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Abstract Ab initio calculations were performed for LiH us-
ing a pseudopotential approach with CPP corrections and
huge basis sets on both atoms. A wide range of 32+ elec-
tronic adiabatic states have been investigated, from the ground
state up to those dissociating into Li(5 p)+H. Permanent and
transition electric dipole moments are also considered for the
first few excited states. Comparison with experiments and
recent all-electron calculations, reveals an excellent global
accuracy, only the bottom of the ground state being better
described by all-electron approaches. Using almost identical
basis sets, coupled cluster all-electron calculations are per-
formed for the ground states of LiH*, LiH™ and LiH. High
care has been given to the correct relative position of the
asymptotes, allowing for this rather complete set of accu-
rate ab initio data to be useful for further molecular physics
studies.

1 Introduction

As the simplest heteroatomic molecule, LiH has aroused
since a long time considerable interest, which still goes on,
mainly from theoreticians, but also from experimentalists.
Despite its apparent simplicity, many of the interesting chal-
lenges of quantum chemistry can be adressed in LiH. One
example is the treatment of the core, which can be consid-
ered either explicitly in all-electron approaches, or through a
pseudopotential approach that may be improved to account
for the core valence correlation. Furthermore, this fascinat-
ing molecule is ionic at equilibrium geometries, with a strong
dipole moment, but dissociates to a neutral asymptote. There-
fore an important change occurs in the electronic states as the
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internuclear distance increases. This change makes this sys-
tem suitable to test the ability of ab initio approaches to deal
with multireference state and also to test diabatisation pro-
cedures for which the physical insights should be preserved
and the electronic coupling determined between ionic and
neutral states as it is the case here. From the spectroscopical
point of view, LiH is also an interesting molecule, with very
unusual shapes of the potential energy surfaces (PES), far
from harmonic or Morse behaviours. Flat bottomed, as the
first excited (A) or double wells PES, as the C and D states,
are the rule here rather than the exception [1-7].

LiH is thus often used for benchmark calculations and
many improvements in ab initio calculations have been tested
on this molecule [8-10,3,4,11,12]. Lithium hydride is also
an important molecule for astrophysics as it imprints the
chemistry of the early universe [13—18] where the various
mechanisms of its formation and decay are investigated. These
mechanisms often involve the ionic species LiH* or LiH™
and the interactions with photons or electrons (radiative asso-
ciation, dissociative recombination, dissociative attachment,
reactive collisions, etc.). LiH and its ions are thus molecules
of paramount importance in various fields of chemistry, phys-
ics or astrophysics [1-55].

Despite this great interest, a comprehensive theoretical
study is still missing, most of the contributions concentrat-
ing on a given specific point. It is the aim of this paper to
present a high quality global approach for LiH in ' ©* and
3%+ symmetries, including ground and excited states up to
5p, and for the ground states of its anion (LiH™) and cation
(LiH™). Recent progress in all-electron approaches have lead
to renewed interest but focussed mainly on the bottom of the
well. It is interesting to compare these results to the pres-
ent more conventional pseudopotential study which allows
larger basis sets to be used.

2 Theory

All the present calculations have been performed with the
MOLPRO package [19], using various large basis sets and
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Table 1 Atomic spectrum of Li (in cm™!)
Abs. energies (a.u.) AE (theo.) AE (exp.)* Error

2s —0.19811767 0 0

2p —0.13023525 14898.47 14903.89 —5.42
3s —0.07417795 27201.62 27206.12 —4.50
3p —0.05723562 30920.04 30925.38 —5.34
3d —0.05560115 31278.76 31283.10 —4.34
4s —0.03861622 35006.52 35012.06 —5.44
4p —0.03197273 36464.60 36469.55 —4.95
4d —0.03123921 36625.59 36623.39 2.20
4f —0.03119850 36634.52 36630.20 4.32
Ss —0.02363719 38294.04 38299.50 —5.46
S5p —0.02036033 39013.23 39015.56 —2.33
Lit 0 43481.80 43487.19 —5.39

