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ABSTRACT: Using an ab initio approach based on non-
empirical pseudopotentials for the Mg2+ and Li+ cores,
Gaussian basis sets, effective core polarization potentials and
full configuration interaction calculations, the adiabatic
potential energy curves, the spectroscopic constants, the
permanent and transition electric dipole moments of the
several lowest electronic states of the alkali−alkaline earth ion
MgLi+ have been performed. These states dissociate into
Mg+(3s and 3p) + Li (2s, 2p, 3s, 3p, 3d, 4s, 4p, and 4d) and
Mg (3s2, 3s3p, 3s4s, 3s3d, 3s4p, 3s5s, and 3s4d) + Li+. The
spectroscopic constants (Re, De, Te, ωe, ωexe, and Be) of the
ground state and nearly 53 excited states of 1,3Σ+, 1,3Π, and 1,3Δ
symmetries are derived. Most of them are computed for the
first time. Moreover, several avoided crossings between the
electronic states of 1,3Σ+, 1,3Π symmetries are localized and analyzed. Their existence is related to the interaction between the
potential energy curves and to the charge transfer process between the two ionic systems Mg+Li and MgLi+. Furthermore,
accurate adiabatic permanent and transition dipole moments for several transitions have been calculated for a large and dense
grid of internuclear distances for the first 15 1Σ+ electronic states. A linear behavior is observed in the permanent dipole moments
for several electronic states. Additionally, the transition electric dipole moments between neighbor states have shown many peaks
situated around the avoided crossing positions.

1. INTRODUCTION
In recent decades, experimental and theoretical researches on
the formation of cold and ultracold molecules, either neutral or
ionic species have been progressing swiftly and many research
groups around the world are now involved in this recent and
powerful branch of spectroscopy. After the first group of alkali
elements, the second group of alkaline-earth elements is
receiving a great deal of attention, they were the subject of
several experimental and theoretical studies.1−3 One of the
main reasons for this interest is the possible construction of
optical clocks,4 whose precision might exceed that of the
current atomic standard of time.5,6 Increased exactness of time
standards is, for example, preferred for the search for a time-
dependent variation of fundamental constants in atomic
experiments, which thereby would verify claims based on
astrophysical data.7 Therefore, high precise spectroscopic data
for alkaline-earth and alkali molecules are necessary to stimulate
and predict the theoretical formation of this species and to get a
detailed control and active manipulation of the internal as well
as external degrees of freedom of molecules. New quantum
information processing implementations8can be opened when
control and manipulation of molecules prosper. Refined
reaction studies, which contain unimolecular reactions with
coherent light fields9,10 or bimolecular reactions between two
reaction partners in well-characterized quantum states,11 can be

the result of state-prepared molecular targets. Ultimately, the
opportunity of having an intense collection of identically
prepared molecules allows the realization of new collective
phenomena, such as the Bose−Einstein condensation of
molecules.12,13

Alkaline earth elements are an interesting class because the
monopositive ions of these elements have only a single valence
electron. That is why, theoretical investigations of the ground
and excited electronic states of the ionic system MgLi+ are
performed using the same approach already used by our team
in the study of alkali dimers.14−16 The MgH+molecular ion has
been intensively studied experimentally17,18 and theoret-
ically.19−24 While the ionic system MgLi+ presents a limited
number of studies. Boldyrev et al.25 have used the MP2 (full)
level with polarized split-valence basis set 6-311+G* in order to
provide bond lengths, harmonic frequencies, and dissociation
energies of low-lying electronic states for LiX, LiX+, and LiX−

(with X = Li through F and Na through Cl). Moreover,
optimized geometries, dissociation energies, ionization poten-
tials, and electron affinities were calculated for the ground state
for several species. Pyykkö26 has calculated the equilibrium
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distance, the well depth and the frequency using two methods:
Hartree−Fock 6-31G* and Møller−Plesset calculations. More
recently, Yufeng Gao and Tao Gao27 performed ab initio
calculations for the ground and low-lying states of MgLi and
MgLi+ molecules using the MOLPRO package.28 They
determined the potential energy curves and the permanent
and transition dipole moments making use of the multi-
reference configuration interaction and valence full config-
uration interaction with large basis sets. The core−valence
correlation and scalar relativistic correction are also taken into
account with aug-cc-pCVQZ basis set and the third Douglas−
Kroll Hamiltonian approximation, respectively.
None of the existing studies25−27 offers to the MgLi+

molecular ion system a complete study. That is why we are
interested in studying in depth this ionic molecule. We will
determine accurate potential energy and electric dipole
moment function for 56 electronic states of 1,3Σ+, 1,3Π, and
1,3Δ symmetries. Using the cubic spline interpolation between
each two consecutive points of the potential energy curves
already calculated, the spectroscopic constants will be derived
and presented and compared with the few available studies. The
accurate data, interaction energy, and dipole moments are
exploited in our group to simulate the elastic, inelastic, and
photoassociation processes in our group and will be provided
for readers for further future use.
The paper is organized as follows. In section 2, the used

methodology is briefly presented. Section 3 is devoted to our
results where the potential energy curves and the molecular
constants are presented, analyzed, and compared with the few
available theoretical and experimental works. In addition, the
dipole moment functions will be presented and analyzed.
Finally, we conclude in section 4.

2. METHOD OF CALCULATION

As previously mentioned, numerous studies on heteronuclear
alkali dimers such as LiH,14 CsLi,15 and LiNa16 have been
performed using the CIPSI package (configuration interaction
by perturbation of a multiconfiguration wave function selected
iteratively) of the Laboratoire de Physique et Chimie
Quantique of Toulouse in France.29,30 To investigate the
electronic structure of the MgLi+ system, we used the same
quantum chemistry methods. The MgLi+ molecular ion is a
system with 14 electrons. The study of a molecule containing
this large number of electrons is complicated, especially for the
highly excited states. To make things easier, we use the
nonempirical pseudopotential method proposed by Durand
and Barthelat,31−34 which consists to replace each core Mg2+

