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Abstract

We study theoretically the structure and spectroscopic properties of the alkali alkaline-earth
(LiBe)+ ion. The potential energy curves and their spectroscopic parameters, permanent and
transition dipole moments are determined with a quantum chemistry approach. The (LiBe)+ ion
is modelled as two valence electron system moving in the ﬁeld of Be2+ and Li+ cores, which are
described by pseudopotentials. In addition, effective core-polarization potentials are included to
correct the energy. The molecular calculations are performed using a standard quantum
chemistry approach based on the pseudopotential model, Gaussian basis sets, effective core
polarization potentials, and full conﬁguration interaction (CI) calculations. The precision of our
spectroscopic parameters are discussed by comparison with currently available theoretical
results. A rather good agreement is observed for the ground and ﬁrst excited states. The
permanent dipole moments reveal many abrupt changes, which are localized at particular
distances corresponding to the positions of the avoided crossings.
S Online supplementary data available from stacks.iop.org/JPB/50/055101/mmedia
Keywords: pseudopotentials, conﬁguration interaction, potential energy curves, spectroscopic
parameters, dipole moments
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

been carried out in recent times. Using laser cooled atoms, the
ﬁrst evidence for the formation of the alkaline earth hydride
MgH+ was reported by Baba et al [11]. Later Drewsen et al
[12] introduced thermal H2 or D2 gas in a laser cooled Mg+
trap yielding the trap of the alkaline earth hydrides MgH+ or
MgD+. More recently, the ﬁrst steps towards the implementation of a simple scheme for rotational cooling of the
alkaline earth hydride MgH+ have been reported by Højbjerre
et al [4]. In recent times, and using the ab initio pseudopotential method developed by Foucrault et al [13], calculations
of the electronic structure have been performed for many
alkaline earth hydrides such as BeH+ [14] MgH+ [15, 16],
CaH+ [17, 18], SrH+ [17, 19] and BaH+ [17, 20]. Using a

Recently, studies of cold and ultra-cold diatomic polar
molecules have resulted in great interest in diverse research
areas such as metrology and astrochemistry [1, 2]. In fact,
these systems have a great importance in astrophysics and
spectroscopy because they are essential constituents of
interstellar media, comets, and cool stellar atmospheres. A
large variety of diatomic molecular systems are cooled by
rotational cooling [3–5], collision with buffer gases [6] and
photoassociative ionization [7–10]. Several experimental and
theoretical studies on alkaline earth hydrides (XH; X=Be,
Mg, Ca, Sr and Ba) and their corresponding ions (XH+) have
0953-4075/17/055101+09$33.00
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proposed by Barthelat and Durand [29] in its semi-local form
reduces the number of active electrons of the alkali alkalineearth (LiBe)+ ion to two electrons. We have used a core
polarization potential VCPP for the simulation of the interaction between the polarizable Be2+ and Li+ cores with the
valence electrons. Additionally, the SCF calculation is followed by a full valence conﬁguration interaction (FCI) calculation using the CIPSI algorithm. The core polarization
potential is used according to the formulation of Müller et al
[30] and is given by

