLilil, 12
pMAM, ) -
V(Z) - | | Z Z Z [ LitLy (O)(Lt + Lu M’ - Mu)'] (Lt,Lu) 2
? L ot o RIVFILE (L o+ MWLy — M)NLy + Mi)(Ly — M,)!

|(<on0<0 O T, 0| 2, (L )| (9060 )| T ()| o (L )|
n,L, + En L, 2E(0)

167 L b LY(L L L pho-mg phm
|b|Z Z Z 2L+lg+l,+2<_M my M \=M my M, Pp, OV P (0)

mny Ly Lyl My Mym,

(Ly +1 — My, +m)\(L, + 1, — My, +m2)(L,,L,) (o, 15) 12
L+ ML, — M)l + mo)!(ly — mo) (L + m) Iy — mo)!]/2

(fpno(L O 70| X, (L5 0) (0, (L5 0| T, (0) | 2y (L5 0)) {20005 )| T () o (Lo )
En,LI + En,i, — Ens — Ey),

n(]S

L l3 Lu L lé L M;—m
—le]? Z Z Z 2L,+l3+13+2 <_M ms Mu)(_M ms M) Lol (O)PL o *(0)

nty Ly L, d3l5 My Mym3

(L +13 — M, +m3)! (L, + l/ M; + M3)!(Lt,Lz)_1(l3,l§)_l/2
(Lz + ML — M)'[(I5 + m3)!(l5 — m3) (15 + m3)!(I5 — m3)!]'/2

y (@000; )| T, (0| 2, (L5 0) {0y (L3 )| Tis () 2oy (Lo ) (g (L )| Tig () 3y (L ©))

En/Lz + Enu Ly, E:lg)s Er(l(')o)L
Y Y Y lom>(—DbHM=Me gy L\( Ll L,
R LA -M  —-my M, )\-M mj M,
niny L,‘Lulzlg M,M,,mzm; 23
Pl o) o ()L + by — My — m)(Ly + I — My + my) (L, L)~ (1, 1)~

"+ ma)(l — m)(Ly + MLy — ML, + MLy — MO, + miy) ([l — my1]172
X (@u, (L3 )| T, (0) || xn, (L1 £)) (00 (05 )| T2, () || X (Lus ©))

(w,m(o P)|| T2, (0) | xn, (L 0@y (L3 )| T15(&) || X, (L ©))
Eni, + En,, — Ens — Ey)

n[)S
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DD lor>(=Dfth=M=M g L\N( L L L,
RlHLi+Lutl+2 -M  —m) M J)\-M m3z M,
niny L/Ll,lélg M,Mum/zm3 23

MO P O) L+ 8 — My — )Ly + 1 = My + m3)! Ly, L) (U, 1)

"+ m) Il — my) Ly + M) Ly — M)NL, + MWL, — M5 + ma)i(ls — ma)]1/2
X (@, (03 )| T2, (0) | Xtn, (L3 0)) (0 (L3 || T13() || o, (L3 )

<¢,10<L o T5(0) || xn, (L5 0N @005 )| T2, ()| X, (L5 6))
E,, +E,, _gO _ E(O)

I‘l()S
= Jla | Z Z F(n;ny,L,Ly) + |b| Z Z Fi(ng,ny, L, Ly, 12,L M)
- 2L,+2Lu+2 2L,‘+lz+l +2
nny LiL, neny L, Ll Ry,

|C| Z Z Fl(nuvnleuaLtal3 139L M) b*cz Z F3(ntanu7Lt7Lu;127l:/;;LaM)
2L/+l3+l3+2 R12+Lu+L1+1§+2
iy Ly L, I3l 23 niy Ly LDl 23

