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The comparison between single-point energy scanning (SPES) and geometry optimization (OPT) in determining
the equilibrium geometry of the a3y state for 7Lig is made at numerous basis sets such as 6-3114++G(2df), cc-PVTZ,
6-3114++G(2df,p), 6-311G(3df,3pd), 6-311++G(2df,2pd), D95(3df,3pd), 6-311++G, DGDZVP, 6-311++G(3df,2pd),
6-311G(2df,2pd), D95V++, CEP-121G, 6-311++G(d,p), 6-311++G(2df,pd) and 6-311++G(3df,3pd) in full active
space using a symmetry-adapted-cluster/ symmetry-adapted-cluster configuration-interaction (SAC/SAC-CI) method
presented in Gaussian03 program package. The difference of the equilibrium geometries obtained by SPES and by OPT
is reported. Analyses show that the results obtained by SPES are more reasonable than those obtained by OPT. We have
calculated the complete potential energy curves at these sets over a wide internuclear distance range from about 3.0ag
to 37.0ap, and the conclusion is that the basis set cc-PVTZ is the most suitable one. With the potential obtained at
cc-PVTZ, the spectroscopic data (Te, De, Do, We, WeXe, e and Be) are computed and they are 1.006 eV, 338.71 cm ™1,
307.12 cm !, 64.88 cm~1, 3.41 cm~1!, 0.0187 cm~! and 0.279 cm~!, respectively, which are in good agreement with
recent measurements. The total 11 vibrational states are found at J=0. Their corresponding vibrational levels and
classical turning points are computed and compared with available RKR data, and good agreement is found. One
inertial rotation constant (B,) and six centrifugal distortion constants (Dy Huv, Ly, My, Ny and Oy) are calculated.
The scattering length is calculated to be —27.138a0, which is in good accord with the experimental data.
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1. Introduction

From a theoretical view point, the dimer "Liy is
interesting since it is the simplest and smallest stable
homonuclear metal molecule. Thus it is not surprising
that the dimer is usually used for testing and appli-
cations of new methodologies.[! =51 A great amount of
theoretical resultsl®=2! about its spectroscopic con-
stants and potential energy curves (PECs) has been
reported during the last decades. In theories, follow-
ing the observation by Bradley et all?? of the Bose-
Einstein condensation (BEC), there has been consid-
erable interest in determining the scattering length!??!
of two-ground-state Li atoms from an accurate PEC
of the lowest triplet state, a3

u>

of the dimer, since
the scattering length, which can be deduced from the
potential of the a®>¥} state, determines the stability
of the BEC. In experiments, atomic densities are suf-
ficiently low so that two-body interactions dominate
and BEC formation for “Li, is dependent on the in-

teraction potential of the a3 state. But to the best
of our knowledge, previous investigations!—1¢! on this
state have been incomplete in some aspect, such as in-
adequate treatment of electron correlation, use of lim-
ited basis sets and/or considering only a small range
of internuclear separation. Compared with the previ-
ous theories, 616 the present work is considered to be
the most complete effort in dealing with the potential,
spectroscopic data, vibrational levels and scattering
length, and the present result is in excellent agreement

§[23—26]

with the measurement wherever available.

In this paper, the accurate equilibrium geome-
try, dissociation energy and PEC for "Liy(a3X ) have
been calculated using the SAC/SAC-CI method![?”]
presented in Gaussian03 program package.?8] With
the potential obtained at cc-PVTZ, the spectroscopic
data (wWe,weXe, @e and B.), the vibrational levels
and their corresponding classical turning points, the
inertial rotation constant, the centrifugal distortion
constants and the scattering length are computed.
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We will show that the single-point energy scanning
(SPES) are more reasonable than the geometry opti-
mization (OPT) method in determining the equilib-
rium internuclear separation, R, and thus the accu-
rate harmonic frequency, we, is obtained only by fit-
ting the PEC near the equilibrium position. In the
next section, we will make a wide comparison between
the SPES and the OPT in determining the R, values
at a number of basis sets, discuss the drawbacks of this
methodology in obtaining the R, value, and select the
most suitable basis set for further calculations. In Sec-
tion 3, we employ the potential obtained at cc-PVTZ
over a wide interatomic distance range from 3.05a¢ to
37.05ap to perform some interesting calculations and
make some discussion. Conclusion remarks are made

in Section 4.