similar methodology, we present in this work a theoretical
investigation of the low-lying electronic states of the alkali
alkaline-earth (LiBe)+ ion. We have calculated the potential
energy curves for the ground and low-lying excited states,
their spectroscopic parameters, and the permanent and transition dipole moments. We believe that this work will lay the
foundation for new experiments in cold and ultracold physics
and chemistry.
The alkali alkaline-earth (LiBe)+ ion, as the simplest
heteronuclear system, has been a long-standing topic in the
area of atomic and molecular physics [21–26]. The electronic
properties, including potential energy curves, the spectroscopic constants, and the vibrational energy levels, have been
reported. To the best of our best knowledge, no experimental
data are available for the alkali alkaline-earth (LiBe)+ ion.
Several theoretical studies, limited to the ground and ﬁrst
excited states, have focused on the structure and electronic
properties of the (LiBe)+ ion. The ﬁrst calculations on the
(LiBe)+ ion were performed by Safonov et al [21] in 1983
using the self-consistent ﬁeld (SCF) method. They determined
the potential energy curves and their spectroscopic constants
for the X1Σ+, 21Σ+ and 13Σ+ electronic states. After that,
Nicolaides et al [22] performed a theoretical study on the
stability and physicochemical reaction of the (LiBe)+ system.
Boldyrev et al [23] evaluated the bond length, harmonic
frequency and dissociation energy of the alkali alkaline-earth
(LiBe)+ ion but only for the ground state. The potential
energy curves of the ground and ﬁrst excited states of the
alkali alkaline-earth (LiBe)+ ion have been constructed by
Rakshit et al [24] in order to study the ion–atom collision at
low energy and to predict the possibility of the formation of a
cold molecular ion by photoassociation. They have used the
spectroscopic data published by Safonov et al [21] in 1983.
More recently, You et al [25] calculated the potential energy
curves of the X1Σ+, 13Σ+, 11Π and 11Π states of (LiBe)+
molecule. They have used the multi-reference conﬁguration
interaction method and large all-electron basis sets aug-ccpwCV5Z. More recently, Sun et al [26] reported the potential
energy curves for the ground and six low-lying excited
electronic states of the (LiBe+) molecular ion. Several spectroscopic parameters were also presented in their work. They
have used the multi-reference conﬁguration interaction
(MRCI+Q) and multi-reference averaged quadratic coupled-cluster (MRAQCC) methods including Davidson correction. The present work is devoted to the theoretical
determination of the electronic structure of the alkali alkalineearth (LiBe)+ ion using the method brieﬂy recalled in
section 2. Results including the potential energy curves, their
spectroscopic parameters, and permanent and transition
dipole moments are given in section 3. Section 4 summaries
our results with a conclusion.

VCPP = -

 
1
al fl . fl
å
2 l


where al is the dipole polarizability of the core l and fl is the
electric ﬁeld created by the valence electrons and all other
cores on the core l .



r
R

fl = å i3l Fl ril, rll å l3¢ l Zl
l ¢¹ l Rl ¢ l
i ril


where ril and Rl ¢ l are respectively the core–electron and
core–core vectors. According to the formulation of Foucrault

et al [13] Fl ril, rll represents the l-dependent cutoff func-

(

(

)

)

tions with adjustable parameters rll .
Based on the formalism of Foucrault et al [13], the cutoff

function Fl ril, rll is taken as a function of the quantum
number l. The extended Gaussian type basis sets used for Be
and Li atoms are respectively 7s9p10d/7s8p9d [14] and
9s8p5d1f/8s6p3d1f [31]. These basis sets have been chosen
in combination with the adjustment of the cutoff radii rs, rp, rd
and rf to match the experimental atomic energy of the lowest
levels of the Be, Be+ and Li species. The used core polarizabilities of Be2+ and Li+ cores are respectively 0.052 and
0.1915 a 0 3 which are taken from [30]. The optimized cutoff
parameters for the lowest valence s, p, d and f one-electron
states for the Be atom are, respectively, 0.889, 0.882, and 114
a.u., while for the Li atom are 1.434, 0.982, 0.600 and 0.400
a.u. We have computed the dissociation energies of all electronic states dissociating into Be+(2s, 2p, 3s, 3p and 3d)+Li
(2s, 2p, 3s, 3p and 3d) and Be(2s2, 2s2p, 2s3s, 2p2, 2s3p and
2s3d)+Li+. Our calculated dissociation energies are listed
in table S1 together with the experimental [32] data. This
table is given as supplementary material. The agreement
between our results and the experimental values is quite good,
with errors about a few tens of cm−1. The largest errors
between our results and the experimental values are 515, 511
and 342 cm−1 obtained respectively for the molecular states
dissociated into Be(2s2, 2s2p and 2s3d)+Li+.