Fin,,n,, L, L0115, L, M)
* 3 toltusttstous bsb35 oy
+c'h Z Z L+ Lutt+h+2 ’

nsneny LyL, Lyl R23

@ _ L I Lg L l; Lg
GRS VD M= (A ) s P

nsny Lyl MMy R
M, —m M, —m, (Lu + ll - Mu + ml)'(Lu + li - Mu + ml)!(LuvLu)il(ll711)71/2
i O O T, — M+ mls — m)d) + m)XT, — m )2
(<pnO(L )| T, 0| o, (L3 ) {0y (L3 )| T (@) s, (L ) (00 05 )| T () | s (L )|
Eni 4 Eyp —EY — E“”

l’l()S

[P ON Ly + Ly — My, — M) (Lu L)
BPIDD R (L, + MLy — ML, + ML, — M)

ngn, LgL, MgM,

I(cono(O )| T2, @) s, (L3 )| 0200 )| T, ()| 3, (L )|
nsL + Enl, 2E(O)

n()S

L l3 Lu L l% L M —m M;—m
|C| Z Z Z 2Ls+lz+l/+2 <_M ms Mu) (_M n/i3 M L stz X(O)PL _H/ z(O)

nony Lo Loty M,M,ms R
(Ls + 13 — My +m3)(Ly + Iy — My + m3)!(Ly,Ly) " (13,15)71/2
L+ MONL, — MU+ ma)l(G — m)!1y + m3) !l — m3)!]'/?

a0 72, @) 0, (L ) oy (L5 O T () | s (L)) iy (L3 ] T ) | 10, L )
Ent, + Ent, = Eys = Ey)y

n()S
1672(— kbt =Mi=M, 7 f I L L I, L
_ % 3 u 1 s
a CZ Z Z REF L Luth+2 (—M —m) MM> (—M my MS>
nsty LoL, 41 My M,m’m, 31
m M,
P O POy + 1y — My = m)!(Ly + I = My + m) (L, L)~ 3,107

WLy + MOXLy — MWLy + M)W Ly — M) + my) (T — my) Iy + my)l(ly — my) ]2
X (@u, (L3 0)|| T3, ()| xn, (L ) (0003 )| T2, (&) n, (L3 ©))°

(gono(o )| T1, (@) | xn, (L3 0))@ny (L3 )| T15(&) || xn, (L 6))
Eni, + Eni, — Eps — Ey)

n()S
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162 (—Dketh=M=Ms /' I L L I L
_ ¥ 3 u 1 s
ca Z Z Z [ ) (—M Mu> (—M ) MS>

nsty LoL,l3ly MyM,mzm! R31 o
PO P O L + 15 = My = ms)!(Ly + 15 = My + m) (L, L)™' (.07

"L + MONLy — MWLy + MWLy — M)\ + ma) (s — my)T| + m)IE| — m) )12
X (@uy (L3 )| T1() || X, (Luts ) (0003 0)|| T, (0| o, (L )
<<pn0(0 | T2, ()| xn, (L )y (L3 0)|| Thy (0 xn, (L3 0))
En:LS + EnuL“ _ E(O) E(O)

noS

. /.
_ | |ZZ Z Fl(nmnusstLu’llall’LvM) |b| Z Z F(ng,n,,Lg,L,)
- a RzLu+z,+1; +2 2L +2L,+2
nsny LoL, 0yl 31 ngny LgLy,

HEY Y Fi(nyng, Ly, Lo 13,05 L, M oY Y Fs(ny,ng, Ly, Ly 15,015 L, M)

R2L sHa+HE+2 l;+LA +L,+1+2
ngiy LyL, I3l 31 nsny LL, Iyl 31
F (nu’nvaI,uLSsI’%I 7L M)
+(c*a) § § L (A6)
lerL, +L,+1}+2 :
nsy Ly L,l30 31

Similarly, the three nonadditive terms are
V= 3 167 2(— 1)L beM=m [P M O) L, + L — M, + M)U(L,, L)™'
23 T L TRETETRIGTIT (L, + ML, — M)NL + M)\(L — M)!

x {(a*c)exp[—i(M; — M)B] + (c*a) expli(M, — M)BI}

|(<on0(L )| TL(0)] Xy 0: )] |(00 0z 0) | T, (0) | o, (L )
Eni, —Ey)

> 1672 (= Dyl LeMeem [ PMEMO)L, + L — M, — ML, L)™']
e T RLFLATRLELIT (L, ML, — M)NL + M)(L — M)!