2. Methodological details

To obtain the accurate equilibrium geometry,
First,
are performed so as

our calculations are made in two stages.
the OPT calculations!?7-2]
to attain the equilibrium internuclear distance at
a number of basis sets such as 6-311++G(2df),
D95(3df,3pd), 6-311G(3df,3pd), 6-311G(2df,2pd), 6-
311++G(2df,pd), 6-311++G(2df,2pd), 6-311++G,
DGDZVP, 6-3114++G(3df,2pd), cc-PVTZ, DI5V++,
6-311++G(2df,p), CEP-121G, 6-3114++G(d,p) and 6-
3114++G(3df,3pd). Then, we make the SPES calcula-
tions near the experimental equilibrium position by a
very tiny step under the same conditions. The results
obtained by OPT (R.-OPT) and by SPES (R.-SPES)
are given in Table 1.

Table 1. Equilibrium constants for the a32¢ state of "Lia.

Source Te/eV De/cm ™! Do/cm™1! Re-SPES/nm Re-OPT/nm we/cm ™1
experiments[24] 1.0148 333.69 301.83 0.4173
cc-PVTZ 1.0060 338.71 307.12 0.4154 0.4212 64.88
6-3114++4G(2df,pd) 0.9912 315.81 283.74 0.4196 0.4238 65.91
6-311G(2df,2pd) 0.9870 329.83 295.27 0.4117 0.4241 70.75
CEP-121G 0.8621 174.90 151.65 0.4503 0.4524 48.59
6-3114++G(3df,2pd) 0.9850 310.48 277.29 0.4154 0.4265 68.42
6-3114++G(3df,3pd) 0.9830 310.97 280.07 0.4233 0.4265 63.46
6-3114+4+-G 0.8651 166.94 142.50 0.4445 0.4520 51.05
6-311++G(2df) 0.9890 315.16 280.63 0.4117 0.4238 71.17
cc-PVDZ 0.9499 259.39 228.35 0.4191 0.4226 64.35
6-3114++G(d,p) 0.9542 225.40 196.98 0.4255 0.4290 59.02
D95V 4+ 0.8446 155.15 135.21 0.4551 0.4597 41.91
6-311++G(2df,p) 0.9908 315.35 282.61 0.4170 0.4238 67.35
6-311G(3df,3pd) 0.9834 321.05 290.99 0.4255 0.4249 61.71
6-3114++G(2df,2pd) 0.9908 314.44 281.72 0.4170 0.4238 67.31
DGDZVP 0.8754 173.39 147.57 0.4440 0.4457 53.88
D95(3df,3pd) 0.9831 326.76 295.73 0.4202 0.4233 63.83

Generally speaking, at the same level of theory,
method and basis set, the two approaches, OPT and
SPES, are expected to produce the very same R, re-
sult. If not, one of them is not robust enough to de-
termine R.. From Table 1, one can easily find that
the R, value obtained by OPT is different from that
obtained by SPES under the same conditions. For
example, at cc-PVTZ and 6-311++G(2df,2pd) ba-
sis sets, the R, values obtained by OPT equal to
0.4212 and 0.4238 nm, whereas those obtained by
SPES are 0.4154 and 0.4170 nm, respectively. Care-
ful examinations have found that the unique method
of group sum of operators (GSUM) used in the SPES

is incompletely identical with that used in the OPT
method,?” thus the differences among the above re-
In detail, the GSUM

method is not automatically done in OPT calcula-
[27,28]

sults are easily understood.
tions in this SAC-CI Gaussian version, because it
is difficult in general to ascertain where the unknown
optimized geometry is. Though after optimization, we
can again make perturbation selection and repeat op-
timization using freshly selected operators, the OPT
method can only do an additional single-point SAC-
CI calculation.!?"28] This is the reason why the result
obtained by SPES is quite integrated into the PEC,
and all the spectroscopic data including R. can be
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derived from the PEC. Thus the result obtained by
SPES is more reasonable, and the accurate R, value
is obtained only by performing the SPES near the ex-
perimental equilibrium position at a very small step.