and Li+ by the effective potential. Subsequently, our MgLi+

molecule is modeled as an effective two-electron system, where
the two valence electrons are moving in the field of the two
cores. Because of this approximation, we can use a large
Gaussian basis sets reaching to have more excited molecular
states. Consequently, we proceed by the corrections of core−
core and core−valence correlation according to the formalism
of Müller et al.35 In addition, we use l-dependent core-
polarization potentials of Foucrault et al.36 type to take into
account partially the core-polarization and core−valence
correlations. For magnesium, we used a large Gaussian basis
set (9s, 7p, 5d, and 4f) composed of 83 functions. The diffuse
orbital exponents have been optimized to reproduce with good
accuracy all the atomic states dissociating into: Mg+(3s, 3p, 4s,
3d, 4p, 5s, 4d, 4f, 5p, and 6s) and Mg (3s2 (1S), 3s3p (3P), 3s3p
(1P), 3s4s (3S), 3s4s (1S), 3s3d (1D), 3s4p (3P), 3s3d (3D),
3s4p (1P), 3s5s (3S), 3s5s (1S), 3s4d (1D), 3s4d (3D), and 3s5p
(3P)). After contraction, this basis was reduced to 7s7p4d4f and
the function number decreases to only 76. Aymar et al.37 used a
(7s5p4d2f) basis set contracted to (6s5p2d2f); therefore, the
function number decreases from 56 to 45.
While for lithium, we use a 9s8p5d/8s6p3d Gaussian basis

set taken from ref 38, except that we have eliminated
coefficients and exponents of the f orbital. The basis set used
is composed of 58 functions. After contraction, the function
number diminishes to only 41. Bases were optimized to
reproduce the energy of atomic states of each atom in the
neutral and the ionic state, in order to match the experimental
energy of the lowest levels. In the present work, the core
polarizabilities and the cutoff radii designed for the lowest
valence s, p, d, and f one electron for Mg and Li are presented,
respectively, in references.37,38 The atomic energy levels E(i)
for Mg+ and Mg are defined as[{E(i) − PIMg(II)}/21947.63] and
[{E(i) − (PIMg(I) + PIMg(II))}/219474.63],respectively, where
PIMg(I) = 6167.05 cm−1 and PIMg(II) = 121267.64 cm−1 are the
ionization energy values of Mg(I) and Mg(II), respectively.
Atomic energy levels for Mg and Mg+ are given in Tables 1 and
2. The quality of the used basis sets and cutoff radii are
confirmed by the good agreement between our values and the
experimental39 and theoretical40 atomic energy levels. The
difference between our results and the experimental values does
not exceed 513 cm−1, which is found for Mg (3s5p) (3P)
atomic level. We can mention that for the remaining atomic
energies, the difference is lower than 179 cm−1. However, the
agreement between the energy levels of Mg+ and the
experimental one is much better seeing that we have
reproduced Mg+ experimental binding energies exactly for: 3s,

Table 1. Atomic Energy Levels of Mg+(in cm−1)

E (au)

atomic level this work experiment39 ΔE (cm−1)
E (au)

theoretical40 ΔE (cm−1)

Mg+ (3s) −0.552535 −0.552535 0 −0.552535 0
Mg+ (3p) −0.389805 −0.389805 0 −0.389737 14.92
Mg+ (4s) −0.234473 −0.234480 1.53 −0.234324 34.238
Mg+ (3d) −0.226800 −0.226800 0 −0.226804 0.87
Mg+ (4p) −0.185136 −0.185136 0 −0.185014 26.77
Mg+ (5s) −0.129621 −0.129751 28.53 −0.129667 18.43
Mg+ (4d) −0.127751 −0.127380 81.42 −0.127373 1.53
Mg+ (4f) −0.124672 −0.125152 105.348
Mg+ (5p) −0.108268 −0.108466 43.45
Mg+ (6s) −0.082236 −0.082336 21.94
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3p, 3d, and 4p. The difference of energy for Mg+ (4s) atomic
level is equal to 1.53 cm−1 and for the other highly excited
levels 5s, 4d, 4f, 5p, and 6s, the discrepancy is between 22 and
105 cm−1. As our basis set contains f orbitals, we reach in our
calculations states up to the excited levels 4f, 5p, and 6s. Such
accuracy will be transmitted to the different asymptotic state
energies of the MgLi+ cationic molecule determined using our
extended basis sets. Table 3 illustrates the molecular asymptotic
energies for the MgLi+ studied electronic states. From this
table, we can conclude that the atomic energy levels and
dissociation limits are in good agreement with the experimental
results. The largest error (ΔE/E) is found for Mg (3s5p)3P+Li+

asymptotic limit which is equal to 0.3992. The error for the
remaining asymptotic limits is lower than 0.1235.

3. RESULTS AND DISCUSSION

3.1. Potential Energy and Spectroscopic Constants. A
full and expanded calculation was undertaken for many
electronic states of 1,3Σ+, 1,3Π and 1,3Δ symmetries for MgLi+

cationic molecule. Energies are calculated using the method
reported in the previous section. However, to test the
calculation methodology, the atomic energy levels for Mg+,
Mg and Li are determined and compared with experimental
values (see Table 3). In addition, the sum of the atomic levels
are presented and compared with the corresponding exper-
imental limits.39 They are determined for all molecular states
dissociating into 1−151, 3Σ+, 1−9 1,3Π, and 1−3 1,3Δ molecular
states for MgLi+ (up to Mg+(3s) + Li(4p) and Mg(3s5p)3P +
Li+, respectively). The ab initio calculation was performed for a
large and dense grid of internuclear distance R varying from
3.28 to 197 au. The potential energy curves as functions of
internuclear distance R are drawn in Figures 1−6 for 1−15 1Σ+,
1−15 3Σ+, 1−9 1Π, 1−9 3Π, 1−3 1Δ, and 1−3 3Δ states,
respectively. Most states are bound and present potential
depths varying from hundreds to thousands cm−1. They are
smooth with a well-defined unique minimum especially for the
very lowest states. The potential energy curves for the higher
1,3Σ+ and 1,3Π states show several avoided crossings, which
appear where two PECs of the same symmetry approach each
other and they take place at short distances as well as large
internuclear distances, altering the PECs and electronic
properties of the involved states. They are due to nonadiabatic
couplings. The lowest two states (X1Σ+ and 21Σ+) are easy to
be described and analyzed for the reason that they are well

Table 2. Atomic Energy Levels of Mg (in cm−1)a

E (au)

atomic levels this work experiment39 ΔE (cm−1)