(

)

3. Results and discussion
3.1. Potential energy curves

2. Method of calculation and its validation

Under the Born–Oppenheimer approximation, we computed
the potential energy curves for 44 low-lying electronic states
of 1,3Σ+, 1,3Π and 1,3Δ symmetries of the alkali alkaline-earth
(LiBe)+ ion dissociating into Be+(2s, 2p, 3s, 3p and 3d)+Li

In this work, we have used the available reference code of the
calculations developed in the Laboratory of Quantum Physics
of Toulouse [27, 28]. The use of the pseudopotential model
2

J. Phys. B: At. Mol. Opt. Phys. 50 (2017) 055101

C Ghanmi et al

Figure 2. Potential energy curves of the 10 lowest 3Σ+ electronic
states of the alkali alkaline-earth (LiBe)+ ion.
Figure 1. Potential energy curves of the 12 lowest 1Σ+ electronic
states of the alkali alkaline-earth (LiBe)+ ion.

(2s, 2p, 3s, 3p, and 3d) and Be(2s2, 2s2p, 2s3s, 2p2, 2s3p and
2s3d)+Li+. The (LiBe)+ ion is treated using the pseudopotential method proposed by Barthelat and Durand [29] in its
semi-local form and used in our previous works [14, 31, 33–
38]. The potential energy curves for BeLi and its ion BeLi+
were calculated previously by Safonov et al [21] in 1983
using the SCF method. In this work, the potential energy
curves of the electronic states of 1,3Σ+, 1,3Π and 1,3Δ symmetries of the alkali alkaline-earth (LiBe)+ ion are performed
for a large and dense grid of internuclear distances ranging
from 2.3 to 200 a.u. The potential energy curves of the 1Σ+
and 3Σ+ symmetries are displayed respectively in ﬁgure 1 and
ﬁgure 2. The potential energy curves of 1,3Π, 1,3Δ symmetries
are presented respectively in ﬁgures S1 and S2. These ﬁgures
are given as supplementary material. Very interesting behavior can be observed in the adiabatic potential energy curves
for the highly Rydberg excited electronic states of the 1,3Σ+,
1,3
Π and 1,3Δ symmetries. It corresponds to spectacular
undulations including multiple barriers and wells. Similar
behavior was observed in previous works [39–41] for many
diatomic molecules. Those undulations unrelated to avoided
crossings are closely correlated with the oscillations of atomic
radial density in the Rydberg states. In addition, we observe
that the adiabatic potential energy curves present many
avoided crossings at short and large values of internuclear
distance. These avoided crossings are between many excited
states of 1,3Σ+, 1,3Π and 3Δ symmetries. Most of them can be
explained by the interaction between the adiabatic potential
energy curves of LiBe(+) and Li(+)Be structures. The internuclear distances Rc at the avoided crossing between many

excited states of 1,3Σ+, 1,3Π and 3Δ symmetries are given in
table S2 (see the supplementary material). Important regions
of the avoided crossing between these states are well reproduced in the present study. We note for example the avoided
crossings between the neighbor electronic states of 1Σ+ and
3 +
Σ symmetries such between 101Σ+ and 111Σ+, and
between 83Σ+ and 93Σ+ located respectively at 19.66 and
21.03 a.u.
In order to prove the behavior of our potential energy
curves at long-range, we have interpolated the potential
energy curve of the ground state X1Σ+, dissociating into
C
C
Be(2s2)+Li+, using the analytical form 33 - 44 + D.
R
R
The parameters C3 and C4 are obtained by square ﬁtting. D
represents the asymptotic limit, which is equal to −1.014 195
a.u. We found for the parameters C3 and C4 respectively
0.193 996 and 18.474 66 a.u. The comparison of our polarizability ( a = 2 * C4) for Be(2s2) level with the available
theoretical works [30, 42–46] shows a very good agreement.
We found α=37.4932 a.u., while Müller et al [30], Mitroy
et al [42], Tunega [43], Bendazzoli et al [44], Porsev et al
[45] and Komasa [46] found respectively 37.29, 39.69, 37.73
(5), 37.807, 37.76 and 37.755 a.u. Figure 3 reports a comparison between the ab initio and analytical energies for the
ground state X1Σ+ of (LiBe)+ ion. This ﬁgure shows satisfactory agreement between the ab initio and analytical energies. Such agreement becomes better for large distance where
the behavior of the potential energy is corresponding to a pure
charge–dipole interaction and no chemical effects are acting.
3