Since the two approaches, OPT and SPES at the
same level of theory, give different R, values, we can-
not directly calculate the frequency after we have per-
formed the OPT calculations. And it is obviously un-
reliable to judge whether or not a basis set is suitable
for PEC computations only by R, accuracy, thus in
order to select a most suitable basis set for further in-
vestigations, we must make the D, calculations. Our
calculated results are given in Table 1, too.

For the a3X state, the most recent experimental
D, and R, values obtained by Linton et al,[?¥ who
calculated an improved Rydberg—Klein-Rees (RKR)
PEC using data from high-resolution fluorescence
measurements of transitions from the 231, to the
a®%t state of “Lig, are 333.69 cm~! and 0.4173 nm,

respectively. By comparing our D, and R, results tab-
ulated in Table 1 with these experimental data,?4 we
find that the basis set cc-PVTZ is a most suitable one.
In this paper, calculations of the vibrational states
and the scattering length are based on the potential
obtained at this basis set.

3. Results and discussion

Using the basis sets tabulated in Table 1, we have
calculated the PECs for "Liz(a®>Y) in full active space
at a 0.2ag step over the internuclear separation range
from about 3.0ag to 37.0ag. In order to be convenient
for further calculations at cc-PVTZ, we tabulate the
computed potential energies at selected values of the
internuclear separation in Table 2 and plot the curve
of the ab initio calculated points over this range in
Fig.1.

Table 2. Potential energies E(R) at different interatomic distances R for the a3%Y state at the basis set cc-PVTZ.

R/ag E(R)/hartree E/ag E(R)/hartree E/ao E(R)/hartree E/ag E(R)/hartree
3.05 —14.795505 8.45 —14.893363 15.85 —14.892003 25.45 —14.891917
3.85 —14.849791 8.65 —14.893308 16.65 —14.891976 26.25 —14.891916
4.65 —14.876024 9.25 —14.893118 17.45 —14.891957 27.05 —14.891915
5.45 —14.887355 9.85 —14.892918 18.25 —14.891944 28.05 —14.891914
6.05 —14.891069 10.45 —14.892733 19.05 —14.891935 29.05 —14.891914
6.65 —14.892732 11.05 —14.892571 19.85 —14.891928 30.05 —14.891913
7.05 —14.893216 11.65 —14.892435 20.65 —14.891925 31.05 —14.891913
7.45 —14.893419 12.25 —14.892324 21.45 —14.891923 32.05 —14.891912
7.65 —14.893454 12.85 —14.892234 22.25 —14.891921 33.05 —14.891912
7.85 —14.893460 13.45 —14.892163 23.05 —14.891920 34.05 —14.891911
8.05 —14.893442 14.25 —14.892090 23.85 —14.891919 35.05 —14.891911
8.25 —14.893409 15.05 —14.892040 24.65 —14.891918 37.05 —14.891910

solid line: fitted by M-S function;
circles: SPES results

V(r)/eV

0.4 0.8 1.2 1.6 2.0
r/nm
Fig.1.
aligned dimer "Lis.

PEC of the lowest triplet excited state of spin-

3.1. Main spectroscopic constants

The Murrell-Sorbie (M-S) function is a widely
used potential energy function. It describes interac-
tion potential energies of neutral diatomic molecules
well. The common M-S function is of the form/?"!

V() = -Du(14 Y aip Jexp(-arp). (1)

=1

where p = R — R., and R is the internuclear distance
of the diatom. R, is regarded as a fixed parameter in
the fitting process, which is obtained by SPES in this
paper. The parameters a; and D, are determined by
fitting. Generally, satisfactory results can be obtained
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when n equals 3. Thus, Eq.(1) can be rewritten as
V = —Do(1+ a1p+ azp® + azp’Jexp(—aip).  (2)

Such molecule as "Liz(a®%), for which the po-
tential well is shallow, is usually fitted by a piecewise
function. The piecewise function is often composed of
at least two parts. One is the M-S function or an-
other one, the other is the asymptotic van der Waals
function.'” The former is suitable when R is not very
large. The latter is used when R is very large so
as to guarantee the correct long-range form.!'”) Be-
cause the spectroscopic data (we, wWeXe, e and Be)
are determined only by the properties of the PEC
near the internuclear equilibrium position of the di-
atomic molecule, whereas the M—S function can give
accurately fitting results near this position, we employ
the simple Eq.(2) to fit the analytic potential energy
function (APEF) in the present investigation.