x {(a*c) expli(M; + M)B] + (c*a) exp[—i(M, + M)B]}

|(<on0(o )| Te (@) s, (L5 0)) | {0003 )| T (0| s (L3 9))*
Enr, + EnL — 2E

n()S

F4(nlrLtth9L M)
—1 " (@ c)expl—i(M, — M)BI} PYRT A
n, LM, 12 23

4(nt’LtaMle M)

+ D {(c*a)expli(M, — M)B}

RLALA pLitL+1 ’ (A7)
n, LM, 12 23
_ 112
VO 16m2(— D)Lt LtMu=b [ PoM YL, + L — M, + M)(Ly . L)7']
23,31 —

= RETETRLAIT (L, MONL, — M)UL + MNL = M)
x{(@"b) expli(M,, — M)y ]+ (b*a) expl—i(M, — M)y 1}

\(wnO(L | T2(0)] X0 05 )] (90 0: ) T2, (&) | s (L3 ©))
Eni, — Ey)

1672 (= 1)Lt LMt M [PMEMO)(L, + L — M, — MWL, L)™' ]’
a ;4 RLALHRLALL (L, + M) (L, — ML + M)(L — M)!

x {(a*b) exp[—i(M, + M)y1+ (b*a) expli(M, + M)y}

\(%(0 )| 720 1, (L ) [0 03 ]| T2, (&) s (L )
En, + Eyy —2E,

noS
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Fy(n,,L,,M,; L,M)
D @ b)yexplit, — My V= P
nu Ly M, 23 31

* F4(nuL Mu;L’M)
+ Z {(b%a) exp[—i(M, — M)y 1} RLALH gL [ (A8)
ny,L,M, 23 31
_ M;—M 172
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o RETPTRETIET (L MO, = M)UL + ML = M)!

x {(b*c) exp[i(M; — M)a] + (c*b) exp[—i(My; — M)a]}

|(<pn0<o )| T2, @) o, (L3 )| (00, (L )| T (0) | 2y 05 )
E,. E(O)
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|(<p,m<o )| T2, @) o, (L3 )| (00, (L )| T (0) | 2y 05 )|
Enp + E(O) _2g©®

n()S

. Fy(ny, Ly, My; L. M)
=—1 > (b c)expli(M; — M)al} LT pL LA
ngLgM; 31 12

* F(nS L MS,L M)
+ Y {(*b)expl—i(M, — M)al) 4““1 e (A9)
ngLg Mg 31 R12

In the above, the F; functions are defined by

F](n.hnl»LsaL[;llvl;;L7M) = ](L.HLlall’l;;L M)(‘pn(,)(l“o—)”T}](o-)”Xl’l (Lb;a)>*

(wnO(L )| T (@) 1. (L5 )| (@00: )| T2, (0) | 3o, (L5 0))|
Fu, + B, — BT, £,

) (A10)

(s (05 0) || T2, (@) 3, (L3 0))° |<<p,m(0;p>|| T2, (0] o, (Ls )|

Fz(ns’ntvLSaLl) = GZ(LSaLl) (0) k] (All)
EnAL.r + EntL, - 2En05
F3(ng.ny, Ly, Ly 105 LLM) = (=12 Ga(Ly, Ly 1y 15y LM)
X (@ny (03 0) | T2, (@) | X, (L3 0)) {0y (L3 0)|| T3 (0) || i, (L )
(sano(L )| 71,(0) | xn, (L3 0))(@n0(0; 0) | T, (0) || in, (L1 p>> AL2)

Eni + Enp — EO, — E(O)

noS

. . 2 . . 2
Fy(n, L, Mys LM) = (= D)EHEMAM Gy (L, M, Lo M) { w25 | 720 s O: ) o O: 0] i (0] 0 L )

(0)
En,L, - EnbL

E, . + E(O) YO (Al3)

noS

o0 7@ |10 0: )l ©: 00| 7, 0] xn,(Lt;p>)|2}
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where G((L;,L; b, ¢;; L,M), Go(L;,Lj), G3(L,',Lj,Ekl,£;cz; L,M), and G4(L;,M;; L, M) are further defined by

, 167 %(4x, €)'/ L & L\(L ¢ L

M;M;my

’ M;—my M;—m
(Lj+ b= Mj+m)l(Lj + b = Mj +m)!P L, k(O)PLI.JFQ 0)

