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A revised study of the Lialkali-dimer using a model
potential approach

Djamal Rabli, Ronald McCarroll

Sorbonne Universités, Université Pierre et Marie Cutid/R 7614 du CNRS,
Laboratoire de Chimie Physique-Matiere et Rayonnemes#3I-Paris Cedex 05, France

Abstract

The model potential approach is well adapted to study atamicmolecular sys-
tems involving a single active electron. Such is the caskeétkali-dimer lithium
cation L. However, a comparison of the model potential results of haget
al.[1] and those based @b-initio techniques [2, 3, 4] raises a number of ques-
tions related to the existence of an important disagreemegairding several ex-
cited states,which are found to be repulsive by Magnier.e{Hlbut attractive
whenab-initio techniques are employed.

In this paper, we propose to re-investigate the dystem, using a model po-
tential technique to compute the adiabatic energy curvdgtemolecular spec-
troscopic constants. Our aim is to clarify whether this gisament between the
ab-initio and model potential methods originates from some conckpifact
of the model potential technique or whether there is somecsoaf error in the
calculations of Magnieret al. [1].

Keywords: model potential, Lithium catiorgb-initio, adiabatic energies,
molecular spectroscopic constant

1. Introduction

The alkali-dimer lithium cation Lj is a simple diatomic molecular ion, that
may be considered as a prototype for molecular systemsvingpa single active
electron. It has been the subject of both theoretical andraxental studies and
several accurate adiabatic potential energy curves andamar spectroscopic
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constants, based onfiirent approaches, have been reported in the literature dur-
ing the last decade [1, 2, 3, 4, 5, 6].

From the experimental side, several works mainly focusmtj]exzzg ground
state were realized. To estimate the ground state disswctianergy, Mathur et
al. [7] used an ionization process of the lithium dimer byleikmg two different
lines of the Af ion laser; going from the lithium dim@tilZg ground state trough
its B'I1, state, to finally reach the Lication ground state. On the other hand
measurements accomplished by McGeoch et al. [8] also eh#ideknowledge
of molecular spectroscopic constants of X?@g ground state, while Bernheim
et al. [9, 10] provided the same quantities, by investigainrRydberg series of
excited electronic states of the lithium dimer using anegtoptical double res-
onance spectroscopy.

From the theoretical point of view, a restricted Hartree#~&oothaan ap-
proach was developed by Henderson et al. [11], whil@l&f et al. [12] car-
rying out calculations with frozen atomic core, generatéidzatic potential en-
ergy curves of states dissociating up to th&(L&?)+Li(3d) limit. In a study by
Konowalow et al. [13], the first eight lowest-lying electiorstates were ob-
tained by valence configuration calculations, whereas &ittHvhink et al. [14]
employedab-initio self-consistent-field (SCF).and valence CI techniques com-
bined with a core polarization potential for a better dggayn of the inter-shell
correlation &ects.

In addition to pseudo-potential method used by Fuentedlbh €15] and lo-
cal potential approach developed by D. Hasman [16], Jasak €8], adopted an
ab-initio approach where calculations were based on the SCF confyuiat
teraction scheme. Similarly, Bouzouita et al. [2] adopte@bs#initio approach,
based on a non-empirical pseudo-potential for the B)(tere where core-core
and core-valence correlations have been added to genkeataiabatic energy
curves of states dissociating up to"kLi(3d) asymptotic limit. More recently
Musial et al.-[4] used aab-initio calculation with all inner shell electrons corre-
lated to study the first 18 electronic states.

If ab-initio methods provided most available data describing thechtion,
model potential techniques also were used by Henriet e1@].if a study focus-
ing on the ground state. Similarly, Cerjan [18] adopted a rhpdential approach
to determine molecular properties, of the Iovxfé%t and?I1, states. In a more de-
tailed investigation, based on model potential technigBestcher and Dalgarno
[19] reported the potential energy curves of the first lomdy four %, two IT and
oneA states. But to our best knowledge, the most extensive woilkigixig model
potential techniques remains the one by Magnier et al. [1d wéed a potential
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Table 1: Comparison of calculated and experimental enenggls in cm® of the lithium atom.

