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A theoretical study of the relatively unexplored area of low-lying Rydberg states of van der Waals molecules
(vdW) in the particular case of the CdAr system is presented. The fully ab initio calculation of the potential
energy curves (PECs) of the excited vdW complex CdAr above the (5s6s) 3S1,

1S0 atomic asymptotes, reaching
the (5s6p) 3P0,1,2, (5s5d ) 1D2,

3D1,2,3, (5s6p) 1P1, and (5s7s) 3S1,
1S0, is performed. All the calculated PECs of

the Rydberg states of � symmetry exhibit undulations resulting in the double-well character that was already
observed experimentally in the case of the lowest Rydberg states of various 12 group metal–rare gas vdW
complexes. The outer wells obtained within the present work are shallow with depths not exceeding 20 cm−1

below the atomic asymptote and reaching equilibrium distance of roughly 27 bohr in the case of states correlating
with the (5s7s) 3S1,

1S0 asymptotes. The largest calculated values of permanent electric dipoles at equilibrium
distances exceed 10 D in the case of 1� Rydberg states correlating with (5s6p) 1P1 and (5s5d ) 1D2 atomic
asymptotes. The calculations were performed within the second-order multireference perturbation theory. The
performance of this particular theoretical ab initio approach is discussed in the context of the considered
type of systems and compared, wherever it was possible, with the benchmark results of the coupled-cluster
method obtained in this work, with other ab initio calculations based on multireference perturbation theory and
experimental data.
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I. INTRODUCTION

Potential energy curves (PECs) of the Rydberg states of
diatomic molecules may exhibit undulations that are not due
to the appearance of avoided crossings. These undulations
are driven by the shape of the square of the module of wave
function describing the atomic Rydberg state of one of the
constituents of the molecule. This particular property of PECs
of the very high Rydberg states allowed in the past decade the
formation of so-called Rydberg molecules with bond lengths
reaching micrometers and huge permanent dipole moments
[1,2]. The Rydberg molecules consist of the highly excited
(Rydberg) atom bound with surrounding atoms or molecules;
also Rydberg dimers were formed, where two highly excited
atoms form a macromolecule [3]. From the point of view
of the present work, the former (singly excited) Rydberg
molecules are of special interest. Their PECs exhibit undu-
lations that propagate up to very large distances, reaching,
e.g., a few micrometers. This multiwell character of PEC at
such distances allows for the formation of the weak Rydberg
bonding between the highly excited atom and the other atom
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or molecule. Following the early work of Fermi [4], these
undulations were ascribed to the scattering of the Rydberg
electron on the perturbing atom or molecule [2,5]; in such a
case, PEC is modulated by the square of the module of the
Rydberg orbital, which possesses an oscillating tail. On the
other hand, the perturbing atom, while entering the “interior”
of the Rydberg state, experiences repulsion at accumulations
of the Rydberg electron density. Such a point of view [6] is
presented in the case of the undulations of ab initio PECs of
Rydberg states of various diatomic molecules including LiHe,
LiNe, LiH, Li2 [6–9], NaH, KH [10,11], NaHe, KHe, RbHe,
CsHe [12,13], and He2 [14], to recall some early results.

It was realized in the 1980s that PEC of the first Ryd-
berg state of the van der Waals (vdW) HgAr complex, i.e.,
3�+(6s7s 3S1), possesses two wells [15], and later also a
double-well structure was found in PECs of 3�+(6s7s 3S1)
and 1�+(6s7s 1S0) of HgNe [16–18]. A similar double-well
PEC was observed experimentally for the E3�+

1 (5s6s 3S1)
state in CdNe [19], CdAr (e.g., Refs. [20,21]), and CdKr (e.g.,
Ref. [22]), and the E3�+(4s5s 3S1) state in ZnAr [23]. As
shown from those studies, in the double-well PEC structure
the deep inner well reflects the energy minimum of the interac-
tion between group-12 metal cation and the rare gas atom [15].
The potential barrier between the inner well and the shallow

2469-9926/2019/99(5)/052510(22) 052510-1 ©2019 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.99.052510&domain=pdf&date_stamp=2019-05-20
https://doi.org/10.1103/PhysRevA.99.052510
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outer well was correlated with the shape of the density of the
Rydberg state [17,18].

Until now, there has been no fully ab initio PECs of the
higher Rydberg states of HgRg nor CdRg (Rg = rare gas)
that would allow us to verify the existence of undulations
in PECs of these states. This work is devoted to this issue
and shows that in the particular case of CdAr, all the PECs
of the considered Rydberg � states, i.e., those correlating
with the (5s6s) 3S1, 1S0, (5s6p) 3P0,1,2, 1P1, (5s5d ) 1D2, 3D1,2,3,
(5s7s) 3S1, and 1S0, do exhibit double-well character.

It should be pointed out that the double-well PEC can be
also driven by the spin-orbit coupling as it is observed, e.g., for
the B31 state of CdKr [24,25] correlating with the (5s5p) 3P1

asymptote. This particular state changes its character along
the internuclear axis, and for the large distances it consists
of two equal components 3� and 3�, whereas for shorter
distances the gradual increase of the weight of 3� component
is observed [24]. Thus, the double-well character of the B31
state reflects the (two) energy minima of the 3� and 3� spin-
free states located at different positions, where the equilibrium
positions satisfy the following relation: Re(3�) < Re(3�).
Interestingly, for CdAr, similar composition of the B31 state
is obtained within ab initio calculations; however, it does not
lead to the formation of the double-well PEC though some
peculiar shape within the (single) well is observed [25].

The first theoretical calculations of the states of CdAr
complex were performed by Czuchaj and Sienkiewicz [26].
In this early attempt based on the statistical pseudopotential
approach, in which only two electrons localized on Cd atom
were treated explicitly, the calculations were performed for
the ground state and excited states up to the one correlating
with the (5s7p) 1P1 asymptote. In the next four theoretical
studies [25,27–29], considering CdAr states (up to those
of 5s6s configuration of Cd atom), the calculations were
done with an effective core potential approach (ECP) with
methods advancing in their sophistication. Namely, Boatz
et al. [27] performed calculations with the complete active
space self-consistent field method (CASSCF), disregarding
the dynamical correlation effects. Czuchaj and Stoll [28]
studied the states of CdAr up to the (5s6s) 1S0 asymptote with
scalar-relativistic ECP’s representing Cd2+ and Ar8+ cores,
using the state-average CASSCF (SA-CASSCF) method fol-
lowed by the second-order perturbation theory applied to
complete active space wave function (CASPT2), accounting
for dynamical correlation effects; active space was spanned
by distributing two electrons on 5s, 5p, and 6s orbitals of
the Cd atom, i.e., (5s5p6s)2. Spin-orbit (s-o) interaction was
included in that work in a semiempirical way. Two years
later, Czuchaj et al. [25] performed other calculations of CdAr
states with the SA-CASSCF/MS-CASPT2 approach (MS de-
notes multistate), with ECP’s representing Cd20+ and Ar8+

cores and (5s5p6s6p)2 active space; the sequence of methods,
e.g. SA-CASSCF/MS-CASPT2 means that the SA-CASSCF
calculation was followed by the CASPT2 one. In that article,
the important role of the excitations into Cd 6p orbitals
for the proper description of the (5s5p) 3P and 1P energies
of Cd atom is noted. The s-o interaction was included in
Ref. [25] within the ECP approach. In both papers of Czuchaj
and coworkers [25,28], the significance of the elimination

of basis superposition error (BSSE) is emphasized. In the
work of Strojecki et al. [29], the theoretical methods applied
in Ref. [25] are augmented with the internally contracted
multireference configuration interaction (ICMRCI) method,
allowing for the calculation of the transition dipole moments
(TDMs) with better quality than in previous works [25,28].
In addition, in Ref. [29], the energy of the ground state of
CdAr was calculated within the coupled clusters CCSD(T)
method, accounting for correlation energy originating from
single, double, and triple excitation operators included in the
CC wave operator, where the triples are treated perturbatively.

From the experimental point of view, the CdAr complex
was investigated extensively, especially in experiments em-
ploying molecular supersonic beams and methods of laser
spectroscopy [20,24,29–35]. Recent studies of CdAr were
focused on the characterization of the first Rydberg elec-
tronic energy state, E31, correlating with the (5s6s) 3S1

atomic asymptote, using an optical-optical double resonance
(OODR) method [21,36–39]. In the near future, the experi-
mental effort will be directed toward characterization of the
higher lying Rydberg states employing OODR. Laser-induced
fluorescence (LIF) excitation as well as emission spectra will
provide information on large parts of PECs of CdAr Rydberg
states. A strong need for comparison with ab initio calculated
potentials has triggered calculations reported here. Namely,
the PECs of electronic states of CdAr complex correlating
with the Cd atomic asymptotes:

(5s2) 1S0,

(5s5p) 3P0,1,2,
1P1,

(5s6s) 3S1,
1S0,

(1)
(5s6p) 3P0,1,2,

1P1,

(5s5d ) 1D2,
3D1,2,3,

(5s7s) 3S1,
1S0,

were calculated within the SA-RASSCF/MS-RASPT2/
RASSI-SO [40–42] ab initio approach, where the sequence of
methods means that the MS-RASPT2 was applied for the re-
sults of SA-RASSCF and, finally, the RASSI-SO method used
the results of both, SA-RASSCF and MS-RASPT2 methods.

In order to assess the quality of ab initio PECs of the
Rydberg states where there are no experimental or other
ab initio results for the rationalization of present results, we
will use the simplified model of the excited CdAr complex
that incorporates the most important interactions. Namely, the
vdW complex CdAr within Rydberg state, in zeroth approxi-
mation, may be treated as the composite system consisting of
Cd+ cation, Ar atom, and Rydberg electron. Outside the ex-
change repulsion wall, i.e., for sufficiently large distances, the
dominating contributions to the interaction energy between
the considered subsystems are due to the charge-instantaneous
multipole moment induction interaction, with the exception of
the Cd+-Rydberg electron pair, where the dominating term is
obviously due to Coulomb charge-charge interaction. In case
of the Cd+-Ar pair, also the dispersion interaction is present.
However, this contribution to the interaction energy is smaller
than in the case of the ground state of CdAr mainly due to
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the smaller polarizability of cation Cd+ in comparison to the
Cd atom. In particular, such a simplified model allows us to
perform benchmark calculations of the interaction energy for
the separated pairs of subsystems.