Mg (3s2) (1S) −0.834150 −0.833528 −136.51
Mg (3s3p) (3P) −0.733936 −0.733848 −19.31
Mg (3s3p) (1P) −0.673222 −0.673823 +131.90
Mg (3s4s) (3S) −0.646635 −0.645819 −179.09
Mg (3s4s) (1S) −0.636076 −0.635313 −167.46
Mg (3s3d) (1D) −0.615593 −0.622100 −27.21
Mg (3s4p) (3P) −0.614545 −0.615469 +104.25
Mg (3s3d) (3D) −0.621607 −0.615020 +108.20
Mg (3s4p) (1P) −0.608671 −0.608688 +3.73
Mg (3s5s) (3S) −0.597327 −0.597180 −32.26
Mg (3s5s) (1S) −0.594319 −0.594065 −55.74
Mg (3s4d) (1D) −0.590645 −0.591429 +172.06
Mg (3s4d) (3D) −0.586296 −0.586610 +68.91
Mg (3s5p) (3P) −0.584005 −0.586345 +513.57

aΔE gives the difference between the calculated and the experimental
energy.

Table 3. Asymptotic Energy of MgLi+ Electronic States (in cm−1)a

E (au)

molecular state asymptotic molecular state this work experiment39 ΔE (cm−1) ΔE/E
1∑+ Mg(3s2)1S + Li+ −0.834150 −0.833528 136.51 0.0746
1,3∑+ Mg+(3s) + Li(2s) −0.750676 −0.750676 0 0
3∑+, 3∏ Mg(3s3p)3P + Li+ −0.733936 −0.733848 19.31 0.0119
1,3∑+, 1,3∏ Mg+(3s) + Li(2p) −0.682762 −0.682770 1.75 0.0011
1∑+, 1∏ Mg(3s3p)1P + Li+ −0.673222 −0.673823 131.90 0.0891
3∑+ Mg(3s4s)3S + Li+ −0.646635 −0.645819 1.29 0.0009
1∑+ Mg(3s4s)1S + Li+ −0.636076 −0.635313 167.45 0.1200
1,3∑+ Mg+(3s) + Li(3s) −0.626688 −0.626716 6.14 0.0044
1∑+, 1∏, 1△ Mg(3s3d)1D + Li+ −0.621607 −0.622100 108.20 0.0792
3∑+, 3∏ Mg(3s4p)3P + Li+ −0.615593 −0.615469 27.21 0.0201
3∑+, 3∏, 3△ Mg(3s3d)3D + Li+ −0.614545 −0.615020 104.25 0.0772
1,3∑+, 1,3∏ Mg+(3s) + Li(3p) −0.609767 0.609769 0.43 0.0003
1∑+, 1∏ Mg(3s4p)1P + Li+ −0.608671 −0.608688 3.73 0.0028
1,3∑+, 1,3∏, 1,3△ Mg+(3s) + Li(3d) −0.608124 −0.608140 3.51 0.0026
3∑+ Mg(3s5s)3S + Li+ −0.597329 −0.597180 32.70 0.0249
1∑+ Mg(3s5s)1S + Li+ −0.594319 −0.594065 55.74 0.0427
1,3∑+ Mg+(3s) + Li(4s) −0.591087 −0.591149 13.60 0.0104
1∑+, 1∏, 1△ Mg(3s4d)1D + Li+ −0.590645 −0.591429 172.06 0.1235
1,3∑+, 1,3∏ Mg+(3p) + Li(2s) −0.587946 −0.587946 0 0
3∑+, 3∏, 3△ Mg(3s4d)3D + Li+ −0.586296 −0.586610 68.91 0.0535
1,3∑+, 1,3∏ Mg+(3s) + Li(4p) −0.584482 −0.584508 5.70 0.0044
3∑+, 3∏ Mg(3s5p)3P + Li+ −0.584005 −0.586345 513.57 0.3992

aΔE/E gives the relative error between the calculated and the experimental energy values (in %).
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separated from the highest states of the same symmetry and
their computed energy profiles do not show any avoided
crossing feature and maintain an energy gap about 18320 cm−1.
The description and analysis becomes more complicated for the
higher states, which are closed to each other and interact much
more for numerous bond distances. This is particularly true for
small bond distances as shown in Figure 1. Going to the largest
distances between the two atoms, the states are interacting two
by two sequentially as can be seen with the avoided crossings.
For instance, the 83Σ+ and 93Σ+ interact on three occasions
10.85a0, 15a0 and 22.44a0. These series of avoided crossings
have a fundamental importance in the study of the charge
transfer between species. They are responsible for the existence
of some particular form of potential energy curves like double
and sometimes triple wells and barriers. As result, we remark
the existence of undulations for the higher excited states. The
positions of such avoided crossings are gathered in Table 4
accompanied by the energy difference at these considered
crossing positions.
To check the accuracy of our calculated potential energy

curves, we have extracted from the PES the spectroscopic
constants (equilibrium distance Re, well depth De, electronic
excitation energy Te, frequency ωe, harmonicity constant ωexe,
and rotational constant Be) for all symmetries. These
spectroscopic constants are gathered in Table 5 and compared
with the few available theoretical and experimental
works.25−27,41,42 To the best of our knowledge, only the first
state from the 1,3Σ+ and 1,3Π symmetries are performed and no
spectroscopic data for the remaining highly excited states have
been found for such molecular system. For this raison, we
present only our spectroscopic constants. The frequency ωe
and the harmonicity constant ωe xe, measured in cm−1, were

determined by least-squares interpolation of the vibrational
energy represented by the usual expression:

ω ω= + + − +⎜ ⎟ ⎜ ⎟
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠E V v x v(R )

1
2

1
2v e e e e

2

where χe is the anharmonicity constant. The dissociation energy
is given approximately by

ω
ω χ

≅De
e

e e

2

4

The rotational energy is expressed by Erot = BeJ(J + 1)