By iterating a system of normal equations based

on a least-squares fit, the parameters a1, as, az and
D, in Eq.(2) are fitted at each basis set. Here, we
only tabulate the fitting results at cc-PVTZ in Ta-
ble 3 together with the R, value obtained by SPES
for integrality. At the same time, the fitting results
over this range are intuitively shown in Fig.1. In or-
der to evaluate the fitting quality of PEC, we calculate
the root-mean-square error (RMSE),

N
1
RMSE = N ; (Vaper — Vabinitio)?,  (3)

where Vapgr and Vyp initio are energies attained by the
fitting and the ab initio calculations, respectively. N
is the number of fitting points (here N=115). The
present RMSE for "Lip(a®Y}) is only 2.927 cm™!.
Thus we say that the M-S function is well suitable
for the fitting of the APEF of "Liz(a®3) around the
equilibrium position.

Table 3. Parameters of M-S APEF for dimer Liz(a®S{) at the SAC-CI/cc-PVTZ level of theory.

De/cm’1 Re/nm al/nm’1

az/nm™

2 az/nm~3 RMSE/cm~1!

338.71 0.4154 14.045

29.786 92.364 2.927

Now, we calculate the we values according to the
APEFs obtained at various basis sets. Using Eq.(2),
we can derive the expression of the force constant f
at the equilibrium position as follows:

f2 = De(af — 2az). (4)

The following relationship exists according to the
RKR method: 3031

fo = 4m2W? uc?. (5)

Combining Eqs.(4) and (5), we have

2 _ 1/2
we = [71)6&1@;2 ch@) " (6)
Here, 1 and c are the reduced mass of the dimer "Liy
and the light speed in vacuum, respectively. Employ-
ing Eq.(6), we obtain the we values at various basis
sets and present them in Table 1, too.

Table 4. Derived spectroscopic data for the a3 state of the dimer 7Lis.

Source Te/eV Re/nm De/cm™1 we//cm ™1 WeXe/cm 1 Be/cm™1 ae/cm ™1
this work 1.006 0.415 338.71 64.88 3.41 0.279 0.0187
exp.[24] 1.015 0.417 333.69 — — — —
exp.[29] 1.015 0.417 333 65.13 3.27 0.276 0.0188
exp.[20] 1.014 0.413 336 67.58 — — —
theory!6] — 0.488 363 85.2 — — —
theoryl”] 1.023 0.405 306 75.0 — — —
theory!®] — 0.423 292 61.0 3.20 — —

theory(t1] — 0.411 340.6 65.6 3.16 — —
theory(!2! — 0.407 354 66.4 3.11 — —
theory(13] 1.010 0.418 322 63.72 3.20 0.274 0.0186
theory(14] 1.015 0.416 321 66.1 — — —
theory!15] — 0.419 315 65.24 — — —
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Having obtained the w, values and the APEFs
near the equilibrium position, we can calculate easily
the force constants (f3 and f4), and then the spectro-
scopic data (weXe, Be, e and Dy) using the following
equations (7)—(12). Due to length limitation, here we
only give the wexe, Be and a, values at cc-PVTZ in
Table 4 and the Dg results at various basis sets in Ta-
ble 1. We also give the T, Re, D, and w, values at
cc-PVTZ in Table 4 for convenient comparison:

f3 = —6D.(a3 — aras + a3/3), (7)
f1 = Dc(3a} — 12a2ay + 24a1a3), (8)

= G 9)
= -2E (5 ) )
chC_%[—f‘}fg +15(1+“éj§§)2}, (11)
Dy =D~ (e — gwexe): (12)