II. COMPUTATIONAL DETAILS

We have devised an all-electron atomic natural or-
bital (ANO)–type basis set (27s24p19d8 f 4g2h)/[17s15p
14d8 f 4g2h] for Cd within the same approach as de-
scribed in Ref. [43], where the additional primitive Gaus-
sian functions form the even-tempered continuation of the
(21s19p13d6 f 4g2h) set of the ANO-RCC basis of Cd
[43–45]; RCC denotes relativistic (R) atomic basis with semi-
core correlation (CC). The basis ANO devised here forms
the set of eigenfunctions (with occupancy larger than 10−8)
of the one-particle density matrix averaged over the states
of Cd: (5s2) 1S, (5s5p) 3P, (5s6p) 3P, (5s5d ) 3D, (5s7s) 3S
and of ground states of Cd+ and Cd in an electric field,
where the multielectron states were obtained with the SA-
RASSCF/MS-RASPT2 approach. For basis specification and
details of basis construction, see the Supplemental Material
(SM) [46].

The following grid of Cd-Ar distances was used throughout
present calculations: every 0.2, 0.4, 0.8, 1, and 2 bohr for
distances 3.4–5.6, 5.6–8.8, 8.8–20, 20–22, and 22–32 bohr,
respectively. In many cases, the two grid points, at 60 and 100
bohr, were added.

The calculations of the ground and excited states of
the CdAr system were performed with the ANO-RCC
(27s24p19d8 f 4g2h)/[17s15p14d8 f 4g2h] basis set of Cd ob-
tained in this work and the ANO-RCC (17s12p5d4 f 2g)/
[8s7p5d4 f 2g] basis set of Roos et al. [47] for Ar cen-
ter. The Douglas-Kroll-Hess Hamiltonian of second order
(DKH2) [48,49] was used throughout the calculations that
were performed within C2v symmetry, where the molecule is
oriented along the C2(z) axis. All the states correlating with
the Cd atomic asymptotes listed in (1) were taken into account
within SA-RASSCF/MS-RASPT2 approach [40,41,50,51].
The restricted active space RAS(5s2-1h//5p6s6p5d7s-1e)
was used, where only the single excitations from the RAS1
subspace consisting of the closed-shell ground state (5s2) into
the RAS3 subspace formed from states correlating with the
singly excited states of 5s5p, 5s6s, 5s6p, 5s5d , and 5s7s
configurations of the Cd atom were allowed. State-average
RASSCF and multistate RASPT2 calculations were per-
formed for the following separate sets of multielectron states:
Seven states of 1A1 symmetry, six states of 3A1, three states of
1B1, three states of 3B1, three states of 1B2, three states of 3B2,
and finally one state of 1A2 and one state of 3A2 symmetry. The
proper C∞v symmetry of the RASSCF states was imposed by
means of the “linear” option of the RASSCF program, part
of quantum chemistry software package MOLCAS 8.0 [52–54].
Within the RASPT2 method, we employed an imaginary shift
0.1 Eh (Eh = hartree) in order to remove the effect of the so-
called weak intruder states [55]; the zeroth-order Hamiltonian
of the RASPT2 perturbation theory was modified by means
of the standard IPEA shift (0.25 Eh) [56]. At this step of cal-
culations, in addition to states belonging to the active space,
the closed shells 4d of Cd and 3s, 3p of Ar were correlated.

Finally, the s-o interaction was taken into account via the
RASSI-SO method [42], which closes the approach denoted
in this work by SA-RASSCF/MS-RASPT2/RASSI-SO. At
this stage of calculations, the matrix of s-o interaction is
completed with MS-RASPT2 energies added to the diagonal
matrix elements; in fact, the MS-RASPT2 energies were in
this work shifted in order to match the experimental Cd atomic
asymptotes (1) taken from Ref. [57].

The RAS(5s2-1h//5p6s6p5d7s-1e) active space used in
the present work is in fact minimal for our purposes; i.e.,
it consists only of the states listed in (1). As was already
mentioned previously [39], the preliminary calculations with
the RAS(5s2-2h//5p6s6p5d7s-2e) active space, i.e., allow-
ing for single and double excitations, resulted in nonsmooth
potentials of CdAr exhibiting artificial humps. At the same
time, the present approach with the active space limited
to single excitations performs surprisingly well consider-
ing both the smoothness of the PECs and overall agree-
ment with experiment. Furthermore, it was shown previously
[39] that the root-mean-square deviation rms = 420 cm−1

of the SA-RASSCF/MS-RASPT2/RASSI-SO excitation en-
ergies of the free Cd atom with respect to the experimen-
tal ones was obtained with RAS(5s2-1h//5p6s6p5d7s-1e)
active space; this is only slightly larger than the rms =
261 cm−1 counterpart obtained for a similar approach with
RAS(5s2-2h//5p6s6p5d7s-2e) active space.

Also, the PECs of the ground state of CdAr and Cd+Ar
were calculated within the following approaches: SCF/MP2,
CCSD(T) [58], and single-state (SS) CASSCF/CASPT2 ap-
proaches. Taking the advantage of C2v symmetry, we were
also able to perform single-reference CCSD(T) calculations
of CdAr states correlating with (5s5p) 3P and (5s5d ) 3D(3�)
asymptotes, where we have obtained 30 905 and 59 190 cm−1

asymptotic energies, respectively, which are satisfactorily
close to the experimental counterparts, i.e., 31 246 and 59 504
cm−1 [57], averaged appropriately over 2S+1LJ multiplets.
Similar calculations for the corresponding singlet states did
not converge. In order to compare the results of CCSD(T)
calculations with the experiment, we constructed PECs ob-
tained within the RASSI-SO approach in which the ma-
trix of s-o interaction operator calculated between the SA-
CASSCF functions was diagonalized with CCSD(T) energies
added on the main diagonal; such an approach is denoted by
CCSD(T)+SO(CASSCF) throughout this work. Additionally,
some test CASSCF/CASPT2 calculations for various choices
of active space were performed; wherever the results of such
calculations are presented, the active space is defined explic-
itly. In all the methods, Cd 4d , 5s orbitals and Ar 3s, 3p
orbitals were correlated. All the calculations were performed
with MOLCAS 8.0. Hereafter, in case, where the methods based
on second-order perturbation theory are considered together,
they will be called shortly as PT2 ones.

Basis set superposition error (BSSE) was excluded by
means of the counterpoise method [59]. In the particular case
of SA-RASSCF/MS-RASPT2 calculations, the BSSE correc-
tion was evaluated with the SCF and MP2 method performed
for the ground state of both Cd and Ar BSSE contributions.
This is because we failed to obtain smooth BSSE corrections
with SA-RASSCF/MS-RASPT2 for various states; but at
the same time, the BSSE Cd contributions calculated with
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SCF/MP2 and with SA-RASSCF/MS-RASPT2 are practi-
cally the same wherever the latter contribution was smooth
along the Cd–(ghost-atom) distance.

The equilibrium internuclear distances Re and binding
energies De of PECs were determined for cubic spline interpo-
lated curves. The fundamental vibrational frequency ωe values
were obtained by solving the one-dimensional Schrödinger
equation for nuclear vibration motion using the Numerov-
Cooley method (grid step h = 0.001 bohr). The same method
of extraction of the spectroscopic parameters from the nu-
merical points of PECs was used in Ref. [25]. In particular,
the spectroscopic parameters for the ab initio PECs obtained
in Ref. [29] were recalculated in present work. Additionally,
we used the VibRot program of MOLCAS for evaluation of the
harmonic vibrational frequency ωe along with anharmonicity
parameters ωexe and ωeye, allowing for closer comparison
with the experiment (see Table S8 in the SM [46]).

III. RESULTS AND DISCUSSION

As mentioned in the previous section, in its final step, the
SA-RASSCF/MS-RASPT2/RASSI-SO approach takes into
account the s-o interaction. Analysis of the composition of
the s-o states of CdAr, obtained within the present approach,
shows that there is no considerable mixing of states of
different spin multiplicities. However, at large internuclear
distances, the inclusion of s-o interaction results in substantial
mixing of spin-free excited states correlating with the same
atomic asymptote, i.e., having the same multiplicity but differ-
ing by � quantum number. As the Cd and Ar atoms approach
each other, the interatomic interaction increases and, as a
consequence, the relative importance of (intraatomic) s-o in-
teraction decreases. In this way, the electronic states of CdAr
at short internuclear distances are almost purely of 2S+1�

character. For details, see Tables S2–S5 in the SM [46], where
the composition of s-o states at 5.6 and 30 bohr distances is
presented. Therefore, the states considered in this work are
additionally identified by S and �, as they are approximately
good quantum numbers at shorter Cd-Ar distances. In order
to denote the approximate character, hereafter these quantum
numbers are displayed in square brackets, i.e., [2S+1�]. Full
identification of the considered states (1) is the following
γ 2S+1�± [2S+1�] ((5snl ) 2S+1LJ ), where l = L and γ is an
additional letter used in the literature in order to denote a given
state. In practice, shorter denotation of the electronic states,
i.e., γ 2S+1�±(n2S+1LJ ), will be used throughout this work.

Before we present our main results, i.e., ab initio
PECs of Rydberg states of CdAr obtained within the SA-
RASSCF/MS-RASPT2/RASSI-SO approach, first we will
consider the lack of size consistency within the MS-RASPT2
method, and second, the ab initio PECs obtained here for the
lower electronic states in the light of other theoretical and
experimental results.

A. Size inconsistency and atomic asymptotes

Quantum chemistry method is size consistent if it satisfies
the equation [60]

E (A . . . B) = E (A) + E (B), (2)

TABLE I. SA-RASSCF/MS-RASPT2 energies and SA-
CASSCF/MS-CASPT2 energies of Cd · · · Ar at R = 100 bohr and
experimental Cd atom energies [57]. All the experimental energies
are averaged appropriately over 2S+1L atomic terms. Values in
parentheses are the energy differences Etheor − Eexpt; MAE is mean
absolute error of theoretical energies with respect to experimental
ones. All values are in cm−1.

Asymptote MS-RASPT2 MS-CASPT2 Expt.