¢ Experimental from Ref. [21]

various approaches, either with all the electrons or with a
pseudopotential for the lithium core (1s2) together with its
usual core polarisation potential (CPP) [20] to account for the
core valence correlation. This CPP uses a single parameter
fitted to reproduce the experimental ionisation potential of Li.
For LiH all the states dissociating below the Li(5p)+H(1s)
asymptote were considered, therefore all the states dissoci-
ating below the ionic asymptote are investigated. Very large
atomic basis sets (27s17p14d6 f2g for Li, and, 20511 p7d4
f2g for H) have been used, and a full valence configuration
interaction (CI) in the pseudopotential and CPP approaches
was performed. The lithium atomic spectrum is compared
in Table 1 with the experimental one [21]. As can be seen,
the errors are of the order of a few wavenumbers, for the
whole spectrum. For LiH*, a basis set of similar quality has
been used, but without some of the specific Rydberg gaussian
functions. Initially optimised to get accurate scattering length
for the lowest triplet state of LiH (the recommended values
for the different isotopomers have been estimated with an
accuracy of +5-10%) [22], it yields accurate atomic ener-
gies and low-lying spectrum, as well as polarisabilities or
electron affinities (see reference [22] for details). All-elec-
tron calculations at the CCSD(T) level have been performed
for LiH™. For the sake of comparison of the various ground
states, all-electron calculations at the CCSD(T) level with the
same basis set than for LiH' have also been performed for
LiH and LiH™.

3 LiH
3.1 Potential energy curves and spectroscopy

There are various interesting aspects in the potential energy
curves of LiH. The interplay between ionic and neutral states
for the ! =% symmetry is known since a long time and has
been nicely revealed by the diabatic study developped in our
group [3,23-25]. The behaviour of the Rydberg curves which
present oscillations both for singlet and triplet ¥ symmetries
is also very interesting. The spectroscopy of the ground (X)
and first excited (A) states has been intensively studied and

is experimentaly well established. It has been reviewed in
reference [1]. The investigation of the higher states C and D
is more recent [6,7,26-29]. Most of the vibrational levels of
the C state [26,28,29] and many of the D [27] state have been
observed using two photon spectroscopy.

For the ground state, a large number of calculations have
been published, either motivated by methodological or phys-
ical guidelines. The best theoretical results were obtained by
a recent all-electron full CI study that will be used to com-
pare with the present data. For the higher excited states, A, C
and D, theoretical studies are scarce and we will concentrate
on a comparison with experimental results. We have split the
presentation of the 3¥% in four figures, using two crite-
ria, singlet or triplet spin symmetry, and low or high lying
in energy. Figures 1 and 2 illustrate the low lying states of
singlet and triplet symmetry, respectively, Figs. 3 and 4 the
high-lying singlets and triplets as well as the potential curve
of LiHT. The calculations have been performed for a very
large number of internuclear distances, as can be noticed by
the symbols on some selected curves only, for the sake of clar-
ity. A particular care has been taken to have a high enough
density of calculated points around all avoided crossings.
Although the curves have not been interpolated, they look
quite smooth.

Figure 1 shows the adiabatic ! £ potentials X, A, C, D
and the ones dissociating to n=3 (3s and 3p). The ionic curve
behaves roughly as 1/R; it lies above the n=3 curves at larger
internuclear distances (R=45a.u.) and crosses all the lower-
lying neutral states with increasingly avoided crossings as
the bond length decreases. The X state is thus ionic at equi-
librium and dissociates to a neutral state to the 2s asymptote.
The A state is flat bottomed because of the largely avoided
crossing around R=7a.u. between the ionic and the repul-
sive 2s state. The C state presents two minima, one at about
R=10 a.u. resulting from the avoided crossing between the
ionic and the neutral 2p states, and another one at shorter
distance and higher energy. The D state also presents two
minima, one at large distance related to the ionic—neutral
(3s) avoided crossing, and another at short distance which
could be related to an avoided crossing between two neu-
tral states, an attractive short range 3s and a repulsive 2p.
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Fig. 2 Low-lying 3 *states of LiH
These various avoided crossings, often imprinted, but not

only, by the ionic state, lead to quite unusual shapes for the
potential energy curves and their spectroscopy. The A, C and

D curves can be hardly approximated by the usual harmonic
or Morse functions.