[6—16] have been

In theories, numerous calculations
performed for the a®>¥ state. The earlier investi-
gation was carried out by Watson et al,l® who used
a model potential method with 29 molecular orbitals
consisting of eight oy, five oy, eight m, and eight 7.
Their R, value is too large by 17.0% as compared with
the most recent experimental one.?*/ Kaldor[” used
the coupled-cluster method including single and dou-
ble substitutions (CCSD) with a 74-CGTO basis set to
compute a small section of PEC (about 0.2-0.6 nm),
and their derived results are obviously poorer than
those obtained in this paper. Balkov et all® used the
basis sets of double-( quality and the single-reference
CCSD approach and compared it with the results ob-
tained from a multireference-CCSD and a full config-
uration interaction (FCI) calculation, also consider-
ing only a limited section of PEC (about 0.2-0.7 nm).
Konowalow et al['!] combined the results of three pre-
vious calculations!® 1916 5o as to obtain an estimated
‘most likely’ PEC for this state, but compared with
the most recent experimental findings,!?*! their R. and
D, results!'!] are worse than those obtained in this pa-

per. At the same time, Konowalow and Fish(!?!

em-
ployed a model potential combined configuration in-
teraction (CI) with their compact basis set comprising
5s, 3p, 2d and 1f functions on each atom by a com-
bination of energy and polarizability criteria. Their
R, result is smaller than the experimental onel?4 by

2.4%, and the D, result is larger than the experimen-

tal value by 6.0%. Whereas at the SAC-CI/cc-PVTZ
level of theory in full active space, our calculated D
value is in agreement with the experimental onel?*
within 5.0 em™! or 1.5%, and the R, is in accord
with the experimental datal?*! within 0.0019 nm or
0.46%.

scopic constants accurately, Schmidt—-Mink et al

To compute the R., D, and other spectro-
(13]
have used a valence CI approach along with the ef-
fective core polarizability potentials (ECPP) and the
molecular basis set consisting of 12s, 7p, 2d Gaussian-
type functions for each Li atom, further augmented
by 1s, 1ps, 2ps, and 2d, s functions at the bond cen-
tre (90 contracted Gaussians). However, their D, re-
sult is far inferior to ours at present. Lately, Poteau
and Spiegelmann" have used the effective core pseu-
dopotential (ECP) and the 7s5p3d1f basis set centred
on the two Li atoms (88 contracted Gaussians), and
Danovich et al* have used CCSD(T,full)/cc-pCVTZ
to carry out the sophisticated correlated calculations
so as to attain accurate R., D, and w.. However, we
can see clearly that their calculated D, result com-
pared with the most recent experimental onel?¥ is too
small by 3.8%14 and 5.6%.1°!

From Table 4 we can see easily that the value of w,
attained at present is in good agreement with the mea-
surements, which is only 0.38% smaller than the ex-
perimental one.l?® As to the spectroscopic constants
Be, ae and weXe, there have been only one group of
experimental results!®® and one group of theoretical
determinations!™® so far. Obviously, our calculations
are in excellent agreement with those in Refs.[13,25]
except that our result of we . is somewhat larger than
the experimental value by 4.28% and the theoretical
onel® by 6.56% (it should be noted that the the-
oretical valuel'3 is lower than the measurements?®
by 2.14%). This deviation implies that the fitted
APEF near the equilibrium position is not satisfac-
tory enough to give all the spectroscopic parameters
accurately.

From the above discussion we can see that the
value of D, obtained in this paper is in good agree-
ment with the measurements,24=26] and the value R,
attained by SPES is also much inspiring. Combining
the RMSE and the comparison of our calculated spec-
troscopic constants with the experimental and other
theoretical ones, we find that the M-S function is well
suitable for the fitting of the APEF around the equilib-
rium position of this state. Of course, we must employ
the asymptotic van der Waals function if we want to
make a more stringent fitting at a rather large R. The
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above calculations prove that which function is chosen
to fit the APEF should be determined in the light of
the calculation emphasis.

3.2. Vibrational levels and classical turn-
ing points
In the adiabatic approximation, the vibrational
levels of a given electronic state of a diatomic

molecule are obtained by solving the following radial

Schrodinger equation of nuclear motion
h? d® R
-+ — 1 } v,
o 2 + JJ+1)+V(r)| &, s (r)

212
= E,/“] &D,/,J(T).