(5s2) 1S 0 0 0
(5s5p) 3P 30 361 (−885) 31 278 (32) 31 246
(5s5p) 1P 44 141 (449) 43 458 (−234) 43 692
(5s6s) 3S 51 079 (−405) 51 447 (−37) 51 484
(5s6s) 1S 52 781 (−529) 53 245 (−65) 53 310
(5s6p) 3P 58 180 (−371) 58 253 (−298) 58 551
(5s5d ) 1D 59 385 (165) 58 976 (−244) 59 220
(5s5d ) 3D 59 039 (−465) 59 168 (−336) 59 504
(5s6p) 1P 59 697 (−210) 59 813 (−94) 59 907
(5s7s) 3S 61 994 (−569) 62 493 (−70) 62 563
(5s7s) 1S 62 497 (−590) 63 038 (−49) 63 087
MAE 464 146

where E (A . . . B) is the energy of the noninteracting A
and B subsystems obtained within supermolecular approach,
whereas E (A) and E (B) are the energies calculated separately
for the subsystems A and B, respectively. The active spaces
considered for CdAr in this work assure separability at large
intermolecular distances, and indeed, the numerical results of
SA-CASSCF and SA-RASSCF methods satisfy Eq. (2) in an
exact way in the case of all the considered states of CdAr. It
is known that the CASPT2 method defined in Refs. [61,62]
is almost size consistent [63]. The nonadditive terms appear
within the zeroth-order Hamiltonian of CASPT2 due to the
use of certain projection operators [41,64,65]. In this work,
it was checked that the SA-CASSCF/MS-CASPT2 approach
performed for CdAr leads to size-consistency errors, i.e.,
δsc = E (A . . . B) − E (A) − E (B), not exceeding 2×10−4 Eh,
and in the majority of cases (states) are one or two orders of
magnitude lower (the average error |δsc|Av = 5×10−5 Eh). The
RASPT2 is expected to lead to even larger size-inconsistency
errors due to the omission of the perturbative treatment of
the fully internal excitations [41] that are excluded from
limited excitations from the RAS1 subspace into the RAS3
one. Indeed, the size-consistency errors obtained with the
SA-RASSCF/MS-RASPT2 approach are larger but they do
not exceed 6×10−4 Eh, and similarly in the majority of cases
they are one or two orders of magnitudes lower than this vale
with the average error |δsc|Av = 1.4×10−4 Eh. It is noted that
other calculation parameters may also affect the E (A . . . B) −
E (A) − E (B) energy differences.

The lack of size consistency arises the question of the
quality of the reproduction of the experimental atomic asymp-
totes. In Table I, the SA-RASSCF/MS-RASPT2 energies and
SA-CASSCF/MS-CASPT2 energies (in cm−1) of CdAr at
R = 100 bohr are listed along with experimental energies
of Cd atom [57]. The differences between theoretical and
experimental energies do not exceed 3%. A similar accuracy
was obtained within exactly the same approach with the same
ANO-RCC basis for the Cd atom energies in Ref. [39]. It is
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FIG. 1. MP2, SA-RASSCF/RASPT2, SA-RASSCF/MS-
RASPT2, SA-RASSCF/MS-RASPT2/RASSI-SO, SS-CASSCF/
CASPT2, and CCSD(T) PECs of the ground state X 10+ [1�]
of CdAr obtained in this work. Note that the SA-RASSCF/MS-
RASPT2 curve and the SA-RASSCF/MS-RASPT2/RASSI-SO
curve are on top of each other.

noted that both average errors, i.e., |δsc|Av and mean absolute
error (MAE) from Table I of the SA-RASSCF/MS-RASPT2
approach are roughly three times larger than their counterparts
obtained with the SA-CASSCF/MS-CASPT2 approach.

In addition, the inversion of the ordering of closely lying
1D and 3D energy states in the case of the MS-RASPT2
approach is noted (see Table I); a similar result was obtained
in Ref. [39]. This reordering of 1D and 3D energy states is now
attributed to the lack of doubly excited configurations 5p2 of
Cd within the present SA-RASSCF/MS-RASPT2 approach;

once these configurations are included, they stabilize substan-
tially the energy of the 1D state already at the CASSCF level.

B. Ground state of CdAr

In the case of a system consisting of two closed-shell
atoms, e.g., CdAr in the ground state, there are two main
contributions to the interaction energy: the negative dispersion
energy leading to the attractive interatomic forces and the
exchange energy leading to appearance of the repulsive wall
of positive interaction energy. The net effect of these two
contributions to the interaction energy constitutes the PEC of
vdW complex with shallow energy well (here De ∼ 100 cm−1)
located at a relatively large internuclear distance (here Re ∼ 8
bohr); hereafter, R denotes internuclear distance.

Such situation can be seen in Fig. 1, where PECs of
the CdAr ground state X 10+[1�] obtained in this work
within SCF/MP2, SA-RASSCF/RASPT2, SA-RASSCF/MS-
RASPT2, SA-RASSCF/MS-RASPT2/RASSI-SO, SS-
CASSCF/CASPT2, and CCSD(T) approaches are presented.
The positions of the energy minimum (Re and De) of PECs
of the ground state X 1� of CdAr obtained within theoretical
approaches along with the experimental one are listed in
Table II. The results of the CCSD(T) method are the closest
ones to the experimental values. From the theoretical point of
view, the CCSD(T) results are considered here as benchmark
values for a given choice of basis set, in particular, the
ANO-RCC basis for Cd, and the level of inclusion of scalar
relativistic effects (DKH2 Hamiltonian [48,49]).

TABLE II. Spectroscopic parameters Re, De, and ωe of the ground state X 10+ [1�] of CdAr obtained within various theoretical approaches
and from experiment [24]. Theoretical values of Re and De were evaluated by means of the interpolation with splines. For comparison purposes,
the following relative errors δRtheor

e = [(Rtheor
e − Rexpt

e )/Rexpt
e ]×100% and δDtheor

e = [(Dtheor
e − Dexpt

e )/Dexp
e ]×100% were introduced.

Re δRtheor
e De δDtheor

e ωe

(bohr) (%) (cm−1) (%) (cm−1) Method [Ref.]

7.65 −6.0 178 74 MP2a

7.89 −3.1 120 17 SA-RASSCF/RASPT2a

7.77 −4.5 91 −12 SA-RASSCF/MS-RASPT2a

7.77 −4.5 91 −12 18.6 SA-RASSCF/MS-RASPT2/RASSI-SOa

7.85 −3.6 126 23 SS-CASPT2/CASPT2a

8.10 −0.5 95 −8 17.1 CCSD(T)a

8.1 −0.5 112 9 17.5 SA-CASSCF/CASPT2/SOb [28]
8.11 −0.4 107 4 18.3 SA-CASSCF/CASPT2/SOc [25]
8.12 −0.3 86 −17 16.2 CCSD(T)d [29,66]
8.14 ± 0.04 102.8 ± 0.4 19.8 ± 0.2 Expt. [24]

(17.9)e

aThis work.
bTheoretical values obtained within the SA-CASSCF/CASPT2/SO approach with CAS = (5s5p6s)2, ECPs: Cd2+ and Ar8+ and associated
(9s9p7d )/[7s7p5d] and (9s9p8d3 f )/[7s7p5d3 f ] basis sets, respectively; semiempirical s-o for states correlating with the (5s5p) 3PJ=0,1,2

states; BSSE included.
cTheoretical values obtained within the SA-CASSCF/CASPT2/SO approach with CAS = (5s5p6s6p)2, ECPs: Cd20+ and Ar8+ and associated
(9s8p7d4 f 2g)/[8s7p6d4 f 2g] and (9s8p4d3 f )/[8s7p4d3 f ] basis sets, respectively; ECP form of s-o calculated between SA-CASSCF states;
BSSE included.
dTheoretical values obtained with CCSD(T) method; ECPs: Cd20+ and Ar8+ and associated (16s13p12d4 f 3g2h)/[8s8p7d4 f 3g2h] and
(9s8p5d3 f 2g)/[8s7p5d3 f 2g] basis sets, respectively, BSSE included.
eApproximate fundamental frequency derived from experiment according to the formula ωe − 2ωexe; for ab initio values of harmonic
frequencies and anharmonicity parameters see Table S8 in the SM [46].
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Taking into account the quality of the theoretical ap-
proaches considered here, the SS-CASSCF/CASPT2 ap-
proach is supposed to be better than the SA-RASSCF/MS-
RASPT2 and the SCF/MP2 ones. Namely, the MP2 method
allows for up to double excitations from the single reference
state, taking into account the dispersion energy at minimal
theoretical treatment, i.e., at second order of MP perturba-
tion theory first contributions to dispersion interaction energy
appear [67]. At the same time, the SS-CASSCF/CASPT2
approach applied here for the CdAr ground state accounts
for up to (selected) quadruple excitations, improving in this
way the dispersion energy with respect to the MP2 approach.
Similarly, the RASSCF/RASPT2 approach allows here for up
to (selected) triple excitations. The CCSD(T) method offers,
via the nonlinear (exponential) character of the expansion of
coupled-clusters wave-function ansatz, much more involved
treatment of the correlation effects; e.g., the quadrupole
excitations are realized via double-double and single-triple
excitations. It is seen in Fig. 1 as well as in Table II
that the SS-CASSCF/CASPT2 approach gives the third clos-
est value of Re and fourth closest value of De to the ex-
perimental counterparts. Surprisingly, the SA-RASSCF/MS-
RASPT2 value of De is closer to the experimental value
than the SS-CASSCF/CASPT2 one. As discussed below, this
may be partly attributed to the fortuitous cancellation of
the errors within the SA-RASSCF/MS-RASPT2 approach.
At the same time, results for the ground state of CdAr
obtained with the SS-CASSCF/CASPT2 approach and the
SA-RASSCF/RASPT2 approach are very close to each other.
Finally, it is seen in Table II that the present SA-RASSCF/MS-
RASPT2/RASSI-SO and CCSD(T) calculations provide the
values of fundamental frequency ωe for the ground state of
CdAr that are very close to the counterpart derived from the
experiment (ωe − 2ωexe).

For comparison purposes, in Table II we have added results
of other ab initio calculations [25,28,29,66] of the X 10+ [1�]
ground state of CdAr obtained within PT2 and CCSD(T)
methods; all these calculations are based on the ECP ap-
proach. It is seen that the results of SA-CASSCF/CASPT2/SO
[25,28] are very close to the experimental ones. However, the
CCSD(T) value of De obtained with small-core ECPs [29,66],
being the benchmark for, e.g., SA-CASSCF/CASPT2/SO of
Ref. [25], is substantially underestimated as compared to
the experiment and present CCSD(T) value. From this point
of view, the performance of the present all-electron ANO-
RCC basis of Cd is better than the ECP counterpart used in
Ref. [29]. Thus, the tendency to overestimate the interaction
energy within the PT2 approaches seem to cancel partially
the deficiencies of ECP bases, leading to excellent agreement
between the SA-CASSCF/CASPT2/SO values [25,28] of De

and the experimental ones (see Table II). A similar situation is
observed in the case of fundamental frequencies ωe obtained
with ECP bases, where the largest discrepancy with the exper-
imental value is observed for the CCSD(T) method.