J. Phys. B: At. Mol. Opt. Phys. 50 (2017) 055101

C Ghanmi et al

distance (Re), the dissociation energy (De), the vertical
transition energy (Te), the harmonic frequency (ωe), the
anharmonic frequency (ωeχe) and the rotational constant (Be).
Unfortunately, no experimental data can be found for all the
considered electronic states of the alkali alkaline-earth
(LiBe)+ ion. Our results are discussed only with the available
theoretical works [21–23, 25, 26, 47]. Table 1 presents the
spectroscopic parameters for the ground and the ﬁrst ﬁve
excited states compared with the available theoretical [21–
23, 25, 26, 47] results. As seen in table 1, the spectroscopic
parameters show a good agreement between our values and
the theoretical data [21–23, 25, 26, 47]. For the ground state,
11Σ+, our equilibrium distance Re=4.940 a.u. agrees well
with the theoretical values of Safonov et al [21] (Re=5.027
a.u.), Nicolaide et al [22] (Re=4.920 a.u.), Boldyrev et al
[23] (Re=4.968 a.u.), You et al [25] (Re=4.913 a.u.), Sun
et al [26] (Re=4.977 a.u.), and Pewestorf et al [37]
(Re=4.906 a.u.). Our dissociation energy De=4862 cm−1
presents a relatively large difference compared to the other
theoretical values [21, 25, 26]. It is 243 cm−1 smaller than
that of Safonov et al [21], 142 cm−1 smaller than that of You
et al [25] and 256 cm−1 larger than that of Sun et al [26]. Our
harmonocity frequency (ωe=323.7 cm−1) is very close to
the theoretical values of Safonov et al [21] of Boldyrev et al
[23] (320 cm−1) and larger than that of You et al [25]
(318.4 cm−1) and Sun et al [26] (315.3 cm−1). The present
anharmonic frequency (ωeχe=5.45 cm−1) is a little larger
than that of You et al [25] (4.31 cm−1) and Sun et al [26]
(4.762 cm−1), but smaller than that of Safonov et al [21]
(8.2 cm−1). For the excited state 13Σ+ there is an agreement
between our spectroscopic parameters and those of Safonov

Figure 3. Comparison between our ab initio (black line) and

analytical (red line) energies of the ground state of the alkali
alkaline-earth (LiBe)+ ion at long-range.

3.2. Spectroscopic parameters

The potential energy curves are used to extract the molecular
spectroscopic constants by the least squares method. These
spectroscopic parameters are respectively: the equilibrium

Table 1. Spectroscopic parameters for the ground and the ﬁrst six low-lying electronic states of the alkali alkaline-earth (LiBe)

State
XΣ
1

+

13Σ+

13Π
21Σ+
11Π
31Σ+
23Σ+

Re (a.u.)
4.940
5.027
4.920
4.968
4.913
4.977
4.906
5.530
5.612
5.546
5.605
5.02
5.028
5.104
9.150
5.461
Repulsive
5.320
5.262
5.365
11.74
Repulsive
12.74
Repulsive

De (cm−1)

Te (cm−1)

ωe (cm−1)

ωexe (cm−1)

Be (cm−1)

4862
5001

323.7
320

5.45
8.2

0.6395
0.6010

4904
4606

320
318.4
315.3

4.31
4.762

0.6173
0.6200

275.47
274
274.2
270.8
244.33
244.6
235.6
123.15
300

4.06
5.40
2.29
2.173
7.57
5.501
6.954
2.04
3.80

0.5016
0.4820
0.4949
0.4890
0.6100
0.5984
0.5890
0.1836
0.5070

5.12
1.572X101
4.696
9.24

0.5428
0.5329
0.5330
0.1111

0.85

0.1062

7615
7420
7527
1670
1650
1754
6977
1976
13 389

19 648

25 613

34 729

3183???
7225
3396
737

45 279

35 967

256.6
281.1
256.3
75.50

1830

46 631

78.94

4

references
This
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[22]
[23]
[25]
[26]
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[21]
[25]
[26]
This
[25]
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[25]
[26]
This
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[26]
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work
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Table 2. Spectroscopic parameters of the excited singlet electronic states of the alkali alkaline-earth (LiBe)+ ion.