The low lying >~ curves are plotted in Figure 2. The
lowest curves are essentialy repulsive, while some similarity
with the curve of the LiH™ ion appears from the lowest curve
dissociating to n = 3(3s).

Based on a powerful diabatic approach, the only one to
our knowledge able to determine diabatic states at short dis-
tances, a detailed analysis of these neutral-ionic and neu-
tral-neutral interactions was performed previously [3,4,23,
24,30-32]. This study has revealed the overrepulsivity of the
lowest neutral states generating series of crossings at short
distances hidden by large couplings, in addition to the neu-
tral-ionic crossings at larger distances. However, this diabatic
approach forbids the use of huge basis sets and therefore leads
to limited accuracy, although this limitation can be to a large
extent compensated by specific corrections (for example, to
the ionic diabatic energy).

Singlet and triplet adiabatic potential curves dissociating
to 3 p through 5p are reported in Figs. 3 and 4, respectively,
together with the LiH" curve. For both symmetries one can
see two kinds of behaviour, flat curves like 3 p, 4s, 4p, 4d,
5s and 5p, and repulsive ones like 3d and 4 f. Oscillations
are obvious in the repulsive curves and also, but at a smaller
scale, in almost all curves, particularly when they are energet-
ically well separated from the others. These oscillations are
magnified by the diabatic approach and were related to the
amplitude of the corresponding Rydberg orbital [3]. A strik-
ing effect is that the repulsive curves for singlet and triplet

0,010

0,000 |- LiteH

-0,010 —

ILi+H
-0,020

-0,030 —

Energy (a.u.)

-0,040 —

-0,050 —

3d
3p

-0,060 —

A L
5 10 15 20 25 30 35 40 45

RLiH (a.u)

-0,070 L—
0

Fig. 3 High-lying ! £+ states of LiH



Accurate ab initio calculations for LiH and its ions

569

0,010
0,000 | Li*+H
0,010 |-

I Li+H
0,020 |- 5p

:’ 5s

3 |

£-0,030 |- af

g 4d

5 L 14p
20,040 |- as
-0,050 |-

- 3d
3p
-0,060 |- _
-0,070 | [HNNPI U T SV NNU N N
0 5 10 15 20 25 30 35 40 45

Rpg (auw)
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states have a similar shape but with a larger amplitude in the
case of singlets. It is also worth noticing that these repulsive
curves emerge from a block of asymptotically quasidegener-
ate curves, converging to the same n. As shown in [32,33],
these behaviours are nicely explained by the Fermi model,
where the potential is predicted to be proportional to the scat-
tering length of an electron colliding with the hydrogen atom
and to the atomic amplitude of the Rydberg lithium function
experimented by the hydrogen atom. Since this scattering
length is positive, we have repulsive effects; and since it is
much smaller for triplet than for singlet, the global behaviour
is the same but with a larger amplitude for the singlet curves.
Noteworthy, for nearly degenerate states, the model predicts
only flat curves except for one which behaves like the trace of
the interaction matrix. This is exactly what we see here, for
the nearly degenerate 3 p — 3d block, flat curves and a repul-
sive one, much more repulsive for singlet than for triplet, and
also for the 4p — 4d — 4 f block. This behaviour emphasises
an important / mixing between the underlying diabatic curves
in case of asymptotic neardegeneracy. At short distances, for
n = 3, the magnitude of the interaction is so large that the
repulsive n = 3 curve crosses the attractive 4s curve, produc-
ing n mixing, two avoided crossings and very unusual shapes
for the adiabatic curves F and G. These behaviours are not
artefacts, the wells actually trapping vibrational levels which
could possibly be observed, although important vibronic ef-
fects at least as large as for the C and D states [6,7] should
be expected here.