In Fig. 2, the SCF, SA-RASSCF, SS-CASSCF, and cor-
relation energies Ecorr defined as the appropriate second-
order correction to energy in the case of MP2, MS-RASPT2,
and CASPT2 are presented along with CCSD(T) benchmark
correlation energy; in this figure, only results of this work
are presented. It is seen that in the SCF, SA-RASSCF, and

-1200

-1000

-800

-600

-400

-200

 0

 200

 400

 600

 6  8  10  12  14  16

SCF

SS-CASSCF

SA-RASSCF

Ecorr

E
 (

cm
-1

)

R (bohr)

SCF/MP2
SA-RASSCF/RASPT2
SS-CASSCF/CASPT2

SCF/CCSD(T)

FIG. 2. Decomposition of the interaction energy into the SCF,
SS-CASSCF, and SA-RASSCF and energy correlation parts Ecorr of
the CdAr complex in the ground state X 10+ [1�] calculated within
SCF/MP2, SA-RASSCF/MS-RASPT2, SS-CASSCF/CASPT2, and
CCSD(T) approaches.

SS-CASSCF parts of interaction energy, the exchange effects
dominate, forming purely repelling PEC. On the other hand,
the correlation part of the interaction energy in each case
has attractive character determined mainly by the disper-
sion interactions. It is interesting to note that SCF and SS-
CASSCF PECs are practically the same, which can be at-
tributed to the closed-shell character of the CdAr ground state,
where nondynamical correlation effects accounted for within
the SS-CASSCF method are negligible. At the same time,
the SA-RASSCF potential energy is appreciably higher on the
energy scale than the SCF and SS-CASSCF counterparts; this
may be attributed to the state-average procedure performed
here (within the SA-RASSCF method). This leads to the
molecular orbitals that are optimal from the point of view of
average energy of the set of all the considered (seven) singlet
states of A1 symmetry (of C2v), whereas in the remaining
(single-state) methods the orbitals are optimized in order to
minimize the energy of the sole ground state of CdAr. Further-
more, it is seen that all the correlation parts of the interaction
energy are overestimated (by means of the absolute value)
in comparison to our benchmark CCSD(T) counterpart. The
fact that the largest values of |Ecorr| are obtained within SA-
RASSCF/RASPT2 method is, on one hand, the manifestation
of the expectation of the authors of the multistate approach
to CASPT2 and RASPT2 methods that it will at least partly
compensate for the effects of the state-averaging procedure of
the first step of calculations [41,50,51], i.e., SA-CASSCF and
SA-RASSCF, respectively. However, in the particular case of
the RASPT2 approach, part of the correlation that in present
calculations of CdAr states would originate from the double
excitations from RAS1 to RAS3 subspaces is omitted within
RASSCF and RASPT2 calculations. This also may lead to
the appreciably different value of Ecorr obtained within the
SA-RASSCF/RASPT2 approach. Anyway, the net result, i.e.,
PEC of the ground state of CdAr obtained within this ap-
proach, is very close to the SS-CASSCF/CASPT2 counterpart
(see Fig. 1), where the latter in this work may be considered as
the benchmark for the second-order perturbative approaches.

It is seen in Fig. 1 that the SA-RASSCF/MS-RASPT2
PEC is surprisingly close to the CCSD(T) counterpart and
considerably shifted upward on an energy scale with respect
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FIG. 3. PECs of 3� and 3� states correlating with the
(5s5p) 3P asymptote obtained within CCSD(T) and various PT2
methods. SA-RASSCF/MS-RASPT2 corresponds to RAS(5s2-1 h//

5p6s6p5d7s-1 e) active space, CASSCF/CASPT2 to CAS(5s15p1),
and SA-CASSCF/MS-CASPT2 to CAS(5s5p6s6p5d7s)2.

to the SA-RASSCF/RASPT2 PEC. The latter shift is the result
of coupling between the considered excited 1� states with the
the ground state via the second-order effective Hamiltonian
of the multistate approach to the perturbation theory [50].
This means that the magnitude of this second-order coupling
changes with the distance; no such variation was observed in
the case of PEC of the ground state obtained within prelimi-
nary SA-CASSCF/MS-CASPT2 calculations.

The fact that PECs obtained with the SA-
RASSCF/MS-RASPT2 approach and the SA-RASSCF/MS-
RASPT2/RASSI-SO approach are practically the same (see
Fig. 1) shows that the effect of s-o coupling on the interaction
energy of the X 10+ [1�] state of CdAr is negligible. This is
in agreement with previous ab initio calculations [25].

C. Valence excited states

This section presents the results of SA-RASSCF/MS-
RASPT2/RASSI-SO calculations of PECs of CdAr valence
states correlating with the (5s5p) 3P0,1,2 and 1P1 asymptotes,
for which the experimental data as well as the results of other
ab initio calculations are available. The corresponding PECs
obtained with the SA-RASSCF/MS-RASPT2/RASSI-SO ap-
proach and CCSD(T)+SO(CASSCF) approach are included
in the SM [46].

First, we compare the present results of SA-RASSCF/MS-
RASPT2 and CCSD(T) calculations without s-o interaction.
We have performed single-reference CCSD(T) calculations
for valence 3� and 3� states correlating with the (5s5p) 3P
asymptote. PECs resulting from CCSD(T) along with various
PT2 counterparts are presented in Fig. 3.

All PT2 methods overestimate De by 5–10 cm−1 and
50 cm−1 in the cases of 3� and 3� states, respectively.
Furthermore, it is seen in Fig. 3 that 3� PEC obtained within
CASPT2 is closer to the CCSD(T) one than the MS-RASPT2
PEC. No such clear distinction may be seen in the case of
3� state, except for possibly R > 7 bohr, where MS-CASPT2
for large CAS gives, surprisingly, the largest discrepancy with
respect to CCSD(T). Equilibrium distances Re are slightly
shortened within PT2 methods.

In Table III, the spectroscopic parameters, i.e., equilibrium
distance Re, binding energy De, and fundamental frequency
ωe of CdAr valence states correlating with the (5s5p) 3P0,1,2

and 1P1 asymptotes are collected for calculations of this work
along with the results of other ab initio results and recom-
mended experimental data. The present SA-RASSCF/MS-
RASPT2/RASSI-SO calculations are not intended to be the
benchmark ones; they rather explore the highly excited states
of CdAr in order to provide general information about the
Rydberg states. In particular, the restriction of the active
space to single excitations and state-average procedure of
the RASSCF calculations performed over the relatively large
number of states is the most important source of inaccuracies
in the present approach in comparison to the previous ab initio
calculations [25,28,29]. From this point of view, previous cal-
culations performed for the complete active space containing
double excitations and smaller number of states taken into
the state-average procedure may lead to better descriptions of
the lower lying states of CdAr. Indeed, careful inspection of
Table III supports these statements: The spectroscopic param-
eters derived from ab initio calculations in Refs. [25,29] for
the states correlating with the (5s5p) 3P0,1,2 and 1P1 asymp-
totes are usually in better agreement with the experimental
data than results of this work. However, higher level theory
does not always result in better reproduction of the experimen-
tal values. In particular, as seen in Table III, the parameters
derived from the single-reference CCSD(T)+SO(CASSCF)
calculations are relatively far from the experimental coun-
terparts; in particular, all the CCSD(T)+SO binding energies
De of states correlating with the (5s5p) 3P0,1,2 asymptotes are
smaller than the experimental counterparts. This could be the
manifestation of the multireference character of the consid-
ered valence states. However, it was checked that the weights
of the dominant components of SS-CASSCF states 3� and
3� correlating with the (5s5p) 3P asymptote, obtained within
C2v symmetry for relatively large CAS = (5s5p6s6p5d7s)2

active space, are very close to unity; i.e., these states are single
reference in nature. Another reason for the observed discrep-
ancies could be attributed to the way the triples are included
within CCSD(T) method; however, the CCSD method provide
shallower PECs than CCSD(T) counterparts (see Fig. S3 in
the SM [46]), leading to even larger discrepancies with the
experimental PECs of states correlating with the (5s5p) 3P0,1,2

asymptotes. The above-mentioned discrepancies may be prob-
ably ascribed to the deficiencies in the used atomic basis from
the point of view of the description of the electron correlation
within the high-level CCSD(T) method. In particular, this
ANO basis for Cd atom was not devised for the extrapolation
to the complete basis set limit. However, the description of
the long-range interactions was supported with very diffuse
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TABLE III. Spectroscopic parameters Re, De, and ωe of potential energy curves of CdAr electronic valence energy states correlating
with the (5s5p) 3P0,1,2 and 1P1 atomic asymptotes obtained in this work within SA-RASSCF/MS-RASPT2/RASSI-SO approach and
CCSD(T)+SO(CASSCF) all-electron approach. For comparison, the values of these parameters obtained previously (see last column for
references) are listed. Interatomic potentials investigated previously are depicted using the corresponding letters (i.e., a, A, B, b, c, C, D) that
were used in previous studies. Note that theoretical ωe parameters correspond to the fundamental frequencies, whereas the experimental ωe

ones represent the harmonic frequencies; in parentheses the fundamental frequencies ωe − 2ωexe derived from the experimental parameters
are provided. For ab initio values of harmonic frequencies and anharmonicity parameters, see Table S8 in the SM [46].

2S+1�(±)(n′ 2S+1L) Re De ωe

[2S+1�] (bohr) (cm−1) (cm−1) Method [Ref.]

a 30−(5 3P0) 8.37 75 9.6 SA-RASSCF/MS-RASPT2/RASSI-SOa

[3�] 8.53 68 9.9 CCSD(T)+SO(CASSCF)a

8.62 65 8.8 SA-CASSCF/CASPT2/SOb [29,66]
[8.69] [96] Estimates from exp. [20]

A 30+(5 3P1) 6.38 336 37.2 SA-RASSCF/MS-RASPT2/RASSI-SOa

[3�] 6.53 284 32.9 CCSD(T)+SO(CASSCF)a

6.4 355 35.9 SA-CASSCF/CASPT2/SOc [28]
6.37 324 37.1 SA-CASSCF/CASPT2/SOd [25]
6.30 347 39.1 SA-CASSCF/CASPT2/SOb [29,66]

6.63 ± 0.06 314.9 ± 6.1 39.2 ± 0.2 (36.2) Expt. [36]
B 31(5 3P1) 9.26 57 10.5 SA-RASSCF/MS-RASPT2/RASSI-SOa

[3�] 9.38 51 9.4 CCSD(T)+SO(CASSCF)a

9.5 82 11.7 SA-CASSCF/CASPT2/SOc [28]
9.62 48 9.1 SA-CASSCF/CASPT2/SOd [25]
9.49 53 9.5 SA-CASSCF/CASPT2/SOb [29,66]