State
41Σ+
51Σ+
First hump
First min
61Σ+
81Σ+
91Σ+
First hump
First min
101Σ+
First hump
First min
111Σ+
First hump
121Σ+
21Π
31Π
41Π
First min
First hump
51Π
First hump
First min
61Π
First hump
71Π
11Δ
First min
First hump
21Δ
First min
First hump
31Δ

Re (a.u.)

De (cm−1)

Te (cm−1)

ωe (cm−1)

17.27

535

51 075

37.17

1.90

0.0515

11.08
19.25
23.08
26.74

2065
1282
599
925

58 365
61 954
63 004

49.98
23.23
30.01

0.38
0.77
1.37

0.0414
0.0288
0.0214

13.62
31.44

1206
443

65 079

3.71

291.45

0.0150

19.38
34.67

1284
827

66 814

49.98

0.38

0.0414

23.48
24.16
repulsive
10.02

715
50

69 444

30.30

86.63

0.0255

968

61 585

62.36

17.74

0.1519

20.20
34.31

422
289

65 099

33.87

0.45

0.0376

16.26
27.63

1453
778

66 864

24.23

1.13

0.0202

23.87
24.36

1363
53

69 441

21.41

292.22

0.0252

6.39
12.16

9312
1872

62 547

355.95

0.76

0.3761

7.79
16.45
17.01

3744
1070
248

64 251

136.80

0.39

0.2529

69 234

56.29

3.73

0.0530

et al [21] and You et al [25]. We found for this state the
following spectroscopic paramaters Re=5.530 a.u.
De=7615 cm−1, ωe=275.47 cm−1, ωexe=4.06 cm−1 and
Be=0.5016 cm−1. These values are in very good agreement
with the theoretical results of Safonov et al [21], who found
for Re, De, ωe, ωexe and Be respectively 5.612 a.u., 7420 cm−1,
274 cm−1, 5.40 cm−1 and 0.4820 cm−1. Except the anharmonic frequency ωexe (2.29 cm−1), which is nearly the half of
our value, the rest of our spectroscopic parameters are in good
agreement with those found by Sun et al [26] (Re=5.546
a.u,
De=7527 cm−1,
ωe=274.2 cm−1
and
−1
Be=0.4949 cm ). A disagreement is observed between our
dissociation energy and the value found by Sun et al [26]. Our
dissociation energy (De=7615 cm−1) is 816 cm−1 larger
than that of Sun et al [26] (De=6799 cm−1). The difference
between the two well depths may be attributed to the different
basis sets and methods used in the calculations. For the 13Π
and 11Π electronic states there is a small difference between
our spectroscopic parameters and those of You et al [25]. In
addition, a clear disagreement is observed for the 21Σ+, 23Σ+
and 33Σ+ states between our work and the calculation of Sun
et al [26]. These states are repulsive in their work; however,

ωexe (cm−1)