μ
= ℏ

B
R2e

e

2

2

Be is the equilibrium rotational constant (or the rotational
constant for the equilibrium separation Re.
Altogether, it can be concluded that our results are in good

concordance with those available in the literature. Making use
of the MP2 (full) level with polarized split-valence basis set 6-
311+G*, Boldyrev et al.25 calculated only three spectroscopic
constants for the ground state X1Σ+ (Re = 5.546 au, De = 6470.5
cm−1, and ωe = 261 cm−1). Their theoretical values display
good accuracy with ours (Re = 5.47 au, De = 6575 cm−1, and ωe
= 264.22 cm−1). The spectroscopic constants provided by
Pyykkö26 were calculated for the ground state by two methods:
Møller−Plesset and HF calculations. Constants given by MP2
calculations (see Table 5) (Re = 5.56 au, De = 6453 cm−1and ωe
= 262 cm−1) are closer to our values (Re = 5.47 au, De = 6575
cm−1and ωe = 264.22 cm−1) than those found by HF
calculations (see Table 5) (Re = 5.62 au, De = 6264 cm−1,
and ωe = 255 cm−1). This very good agreement confirms the
quality and the accuracy of our calculation. On the contrary,
our calculated value of D0 (MgLi+) = 6443 cm−1, is much larger
than the experimental value 734 cm−1 published on 1980 in the
literature.42 Gao et al.27 plotted the potential energy curves
correlating to the first four dissociation limits of MgLi+{
Mg(3s2)1S + Li+, Mg+(3s) + Li(2s), Mg(3s3p)3P + Li+, and
Mg+(3s) + Li(2p)} at the valence FCI level of theory with the
AVQZ basis set. Their potential energy curves are in good
agreement with ours. Then, they computed the corresponding
spectroscopic constants(Re, De, Te, ωe, ωexe, and Be). Their
spectroscopic constants with different basis sets (AV5Z+Q and
AVQZ+Q) are similar to each other. This insignificant change
found in the results using different basis sets involves that these
later are stable with increasing basis set size (AV5Z+Q and
AVQZ+Q).We note that the MRCI/AV5Z+Q+DK values27

(Re = 5.533 au, De = 6557.3 cm−1, ωe = 266.4 cm−1, ωexe = 2.48
cm−1, and Be = 0.3623 cm−1) show the same accuracy with our
values. The comparison of our equilibrium distance and the
dissociation energy with the molecular constants given by Gao
et al.27 for the excited state 13Σ+ shows a good agreement with
relative differences Δ(Re) < 1.07%, Δ(De) < 4.1%, Δ(Te) <
3.8%, and Δ(Be) < 2.57%. For the 11Π excited state, we notice
that our results do not present big differences with those
available in the literature.27 The difference is about 0.561 au
and 122.5 cm−1 for Re and De values. In addition, we note a
slight difference about 0.050−0.071 au and 165.2−261.9 cm−1

in the Re and De values, respectively. The other spectroscopic
constants for the remaining states are performed for the first
time. The ground and the two first excited states exhibited a
unique minimum at, respectively, Re = 5.47a0, 10.73a0, and

Figure 1. Adiabatic potential energy curves of the first 15
1Σ+electronic states of MgLi+.
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12.58a0. However, the shape of the highly excited states is more
complex. For instance, 41Σ+ has an absolute minimum at short
distance (Re = 7.75 a0) and a second minimum at Re = 19.53 a0.
In fact, the shape of this state results from double avoided
crossings. They are related to a strong coupling between the
31Σ+ and 41Σ+ states. These avoided crossings are responsible
for the first and second minimums in the 41Σ+ state.
Although the general shape of the potential curves of almost

all excited states of other symmetries is similar to that of 1Σ+

symmetry, we can point out few remarkable differences. Figure
2 exhibits the potential energy curves of the 15 excited states of
3Σ+ dissociating into Mg+(3s and 3p) + Li (2s, 2p, 3s, 3p, 3d,
4s, and 4p) and Mg (3s3p, 3s4s, 3s3d, 3s4p, 3s5s, 3s4d, and
3s5p) + Li+. We note that the first excited triplet state 13Σ+ is
the most strongly bound state, it possess, at the equilibrium
distance Re = 6.64 au, the deepest well (De = 7983 cm−1)
compared to the ground state or remaining excited states for
diverse symmetries. Our equilibrium distance (Re) presents a
satisfactory agreement as well as the well depth (De) with the

work of Gao et al.,27 which found, using the AV5Z+Q basis set,
Re = 6.712 au and De = 7668.2 cm−1, respectively. The same
agreement is observed for the others values using the remaining
basis sets. To the best of our knowledge, there is no
experimental data for this state; however, for the other 3Σ+

states, no experimental data or theoretical calculations have
been reported yet. We therefore think it is worthwhile to
perform these calculations in order to provide reference data
for the experimentalist and to complete the exciting theoretical
work on this fascinating molecular system. The 23Σ+ state
which possesses a small well depth 877 cm−1, at Re = 13.96 au,
is powerfully repelled by the attractive 13Σ+ state. Small
attractive wells are found for the remaining 3Σ+ states; their well
depths do not exceed 1505 cm−1. They are weakly bound.
Concerning the Π symmetry, their potential energy curves

for (1−9)1,3Π states are drawn in Figures 3 and 4 as a function
of separations R. These PECs are marked by increasing
numbers from 1 to 9 for each multiplicity. We note that those
PECs present usual and regular shapes. The electronic states of

Table 4. Avoided Crossing between Neighbor Electronic States of the MgLi+ System

states position (au) ΔE (au) × 10−6 states position (au) ΔE (au) × 10−6

31Σ+/41Σ+ 7.25 0.023401 33Σ+/43Σ+ 6.10 0.002750
23.10 0.008780 20.85 0.032545

51Σ+/61Σ+ 13.10 0.010386 43Σ+/53Σ+ 26.73 0.015842
31.5 0.007722 53Σ+/63Σ+ 4.70 0.002814

61Σ+/71Σ+ 20.58 0.006821 8.30 0.002681
71Σ+/81Σ+ 8.80 0.003788 13.30 0.003138

33.52 0.007305 35.76 0.007475
81Σ+/91Σ+ 14.00 0.001138 63Σ+/73Σ+ 6.10 0.010362
91Σ+/101Σ+ 7.80 0.002624 10.66 0.001599

14.82 0.000 48 21.82 0.00850
26.39 0.001640 73Σ+/83Σ+ 13.10 0.000619

101Σ+/111Σ+ 18.79 0.000 28 41.00 0.000267
111Σ+/121Σ+ 21.36 0.000161 83Σ+/93Σ+ 6.26 0.001118
121Σ+/131Σ+ 7.30 0.000133 10.85 0.000873