9.47 ± 0.04 55.0 ± 0.5 11.10 ± 0.05 (9.98) Expt. [33]
b 32(5 3P2) 6.36 344 37.8 SA-RASSCF/MS-RASPT2/RASSI-SOa

[3�] 6.52 285 33.1 CCSD(T)+SO(CASSCF)a

6.30 351 39.2 SA-CASSCF/CASPT2/SOb [29,66]
6.37 435 43.8 (41.4) Expt. [20]

c 31(5 3P2) 9.47 52 11.1 SA-RASSCF/MS-RASPT2/RASSI-SOa

[3�] 9.65 46 11.2 CCSD(T)+SO(CASSCF)a

9.67 49 9.6 SA-CASSCF/CASPT2/SOb [29,66]
30−(5 3P2) 9.79 48 10.6 SA-RASSCF/MS-RASPT2/RASSI-SOa

[3�] 9.98 40 8.7 CCSD(T)+SO(CASSCF)a

9.80 47 8.8 SA-CASSCF/CASPT2/SOb [29,66]
C 11(5 1P1) 6.04 518 45.7 SA-RASSCF/MS-RASPT2/RASSI-SOa

[1�] 6.1 475 42.2 SA-CASSCF/CASPT2/SOc [28]
6.30 451 40.6 SA-CASSCF/CASPT2/SOd [25]
6.23 476 42.1 SA-CASSCF/CASPT2/SOb [29,66]
6.20 518 47.97 (45.75) Expt. [35]

D 10+(5 1P1) 10.87 64 11.3 SA-RASSCF/MS-RASPT2/RASSI-SOa

[1�] 13.8 11.5 3.3 SA-CASSCF/CASPT2/SOc [28]
12.02 71 9.6 SA-CASSCF/CASPT2/SOd [25]
11.90 84 10.7 SA-CASSCF/CASPT2/SOb [29,66]

12.25 ± 0.06 Expt. [32]

aThis work.
bTheoretical values obtained within SA-CASSCF/CASPT2/SO approach with CAS = (5s5p6s6p)2, ECPs: Cd20+ and Ar8+ and associated
(16s13p12d4 f 3g2h)/[8s8p7d4 f 3g2h] and (9s8p5d3 f 2g)/[8s7p5d3 f 2g] basis sets, respectively; ECP form of s-o calculated between SA-
CASSCF/ICMRCI states; BSSE included.
cTheoretical values obtained within SA-CASSCF/CASPT2/SO approach with CAS = (5s5p6s)2, ECPs: Cd2+ and Ar8+ and associated
(9s9p7d )/[7s7p5d] and (9s9p8d3 f )/[7s7p5d3 f ] basis sets, respectively; semi-empirical s-o for states correlating with the (5s5p) 3PJ=0,1,2

states; BSSE included.
dTheoretical values obtained within SA-CASSCF/CASPT2/SO approach with CAS = (5s5p6s6p)2, ECPs: Cd20+ and Ar8+ and associated
(9s8p7d4 f 2g)/[8s7p6d4 f 2g] and (9s8p4d3 f )/[8s7p4d3 f ] basis sets, respectively; ECP form of s-o calculated between SA-CASSCF states;
BSSE included.
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FIG. 4. PECs of the lowest Rydberg states of CdAr correlating
with the (5s6s) 3S1 and 1S0 asymptotes obtained in this work with the
SA-RASSCF/MS-RASPT2/RASSI-SO approach. Arrows indicate
positions of the top of the potential barrier Rb, Eb and the outer-well
minimum Rout

e , Dout
e (compare with Table IV).

functions centered at the Cd atom (see, e.g., Table S1 in the
SM [46]).

D. Lowest Rydberg states

First, we present results for the lowest Rydberg states
of CdAr correlating with the (5s6s) 3S1 and 1S0 atomic
asymptotes. PECs of these states obtained in this work within
the SA-RASSCF/MS-RASPT2/RASSI-SO approach are pre-
sented in Fig. 4, where the positions of the top of the potential
barrier Rb, Eb and of the outer-well minimum Rout

e , Dout
e are

indicated by arrows.
In Table IV, the spectroscopic parameters obtained for

these PECs are collected along with the results of earlier
ab initio calculations and experimental results. It is noted that
present ab initio results for the E31 state were already pub-
lished elsewhere [39]. The fact that the E31 Rydberg state of
CdAr was explored experimentally allows us to perform direct
comparison of the ab initio calculations with the experimental
ones.

In order to contribute to a partial corroboration of the
calculated PECs against those obtained experimentally in the
previous studies, we have conducted two tests in which we
confronted simulations based on the calculated ab initio PECs
with experimental results. In the first test, the inner well of the
E31 state potential (see Table V and Fig. 5, according to the
previously performed experimental study [39] denoted here as
E31in) was tested using LIF excitation spectrum and energies
of vibrational levels recorded in the E31in ← A30+(5 3P1)
transition. In the test, the experimentally recorded separations
between successive vibrational components were compared
with these simulated using ab initio PEC. The assessment
procedure contained the following steps:

(1) From the experimentally recorded energies of vibra-
tional components of the E31in ← A30+ transition in CdAr
(see Table 1 in Ref. [39]) we have extracted separations

TABLE IV. Spectroscopic parameters Rin/out
e , Din/out

e , and ωin
e along with positions of the top of the potential barrier Rb, Eb of double-

well PECs of the lowest CdAr Rydberg states correlating with the (5s6s) 3S1 and 1S0 atomic asymptotes obtained in this work with the
SA-RASSCF/MS-RASPT2/RASSI-SO all-electron approach. Results of experiment and other ab initio calculations are also shown.

2S+1�(±)(n′ 2S+1L) Rin
e Din

e ωin
e Rb Eb Rout

e Dout
e

[2S+1�] (bohr) (cm−1) (cm−1) (bohr) (cm−1) (bohr) (cm−1) [Ref.]

30−(6 3S1) 5.45 1115 97.2 9.38 46 13.9 16
[3�] 5.50 1055 93.5 9.24 70 14.5 17 [29,66]a

E 31(6 3S1) 5.45 1115 97.2 9.38 46 13.9 16
[3�] 5.50 1055 93.5 9.24 70 14.5 17 [29,66]a

5.39 ± 0.01 1312.8 ± 14.2 106.5 ± 0.3 (102.2)b 13.0 ± 0.1 19.1 ± 1.3 Expt. [38]
5.39 1288.8 102.8 (98.7)b Expt.c

10+(6 1S0 ) 5.58 1261 102.1 9.98 39 15.1 12
[1�] 5.27 1651 187.3 11.47 ∼ −1d 15.0 11 [29,66]a

aTheoretical values obtained with the SA-CASSCF/CASPT2/SO approach with CAS = (5s5p6s6p)2, ECPs: Cd20+ and Ar8+ and associated
(16s13p12d4 f 3g2h)/[8s8p7d4 f 3g2h] and (9s8p5d3 f 2g)/[8s7p5d3 f 2g] basis sets, respectively; ECP form of s-o calculated between SA-
CASSCF/ICMRCI states; BSSE included.
bFundamental frequency extracted from experiment according to the approximate formula ωe − 2ωexe; for ab initio values of harmonic
frequencies and anharmonicity parameters, see Table S8 in the SM [46].
cReinterpreted vibronic spectrum of the E 31in(6 3S1) ← A30+(5 3P1).
dBelow the corresponding atomic asymptote.

052510-9
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TABLE V. The quantitative assessment of different types of potential representing the E 31in(6 3S1) state in CdAr according to the agreement
with experimental data. For representation of the potential that is in good agreement with experimental data, the agreement coefficient C should
be close to zero. Detailed information on the C coefficient and testing procedure in text.

C = ∑
υ ′+1 Cυ ′+1 assuming recommended υ ′ C = ∑

υ ′+1 Cυ ′+1 assuming alternative
Type of pointwise potential assignment [21,39,70] in the experimental spectrum υ ′ assignment in the experimental spectrum

Czuchaj et al. [25] 118 58
Strojecki et al. [29] 88 28
Inverse perturbation approach (IPA) [39] 2 60
With BSSE correction (this work) 65 6
Without BSSE correction (this work) 164 223

between neighboring vibrational levels υ ′ in the inner well of
the E31 state: �Gexpt

υ ′+1 = E expt
υ ′+1←υ ′′ − E expt

υ ′←υ ′′ , where E expt
υ ′+1←υ ′′

and E expt
υ ′←υ ′′ are experimental energies of the υ ′ + 1 ← υ ′′ and

υ ′ ← υ ′′ vibrational transitions, respectively. The procedure
corresponds to the well-known Birge-Sponer (B-S) method
[68].

(2) We have used the LEVEL program [69] to find E sim
υ ′

simulated energies of υ ′ in the inner well of the E31 state,
which were computed based on the assessed PEC. Using these
energies, we have calculated �Gsim

υ ′+1 = E sim
υ ′+1←υ ′′ − E sim

υ ′←υ ′′ .
(3) To allow comparison of different PECs (see Table V),

which offer different numbers of bound states, in further con-
sideration υ ′ are limited to the range from υ ′ = 0 to υ ′ = 15
(from �Gυ ′=1 to �Gυ ′=15). The limitation was also necessary

FIG. 5. Full circles depict �Gsim
υ ′+1 separations between neigh-

boring vibrational levels obtained for different pointwise potentials.
Results of ab initio calculations of Czuchaj et al. [25] (green full
circles), Strojecki et al. [29] (orange full circles), inverse perturbation
approach (IPA) calculation [39] (black full circles), this work with
BSSE correction (red full circles), and this work without BSSE
correction (blue full circles). Crosses depict �Gexp

υ ′+1 obtained from
the experimental spectrum [39] for two different υ ′ assignments:
recommended assignment based on Refs. [21,39,70] (red crosses)
and alternative assignment, which is in agreement with �Gsim

υ ′+1
associated with ab initio calculations presented in this work (black
crosses). For details, see description in text.

to omit effects associated with energy barrier between inner
and outer potential wells of the E31 state. For the chosen
range of υ ′, we have calculated Cυ ′+1 = |�Gsim

υ ′+1 − �Gexp
υ ′+1|,

the absolute values of differences between simulated and
experimental �Gυ ′+1 separations. This value can be treated as
a discrepancy between theoretical predictions and the experi-
mental value of �Gυ ′+1 for neighboring vibrational states.

(4) To assess the PEC, we have calculated an agreement
coefficient C = ∑

υ ′+1 Cυ ′+1 (the sum of Cυ ′+1 coefficient
for the considered range of υ ′). It is obvious that for these
PECs which provide simulated energies of vibrational levels
distributed similarly to the distribution observed in the exper-
iment, C should be close to zero.