Spectroscopic data of interest are reported in Tables 2, 3
and 4. Table 2 is devoted to the binding energy (D,.) and
equilibrium distance (R,) and G for the X, A, C and D
states. The corresponding experimentally known data for
these states is also reported in Table 2, for comparison. The
agreement between our computed data and the experimental
one is good for the X state, better for the A state and becomes
excellent for the C state. Since our equilibrium distance is
too short, the discrepancy for the X state is probably due to
some lack of repulsive effects related to the pseudopotential
approach.

A deeper comparison can be performed from inspection
of the vibrational spacings. They are reported in Table 3 for
the X and A states, and in Table 4 for the C and D ones, to-
gether with the most accurate ab initio results for the X state
and the experimental ones for the X, A, C and D states. The
agreement between the theoretical spacing of Lundsgaard
and Rudolph [34] and the experimental one is impressive
for the lowest vibrational levels, showing that all-electron
full CI approaches can yield excellent accuracy. However for
such approaches, the basis set has to be restricted and sub-
stancial errors in the lectron affinity (EA) of H (273 cm™ 1)
and in the ionisation potential (IP) of Li (34 cm™ 1) remain.
As a consequence, their ionic asymptote is in error by about
240cm~! and, as analysed previously [3], this error is re-
flected in their error for the binding energy of the ground
state (182cm™'). We used much larger basis set for H lead-
ing to a better description of H™ and thus an improved EA
(only 15 cm™! in error) and the use of CPP allows to an almost
exact IP for Li, therefore our ionic asymptote is better posi-
tioned with respect to the neutral lowest dissociation limit
[Li(2s)+H(1s)], and our binding energy of the ground state
is in error by 64cm™! only. As a consequence, when v in-
creases, the agreement with the experimental spacing rapidly
deteriorates in Lundsgaard’s calculation while it improves in
ours, the inversion occuring for v = 10.

For the A state, it was shown that the quality of the ionic
state is crucial for all the vibrational spacings, since it con-
trols the global width of the well [3]. We get here a slight
underestimation for all v with respect to the experimental
spacing. However, our present results correspond to the best
ab initio determination without any correction. This underes-
timation is larger for the lowest v and could be related either
to the ionic state at larger distance or again to some lack of
repulsive effects at short distances.

Vibronic effects have been evaluated in previous studies
taking benefit of the diabatic approach. Although they pro-
duce increasing shifts as the energy increases, these vibronic
shifts remain rather similar for all the vibrational levels of the
X and A states [5,35] and for the lower part of the C state [6],
therefore not affecting much the vibrational spacing except
for the higher part of the C state and for many levels in the D
state [7]. Noteworthy, as can be seen in Table 3, the agreement
between our theoretical vibrational spacing and the experi-
mental one, is excellent for almost all vibrational levels of
the C state, from v = 0 to v = 42. The deviation is often
about 10~2 cm™!, therefore within the vibronic effects on the
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Table 2 Spectroscopic constants of the low-lying ! & states of LiH

X'+ Alst clzt D'zt
R.(a.u.) 3.003 3.015¢ 4.862 4.906¢ 3.821 (10.181%) (10.1407*) 5.280 (19.824%)
D, (eV) 2.523 2.515¢4 1.077 1.0764 1.048 1.050" 0.464
Go (ecm™1) 695.7 697.9¢ 130.0 131.3¢ 146.6 146.7" 108.4
* outer well value
¢ Experimental values from Ref.[1]
b Experimental values from Ref.[27]
Table 3 Spacings (in cm™'), AG, between the vibrational levels of the low-lying X and A! ©+ states of LiH
X'zt Alz+