Be (cm−1)

we found them attractive with dissociation energies of 1976,
1830 and 737 cm−1 respectively. The potential energy curves
have been calculated in the work of Sun et al [26] between
Rmin=2.83 a.u. and Rmax=15.11 a.u. and our equilibrium
distances (Re=9.15, 12.74 and 11.74 a.u.) for these states
are nearly Rmax. This can explain the reason why they do not
ﬁnd the potential wells associated to these states. In addition,
both methods used in our calculation and the work of Sun
et al [26] are different. The use of the pseudopotentials for the
(LiBe)+ ion reduce the number of active electrons to two
valence ones, whereas the SCF calculation produces the exact
energy, and the main source of errors corresponds to the
basis-set limitations. Furthermore, we correct the energy by
taking into account the core–core and core–electron correlations using the formalism of Foucrault et al [13]. In the multireference conﬁguration interaction (MRCI+Q) and multireference averaged quadratic coupled-cluster (MRAQCC)
methods used by Sun et al [26], the (LiBe)+ ion is treated as a
system with six electrons and uses the very large atomic
orbital basis sets 70s36p12d6f.
Tables 2 and 3 list only our spectroscopic information for
the excited states of 1,3Σ+, 1,3Π and 1,3Δ symmetries. Table 2
5
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Table 3. Spectroscopic parameters of the excited triplet electronic states of the alkali alkaline-earth (LiBe)+ ion.

State
33Σ+
43Σ+
53Σ+
63Σ+
73Σ+
First hump
First min
83Σ+
First hump
First min
93Σ+
First hump
103Σ+
23Π
33Π
First min
First hump
Second min
43Π
53Π
63Π
First hump
First min
73Π
First hump
83Π
13Δ
First hump
23Δ
First hump
33Δ

Re (a.u.)

De (cm−1)

Te (cm−1)

ωe (cm−1)

ωexe (cm−1)

Be (cm−1)

13.55
18.73
22.39
36.87

1481
960
2383
215

50 129
56 076
61 545
63 748

70.91
50.52
43.38
9.96

2.72
1.04
0.17
3.41

0.0836
0.0440
0.0306
0.011 30

14.70
32.06

1945
826

66 587

23.61

0.99

0.0150

20.90
52.10

1685
242

67 399

2.56

0.59

0.0056

23.33
24.15
repulsive

1356
50

69 444

28.42

9.24

0.0258

6.92
11.67
16.76
11.73
24.71

3061
619
937
1118
834

60 901

188.34

1.59

0.3203

63 026
64 762
66 579

43.39
292.73
23.66

0.70
19.1
0.42

0.0544
0.1112
0.0251

19.44
48.77

1646
220

67 421

22.74

1.97

0.0252

23.97
24.48

1363
51

69 443

22.82

25.79

0.0252

12.74

1585

17.82
20.49

1205
140

69 344

34.86

1.22

0.0366

presents the spectroscopic parameters of the (4-12)1Σ+, (28)1Π and (1-3)1Δ excited states. The spectroscopic parameters of the (3-10)3Σ+, (2-8)3Π and (1-3)3Δ states are
presented in table 3. We remark that the excited states like
51Σ+, 9-111Σ+, 4-61Π, 1-21Δ, 21Δ, 73Σ+, 93Σ+, 6-73Π and
1-23Δ present several humps with barrier energy of many
hundreds of cm−1. These humps can be explained by the
existence of avoided crossings between the electronic states.
Their existences will generate large non-adiabatic coupling,
and lead to undulating behavior of the higher excited states at
large internuclear distances. Moreover, the 33Π electronic
state exhibits a double well of depths of respectively 3061 and
937 cm−1 located at 6.92 and 16.76 a.u. The 71Σ+, 21Π, 81Π
and 23Π electronic states are found to be repulsive.

BeH+ [14], MgH+ [15, 16], CaH+ [17, 18], SrH+ [17, 19]
and BaH+ [17, 20]. We calculated the permanent and transition dipole moments of the alkali alkaline-earth (LiBe)+ as a
function of the internuclear distance, using the same data
deﬁned in the previous sections. The sign of the permanent
dipole moment depends on the choice of the origin. In this
work, the Be2+ and Li+ cores are placed at 0 and R respectively. Figures 4, 5 and S3–S5 (see the supplementary material) present respectively the permanent dipole moments for
the electronic states of the 1Σ+, 3Σ+, 1Π, 3Π and 1, 3Δ
symmetries. It is clear that the signiﬁcant changes of the sign
of the permanent dipole moment at small internuclear distances are due to the change of the polarity in the molecule,
going from the Li(+)Be structure for the positive sign to the
LiBe(+) structure for the minus sign. This interpretation
conﬁrmed the sign convention as demonstrated in similar
previous studies [48–54]. Additionally, many abrupt changes
are observed between the permanent dipole moments of the
1 + 3 + 1
Σ , Σ , Π and 3Π electronic states. Such abrupt changes
of the permanent dipole moments could be attributed to the
sudden change of the electronic conﬁgurations in the wavefunctions of the two electronic states near their avoided
crossing points. Many abrupt changes can be related to the
charge transfer process between the two ionic arrangements