28.70 0.000049 15.00 0.000840
131Σ+/141Σ+ 35.35 0.000029 22.44 0.000870
141Σ+/151Σ+ 24 0.001031 93Σ+/103Σ+ 9.30 0.000340
41Π/51Π 11.25 0.001395 18.93 0.009544
51Π/61Π 14.69 0.000639 103Σ+/113Σ+ 20.33 0.000053
61Π/71Π 6.26 0.006317 113Σ+/123Σ+ 6.43 0.000035

15.00 0.001528 31.10 0.000063
32.34 0.010379 123Σ+/133Σ+ 7.90 0.000090

71Π/81Π 5.30 0.000435 38.70 0.0000010
24.74 0.000134 133Σ+/143Σ+ 8.90 0.000046

81Π/91Π 12.82 0.000003 10.70 0.000139
21Δ/31Δ 28.80 0.015350 143Σ+/153Σ+ 9.10 0.002707

33Π/43Π 9.70 0.001555
43Π/53Π 7.65 0.004241

11.99 0.000770
21.82 0.000693
35.32 0.000163

53Π/63Π 14.00 0.0001258
63Π/73Π 9.30 0.012016

16.42 0.002741
73Π/83Π 5.50 0.000686

12.46 0.000503
27.19 0.000114

83Π/93Π 10.30 0.000030
15.00 0.000934

23Δ/33Δ 28.90 0.019275
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Table 5. Spectroscopic Constants for the Ground State and the 52 Excited Electronic States of the MgLi+ Ionic Molecule

states Re (au) De (cm
−1) Te (cm

−1) ωe (cm
−1) ωeχe (cm

−1) Be (cm
−1) references

X1Σ+ 5.47 6575 0 264.22 2.63 0.372138 this work
5.62 6264 255 HF, ref 26a

5.56 6453 262 MP2, ref 26b

5.63 SCF, ref 41c

5.546 6470.5 261 ref 25
5.546 6508.9 263.5 2.37 0.3606 ref 27d

5.533 6557.3 266.4 2.48 0.3623 ref 27e

5.548 6484.7 262.9 2.35 0.3603 ref 27f

5.544 6476.6 262.9 2.36 0.3608 27g

21Σ+ 10.73 1248 23647 79.59 1.12 0.096860 this work
31Σ+ 12.58 2548 37252 70.38 0.48 0.070509 this work
41Σ+ 7.75 204 46132 161.01 31.76 0.185477 this work

19.53 644 41250 34.52 0.46 0.0292410 this work
51Σ+ 20.66 1524 48523 40.12 0.50 0.026131 this work
61Σ+ 27.93 807 51300 24.61 0.15 0.014297 this work
71Σ+ 31.13 348 52874 14.33 0.92 0.011495 this work
81Σ+ 11.86 188 59827 73.40 7.16 0.079259 this work

32.58 1328 54489 22.01 0.09 0.010507 this work
91Σ+ 43.38 296 55763 1067 0.06 0.005927 this work
101Σ+ 15.10 432 60257 91.37 4.83 0.048899 this work
111Σ+ 18.94 49 60477 52.64 14.13 0.030861 this work

43.30 811 58399 15.85 0.07 0.005948 this work
121Σ+ 21.90 49 60533 45.69 10.65 0.023135 this work

43.68 319 59591 41.88 1.37 0.005845 this work
131Σ+ 29.03 13 60581 43.76 36.82 0.013041 this work

57.29 200 59814 5.58 0.04 0.003398 this work
141Σ+ 35.67 12 60598 1.16 0.03 0.008589 this work
151Σ+ 60.98 279 61087 10.14 0.09 0.002999 this work
13Σ+ 6.64 7983 16912 189.96 1.43 0.252539 this work

6.712 7668.2 16339.1 188.8 0.90 0.2462 27d

6.700 7679.4 16441.5 187.8 0.84 0.2470 27e

6.704 7678.3 16292.2 189.4 0.92 0.2468 27f

6.702 7668.5 16355.6 189.3 0.92 0.2468 27g

23Σ+ 13.96 877 27692 52.57 1.38 0.057214 this work
33Σ+ 15.20 916 38884 46.98 0.53 0.048258 this work
43Σ+ 19.25 1297 46433 41.99 0.01 0.030084 this work
53Σ+ 24.19 1505 50601 31.69 0.18 0.019050 this work
63Σ+ 31.28 1390 53148 20.60 0.03 0.011395 this work
73Σ+ 11.32 118 59880 70.35 10.48 0.086862 this work

36.46 49 55045 14.75 1.11 0.008390 this work
83Σ+ 13.24 113 60075 112.93 28.21 0.062840 this work

40.38 668 55149 21.10 0.16 0.006840 this work
93Σ+ 15.40 105 60311 88.10 18.48 0.046850 this work
103Σ+ 19.20 166 60484 55.93 4.71 0.029910 this work

41.96 623 57928 15.52 0.09 0.006334 this work
113Σ+ 20.85 39 60515 55.26 19.57 0.025555 this work

48.66 548 59362 11.07 0.05 0.004710 this work
123Σ+ 31.49 19 60590 8.74 1.00 0.011004 this work

54.71 269 60341 9.05 0.07 0.003726 this work
133Σ+ 39.04 355 60602 3.24 0.01 0.007011 this work
143Σ+ 59.39 106 61154 6.10 0.17 0.003169 this work
153Σ+ 74.55 19 61349 2.27 0.40 0.002001 this work
11Π 7.14 1418 38383 55.48 1.32 0.218563 this work

6.600 1532.5 37741.9 88.8 0.68 0.2532 27d

6.579 1540.5 37852.2 87.3 0.57 0.2547 27e

6.593 1508.3 37750.6 91.0 0.76 0.2541 27f

6.619 1492.1 37824.5 89.1 0.66 0.2518 27g

21Π 7.34 54 43734 95.55 42.26 0.205913 this work
31Π 15.88 1615 51607 42.50 0.49 0.044236 this work
41Π 26.00 1034 54785 21.95 1.18 0.016504 this work
51Π 11.82 333 59608 92.38 6.40 0.079846 this work
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1,3Π symmetries are characterized by single shallow wells except
the 71Π, which has a double well at 15.83 and 35.83 au,
respectively, and the 91Π state, which is repulsive. While for
The 3Π electronic states, series of undulations can be visibly
observed at varied separations R leading to potentials with
doublet wells. Therefore, we see the presence of series of
avoided crossings related to underlying charge transfer states.
The 93Π electronic state is repulsive.
The potential energy curves for the 6 first Δ states of MgLi+

molecular ion are plotted in Figures 5 and 6 for separations R
varying from 3.28a0 to 197a0. These states are labeled by
increasing numbers from 1 to 3 for both singlet and triplet
states. We note that the 21,3Δ potential energy curves
dissociating toward the same limit Mg+(3s) + Li(3d) are
degenerated. The 1,3Δ states are either repulsive or slightly
repulsive with a small well depth.
3.2. Permanent and Transition Dipole Moments.