Level Exp [23] This work [1] [2] [3] [4]
Li(1s®,2p) 14903.86 14904.52 14903.86 14905.40 14908.91 14014.8
Li(1s?,3s) 27206.07 27174.03 27172.71 27211.78 27195.97 27186.5
Li(1s%,3p) 30925.28 30904.22 30902.90 30925.94 30896.97 30822.4
Li(1s?,3d) 31283.03 31284.78 31283.25 31286.10 31292.47  31259.6

of Klapisch [20] to report a complete set of 58 adiabaticestdor internuclear
distances in the range 4 to 40 a.u.

Having one single active electron, certainly makes theuithcation a rela-
tively simple system to investigate. However when comgaresults obtained by
different approaches, agreement is far from being guarantead tates. While
different methods give results which are in reasonable agradoraehe ground
state, for several excited states, an important disagneeisiebserved when an-
alyzing data resulting from a model potential approach [id ¢hose based on
ab-initio methods [2, 3, 4]. The state$X3 and 4% for example have been
found to be repulsive by model potential techniques [1], dnet found to be at-
tractive wherab-initio approaches are employed. It is unclear from Magnier et al.
[1] whether this disagreement is limited by some conceple&tct of the model

potential technique or whether there is some other soureerof.

Sinceab-initio methods predict for the states showing disagreement, Vailge
ues of equilibrium distances (R- 18 a.u), where model potential techniques in
principle should give an accurate description of the sysianthe present work
we propose to re-investigate thejlsystem using a model potential of Klapisch
[20]. We aim to sort out whether these disagreements wersigddydfects or
numericalartifacts of particular implementation of thedabpotential method.

Except where stated, atomic units will be used throughout.

2. Theory

The interaction of an electron with a closed shell lithiumecis described by

the model potential of Klapisch [20]

V() =7 -

1 2e—7.90875 + 10.321!'6_3'90006

r

b

(1)
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Figure 1: Relative coordinates for the active electron.

where r is the radial distance of the electron form the lithiucleus. The eigen-
values of the corresponding model atomic Hamiltonian

H=T+V(r), (2)

where T denotes the electronic kinetic energy operatorcangpared with the
experimental energy values of the neutral Lithium atom iblgd.. The precision
of the computed energy levels is adequate for the parti@pgafications of this
work.

Taking the lithium nucleus at A and B (see Fig. 1), thg inolecular cation is
then treated as a set of two closed shet(1L&) cores and a single active electron,
whose position is described in the Born-Oppenheimer appratkon [21] by the
effective Hamiltonian

He = T + V(ra) + V(rb) + Ucore, (3)

where T is the electronic kinetic energy operatgiamd i, the radial distances of
the active electron from nuclei A and B respectivelyobJmay be mainly taken
as the nucleirrepulsion modified by a polarization term, fgme

Ucore =5 A~ (4)

where q=0, = 1 is the ionic core charge amd-0.19 a.u. the polarizability of the
lithium atom [22].



The spectrum of theffective Hamiltonian Hdefined in Eq (3) is determined
by conventional variational techniques, using a basis E&later-type orbitals
fstor €Xpressed in prolate spheroidal coordinates[1, oo],u € [-1,1] and, ¢ €
[0, 27] where

1 1
A= ﬁ(rA +rg), M= ﬁ(rA —I'p) (5)
andg is the azimuthal angle.

The basis set of Slater-type orbitals take the followingrfor
foo(d1t, @) = N[(4% = 1)(1 - )] 2 APl e, (6)

where N denotes a normalization factera parameter that takes the valugk
depending on whether the orbital is centered on nucleus Auolens B, (p,q)
integersy a variational parameter describing the decay of the orbiiahe pro-
jection of the electronic angular momentum on the‘z-axisn(ding with the
internuclear axif}) andA =] m |=0,1,2,...forX, IT‘and A molecular states re-
spectively.

3. Results

We have computed the adiabatic potential energies of tihacttte ground
state dissociating to a ground state lithium atom L3(@s) and Lt and of the
manifold of excited states correlated in the asymptoticorego Li*+Li(1s?,nl),
where nk2s,2p,3s,3p and 3d. Graphics showing our adiabatic ersevgiesus
the internuclear separation FR € 50 A), for X, IT andA states are presented in
Fig.3, Fig.4 and Fig.5 respectively while comparison of t@ecular constants
obtained in the present work and selected theoretical apdremental data, is
shown in Table 2, Table 3 and Table 4.