v This work Lundsgaard and Rudolph ¢ Chan et al.? This work Way and Stwalley ¢

0 1355.81 1359.66 1359.71 278.43 280.84

1 1311.43 1314.68 1314.89 310.93 312.97

2 1267.93 1270.55 1270.89 333.96 335.69

3 1225.25 1227.31 1227.77 351.32 352.79

4 1183.28 1184.87 1185.44 364.47 365.85

5 1141.93 1143.06 1143.77 374.40 375.60

6 1101.05 1101.72 1102.60 381.70 382.68

7 1060.46 1060.73 1061.78 386.58 387.55

8 1020.00 1019.88 1021.17 389.59 390.37

9 979.43 978.85 980.52 390.79 391.59
10 938.43 937.40 939.62 390.37 391.05
11 896.77 895.21 898.09 388.55 389.19
12 854.04 851.75 855.48 385.33 385.94
13 809.68 806.39 811.19 380.82 381.32
14 763.20 758.32 764.44 375.02 375.21
15 713.69 706.47 714.22 367.88
16 660.02 649.46 659.27 359.31
17 600.82 585.5 597.89 349.11
18 533.93 5123 527.91 337.00
19 456.87 427.12 446.61 322.47
20 366.46 326.95 350.99 304.78
21 259.59 209.30 237.71 282.75
22 76.29 254.54
23 217.49
24 166.72

@ Theoretical results from Ref. [34]
b Experimental values from Ref. [49]
¢ Experimental values from Ref. [55]

vibrational spacing. Moreover, when there is a large discrep-
ancy, —12.5 cm~! for v = 38, the error is consistent with the
vibronic correction (—11.7cm™!) [6] both in sign and mag-
nitude. The position of the v = 34 level, located in the inner
well, is very sensitive to a delicate balance between the vari-
ous interactions. Even without any correction, we obtain it at
the right place between the v = 33 and v = 35 levels of the
main well, but somewhat below the experimental position. It
should be emphasised that we get all the vibrational levels
below v = 30, where vibronic effects on the vibrational spac-
ing are very small (of the order of 1072 cm™!), with an accu-
racy much below the wavenumber, and in fact almost all
below the tenth of a wavenumber. This remarkable accuracy
illustrates the quality of our description of the ionic and neu-
tral states and of the avoided crossings. It clearly shows that
our calculation presents some deficiencies only at very short

distances, otherway it yields a previously unattained accu-
racy, predicting the position of almost all vibrational levels
of the C state within a tenth of a wavenumber.

For the D state, the comparison with the experimental
spacing is more involved because the observed levels are
scarce and vibronic effects become important [7]. In particu-
lar the lowest level of the inner well has not yet been observed
and presents a strong vibronic shift [7]. This level is labelled
v = 1, since itis expected between the lowest (v = 0) and the
first excited (v = 2) levels of the outer and main well. Here,
within a Born—Oppenheimer approach, we found it below
v = 0, as in [7] without vibronic corrections. The experi-
mental spacing varies quite erratically. Going up in v, there
is a global decrease up to v = 7-8 and then an increase, but
with several exceptions. This strange behaviour is related to
the unusual shape of the wells and to, strong vibronic effects.
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Table 4 Spacings (in cm™'), AG; between the vibrational levels of the low-lying C and D' =+ states of LiH
cls* D'zt

v This work Exp.¢ This work Exp.t
0 290.98 290.99 871 (w=1)
1 286.56 286.42 58.07 (v =0) 59.27
2 281.93 281.79 58.35 56.81
3 277.22 277.13 57.83 59.74
4 272.57 272.44 56.64 57.19
5 267.92 267.73 42.94
6 263.25 269.03 11.68
7 258.50 258.31 51.39 11.20
8 253.75 253.63 44.24 40.31
9 249.08 248.95 25.58

10 244.45 244.33 32.36

11 239.84 239.72 41.60 45.47

12 235.26 235.17 44.64 41.11

13 230.74 230.67 47.82 44.78

14 226.27 226.21 50.71 58.08

15 221.85 221.81 53.29 58.06

16 217.48 217.48 55.63

17 213.18 213.19 57.78

18 208.96 205.98 59.78 73.61

19 204.80 204.81 61.65 67.12

20 200.71 200.71 63.38

21 196.66 196.67 64.99

22 192.67 192.68 66.48

23 188.72 188.73 67.84 79.92

24 184.81 184.84 69.07 77.33

25 180.92 180.97 70.16

26 177.07 177.16 71.14

27 173.23 173.35 72.00

28 169.39 169.57 72.74

29 165.50 165.80 73.36

30 161.48 162.02 73.90

31 157.16 158.23 74.34

32 151.11 153.30 74.68

33 63.15 96.93 74.94

34 89.01 54.83 75.12

35 139.21 142.12 75.23

36 126.44 132.27 75.27

37 102.62 103.67 75.24

38 99.27 86.77 75.15

39 113.65 112.6 74.99

40 114.42 116.50 74.79

41 105.79 106.24 74.53

42 85.09 84.51 74.22

43 73.87

44 73.48

45 73.05

46 72.58

47 72.08

48 71.54

49 70.98

50 70.38

¢ Experimental values from Ref. [26,28]
b Experimental values from Ref. [27]