Dipolar molecules (i.e., with a permanent electric dipole
moment) have interesting prospects.43 The great electric dipole
moment of this kind of molecules can be adjusted by applying
inhomogeneous external electric field.44 This has a gamut of
applications such as the control of ultracold chemical
reactions,11 the test of fundamental theories like the measure-
ment of the electron dipole moment (EDM),45,46 the design of
a platform for quantum information processing47−49 and the
realization of novel quantum many-body systems.50−53

Before discussing in detail our results on permanent and
transition dipole moments for the MgLi+ ionic molecular

system, we must first mention that most of our results were not
available elsewhere. Gao et al.27 published the only available
study on dipole moment for the MgLi+ ionic molecule. They
only calculated permanent dipole moments for the ground and
first excited states (X1Σ+, 13Σ+, 11Π, and 13Π) and transition
dipole moments (11Π−X1Σ+ and 13Π−13Σ+) at the MRCI level
of theory with AV5Z basis set. Because of the lack of data, and
in order to complete our precise study, we are motivated to
evaluate the electric dipole function for the first time for most
excited states. This will offer accurate data of the electronic
properties and dipole moment, which will guide future
experimental and theoretical formation prediction of ionic
alkali earth-alkali diatomic molecules. In addition, the accuracy
of the electronic wave functions can be measured by the
precision of the evaluated electric dipole moment. Then the
dipole moment is one of the most important parameters
determining electric and optical properties of molecules.
To make this assignment, we have to calculate permanent

and transition dipole moments for the different symmetries
using the wave functions issued from the ab initio approach
described below for the same dense and large grid of
interatomic distances already reported. The computed R-
variations of the permanent dipole moments for all symmetries
(1Σ+, 3Σ+, 1Π, 3Π, 1Δ, and 3Δ) are displayed in Figures 7−12,
respectively. We mention that each figure contains a zoom for
the short distances. It is clear that due to the change of the
polarity in the molecule, the sign of the permanent dipole
moment changes at small internuclear distances. Additionally,

Table 5. continued

states Re (au) De (cm
−1) Te (cm

−1) ωe (cm
−1) ωeχe (cm

−1) Be (cm
−1) references

61Π 15.00 506 60084 140.39 9.73 0.049569 this work
71Π 15.83 259 60281 74.51 5.35 0.044496 this work

35.93 770 59243 15.96 0.08 0.008639 this work
81Π 25.13 53 60558 50.71 12.13 0.017470 this work
91Π repulsive this work
13Π 5.60 2561 26008 206.32 3.51 0.356099 this work

5.669 2782.6 24977.6 208.6 3.46 0.3452 27d

5.650 2822.9 25070.0 212.0 3.61 0.3475 27e

5.671 2742.3 24967.7 208.1 3.46 0.3449 27f

5.669 2726.2 25053.1 207.8 3.47 0.3451 27g

23Π 14.39 2 39799 13.98 16.26 0.055180 this work
33Π 7.90 917 55785 146.76 5.87 0.178455 this work

16.31 2709 51831 49.58 0.22 0.041926 this work
43Π 9.79 1708 57008 402.79 23.74 0.116173 this work

30.27 90 55186 16.82 0.78 0.012172 this work
53Π 11.99 905 58901 270.19 20.16 0.077500 this work

35.35 508 55312 35.11 0.60 0.008925 this work
63Π 17.06 125 59433 209.61 87.87 0.038311 this work
73Π 16.00 341 60269 101.19 7.50 0.043490 this work

35.54 882 59728 19.10 0.10 0.008830 this work
83Π 14.31 14 64182 46.60 38.77 0.054402 this work

27.35 395 60573 73.85 3.45 0.014910 this work
93Π repulsive this work
11Δ repulsive this work
21Δ repulsive this work
31Δ 34.37 51 59969 8.64 1.99 0.009160 this work
13Δ repulsive this work
23Δ repulsive this work
33Δ 33.05 417 60846 10.16 20.38 0.010058 this work

aConstants found by HF calculations. bConstants given by MP2 calculations. cMethod/basis set. dMRCI/AV5Z+Q. eMRCI/AV5Z+Q+DK.
fMRCI/AVQZ+Q. gMRCI/AVQZ+Q+DK.
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we can observe the presence of many abrupt changes in the
permanent dipole moment. Figure 7 exhibits the permanent
dipole moments of the first ten states of 1Σ+ symmetry. We
remark that, for the short internuclear distances, the adiabatic
permanent dipole moments vary smoothly and sometimes they

Figure 2. Adiabatic potential energy curves of the first 15
3Σ+electronic states of MgLi+.

Figure 3. Adiabatic potential energy curves of the nine 1Π electronic
states of MgLi+.

Figure 4. Adiabatic potential energy curves of the nine 3Π electronic
states of MgLi+.

Figure 5. Adiabatic potential energy curves of the three 1Δ electronic
states of MgLi+.
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exhibit some abrupt variations such as that between 91Σ+ and
101Σ+ states which occurs at 26.39 au. Turning back, we notice
that these particular distance represents position of the avoided
crossing between the two adiatbatic potential energy curves
(91Σ+ and 101Σ+). We can conclude that the positions of the

irregularities in the R-dependence of permanent dipole
moments are interrelated to the avoided crossings between
the potential energy curves, which are both manifestations of
abrupt changes of the character of the electronic wave
functions. Moreover, we observe that the permanent dipole
moment of the X1Σ+, 41Σ+, 51Σ+, 71Σ+, and 91Σ+ states,
dissociating into Mg(3s2, 3s3p, 3s4s, 3s3d, and 3s4p) + Li+, are
significant and show a similar behavior. They yield a nearly
linear behavior function of the internuclear distance R,
especially for intermediate and large internuclear distances.
For the remaining states, dissociating into Mg+(3s) + Li(2s, 2p,
3s, 3p, and 3d), we remark on important permanent dipole
moments in a particular region and then they vanish quickly at
large distances.
Permanent dipole moments of the molecule MgLi+ have