3.1. X states

A basis set of 345 vectors were used to generatettistates for dierent
internuclear separation. For thézg ground state, present calculations yield a
dissociation energy D=10494 cm? and an equilibrium distance.R3.083 A.
These values may be compared to the experimental ones of @errgt al. [9,
10], D, =10464 cm® and R=3.11 A. Our results also show smallfidirences
when they are compared to thb-initio ones of Jasik et al. [3] &3.093 A and
De=10498 cm?, to those of Bouzouita et al. [2],dR3.095 A and R=10475 cm*
and to the recent ones of Musial et al. [4H3.103 and R=10439 cm™.
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Figure 2: Li: The adiabatic energies of the gro

and the first excitedx; states. The red
curve corresponds to Schmidt-Mink et al..[14] results, ldueve to Konowalow et al. [25] results,
while the black curve indicates the present results.

As mentioned in Table 2, for the’-‘ig ground state, it is interesting to notice
that our vibration constants.=262.771 cm! and weye=1.645 cm?, compare

well to the experimental values [9, 10}¢=262 cnT! andweye=1.7 cn.

Present calculations also show that the first excited st&tg dorrelated to
Li(1s%,2s)+Lit* in the asymptotic limit, has a repulsive character at shuetri
nuclear distances, however it possesses a weak potentiahum of 89 cm!
occurring at an-equilibrium internuclear distance=R 929 A. These values may
be compared to thab-initio ones of Bouzouita et al. [2] &:88 cnt! and R
=9.911 A and to those of Jasik et al. [3LE89 cnT! and R =9.942 A. The
present results also perfectly agree with the ones by Mesial. [4] R= 9.954

A and D,=88 cnt!. On the other hand, our vibration constamts-16.312 cm?
and wey.=0.750 cm?, related to the shape of the potential energy curve, com-

pare well to those of Bouzouita et al. [2] resulting from aminitio approach,
we=15.81 cm?* andweye=0.74 cntt.



For the ’225 state correlated to E#Li(2p) in the asymptotic limit, the present
study shows that the potential energy curve has a well preedi minimum of
2522 cn1! occurring at an equilibrium distanceR6.823 A. These results are in
good agreement with those of Musial et al. [4}HR6.826 A and R=2529 cnm?.
An excellent agreement is also observed when comparingesuitts to theab-
initio ones of Jasik et al. [3], giving a dissociation energy:2617 cn! and an
equilibrium distance R=6.819 A.

The analysis of the present results shows that the secoriigastate. 25}
dissociating in the asymptotic limit to L+Li(2p), exhibits a relatively weak min-
imum of 127 cm? occurring at an equilibrium distance, R= 13.203 A, with
vibration constant&=13.069 cm* andwey=0.335 cm?. As shown in Table 2,
these results compare favorably to other values resultorg fifferent approaches
[1, 2, 3,4].

For the 32; state, our study shows that the corresponding potentiabgne
curve has an energy minimum occurring at 11.059 A, with aesponding dis-
sociation energy of 3139 cth Those values are compared to #izinitio cal-
culations of Bouzouita et al. [2] £3093 cm* and R=11.08 A and to those of
Musial et al. [4] R=3119 cnm* and R=11.071 A. For this state, we also re-
port that our calculated vibration constanis, =55.449 cm' and weye= 0.245
cm 1, are in good agreement with those of of Musial et al. [4], gsinab-initio
approach.

As previously mentionedab-initio studies [2, 3, 4] have shown that th&Z3
state has an attractive character, while Magnier et al. Xp]oéting model po-
tential techniques, described a such state as completelysiee. The present
study based on a model potential approach, shows that tkatmdtenergy curve
of the 3= state is exhibiting an energy minimum occurring at 19.413vAh a
corresponding dissociation energy£165 cnt?, vibration constants, = 11.131
cm™, were= 0.188 cm? and a value of 37498 cmh for T.. Those new results
agree with theab-initio ones of Jasik et al. [3] and with those of Bouzouita et al.
[2] as well. A very good agreement is also obtained when coispa is made
with those of Musial et al. [4] giving R=19.475 A, Q=168 cnT?, we=11.06
cm?, were= 0.20 cnt! and T,=37457 cm™.