The results of first test are presented in Fig. 5 and Table V.
Values of �Gsim

υ ′+1 obtained for different types of point-
wise potential and values of �Gexp

υ ′+1 are collected in Ta-
ble S6 in the SM [46]. Figure 5 presents �Gsim

υ ′+1 calcu-
lated for different representations of the E31in -state po-
tential (full circles) compared with �Gexp

υ ′+1 obtained from
experimental data for two υ ′ assignments (crosses). The
recommended υ ′ assignment from Ref. [39] (that is in
agreement with υ ′ assignment proposed in Refs. [21,70]),
for which the vibrational component in the E31in ← A30+
transition, centered at 19845.8 cm−1, corresponds to υ ′ =
1 and is depicted using red crosses. The alternative υ ′
assignment, for which the same component corresponds to
υ ′ = 0, is depicted using black crosses. One can see that
�Gexp

υ ′+1 associated with the recommended υ ′ assignment (red
crosses) are in good agreement with �Gsim

υ ′+1 associated with
the result of IPA methodology from Ref. [39] (black full
circles). The result is expected because IPA methodology has
been used to find a representation of the potential, which
led to a distribution of vibrational levels in agreement with
experimental data, assuming the recommended υ ′ assignment.
However, the �Gsim

υ ′+1 associated with PEC resulting from
ab initio calculations of this work (red full circles) are in
good agreement with �Gexp

υ ′+1 associated with alternative υ ′
assignment (black crosses). In our opinion, the agreement
of the result of ab initio calculations of this work with the
experimental results related to the alternative υ ′ assignment
indicates that the alternative υ ′ assignment may be more
appropriate. However, this evidence is not strong enough to
justify a rejection of the recommended υ ′ assignment that is
based on well-established and widely accepted experimental
results [21,70]. It is necessary to stress that the recommended
υ ′ assignment points at an additional vibrational component
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FIG. 6. The υ ′ ← υ ′′ = 1 vibrational bands of the
E 31out (6 3S1) ← B31(5 3P1) transition in CdAr complex.
(a) Experimental spectrum (red trace), (b) simulation (blue
trace) assuming a Morse function as representation of the E 31out

state potential (parameters from Ref. [37]; see Fig. 7), and
(c) simulation (black trace) assuming ab initio calculated (with
BSSE correction) PEC of the E 31out state of this work. Simulations
performed using PGOPHER program [71] with characteristics of
the B31 state from Ref. [37], Trot = 2 K, and Gauss and Lorentz
broadenings �Gauss = �Lorentz = 0.1 cm−1.

which is excluded while assuming the alternative υ ′ assign-
ment. Table V collects results of a quantitative assessment
of different type of potentials in terms of agreement with
the experimental data. It clearly shows that PEC ab initio
calculated here with BSSE correction possesses the smallest
C coefficient among all tested ab initio potentials.

The alternative assignment for the vibronic structure in the
inner well of the E31 electronic state, where the first observed
component is treated as υ ′ = 0, leads to the following param-
eters of the Morse potential derived from the linear part of
B-S plot: ωe = 102.8 cm−1, ωexe = 2.05 cm−1, Re = 2.85 Å,

De = 1288.8 cm−1, and β = 1.8967 Å
−1

; spectroscopic pa-
rameters Re, De, and ωe for the E31 state obtained for the
alternative υ ′ assignment are also collected in Table IV.

In the second test, we used ab initio potential of the E31
state calculated in this work (with BSSE correction) to sim-
ulate the experimental spectrum of the E31out ← B31(5 3P1)
transition [37]. In the simulation, we assumed that the poten-
tial of the B31 state is represented by a Morse function [37].
The results of the simulation, performed using the PGOPHER

program [71], are presented in Fig. 6. From Fig. 6, one can
infer that the simulation (trace c) is in general agreement
with the experimental spectrum (trace a). However, there exist
certain discrepancies, especially for υ ′ � 4. Figure 7 presents
a comparison of the ab initio potential (with BSSE correction)
of this work (red full circles and solid line) with results of
Czuchaj et al. [25] (black full circles and solid line) and a
Morse potential obtained from experimental data [37] (green
solid line).

FIG. 7. Comparison of different representations of the outer well
of the E 31(6 3S1) state PEC (E 31out ) in CdAr. Ab initio result of
this work (with BSSE) (red full circles and solid line), results of
Czuchaj et al. [25] (black full circles and solid line), and a Morse
representation of the potential obtained using experimental data:

Dout
e = 19.1 cm−1, β = 0.628 Å

−1
, Rout

e = 6.9 Å (13.0 bohr) [37]
(green solid line). The gray rectangle depicts the region where the
potential barrier was predicted from experimental data (for details,
see Ref. [39]).

Comparison shows that the ab initio potential is in overall
agreement with potential of Czuchaj et al. However, one
can notice that in the ab initio potential of this work, the
minimum of the outer well Rout

e is shifted toward smaller
R-s as compared with that of Czuchaj et al. This conclusion
is in agreement with experimental observations of Ref. [37]
which indicate (based on the analysis of the intensities of
vibrational components) a smaller value of the Rout

e than that
in the potential of Czuchaj et al. (compare Morse function
with Rout

e = 6.9 Å [37], green solid line). Ab initio potential
of this work possesses also a lower potential barrier than
that of Czuchaj et al. [25]. The observation is supported by
the analysis of experimental results in which one can predict
the region of the occurrence of potential barrier based on
analysis of energies of the highest observed bound υ ′ levels
in the E31in potential well (for details, see Ref. [39]). The
height of the potential barrier in the ab initio potential of this
work (with BSSE correction) is situated inside the predicted
region of occurrence of the potential barrier (see the gray
rectangle in Fig. 7), whereas the height of the barrier in the
potential of Czuchaj et al. strongly exceeds the maximum of
the experimentally predicted values.

The parameters calculated for the E31(6 3S1) state obtained
in this work are closer to the experimental counterparts than
the ones derived from Ref. [29]. This probably may be at-
tributed to the fact that the atomic basis set for Cd atom
obtained in this work is devised in order to correctly describe
the Rydberg states. Furthermore, the restrictions imposed
on the treatment of the electron correlation in the present
approach are of secondary importance in the description of the
Rydberg states. First, the singly excited Rydberg states may
be considered semiclassically, as the single electron relatively
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TABLE VI. Spectroscopic parameters Rin/out
e , Din/out

e , and ωin
e along with positions of the top of energy barrier Rb, Eb of PECs of CdAr

Rydberg states correlating with the (5s6p) 3P0,1,2, (5s5d ) 1D2,
3D1,2,3, (5s6p) 1P1, and (5s7s) 3S1,

1S0 atomic asymptotes obtained in this
work with the SA-RASSCF/MS-RASPT2/RASSI-SO all-electron approach. For ab initio values of harmonic frequencies and anharmonicity
parameters, see Table S8 in the SM [46].

State Rin
e Dout

e ωin
e Rb Eb Rout

e Dout
e

denotation �(±) ((5s n′l ′) 2S+1L) [2S+1�] (bohr) (cm−1) (cm−1) (bohr) (cm−1) (bohr) (cm−1)

30−(6 3P0 ) 0− ((5s6p) 3P0) [3�] 5.41 1418 89.3 14.37 ∼2 20.21 ∼5
30+(6 3P1) 0+ ((5s6p) 3P1) [3�] 5.40 1458 90.4
31(6 3P1) 1 ((5s6p) 3P1) [3�] 5.40 1421 89.9 14.15 10 21.08 ∼5
32(6 3P2) 2 ((5s6p) 3P2) [3�] 5.40 1476 91.0
31(6 3P2) 1 ((5s6p) 3P2) [3�] 5.55 1237 78.1 11.80 99 21.1 ∼5
30−(6 3P2) 0− ((5s6p) 3P2) [3�] 5.55 1232 78.3 11.81 106 21.5 ∼5
12(5 1D2) 2 ((5s5d ) 1D2) [1�] 5.50 1387 85.7
11(5 1D2) 1 ((5s5d ) 1D2) [1�] 5.39 1207 95.1
10+(5 1D2) 0+ ((5s5d ) 1D2) [1�] 5.39 1060 101.2 8.59 222 20.7 ∼7
31(5 3D1) 1 ((5s5d ) 3D1) [3�] 5.51 1374 84.2 18.05 ∼ − 3a 20.06 ∼4
32(5 3D2) 2 ((5s5d ) 3D2) [3�] 5.51 1375 84.3 18.80 ∼ − 2a 20.18 ∼3
33(5 3D3) 3 ((5s5d ) 3D3) [3�] 5.51 1378 84.3
30−(5 3D1) 0− ((5s5d ) 3D1) [3�] 5.77 592 64.3 16.54 ∼3 20.12 ∼6
30+(5 3D2) 0+ ((5s5d ) 3D2) [3�] 5.77 597 64.3 16.91 ∼2 20.39 ∼4
31(5 3D2) 1 ((5s5d ) 3D2) [3�] 5.77 590 64.2 16.49 ∼3 19.09 ∼5
32(5 3D3) 2 ((5s5d ) 3D3) [3�] 5.77 593 64.0 16.93 ∼1 20.23 ∼3
31(5 3D3) 1 ((5s5d ) 3D3) [3�] 5.68 185 84.9 8.80 825 20.3 ∼5
30−(5 3D3) 0− ((5s5d ) 3D3) [3�] 5.68 185 84.9 8.80 825 20.2 ∼6
11(6 1P1) 1 ((5s6p) 1P1) [1�] 5.79 1093 65.9
10+(6 1P1) 0+ ((5s6p) 1P1) [1�] 6.52 161 38.7 10.33 368 21.3 12
30−(7 3S1) 0− ((5s7s) 3S1) [3�] 5.48 1358 89.7 16.62 15 ∼27 ∼1
31(7 3S1) 1 ((5s7s) 3S1) [3�] 5.48 1358 89.7 16.62 15 ∼27 ∼1
10+(7 1S0 ) 0+ ((5s7s) 1S0) [1�] 5.50 1448 97.1 17.72 10 ∼27 ∼1

aBelow the asymptote.

weakly bounded to the cation, where the correlation effects
can be expected to be of minor importance. Second, double
excitations of the Cd atom omitted in the present approach,
in first approximation, contribute solely to the intra-Cd cor-
relation effects and they are of minor importance for the
interatomic interactions (possibly with the exception of dis-
persion interactions). Third, the problem of incomplete de-
scription of intra-Cd correlation effects is almost fully avoided
by the above-mentioned shifting procedure of the PECs to
the experimental atomic asymptotes. In spite of the above
comments, the discussion of the impact of the electron cor-
relation effects on the states of Cd atom presented in the SM
[46] (Sec. S6) shows that in the particular case of the excited
singlet states the omission of the part of the correlation effects
leads to the noticeable expansion of the excited orbitals. This
expansion was smaller in the case of the excited orbitals
corresponding to the triplet states. As discussed below, the
positions of the potential barrier and outer well of PECs
are correlated with the spatial extent of the corresponding
Cd atom Rydberg states. As a consequence, the Rb and Rout

e
parameters in Table IV (see also Table VI above) are expected
to be overestimated within the present ab initio approach. The
only direct comparison with the experiment may be performed
for Rout

e of the E31(6 3S1) state of CdAr, where it is seen in
Table IV that the theoretical value of the equilibrium position
of the outer well is larger than its experimental counterpart by
roughly 0.9 bohr.