Our calculations reproduce this global behaviour. It can also
be noticed that vibronic shifts differences, taken from [7],
assuming they are transferable, present a strong correlation
with our error in the vibrational spacing with respect to exper-
iment. For example, for v = 0, 2, 3,4, 5 vibronic effects
are expected to increase the vibrational spacing by a few
wavenumbers, as our error does compared to experimental
spacing. The effect on the v = 6 level amounts to about

50cm™~!, resulting in an inversion of levels 6 and 7, and thus
reducing the apparent discrepancy that can be seen in Table 4.
For v = 23 and v = 24, vibronic shifts are predicted to
increase the spacing by 18 and 9cm™!, respectively, while
our errors are about 13 and 9cm~!. However for a deeper
comparison, a diabatic approach consistent with the present
adiabatic data should be performed and the vibronic effects
reevaluated.



572

E.X. Gadéa, T. Leininger

3.2 Dipole moments

Permanent electric dipole moments of LiH in the X, A, C and
D states are reported in Fig. 5. Here again, the curves have
not been interpolated, taking benefit of the large number of
calculated points. As emphasised in [23], permanent dipole
moments nicely illustrate the ionic character of the adiabatic
states. The consecutive crossings X—A, A—C and C-D are
related to the neutral-ionic avoided crossings in the potential
energy curves and give a mean to locate with confidence these
crossings within an adiabatic approach. Quite similar results
were found for the ground state by the all-electron approach
of Lundsgaard and Rudolph [34]. For completness, transi-
tion dipole moments from the X state to A, C and D states
are reported in Fig. 6. The maximum of the X—A transition
dipole is known to be sensitive to the position of the neutral-
ionic avoided crossing, for larger distances it rapidly reaches
the atomic 2s — 2p asymptotic limit. The two other tran-
sition dipole moments are much less intense, the X—C one
changing sign around R = 7a.u.

| L | L | L
5 10 15 20 25 30

Ryp(aw)

I 7 { A R B

Fig. 5 Permanent dipole moments of the low-lying ! =+ states of LiH

U (a.u.)

T S NI B
12 14 16 18 20

Ryiy (a.u)

Fig. 6 Transition dipole moments from the X to the A, C and D'= ™
states of LiH

Table 5 Spacings (incm™'), AG, of LiH

v Lundsgaard and Berriche and Present work
Rudolph ¢ Gadea ?
0 351.6 357.4 3539
1 257.2 265.6 260.3
2 163.5 173.0 168.9
3 84.1 922 88.3
4 31.8 375 347
5 7.3 9.2 9.1

4 Theoretical values from Ref. [34]
b Theoretical values from Ref. [37]

4 LiH*

The spectroscopy of LiH™ is still unobserved, despite this ion
plays an important role in astrophysics chemistry and also in
various plasmas. Several calculations have shown that this
spectroscopy could be derived from its photoionisation spec-
trum which is predicted to present both a continuum and a
discrete part [36,37,34]. We used here the huge basis set
determined previously and which yields IP and EA of both
H and Li with an excellent accuracy, with errors of only 1
and 6¢cm™! for the IP and 15 and 64cm™! for the EA of
H and Li, respectively. As we are mainly interested here in
the ground state, we perform an all-electron calculation at
the CCSD(T) level. We get seven vibrational levels trapped
in the well. Among the previous studies, only two predicted
seven vibrational levels, the others found a less deep well
with fewer vibrational levels. The former is a pseudopoten-
tial approach where the origin of the well was attributed to
charge delocalisation due to a strong interaction between the
two ionic forms [37]. The second is the all-electron full CI
approach cited above [34].