been also computed for the electronic states of symmetries 3Σ+,
1Π, 3Π, 1Δ, and 3Δ, and they are shown in Figures 8−12. For

example, in Figure 8, we observe that the permanent dipole
moments of the first 10 excited states of 3Σ+ symmetry behaves
with the same way as in the case of the 1Σ+ symmetry. They
present, at short and intermediate bond distances, undulations
with abrupt variations, which are situated at especial distances
corresponding to the avoided crossings between the two
neighbor electronic states already mentioned (Table 4). For
example, we can quote the cross between the permanent dipole
moment of the two electronic states (73Σ+ and 83Σ+)
accompanied by the sudden change between 73Σ+ and 83Σ+

states localized at 13.10 and 41 au. We observe the same
behavior between 83Σ+ and 93Σ+ states situated at 10.85, 15,
and 22.44 au. At large distances, we clearly observe that the
permanent dipole moment of the 23Σ+, 43Σ+, 63Σ+, 73Σ+, 103Σ+

states dissociating into Mg(3s3p)3P + Li+, Mg(3s4s)3S + Li+,
Mg(3s4p)3P + Li+, Mg(3s3d)3D + Li+, and Mg(3s5s)3S +

Figure 6. Adiabatic potential energy curves of the three 3Δ electronic
states of MgLi+.

Figure 7. Permanent dipole moment of the first 10 1Σ+electronic
states of MgLi+.

Figure 8. Permanent dipole moment of the first 10 3Σ+ electronic
states of MgLi+.
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Li+,respectively, are characterized by a linear divergence. For
the others, we remark that the dipole moment decreases to zero
at large distance. Similar patterns are observed in the case of the
1Π, 3Π, 1Δ, and 3Δ states. The comparison with the only
available theoretical results27 proves patently that their
calculated permanent dipole moments displayed in Figure 5

are similar to ours. Unfortunately, there are no available
experimental data on dipole moments.
To complete this interesting study, we have also determined

the transition dipole moments between neighboring states for
all studied symmetries. They are depicted in Figures 13−17,
where each one contains two parts (a and b). Spectra of these

Figure 9. Permanent dipole moment of the first nine 1Π electronic
states of MgLi+.

Figure 10. Permanent dipole moment of the first nine 3Π electronic
states of MgLi+.

Figure 11. Permanent dipole moment of the first three 1Δ electronic
states of MgLi+.

Figure 12. Permanent dipole moment of the first three 3Δ electronic
states of MgLi+.
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functions are in an implicit relationship with potential energy
curves and the avoided crossings already identified in the
potentials. We observe that transition dipole moments show
numerous extrema. Their locations are connected to avoided
crossings frequently due to charge transfer between corre-
sponding electronic states. Moreover, we observe some abrupt
variations, which occur in the vicinity of the avoided crossing
positions for the reason that the wave function content changes
quickly around this position. The PECs for the three lowest
states are well separated from each other. This explains why
their energy profiles do not illustrate any avoided crossing
feature. Then, Figure 13a shows transition dipole moment
between neighboring states (11Σ+ to 21Σ+ and 21Σ+ to 31Σ+)
have low amplitudes. However, for the highest states presented
in Figure 13, parts a and b, which are closed to each other and
interact much more for numerous internuclear distances, the
transition dipole moments register more than one peak in
different interatomic distances and they show the most
important transitions. For instance, in Figure 13b, transition
dipole moment from 81Σ+ to 91Σ+sates has the maximum value,
which is equal to 13.51 au, whereas the transition dipole
moments from 91Σ+ to 101Σ+ states presents some notable
peaks, in three positions (7.80, 14.82, and 26.39 au). The third
position presents a remarkable maximum, which is equal, in
absolute value, to 11.68 au. Some transition dipole moments
did not tend toward zero at large interatomic distances but
asymptotically reach the corresponding atomic oscillator
strength of the allowed atomic transitions. The 21Σ+−31Σ+

transition reaches a constant equal to 2.309 au, corresponding
exactly to the transition dipole moment between Li(2s) and
Li(2p). The 41Σ+−51Σ+transition attains a constant value equal
to −2.466 au, corresponding exactly to the pure atomic
transition between Mg (3s3p) and Mg (3s4p). When the
transitions are forbidden their values drop to zero at large
distances. The nature of transition is specified by the selection
rules. In parts a and b of Figure 14, we present transition dipole

moment from i3Σ+ to i+13Σ+electronic states of MgLi+ (i = 1→
9). We observe the same behaviors already observed in parts a
and b of Figure 13. For example, in Figure 14a, the PECs for
the lowest states are well separated from each other, we remark
that the transition dipole moment between neighboring states
(have low amplitudes and present large peaks. However, for the
transition dipole moment between neighboring highest states,
in Figure 14b, the transition dipole moments exhibit more than
one peak in diverse interatomic distances and they expose the
most important transitions like the transition from 73Σ+ to
83Σ+, which reaches a constant equal to 18.082 au and then
decreases abruptly and tends toward zero.
Transition dipole moment from i1π to i+11π electronic states

of MgLi+ (i = 1→ 8) are drawn in Figure 15, parts a and b. The
behavior explained previously for the 1Σ+ and 3Σ+ states can be
visibly observed in these figures. In Figure 15a, the transitions
between the lowest electronic states show large peaks. On the
other hand, in Figure 15b, we note the existence of peaks. The
peak positions correspond to avoided crossings already
mentioned in the adiabatic potential energy curves. The acuity
of the slopes around the node for the dipole is strongly related
to the weakness of the avoided crossing for the energy. The
existence of sharp peak in transition from 71π to 81π electronic
states supports what previously cited. In parts a and b of Figure
16, we exhibit a transition dipole moment from i3π to i+13π
electronic states. Transition from 13Π to 23Π, drawn in Figure
16a, is very low. It reaches as a maximum value which is equal
to −1.930 au; these two states are separated in the potential
energy curves. While, the highest electronic states are closed to
each other and interact much more for several internuclear
distances and exhibit avoided crossings between neighboring
states. As consequence, the transition dipole moments register
an interesting behavior. If the crossings are much less avoided,
the dipole moments of transition expose increasingly narrow
peaks. For example, spectrum of transition dipole moment
between neighboring states for the 3Π symmetry (43Π/53Π)

Figure 13. Transition dipole moment from i1Σ+ to i+11Σ+electronic
states of MgLi+ (i = 1 → 9).