E. Higher Rydberg states

The PECs of the Rydberg states of CdAr correlating with
the (5s6p) 3P0,1,2, (5s5d ) 1D2, 3D1,2,3, (5s6p) 1P1 are presented
in Fig. 8, whereas those correlating with (5s7s) 3S1 and 1S0

are presented in Fig. 9. The corresponding spectroscopic
parameters are collected in Table VI.

In the energy region from roughly 57 000 to 60 500 cm−1,
where there is a relatively dense bundle of CdAr states
correlating with the (5s6p) 3P0,1,2, (5s5d ) 1D2, 3D1,2,3, and
(5s6p) 1P1 atomic asymptotes, the avoided crossings of the
adiabatic PECs appear. Careful analysis of the composition of
these states allowed us to reorder the PECs in such a way that
they keep as close as possible to their physical character along
the internuclear distance R. Therefore, in Fig. 8 we present the
quasidiabatic energy curves. As a result, in the energy region
from 57 000 to 60 500 cm−1, the quasidiabatic PECs of the
same symmetry (i.e., of the same � quantum number) are
allowed to cross each other (see Fig. 8).

There are some systematic properties of the considered
states of CdAr. In particular, it is seen in Fig. 8 that within the
set of states correlating with a given asymptote of Cd atom, the
energetic ordering of the PECs at short internuclear distances
is governed by the value of � quantum number as follows:
E ([2S+1�]) < E ([2S+1�′]), where � > �′. This ordering is
due to the differences in the amount of the electronic charge
localized between the atoms coming from the Cd atomic states
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FIG. 8. Quasidiabatic PECs of the Rydberg states of CdAr cor-
relating with the (5s6p) 3P0,1,2, (5s5d ) 1D2, 3D1,2,3, and (5s6p) 1P1

asymptotes obtained in this work with the SA-RASSCF/MS-
RASPT2/RASSI-SO approach.

oriented in a various ways, as indicated by �, with respect to
the molecular axis. Such ordering also can be observed for
the valence states correlating with the (5s5p) 3P1,2 and 1P1

asymptotes.
PECs of Rydberg states series correlating with atomic

asymptotes of a given symmetry, e.g., (5s nl ) 2S+1LJ , are ex-
pected to converge with n → ∞ to PEC of the ground state
of the corresponding cation, here Cd+Ar (see Fig. 19). In the
present work, we can check this tendency for Rydberg states
correlating with the (5s ns) 2S+1S asymptotes, where n = 6, 7.
As seen in Table VII, where with increasing n quantum
number, Re and De parameters of the considered s-Rydberg
states tend to the corresponding values obtained for Cd+Ar
cation and the height of the potential barrier Eb appropriately
decreases. It should be stressed that the comparison between
the results of the SA-RASSCF/MS-RASPT2/RASSI-SO cal-
culations and the RAS-CI/RASPT2 calculations presented in
Table VII is meaningful as the s-o coupling has negligible
effect on the energy interaction of the considered s-Rydberg
states. For the meaning of the RAS-CI calculation, see the
Appendix.

Furthermore, it is seen in Figs. 4–9 and Tables IV and VI
that the equilibrium positions Re for the CdAr Rydberg states
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FIG. 9. PECs of the Rydberg states of CdAr correlating with the
(5s7s) 3S1 and 1S0 asymptotes obtained in this work with the SA-
RASSCF/MS-RASPT2/RASSI-SO approach. Arrows indicate the
positions of the top of the potential barrier Rb, Eb and the outer-well
minimum Rout

e , Dout
e (compare with Table VI).

are short (∼5.5 bohr) and roughly the same irrespective of
state spatial symmetry, with the exception of the 10+(6 1P1)
state of predominant 1� character for which the Re distance
is somewhat larger. This general behavior can be interpreted
as the situation in which CdAr complex in Rydberg state at
equilibrium internuclear distance forms the Cd+-Ar complex
in its ground state (see Fig. 19, where Re ∼ 5.5 bohr) with
the Rydberg electron “orbiting” around this cation at suf-
ficiently large distances. As a consequence, a given singly
excited Rydberg state has a minor effect on the Cd+-Ar
distance. The earlier calculations of the Rydberg states of
CdAr above the (5s6s) 1S0 atomic asymptote were performed
only once by Czuchaj and Sienkiewicz in 1984 [26], where
the theoretical approach was highly approximate (see the
introduction). Nevertheless, all the PECs correlating with the
atomic asymptotes from the (5s6s) 3S1 to (5s6p) 1P1 obtained
in that early theoretical work [26] possess energy minima in
the internuclear distance range from 5 to 6 bohr, which is in
agreement with present results.

Another interesting property of PECs of the Rydberg states
is the fact that some of them exhibit double-well character.
Careful inspection of Figs. 4–9 shows that all PECs of the
Rydberg states of predominant 2S+1� character possess an
outer well separated from the inner one by the energy barrier.
The positions of the top of the energy barriers Rb along with
their height Eb with respect to the atomic asymptote, as well
as the equilibrium positions Rout

e and outer-well depths, Dout
e ,

are collected in Tables IV and VI. The physical origin of
these energy barriers is discussed in the next section, where
it is shown that the shape of the PECs of � states correlates
well with Rydberg electron density [15,18]. It is noted that
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TABLE VII. Convergence of spectroscopic parameters of the
Rydberg states of CdAr correlating with the (5s ns) 3S1 and 1S0

asymptotes, obtained within SA-RASSCF/MS-RASPT2/RASSI-SO
approach; n → ∞ corresponds here to results of RAS-CI/RASPT2
calculations performed for the ground state 2� of Cd+Ar (see
Fig. 19).

Re (bohr) De (cm−1) Eb (cm−1)

n 3S1
1S0

3S1
1S0

3S1
1S0

6 5.45 5.58 1115 1261 46 39
7 5.48 5.50 1358 1448 15 10
∞ 5.51 1509 0

the outer wells are very shallow. They are the direct result of
two competing effects. On one hand, the attractive induction
and dispersion interactions between the Cd+ and Ar lower the
energy with the decrease of the internuclear distance. On the
other hand, the considerable rearrangement of the Cd Rydberg
electron charge density associated with the entrance of the
Ar atom into the “orbit” of the Rydberg state of Cd results
in the increase of the energy of the complex. Therefore, the
outer wells are formed just “outside the orbit” of the atomic
Rydberg state.

The double-well character of predominantly 3� states
30−(6 3P0) and 31(6 3P1) observed in Table VI is because
at sufficiently large internuclear distances they possess con-
siderable 3� components. At the same time, it is seen in
Table VI that the undulations of predominantly 3� and 3�

states correlating with the 3D1,2,3 asymptotes occur within
the internuclear distance range, i.e., between 16 and 21 bohr,
where the considered quasidiabatic states cross each other,
and consequently, rather complicated dependencies and cou-
plings between them appear. However, it is noted in Table VI
that the energy barrier heights Eb of the considered undulat-
ing predominantly non-� states are much smaller than the
corresponding energy barriers of the states of predominant �

character.
Further properties of PECs of the Rydberg states of CdAr

are discussed in the next section, correlating with the corre-
sponding Rydberg electron density of Cd atom.

F. Undulations of PECs of Rydberg � states

It was shown in the previous section that the PECs of all
the considered � Rydberg states are of double-well character.
The deep inner well corresponding to the energy minimum of
the Cd+-Ar subsystem (see Fig. 19 in the Appendix) obscures
the subtle properties of PECs of Rydberg states of CdAr. In
order to uncover these hidden structures, we define the valence
electron PEC [6] as the difference �E between the PEC of a
given excited state of CdAr and the PEC of the ground state
2� of Cd+Ar for all the considered internuclear distances R.
Consequently, the positions of energy maxima of �E , denoted
hereafter by Rmax and �Emax, differ from the corresponding
positions of the top of the energy barriers of the considered
PECs, i.e., Rb > Rmax and Eb < �Emax. Furthermore, there
are additional maxima of �E in the case (5s7s) states that
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FIG. 10. Valence electron PECs of the 1� and 3� states corre-
lating with the (5s6s) 1S and 3S asymptotes, respectively, obtained
with the SA-RASSCF/MS-RASPT2 approach as well as for the
frozen atomic orbitals. In the upper part, the square of module of
the Rydberg orbital �6s(r, θ = 0, φ = 0) of Cd atom is shown.

do not have their counterparts in the corresponding PECs. In
Figs. 10–13, we present the valence electron PECs obtained
with the SA-RASSCF/MS-RASPT2 approach for 1� and 3�

states correlating with Rydberg asymptotes from the (5s6s) 3S
to (5s7s) 1S, where for simplicity of the analysis we consider
the spin-free states. In order to show the correlation of the
undulations of the valence electron PEC with the shape of
Rydberg electron density, in Figs. 10–13 we present also the
square of module of the corresponding Rydberg Cd atomic
orbital at the internuclear axis; hereafter r denotes the Ry-
dberg electron distance from the nucleus (of Cd). Namely,
all the physical interpretations of the considered undulations,
i.e., scattering of Rydberg electron from the perturbing atom
[2,4,5], “exchange” [17] or steric [6] interactions, are mod-
ulated by the Rydberg electron density. Additionally, the
valence electron PECs for the free-atom frozen orbitals is also
presented; these PECs are closely related to discussion based
on “exchange energy” [17] and they represent pure Coulomb
and exchange interaction energy between frozen Cd and Ar
atoms, where the former atom is excited into the appropriate
Rydberg state.

As seen in Figs. 10–13, for sufficiently large internuclear
distance the undulations of the valence electron PECs reflect
these of Rydberg electron density as well as the “frozen”
PECs also seen in Figs. 10–13. The most striking similarity is
observed in the case of the most spatially expanded (5s7s) 3�

and 1� states (see Fig. 13), where two maxima of valence
electron PECs reflect the maxima of Rydberg electron density.
The outer maximum of Rydberg electron densities as well as
of the valence electron PECs in Fig. 13 correspond here to the
very flat energy maximum of PECs of the (5s7s) 3� and 1�

states indicated by arrows in Fig. 9, whereas the inner energy
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FIG. 11. Valence electron PECs of the 1� and 3� states corre-
lating with the (5s6p) 1P and 3P asymptotes, respectively, obtained
with the SA-RASSCF/MS-RASPT2 approach as well as for the the
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Rydberg orbital �6p,ml =0(r, θ = 0, φ = 0) of the Cd atom is shown.

maximum of valence electron PEC is hidden within the inner
energy well of the total PEC. However, in general, the consid-
ered correlation, i.e., linear dependence between the positions
of the corresponding maxima, is not so strict. In Figs. 14 and
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15, the position Rmax, �Emax of the energy maxima of valence
electron PECs are plotted versus the positions of the maxima
rmax, |�nlml (rmax, 0, 0)|2 of the corresponding atomic Rydberg
electron densities on the molecular axis. It is clearly seen in
Figs. 14 and 15 that s-Rydberg states closely follow the linear
dependence. Deviations for the remaining states, i.e., those
correlating with the (5s6p) and (5s5d ) asymptotes, may be
partially attributed to the fact that they are not well separated
from each other on the energy scale. This is especially the
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MAREK KROŚNICKI et al. PHYSICAL REVIEW A 99, 052510 (2019)

 0

 200

 400

 600

 800

 1000

 1200

 1400

 1600

 0  0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9

E
m

ax
 (

cm
-1

)

| nlml
(rmax,0,0)|2 × 103  (a.u.)