Vibrational spacings, as well as spectroscopic constants
resulting from the present work are compared in Table 5
with these two contributions. Our dissociation energy is very
closed to the pseudopotential one [37] which also used very
large basis set and somewhat larger than the previous all-
electron determination [34] which involved a smaller basis
set. The equilibrium distance is shorter in the pseudopoten-
tial approach while both all-electron calculations find a very
similar one. This behaviour follows the general trend for
pseudopotential approaches in underestimating the equilib-
rium distance and overestimating the binding energy. This
is consistent with some underestimation of repulsive effects
of the pseudopotential approach. However, the equibrium
distance of LiH™ is reached at larger interatomic distances
compared to LiH and the differences are less important. The
rather good agreement between these data gives confidence
in the theoretical predictions. We get vibrational spacings
intermediate between the two previous calculations. For a
three-electron system, CCSD(T) is expected to be very closed
to full CI; therefore we are confident that the present work
which involves a much larger basis set than the one used
in [34] is more accurate.
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Table 6 Spectroscopic constants of the ground state of LiH and LiH ™,
all-electron CCSD(T) calculations

LiH X!'=+ LiH™ 2%+
Re(a.u.) 3.015 3.152
D, (eV) 2.512 2.075
we (em™1) 1383.2 1167.5
wexe(cm™ 1) -17.7 —25.6
T N T N T N T
30000~ .
200001~
e
S
g L
o
Q
C
L
10000 v=6
v=51
v=4
v=3
[ v=2
.
v=0
0 —
1 l 1 l 1 l 1
0 5 10 15 20

R (a.u.)

Fig. 7 Potential energy and vibrational levels of the ground states of
LiH and LiH™

5 LiH™

Although calculations for LiH™ are scarce, the anion has been
predicted to be stable relative to LiH, which was confirmed by
an experimental observation of the photoelectron spectrum
of LiH™ [38]. An interesting first-principles determination
of the photoelectron spectrum of LiH™ has been reported
recently [39], and our present data could be useful in that
direction. This study involved all the electrons and was per-
formed at the multireference configuration interaction single
and double together with Davidson correction (MRCISD+Q)
level. Here again, as we were interested in comparing the
ground states of LiH and LiH™, we performed for both mol-
ecules all-electron calculations at the CCSD(T) level, using
the same basis set than previously for H (1 and 15cm™!
error in IP and EA, respectively) and a slightly smaller basis
set for Li, differing only in the very diffuse exponents de-
voted to the highest Rydberg states. The resulting vibrational
spacing and spectroscopic constants for LiH and LiH™ are re-
ported in Table 6, while the potentials are illustrated in Fig. 7.

Table 7 Spacings (in cm™1), AG between the vibrational levels of
the ground state of LiH and LiH™, all-electron CCSD(T) calculations

v LiH!zt LiH™ %zt
0 1359.98 1129.22
1 1315.22 1074.15
2 1271.87 1020.83
3 1228.68 969.25
4 1185.69 919.06
5 1143.27 870.18
6 1101.59 822.65
7 1060.62 776.73
8 1020.24 732.58
9 979.98 689.95
10 939.13 648.78
11 897.48 609.04
12 854.93 570.72
13 811.01 533.74
14 764.63 498.25
15 713.71 464.51
16 656.18 432.47
17 589.90 401.47
18 513.45 370.32
19 429.30 338.84

The well for LiH™ is wider than for LiH and all the vibra-
tional spacings are smaller for the anion than for the neutral
molecule. We found three vibrational levels of LiH™ below
the lowest vibrational level of LiH. At least these levels of
the anion are stable with respect to autoionisation. At very
short distances, the two curves have parallel shapes, indicat-
ing that the calculation of the anion has converged to the
neutral state and an electron in a diffuse orbital. We could
not determine with precision where the two curves crosses.
The behaviour of the two curves indicates that this crossing
occurs above v = 6 of LiH or equivalently v = 13 of LiH ™.
Therefore the vibrational levels of LiH™ above v = 13 given
in Table 7, are only indicative since their real inner turn-
ing point may be in the continuum, and thus correspond to
resonances.