3.3. Permanent and transition dipole moments

The dipole moments are indispensable in determining the
electronic and optical properties of molecules. In addition, the
dipole moments are useful in analyzing the interaction
between lasers and molecules. It also represents a sensitive
test for the quality of the interaction energy and electronic
wave functions. This physical quantity has been computed
previously for many alkaline-earth molecular ions such as
6
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Figure 4. Permanent dipole moment of the ﬁrst ten Σ
1

+

states of the alkali alkaline-earth (LiBe) ion.

+

Figure 5. Permanent dipole moment of the ﬁrst ten Σ
3

electronic

+

states of the alkali alkaline-earth (LiBe) ion.

Li(+)Be and LiBe(+). We mentioned here the abrupt changes
between the 73Σ+ and 83Σ+ states located at 14.91, 23.43 and
59.47 a.u. Figure 4 shows the permanent dipole moments of
the 1-31Σ+ (a) and 4-101Σ+ (b) electronic states. The permanent dipole moments of the 11Σ+, 31Σ+, 5-61Σ+ and
81Σ+ electronic states, dissociating respectively into Be(2s2,
2s2p, 2s3s, 2p2 and 2s3p)+Li+, are signiﬁcant and yield at
large distance linear behavior functions. The permanent
dipole moments of the other electronic states are less
important. They present maxima in a particular region and
then vanish quickly at large internuclear distance. In ﬁgure 5,
we present the permanent dipole moments for the ﬁrst ten
states of 3Σ+ symmetry. For the 13Σ+, 43Σ+, 63Σ+ and 73Σ+
electronic states, dissociating respectively into Be(2s2p, 2s3s,
2s3p and 2p2)+Li+, the permanent dipole moments are
signiﬁcant and yield a pure linear behavior function of R. In
addition, we remark that the 83Σ+ electronic state dissociating
into Be+(2s)+Li(3p) has an important permanent dipole
moment, which presents linear behavior between 20 and 60
a.u. and ﬁnally it becomes a constant. The permanent dipole
moments of the remaining electronic states are insigniﬁcant
and vanish rapidly to a constant value at large distance.
The permanent dipole moments have also been determined for the electronic states of the 1,3Π and 1,3Δ symmetries. Their permanent dipole moments are placed in the
supplementary materials and displayed respectively in ﬁgures