Figure 14. Transition dipole moment from i3Σ+ to i+13Σ+electronic
states of MgLi+ (i = 1 → 9).
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drawn in Figure 16a shows a narrow peak with an absolute
maximum equal to 16.43 au situated around the avoided
crossing position (35.32 au) where the energy gap (ΔE =
0.000163 au). In Figure 16b, at short internuclear distances, the
weakly avoided crossing series previously observed in the
potential energy curves habitually due to the charge transfer
between neighboring states lead to abrupt variation in the
transition dipole moments between corresponding states.
Transition dipole moment from i1,3Δ to i+11,3Δ electronic

states are presented in parts a and b of Figure 17. They possess
large and low peaks because corresponding states are very
separated in the adiabatic potential energy curves.

4. CONCLUSION
This paper presents an extended and complete study for the
MgLi+ molecular ion. It offers accurate interaction energy and
dipole moment data that can be used many for exploring the
formation of alkali earth−alkali ions at ultracold temperatures.
This new fields of physics and chemistry of cold molecular ions
may be used as natural candidates for the measurement of
electron dipole moment (EDM).44,45,54−56 In addition, the
study of cold molecular ions has relevance in diverse areas such
as metrology57,58 and astrochemistry.59 First, we have
optimized an extended Gaussian basis sets for both magnesium
and lithium. These basis sets are able to reproduce the
experimental energy spectra for the diverse states with good
accuracy. Thereafter, we systematically investigate the structural
and spectroscopic properties of the MgLi+ molecular ion states
dissociating into Mg+(3s and 3p) + Li (2s, 2p, 3s, 3p, 3d, 4s, 4p,
and 4d) and Mg (3s2, 3s3p, 3s4s, 3s3d, 3s4p, 3s5s, and 3s4d) +
Li+. We have used nonempirical pseudopotentials, parametrized
l-dependent core polarization potentials, and full valence
configuration interaction calculations. The potential energy
curves and their associated spectroscopic constants were
computed for the ground and 52 electronic excited states of
1,3Σ+, 1,3Π, 1,3Δ symmetries. Most of the adiabatic potential
energy curves, especially the excited states, are performed for
the first time. The spectroscopic data of the groundand first
excited states (X1Σ+, 13Σ+, 11Π, and 13Π) are compared with
the available experimental38 and theoretical works.25−27 A good
agreement was reported which confirms the approach used
here. For a best understanding of the potential energy curves
behavior and the electron charge transfer, we have located the
avoided crossing positions and have computed the energy
differences at these estimated crossing positions. These avoided

Figure 15. Transition dipole moment from i1Π to i+11Π electronic
states of MgLi+ (i = 1 → 8).

Figure 16. Transition dipole moment from i3Π to i+13Π electronic
states of MgLi+ (i = 1 → 8).

Figure 17. Transition dipole moment from i1,3Δ to i+11,3Δ electronic
states of MgLi+ (i = 1 → 2).
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crossings are related to a charge transfer between Mg+ and Li,
and Mg and Li+ species. To verify the positions of the avoided
crossings observed in the potential energy curves, we have
calculated and analyzed the spectra of the permanent and
transition dipole moments. In the vicinity of these avoided
crossings, changes in the electronic wave function characters
induce these variations of the dipole moment. The permanent
dipole of the X1Σ+, 41Σ+, 51Σ+, 71Σ+, and 91Σ+ dissociating
respectively into Mg(3s2)1S + Li+, Mg(3s3p)1P + Li+,
Mg(3s4s)1S + Li+, Mg(3s3d)1D + Li+, and Mg(3s4p)1P + Li+

are significant and illustrate a pure linear behavior function of
the interatomic distance R, especially for intermediate and large
ones.
In this study, we broadly represent, through various

illuminating figures, the general behavior of the principal
electronic properties of the cationic molecule MgLi+, namely
potential energy curves, positions of avoided crossings,
spectroscopic constants, and permanent and transition dipole
moments for the ground and excited electronic states. The
majority of the reported data for the electronic excited states
are performed here for the first time while the good agreement
with antecedent calculations for the ground and low-lying first
excited electronic states gives confidence in the calculation. We
hope that our efforts will not go in vain and our theoretical
results attract attention on this system and will serve as a solid
foundation for future studies. We also hope that our data can
serve as a prediction for further experimental investigations.
These data are exploited in our group for elastic and inelastic
collisions, and photoassociation processes to predict the
formation prediction of this ionic system at ultracold
temperature. Our data, potential interaction and dipole
moments, are also provided as Supporting Information for
interested scientists to be used for further simulations.
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(41) Fantucci, P.; Bonacǐc-́Koutecky,́ V.; Pewestorf, W.; Koutecky,́ J.
Ab Initio Configuration Interaction Study of the Electronic and
Geometric Structure of Small, Mixed Neutral and Cationic MgNak and
MgLik (k = 2−8) Clusters. J. Chem. Phys. 1989, 91, 4229−4241.
(42) Wu, C. H.; Ihle, H. R. 8th Int. Adv. Mass Spectrom. Conf. Oslo
1980, 8, 374−377.
(43) Special Issue “Ultracold Polar Molecules”. Eur. Phys. J. D 2004,
31, 1.
(44) Bethlem, H. L.; Berden, G.; Meijer, G. Decelerating Neutral
Dipolar Molecules. Phys. Rev. Lett. 1999, 83, 1558−1561.
(45) Hudson, J. J.; Sauer, B. E.; Tarbutt, M. R.; Hinds, E. A.
Measurement of the Electron Electric Dipole Moment Using YbF
Molecules. Phys. Rev. Lett. 2002, 89, 023003.
(46) Kozlov, M. G.; DeMille, D. Enhancement of the Electric Dipole
Moment of the Electron in PbO. Phys. Rev. Lett. 2002, 89, 133001.
(47) Andre,́ A.; DeMille, D.; Doyle, J. M.; Lukin, M. D.; Maxwell, S.
E.; Rabl, P.; Schoelkopf, R. J.; Zoller, P. A Coherent All-Electrical
Interface between Polar Molecules and Mesoscopic Superconducting
Resonators. Nat. Phys. 2006, 2, 636−642.
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