As shown in Table 2, there is a good agreement of 06254 state spec-
troscopic constants and those resulting from previous svoilkhe present work
yields a dissociation energy.B1678 cm! and an internuclear equilibrium dis-
tance R=16.334 A. Those may be compared to #irinitio values [2] R=1674
cmt, Re=16.499 A and to the recent results of Musial et al. [4ED678 cntt
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Figure 3: Li potential energy curves of tR&* states. Solid lines corresponoQEg states, dashed
lines to?%; states.

and R=16.472 A.

As previously mentioned, there is a serious disagreeméwelea theab-initio
results [2, 3, 4] and those based on model potential appriiddior the £%;
state. Contrary to results of Magnier et al. [1], describimg state as repulsive,
our potential energy. curve for theé¥} state, clearly shows the existence of an
energy minimum at an equilibrium distance=R2.631 A, with a corresponding
dissociation energy & 409 cntl. The analysis of the potential energy curve
relative to this state, gives vibration constamts11.471 cm?, weye=0.080 cn?t
and a.value of 40942 crhfor T.. As shown in Table 2, it is easy to notice that
these new results exploiting model potential techniquesypare favorably with
all ab-initio results [2, 3, 4].



Table 2: Spectroscopic constants fat states, Rin A, De,
We, WeXe, Beand Toin cm L,

State  Reference R De We WeXe Be Te

1257 Presentwork 3.083 10494 262.771 1.645 0.505 0
Theory[1]  3.122 10466 263.08 1.477 0.4945 0
Theory[2]  3.095 10475 264 194  0.506 0
Theory[3]  3.093 10498 263.39 0
Theory[4]  3.103 10439 262.58 1.58 0

Exp [7] 10276 0
Exp [8] 3.032 10807 263.45 1.35 0
Exp[9,10]  3.11 10464 262(2) 1.7 | 0.496 0
Theory[14]  3.099 10441 263.76 1.646- 0.5006 O
Theory [24] 3.096 10444 2655 -1.89  0.501 0

Theory [25]  3.127 10324 0

275, Presentwork 6.823 2522 78.602 .0.612 0103 22874
Theory[l]  6.879 2525 8416 0684 0.1154 22844
Theory[2]  6.741 2424 7923 049  0.106 22955
Theory[3]  6.819 2517 79.04 22800
Theory[4]  6.826 2529 = 78.67 0.86 22825
Theory[14]  6.654 2390 8294 0.623 0.1085 22987

375 Presentwork 11059 3139 55449 0.245 0.039 34524
Theory[1]  11.113 3143 56.62 0.212 0.0405 34496
Theory[2]  11.08 3093 5456 0.16 0.039 34593
Theory [3] ~10.947 3058  57.9 34533
Theory[4} 11071 3119 5558 0.20 34506

4%z Presentwork 16.334 1678 22.014 0.072 0.018 39673
Theory [1] 16.404 1724 22.14 0.095 0.0178 39644
Theory [2] 16.499 1674 25.27 0.10 0.017 39714
Theory [3] 16.6 1512  24.03 39768
Theory [4] 16472 1678 2147  0.12 39683

5225 Present work repulsive
Theory [1]  repulsive
Theory [2]  repulsive
Theory [3] repulsive
Theory [4] repulsive

12} Presentwork  9.929 89 16.312 0.750 0.0487 10405



Theory [1] 10.001 90 16.01 0.79 0.0493 10376
Theory [2] 9.911 88 15.81 0.74 0.048998 10387
Theory [3] 9.942 89 15.92 10285
Theory [4] 9.954 88 1598 0.81 10351
Theory [14] 9.95 90 20.1 0.13  0.0490 10350
Theory [25] 10.3 86
2°%  Presentwork 13.203 127  13.069 0.335 0.028 25268
Theory [1] 13.229 131 13.07 0.401 0.0278. 25239
Theory [2] 13.276 125 12.44  0.34 0.027565 25255
Theory [3] 13.225 1275 12.96 25156
Theory [4] 13.217 130 1298 0.40 25223
3°x; Presentwork 19.413 165 11.131 0.188  0.013 37498
Theory [1] repulsive
Theory [2] 19.478 169 11.05 0.17 . 0.012805 37518
Theory [3] 19.492 162 10.94 37405
Theory [4] 19.475 168 11.06 . 0.20 37457
4%%F  Presentwork 22.631 409 11.471 0.080 0.009 40942
Theory [1] repulsive
Theory [2] 23.03 421 14.21  0.15 0.004227 40967
Theory [3] 23 383.5  11.25 40885
Theory [4] 22.710 467 1290 0.11 40894
5°%! Presentwork repulsive
Theory [1]  repulsive
Theory [2] repulsive
Theory [3] _repulsive
Theory [4] © repulsive