Here V(r) is the adiabatic rotationless potential v and

(13)

J are the vibrational and rotational quantum num-
bers, respectively. Generally speaking, the potential
V(r) in Eq.(13) can be given in two forms. One is
analytic, for example, the function tabulated in Table
3. The other is a group of ab initio calculated points,
for example, the points tabulated in Table 2. In the
former case, the analytic function must be accurate
enough for a fairly large internuclear separation. In
the latter case, the interpolation between the calcu-
lated points must be performed so as to produce the
data required in the numerical integration of Eq.(13).

The M-S APEF tabulated in Table 3 is accurate
enough only near the equilibrium position. Thus we
cannot use it when solving Eq.(13) for a rather large
internuclear separation range. In order to reduce as
far as possible the fitting errors arising either from
the fitting process or from the fitted function, here
we directly employ the potential tabulated in Table 2
and select the cubic spline function for data interpo-
lation when we solve the radial Schrodinger equation.
By numerically solving Eq.(13), we obtain the total
11 vibrational levels for “Liz(a®%}) when J=0. The
rotational sublevels of a given vibrational level are rep-
resented by the following power series, 32!

E,;=GW)+ B,[J(J+1)]—D,[J(J+1)]?
+H I+ 1P+ L[J(J + 1)

+ M, [J(J + D)) + O, [J(J +1)]°. (14)
For each vibrational level G(v), one inertial rotation
constant B, and six centrifugal distortion constants
D, H,, L,, M,, N, and O,, are attained. These vi-
brational levels together with the corresponding clas-
sical turning points, Rmax and Ry, are tabulated in
Table 5. And one inertial rotation constant and six

centrifugal distortion constants when J=0 are tabu-
lated in Table 6.

Table 5. Comparisons of vibrational level and classical turning point between our calculations and RKR data for
"Liz(a3S{) when J = 0 at the SAC-CI/cc-PVTZ level of theory.

v SAC-CI/CC-PVTZ RKR datal24
G(v)/em™! Rpin/nm Rmax/nm G(v)/em™! Rpin/nm Rmax/nm

0 32.432 0.3831 0.4603 31.857 0.3846 0.4630
1 92.162 0.3654 0.5051 90.453 0.3668 0.5092
2 145.309 0.3556 0.5459 142.523 0.3571 0.5503
3 191.992 0.3489 0.5890 188.240 0.3505 0.5922
4 231.279 0.3441 0.6328 227.679 0.3458 0.6373
5 265.179 0.3405 0.6833 260.837 0.3422 0.6885
6 291.616 0.3378 0.7440 287.665 0.3395 0.7501
7 312.395 0.3359 0.8224 308.098 0.3377 0.8297
8 326.108 0.3347 0.9359 322.155 0.3365 0.9441
9 333.824 0.3340 1.1283 330.170 0.3358 1.1392
10 337.747 0.3337 1.5895 333.269 0.3356 1.6052

From Table 5 we see that the >} potential ob-
tained at cc-PVTZ is predicted to support 11 vibra-
tional states. Having compared the total 11 vibra-
tional levels with the corresponding classical turning

points with the RKR data,** we find that the largest

deviations do not exceed 1.8% for the vibrational lev-
els and 1.0% for the classical turning points. These
show that the present potential is valid up to the dis-
sociation limit. According to these, we say that our
calculations tabulated in Table 6 are accurate.
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Table 6. One inertial rotation constant and six centrifugal distortion constants for "Lia (a32,4{) when J = 0 at the
SAC-CI/cc-PVTZ level in theory.