It is now interesting to analyse the accuracy of this new
neutral potential computed with almost the same huge basis
set than in the pseudopotential approach reported in the pre-
ceeding section, but now with an all-electron approach at the
CCSD(T) level. The equilibrium distance is now excellent,
with an error less than 1073 a.u., and better than the result
of Lundsgaard and Rudolph [34] which underestimated it by
at least 2 x 1073 a.u. The dissociation energy is also largely
improved with respect to the previous all-electron calcula-
tion which suffers from basis set limitations. Our error com-
pared to the experimental result is only, 24cm™!, an order
of magnitude better than the best previous ab initio deter-
mination [34]. However, the vibrational spacing of Lundsg-
aard and Rudolph remains slightly better for the few lowest
levels, while globally we get better results which deteriorate
only for the highest levels. Our error in the spacing becomes
substantially larger than a wavenumber for v higher than 15,
while it was for v = 8 in the previous work [34]. Only for the
levels higher than v = 15 the pseudopotential spacing is also
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Table 8 Dissociation limit (E«), equilibrium energies (E,) (in Hartree)

and transition energies (Go = E,_, — E, and Agp = Ei‘i’o — Eﬁ;ﬁ’ )
(in cm™1) of LiH, LiH* and LiH~

E E, Go Ago
LiH* —7.779398 —7.784539 211.20 62126.47
LiH —7.977516 —8.069827 698.21 0
LiH™ —8.005165 —8.081439 586.68 —2660.07

better. From these comparisons we can deduce that the cal-
culation of Lundsgaard and Rudolph beneficiates from some
error compensations, since the bottom of the well is excel-
lent but slightly shifted in R and suffers from a smaller basis
set as indicated by quite large errors in the EA of H and in
the dissociation energy. Our all-electron CCSD(T) approach
may suffer near the bottom of the well from the lack of the
contribution of quadruple excitations, but globally yields a
nice improvment.

Aswe have performed accurate calculations for the ground
states of LiH, LiHT and LiH~, which are moreover con-
sistent since they used very similar basis sets and identical
all-electron approaches at the CCSD(T) level, we report in
Table 8 some data corresponding to the absolute and rel-
ative position of the minima and lowest vibrational levels.
We hope this information could be useful for experiments or
further detailed studies. From this table it is easy to deduce
that our adiabatic IP and EA (Aqg) of LiH are 7.702762 and
0.329809 eV, respectively. This last value can be compared
to the highly accurate specific determination of Bubin and
Adamowich [12] 0.33030eV and to the experimental result
0.342 £0.012eV [38].

6 Conclusion

Accurate ab initio calculations have been performed for LiH,
LiH" and LiH ™, using huge basis sets; it is almost the same
for the three molecules. For LiH, using a pseudopotential ap-
proach, arather complete investigation has been produced for
.33+ potentials and electric dipole moments, involving all
potential curves dissociating below the Li(5s)+H(1s) asymp-
tote. It yields very good spectroscopic constants in excellent,
previously unattained, agreement with experiment, for the
higher part of the X state and all the A state. A spectacular
agreement, of the order of a tenth of a wavenumber and often
much less, is obtained for the C state with all the experimental
level spacings not much affected by vibronic effects. More-
over, the larger disagreements are correlated in sign and in
magnitude with the vibronic shift differences. This remark-
able agreement shows that the use of huge basis sets yield-
ing accurate asymptotes allows for very good descriptions
at intermediate and long distances, while underestimation of
repulsive effects arises only at the short interatomic distances.
Interestingly, this shows that there is room and need for deriv-
ing ab initio results and analysis which could be very accurate
and compatible with a diabatic approach. A goal which was
an important objective for Jean-Paul Malrieu. This study has

been completed by all-electron calculations at the CCSD(T)
level for the ground state of LiH, LiH* and LiH™. For the
neutral molecule, where the results could be compared with
the experimental ones, it gives a really remarkable global
accuracy, improving all previous ab initio studies. A similar
accuracy is expected for the anion and the cation, thus provid-
ing useful results, which could motivate further theoretical
and experimental work.
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