3.2. II states

A basis set of 311 vectors were used to generatéltsiates. For the?1l, first
excited state in th&l, symmetry, correlated to LiLi(2p) in the asymptotic limit,
presentcalculations yield a dissociation energyZ107 cn* and an equilibrium
distance R= 3.964 A. It is clear from Table 3, that present results compar
vorably to the previous ones based aminitio [2, 3, 4] and to those exploiting
model potential methods [1] as well. Our vibration constant= 105.146 cm?!
and weye=1.311 cm?, shown in Table 3, agree well when comparison is made
with other values resulting from fierent approaches.
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Li 2+ N states
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Figure 4: Li; potential energy curves of tHf€l states. Solid lines correspond?id states, dashed
lines to?I1, states.

For the 11, first excited state in th&l; symmetry, also correlated to Li
Li(2p) in the asymptotic_limit, our results indicate thatwch state has a repul-
sive character since the corresponding potential enenggaoes not exhibit any
energy minimum.

For the 211, state, present study shows that the potential energy cawar
energy minimum occurring at an equilibrium distance=R9.587 A and a disso-
ciation energy[2=3312 cmi’. The analysis of the potential energy curve relative
to this state gives for vibration constamis= 50.220 cm* andwey=0.190 cn*
and 38067 cm for T.. As mentioned in Table 3, it is easy to notice that these
results agree with the ones resulting frorffelient approaches [1, 2, 3, 4].

On'the other hand, as predicted by previous studies basedlffenedt ap-
proaches [1, 3, 2, 4], the analysis of the present resultsyskhat both the 31,
and 311, states are completely repulsive, since their potentiatggneurves do
not possess any energy minimum.

The 2114 state has been the subject of a disagreement when compaistg e
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ing ab-initio [2, 3, 4] and model potential results of Magnier [1]. For thiate,
present calculations indicate the existence of a well pnaned energy minimum
corresponding to an energy dissociatiog=Rt01 cn1!, occurring at an equilib-
rium distance R = 18677 A, as expected bgb-initio results [2], giving for
dissociation energy and equilibrium radius the valugs 11 cnt!, R, = 18.65

A, respectively. A good agreement is also observed when adsgn is made
between present results and those of Musial et al. [4] giDeg425 cnt! and
R.=18.799 A. Other spectroscopic constants13.301 cm?, weye= 0.110.cnr
and T.= 40978 cm* compare favorably to values resulting from other appresche
as shown in Table 3.

Table 3: Spectroscopic constants for states, Rin A; De,
We, WeXe, Be and Toin cm 2,

State  Reference R De We WeXe Be Te
1°I1, Presentwork 3.964 2107 105.146 1.311 0.306 23291
Theory [1] 4.022 2100 108.26. 1.246 0.3108 23270
Theory [2] 3.952 1995 1105 1.19 0.310921 23388
Theory [3] 3.981 2133 < 105.25 23197
Theory [4] 3.978 2102 105.38 1.03 23251
Theory [14] 3.976 2103 '105.58 0.922 0.3040 23277
Theory [25] 4.014 © 1852
2%, Presentwork 9.587 3312 50.220 0.190 0.052 38067
Theory [1] 9.631 3330 50.79 0.186 0.0527 38039
Theory [2] 9.99 2979 4574 0.08 0.048655 38565
Theory [3] 9.107 3008 60.06 38285
Theory [4] 9.516 3283 5220 0.21 38078
3’11, Presentwork repulsive
Theory [1] repulsive
Theory [2] repulsive
Theory [3] repulsive
Theory [4] repulsive
1°I1y ' Presentwork repulsive
Theory [1] repulsive
Theory [2]  repulsive
Theory [3]  repulsive
Theory [4] repulsive
2°My Presentwork 18.677 401 13.301 0.110 0.014 40978
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Theory [1] repulsive
Theory [2] 18.653 411 18.15 4.69 0.014183 41009
Theory [3] 19.144 349 12.14 40920
Theory [4] 18.799 425 1290 0.11 40935
3Tl Presentwork repulsive
Theory [1] repulsive
Theory [2]  repulsive
Theory [3] repulsive
Theory [4] repulsive
3.3. A states