v G(v)/em™ By/em™  Dy/emt Hy/em™ Ly/cm™ M, /em™ Ny /em™ Oy /et

0 32432  0.26933 1.99798x107° —9.58997x 10710 —2.06503x10713 —6.36055x 10717 —1.54541x10720 —5.48378x 10724
1 92162  0.25096 2.09713x107° —1.30126x107° —3.04092x10713 —1.09386x10716 —3.52509x 10720 —1.60347x 10723
2 145.309  0.23235 2.22574x107° —1.84304x1079 —5.11162x10713 —2.32417x10716 —8.67887x 10720 —4.72737x10723
3 191992  0.21332 2.40054x107° —2.73753x1079 —9.56362x10713 —5.16210x10716 —2.42129x10719 —1.52863 x 10722
4 231.279  0.19360 2.65148x10° —4.29323x1079 —1.89819x10712 —1.24910x107'5 —7.83201x107'° —5.96929x 10722
5 265179  0.17279 3.03695x107° —7.24604x107° —4.16880x10712 —3.27007x 10715 —3.12357x107'% -3.12000x 10721
6 291.616  0.15019 3.68619x10° —1.37858x108 —1.06573x1071 —107411x107* —1.79196x10717 -2.61076x1020
7 312395 0.12449 4.65893x107° —3.00545x10°8 —2.77891x10711 —4.33328x1071* —2.12196x1076 —5.40335x1071°
8 326.108 0.09233 6.46694x10° —6.04458x1077 —1.18599x10710 —2.07430x107"3 —1.72320x107'°> —4.21195x107'8
9 333.824 0.06029 9.39574x10° —1.84119x107 —8.11754x10710 —5.15483x107'2 —1.01959%x 10713 —7.45699x 10717
10 337.747  0.03823 1.11001x10% —8.16905x10°6 —7.74772x107° —6.81296x107'1 —7.10320x107'2 —6.89408x 10716

3.3. The scattering length

With the rapid development of laser cooling and
trapping techniques, the scattering length has impor-
tant applications in the BEC investigations. It is de-
fined in terms of the zero energy s-wave phase shift dg

as
. tandp
a=—lim
k—0 k

, (15)

where (in atomic units) a is the scattering length, k
is the wave number, k = /2uFE, with diatom reduced
mass, i, and collision energy, E. The scattering length
depends very sensitively on the binding energy of the
last bound state of the interaction potential. Now we
use the potential obtained above to calculate the a
value.

The Ith partial-wave phase shift §; is given by

ur(rp)s(ra) — ui(rq)s(ry)

tan §; = w(ra)s(ry) — uy(rp)s(ra)

(16)

Here (in atomic units) 7, and r, are two distinct
points in the asymptotic region, s(r) = krj;(kr) and
e(r) = krny(kr), where j; and n; are the spherical
Bessel and Neumann functions, respectively. To ob-
tain the ¢§;, we solve the following radial Schrodinger
equation in atomic unit at very low energies,

>, 1(+1)
[s+r -2 —um] =0 a7
Under the boundary condition » — oo, we have
wr(r) ~ ji(kr) + tan é;ng (kr). (18)

Here U(r) = 2uV(r)/h?, and V(r) is the po-
To obtain the best
value for the scattering length, similarly to solving

tential obtained in this paper.

Eq.(13), we also directly employ the potential tabu-
lated in Table 2 and select the cubic spline function
for data interpolation when we numerically solve the
Eq.(17) by the Numerov method. Our calculated re-
sult is —27.138ag, which is very close to the experi-
mental result,?*! —27.6a¢. It further proves that the
potential obtained here is accurate, especially that the
long-range behaviour of this potential is reliable. As a
further investigation, we will employ our derived an-
alytic PEFSs to calculate the various cross sections, !
especially at very low energies.

4. Conclusion

We have gained the conclusion that the R, values
obtained in this paper by SPES at a number of basis
sets are more reliable than those obtained by OPT un-
der the same conditions at SAC/SAC-CI level in the-
ory in full active space in Gaussian03 program pack-
age, and found that the best potential can be obtained
at cc-PVTZ basis set. We think that the frequency
calculation method after OPT is disabled since OPT
calculations cannot give reliable R, results. Employ-
ing present potential obtained at cc-PVTZ and the
RKR method, we obtain the w, value for the a3X}
state of dimer “Li,. Favourable agreement is found
in comparing with the experimental data. And it is
shown that other spectroscopic constants can also be
accurately determined only by fitting the ab initio
data around the equilibrium position of "Liz(a®3])
using the M-S function. Employing the present poten-
tial obtained at cc-PVTZ, we have calculated the vi-
brational levels, classical turning points and the scat-
tering length, which are in good accord with the mea-
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surements wherever available.

In addition, we have

also computed one inertial rotation constant and six

centrifugal distortion constants for "Liz(a®3]) when

J=0 for the first time so far as we know. The results

at present are more complete than previous investiga-

tions, and can be regarded as an improvement.
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