X | | | 10 1(¢" 111/2° (Al4)
(Lj+ MpIL; — MDNE + m) (€ — m)!(€y + m)!(€, — mp)!]
M;+M; 2
P, PO)L; + Ly —M; — M;j)!
GaLiLy) = 167°(Li L) 2 Y [ o — — ] - (A15)
o, (L; + M)W(L; — M)W(L; + M)HIL; — M;)!
16724y, ;)2 L ¢ L. L Vi L.
G3(Li Lj, b, G L M) = 2 b ; koo
3( Jotki s, ) (2L1 + 1)(2L] + 1) ot , <—M —My, M,)(-M m;q MJ)
i M jTmgey My
: S Mj+m M;—m;
(—1)Mit+M; PL,-#eklkl 0) PLfHLZkZ )
L+ MONL; — M)NL; + MpYL; — M1
« (L, + Ekl — Mj — mkl)!(L,- + Z;cz — M,' + m}cz)' (A16)
[(Cr, + mi)!(Cr, — mp )1, + m)IE,, — my)!]1/2
PMMO)L; + L — M; + M)((L;, L)'

G4(Li,M;; L, M) = 16712[ L (OX L, )] (A17)

(Li + M)W(L; — MHW(L + MOW(L — M)~

Then the second-order energy correction is simplified as

AE® = Y

n=3

2wy cPwmy  cSOwmy S omy B3 womy  cSHP L, m Als)
RY R} Ry} R}, Ry, R5; R, R3, RY, ’

where c§{{> (L,M) and Cgf’”()(L,M ) are, respectively, the additive and nonadditive dispersion coefficients. These coefficients

can be expressed as

12
Cy (L.M)y=1al?Y > Fi(nen,.LgLil I LM)
ngny Lstlll’l
2L+ +1i +2=2n

+BPY S Y Finng L L bl LM)

ngny LsLy lzlé
2Ls+lp+ly+2=2n

+lclPY Y BnLgL)

ngn; LsLt
2Ls+2L;+2=2n

+a'by > Fs(nen.LgLglyly LM)

nsn; L:L,Ill/z
Ly+Ly -+l +ly+2=2n
+b*a E § F3(ng,n;, Ly, L3 11,1; LM), (A19)
ngn; LsLylily

Ls+L; +/i +Ho+2=2n

CY(L.M)y=1al’y" Y Fa(n.ng.Li.Ly)
Ml 2L,+§1r45-”+2:2n
+BPY Y FiueneLi Ly bl LM)

niny L,Lulzlé
2Ly+ly+ly+2=2n

+1e?> " Y Fiueni Ly Ll LM)

nny, LtLul3I§
2L,+/3+/§ +2=2n
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* . /.
+bc E E F3(”t’nu,Lt,Lu,12,13,LaM)
neny Ly Lulyl}
Lu+Ly+p+15+2=2n

+cbY > Fi(unm Lo Lysllai LM), (A20)
nny Ly Ly Lulyly
L/+L,‘+Ié+13+2:2n
LMy =lal’y " Y Figme Ly L ll LMD
ngn, LsLulyl]
2Ly +l|+2=2n
+|b|2Z Z F2(n‘Y7nM7LA‘7Lu)
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+1e?> " Y Fiuang.Ly L1305 LM)
ngny L;L“I3l§
214+13+/§+z:zn
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ngny LLsLulyly
Ly+Lu+ | +3+2=2n
+ca)Y . Y F(u.ng.Ly. Ll LM, (A21)
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Ls+Ly +li +3+2=2n
ColP(L.M) = Y {(a*c)exp[—i(M, — M)BI}Fy(n,. Ly, My L. M)
L
+ Y {(c*a)expli(M, — M)B1}Fa(ny, L, M;; L, M), (A22)
L,
P wL.My= Y {(@*b)expli(M, — M)y1}Fy(ny. Ly, My L.M)
e,
+ Y {(b*a)expl—i(M, — M)y1}Fa(ny, Ly, M,; L, M), (A23)
i
CoMPL My =Y ((b*e)expli(M, — M)al}Fy(n, Lo, M,; L M)
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nsLs Mg
Ls+L+1=n
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