A basis set of 300 vectors were used to generata gtates adiabatic energies.
The obtained results are summarized in Table 4 and the pomdsg energy
curves are plotted in Fig. 5 for fiérent internuclear-distances up to 50 A.

The PAq state, correlated in the asymptoticlimit to*kiLi(3d), exhibits an
energy minimum at an equilibrium distanced®:502 A, with a corresponding
dissociation energy & 330 cnt!. These values, as shown in Table 4, are in good
agreement with those of Magnier et al. [1], but they cannatdmepared to thab-
initio [2, 3] results, describing a such state as completely reqgulé\ reasonable
agreement is obtained when the present results are comjpdtesse based on an
ab-initio approach of Musial et al. [4], giving29.394 A and RQ=174 cn1?.

From Table 4, it is also easy to see that our frequensig®7.004 cm* and
weye=0.552 cm!, compare favorably to thab-initio results [4]w.=26.64 cm?
and were=0.56 cnTl. On.the other hand, our calculations are giving a value of
41453 cm? for T, which. may be compared to, 41528 cm? of Musial e al.

[4], exploiting anab-initio approach.

For the excited state’A,, the present study shows that the corresponding po-
tential energy curve does not have a minimum, thereforehgis a completely
repulsive state, as predicted by previous studies of Magnial. [1] and Musial
et al. [4]. However, it is important to mention that thi\} state remains a subject
of disagreement when comparison is made iphinitio results of Bouzouita et
al. [2], describing a such state as attractive with an engngymum occurring at
an equilibrium distance around 21 A and a very weak dissocianergy of 52

cm L,
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Figure 5: Li; potential energy curves of tHe states. Solid lines correspond?ity, states, dashed
lines to?A, states.

Table 4: Spectroscopic constants farstates, Rin A, De,
We, WeYe, Be and Teincm.

State Reference R De We WeXe Be Te
1°Ay Thiswork . 9.502 330 27.004 0.552 0.053 41453
Theory [1] 9.578 324 28.14 0.431 0.0556 41425
Theory [2] repulsive
Theory [3] repulsive
Theory[4] 9.394 174 26.64 0.56 41528
1°A, Thiswork repulsive
Theory [1] repulsive
Theory [2] 21.52 52 20.52 0.38 0.037447 41877
Theory [3] repulsive
Theory [4] repulsive
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4. Conclusion

We have used a model potential approach to compute the adiglogential
energies and the molecular spectroscopic constants ofijhmdlecular ion, dis-
sociating up to Li+Li(1s?,3d) limit. A good agreement between our calculations
and those based @b initio methods has been obtained in the present work. This
confirms the accuracy of model potential techniques in stygdgnolecular sys-
tems with a single active electron.

It is also interesting to note that the previous disagreérnetweerab-initio
[2, 3, 4] and model potential [1] results for the excitedesef>, 425 and 211,
has been sorted out in the present work. Contrary to the clairignier et al.

[1] that these states are repulsive, our model potentialteesas shown that they
are attractive as predicted by other studies exploignitio approach.

Although there are still a few unexplained features of thejcoted potential
energy curves foA states. Certainly, an experimental study in the near futtire o
such states would be of great interest.

Finally, it should be remarked that the model potential mdthsed in this
work can be applied to the calculation of more highly exciéates, if required.
Obviously, a larger basis set may be needed, but it is to bectag that the
precision of the adiabatic states of;| correlated to atomic states Li¢lsl), for
which I=n-1, should be of the same order as for the states correlateils?, 2p)
or Li(1%,3d). For I< n-1, the precision is expected to be of the same order as for
the states correlated to Li(8s) or Li(1£,3p). The interaction potential for the
higher excited states of { ishould also be given to the same level of precision.
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