+

electronic

S3–S5. The permanent dipole moments of the ﬁrst eight
electronic states of the 1Π symmetry are displayed in ﬁgure
S3, whereas those of the 3Π symmetry are presented in ﬁgure
S4. From these ﬁgures, we remark that the permanent dipole
moments of the electronic states, dissociating respectively
into Be(2s2p, 2s3s, 2s3p and 2s3d)+Li+, are signiﬁcant and
yield a pure linear behavior function of R. The permanent
dipole moments of 1,3Π electronic states, dissociating
respectively into Be+(2s)+Li(2s), Be+(2s)+Li(2p),
Be+(2s)+Li(3s), Be+(2s)+Li(3p), Be+(2s)+Li(3d) and
Be+(2p)+Li(2s) vanish rapidly at large distance to a constants. Moreover, we get the same observation as for the
permanent dipole moments of the 1Σ+ and 3Σ+ electronic
states. The abrupt changes in the permanent dipole moments
are localized at particular distances corresponding to the
avoided crossings between the two neighbor electronic states.
The permanent dipole moments of the electronic states dissociated into Be+Li+ have a pure linear behavior function
of R.
The transition dipole moments between neighbor electronic states have also been determined for the electronic
states of 1,3Σ+, 1,3Π and 1,3Δ symmetries. Here, we present
only the transition dipole moments between the neighbor
electronic states of the 1Σ+ symmetry. They are displayed in
ﬁgure 6. The transition dipole between the ground state X1Σ+
and the excited state 21Σ+, dissociating respectively into
7
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theoretical data for the experimental investigations. We have
used a standard quantum chemistry approach based on the
pseudopoential for Li+ and Be2+ cores, Gaussian basis sets,
effective core polarization potentials, and full conﬁguration
interaction calculations. A very interesting series of avoided
crossings between the electronic states of 1,3Σ+, 1,3Π and 3Δ
symmetries has been observed and localized. Most of them
are related to the interaction between the adiabatic potential
energy curves of LiBe(+) and Li(+)Be structures. The agreement between the spectroscopic parameters obtained in our
work and those of the previous studies [21–23, 25, 26, 47] for
the ground (X1Σ+) and ﬁrst excited states was shown to be
satisfactory. In addition, a clear disagreement is observed
between our work and the calculation of Sun et al [26] for the
21Σ+, 21Σ+ and 23Σ+ states. As expected, the permanent
dipole moments of the electronic states dissociating into
Be(2s2, 2s2p, 2s3s, 2p2, 2s3p and 2s3d)+Li+ exhibit an
almost linear behavior function of R, especially for intermediate and large internuclear distances. Moreover, the
abrupt changes in the permanent dipole moment are localized
at particular distances corresponding to the avoided crossings
between the neighboring electronic states.
This work reported accurate data which are in great
demand by many experimental groups as a support for
comparison and further simulations. Our study predicted
accurate data for further use in the future that can help
experimentalists as well as theorists. In addition, we expect to
use the results presented in this paper in our group for further
dynamical studies such as the ﬁrst and second derivatives of
the electronic wavefunctions, vibrational predissociations,
and low temperature collisions.
In fact, our present results do not supersede the available
data on the BeLi+ ion. In contrast, using the pseudopotential
approach we were able to extend our study to the higher
excited states and to the permanent and transition dipole
moments that are presented here for the ﬁrst time. Our data
enrich and supplement the existing data published previously.
As can be seen from tables 1–3 most of the excited states have
not been studied previously. In fact, tables 2 and 3 were
devoted to electronic states studied for the ﬁrst time. Accurate
data for the ground states as well as for the excited states can
be used, and are actually under use in our group, for photoassociation prediction of this ionic molecule. In addition the
accurate data produced will be made available for interested
scientists for experimental comparison and theoretical
predictions.

Figure 6. Transition dipole moment of the 1Σ+ electronic states of

the alkali alkaline-earth (LiBe)+ ion.

Be(2s2)+Li+ and Be+(2s)+Li(2s), is very large. It presents a maximum of 1.94 a.u. located at 6.05 a.u. It is
expected that around this distance there is an important
overlap between the corresponding molecular wavefunctions.
At large distance, the 11Σ+→21Σ+ transition converges
rapidly to zero. The same thing is observed for the
21Σ+→31Σ+,
31Σ+→41Σ+,
41Σ+→51Σ+,
1 +
1 +
1 +
1 +
1 +
5 Σ →6 Σ ,
6 Σ →7 Σ ,
7 Σ →81Σ+
and
1 +
1 +
9 Σ →10 Σ transitions. They present respectively maximums of 2.74, 5.04, 3.87, 3.77, 7.26, 8.79 and 11.18 a.u.
found respectively at 10.12, 13.28, 15.25, 24.37, 28.03, 29.08
and 28.87 a.u. and they vanish quickly at large distances. In
addition, the transition between 81Σ+ and 91Σ+ states dissociating respectively into Be(2s3p)+Li+ and Be+(2s)+Li
(3p), presents many peaks located at particular distances
associated to the avoided crossings in the potential energy
curves.
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