(5sns) 1S
(5sns) 3S
(5s6p) 1P
(5s6p) 3P
(5s5d) 1D
(5s5d) 3D

FIG. 15. Height �Emax of the energy barrier of the valence
electron PECs vs maximum value |�nlml (rmax, 0, 0)|2 of the (atomic)
Rydberg electron density on the molecular axis. Note that the values
on the horizontal axis are multiplied by 103. Dotted line is added to
emphasize the linear dependence for s-Rydberg states.

case for the 1� states correlating with the (5s5d ) 1D and
(5s6p) 1P asymptotes, which approach each other around R ∼
7 bohr (see Fig. S4 in SM [46]). Indeed, these states exhibit
considerable deviations from the linear dependence between
the positions of the maxima of valence electron PECs and the
maxima of the atomic Rydberg electron densities.

Another reason for the deviations from the linear depen-
dence between the considered maxima (see Figs. 14 and 15)
in the case of the � Rydberg states correlating with the
(5s5p) 2S+1P and (5s5d ) 2S+1D asymptotes is the fact that
the corresponding atomic states are not spherically symmetric
and, as a consequence, the value of |�nlml |2 along the molec-
ular axis is not representative in this case. As seen in Figs. 11
and 12, for these states the positions of the maxima of the
“frozen” valence electron PECs follow the valence electron
PECs counterparts more closely than the maxima of atomic
Rydberg electron densities along the molecular axis. This is
due to the fact that the “frozen” valence electron PECs take
into account the nonspherical character of the 6pσ and 5dσ

orbitals.
It was found experimentally [18] that the binding energies

De of the Rydberg singlet states of HgNe correlating with
the (6s ns) 1S, n = 7, 8, 9, 10, atomic asymptotes are larger
than in the case of triplet counterparts correlating with the
corresponding (6s ns) 3S asymptotes. It was stated in Ref. [18]
that simple “exchange” interaction between Rydberg electron
and Ne atom cannot describe properly such relation of depths
of the potential wells. This phenomenon was ascribed to
the superexchange interaction involving 6s and Rydberg ns
orbitals of Hg, and also the 2pσ valence orbital of Ne [18].
Present ab initio PECs of the CdAr Rydberg states correlating
with the (5s6s) and (5s7s) asymptotes also possess larger
values of De in the case of the 1� states than for the cor-
responding 3� states (see Table VII). However, it is seen in
Figs. 10 and 13 that at Re ∼ 5.5 bohr of Cd+Ar, the Rydberg
electron density is larger in the case of the atomic (5s ns) 3S

Rydberg state than in the (5s ns) 1S counterpart. This leads to
larger Coulomb and exchange (positive) contributions to the
CdAr interaction energy around the equilibrium position for
the 3� states in comparison to the 1� counterpart. This is
reflected in the valence electron PECs presented in Figs. 10
and 13, where there are larger positive values obtained for
the 3� states. Therefore, the tendency of larger De energies
observed for the Rydberg (5s ns) 1� than for 3� states could
be ascribed to the atomic property, i.e., Rydberg electron
density of the isolated Cd atom without necessity of includ-
ing more involved superexchange effects. Furthermore, the
“frozen” valence electron PECs, where the frozen atomic
charge densities of Cd and Ar approach each other, follow
the tendency of larger �E values at Re in the case of triplet
states. Since the “frozen” electron valence PEC is the practical
realization of the concept of the “exchange” interaction of
Ref. [18] for the CdAr complex, it is concluded here that
superexchange effects, though included within the present
SA-RASSCF/MS-RASPT2 ab initio approach, seem to not
to be essential for the explanation of the relation between De

values of the Rydberg (5s ns) 3� and 1� states.
A similar relation between De values of the 3� and 1�

states correlating with the other atomic asymptotes is ob-
served for almost all considered cases [see (1)]. The only
exception is observed for states correlating with the (5s6p) 3P
and 1P asymptotes, where a larger De value is obtained for the
triplet state. However, also in this case the relatively shallow
inner well of the 1� states also may be correlated with the
larger Rydberg electron density of 6p atomic orbital of the
1P state of Cd (see Fig. 11). Furthermore, the shape of PEC
obtained with the SA-RASSCF/MS-RASPT2 approach of the
1� state correlating with the (5s6p) 1P asymptote is affected
by the proximity around R ∼ 7 bohr of the 1� state correlating
with the (5s5d ) 1D asymptote (see Fig. S4 in the SM [46]).

G. Permanent electric dipole moments (PEDMs)

In Fig. 16, the permanent electric dipoles (PEDs, in debye)
along the molecular axis calculated for the Rydberg spin-
free states of CdAr correlating with the (5s6p) 1P, 3P and
(5s5d ) 1D, 3D are presented. It is seen that the largest PEDMs
are obtained for states of the � symmetry, relatively smaller
ones are found for the � states and, finally, negligibly small
dipoles occur for � states (not shown in Fig. 16). This is
the direct consequence of the concentration of the electronic
charge along the molecular axis, which decreases with the
increase of �(=0, 1, 2) quantum number. It is interesting to
note that in the region of equilibrium internuclear distance of
the considered Rydberg states correlating with the (5s6p) 1P
and (5s5d ) 1D atomic asymptotes, i.e., from 5.36 to 6.52 bohr,
the PEDMs possess relatively large magnitudes, reaching
values above 10 debye in the case of the 1� states. The
abrupt reorientation of the electric dipole of the (5s5d ) 1� and
(5s6p) 1� states appears around R = 8 bohr, i.e., very close to
the position of energy maximum shifted by ∼1.5 bohr toward
the inner well. It should be pointed out that at this internuclear
distance these two states of the same symmetry approach each
other (see Fig. S4 in the SM [46]) and the corresponding
electronic states change significantly. At the same time, the
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reorientation of (5s6p) 3� and (5s5d ) 3� states occur around
equilibrium distance, i.e., at roughly 6 bohr.

H. Transition dipole moments (TDMs)

The values of transition dipole moments (TDMs) were
obtained in the present work with the SA-RASSCF/MS-
RASPT2/RASSI-SO approach, in which first-order correction
to the wave function of the RASPT2 perturbation theory
was not taken into account. Therefore, TDMs were calcu-
lated between linear combinations of SA-RASSCF states,
first mixed by means of multistate (MS) approach to the
RASPT2 method, and second these states were coupled via
the s-o interaction included with the RASSI-SO method. The
considered states of CdAr (1) correspond to single excitations
localized at the Cd atom perturbed by the presence of the Ar
atom. In particular, the dependence of TDMs on internuclear
distance R reflects the impact of the interatomic interactions
onto the intensities of the transitions localized on Cd atom.
However, the omission of the first-order correction to the
wave function limits the number of interatomic effects that
affect the value of TDM to those represented by the single
excitations within the RAS(5s2-1h//5p6s6p5d7s-1e) active
space.

In Figs. 17 and 18, the calculated values of |TDM|2 are pre-
sented for the most intense transitions in the case of absorption
from the ground state X 10+ and for the emission from the

E31(6 3S1) state of CdAr, respectively. Note that the change of
the values of |TDM|2 as the atoms approach each other is the
result of the variation of the composition of the initial and final
states of a given transition along the internuclear distance.

As mentioned before, all the considered states of CdAr
have almost definite multiplicities (see also Tables S2–S5
in the SM [46]). As a result, the radiative transitions be-
tween states correlating with the atomic asymptotes of dif-
ferent multiplicities are forbidden or they exhibit at most
very low intensities. This is clearly seen in Fig. 17 by
comparing the values of |TDM|2 for the absorption from
the ground (singlet) state to the states correlating with
the (5s5p) 3P1 and 1P1 asymptotes, where the |TDM|2 for
singlet ← singlet transitions are three orders of magnitude
larger than the triplet ← singlet counterparts. The latter
spin-forbidden transitions are forced by the mixing of sin-
glet states into the triplet ones via the s-o interaction; in
the particular case of states correlating with the (5s5p) 3P1,
such admixture is less than 1%. A similar relation is ob-
served in Fig. 18 between the values of |TDM|2 of the spin-
allowed E31(6 3S1) ← �(±)(53PJ=0,1,2) and spin-forbidden
E31(6 3S1) ← �′(+)(5 1P1) transitions, where �(±) = 0±, 1, 2
and �′(+) = 0+, 1. In particular, recent excitation spec-
tra of the E31(6 3S1) state were performed by the OODR
method, i.e., via the E3(6 3S1) ← A30+(5 3P1) ← X 10+(5 1S0)
sequence of transitions [39], where the spin-allowed transition
was used in the second step. At the same time, such OODR
excitation of states correlating with the (5s6s) 1S0 asymptote
via the A30+(5 3P1) intermediate state was not realized be-
cause of the spin-forbidden character of the second transition.
This becomes obvious by comparing the values of |TDM|2
displayed in Fig. 18, where the spin-allowed transitions also
exhibit values of |TDM|2 three orders of magnitude larger
than the spin-forbidden counterparts.

In Fig. 17, in addition to the results of this work, the
values of |TDM|2 taken from Ref. [29] are presented in
the case of transitions from the ground state into the states
correlating with the (5s5p) 3PJ=1,2 and 1P1 atomic asymp-
totes. It is noted that all the |TDM|2 values corresponding to
just mentioned transitions taken from Ref. [29] are smaller
than their counterparts obtained in this work. The values of
|TDM|2 were calculated in Ref. [29] with the CASSCF and
internally contracted multi-reference configuration interaction
(ICMRCI) method [72–75]. Within this method, the CASSCF
wave function is treated as the reference function for CI ex-
pansion including single and double excitations in Ref. [29];
the active space CAS = (5s5p6s6p)2 was chosen. In this way,
much larger amounts of the electron correlation effects are
taken into account with TDM values of Ref. [29] than in
the case of the present SA-RASSCF/MS-RASPT2/RASSI-
SO approach. In particular, the weight (by means of CI) of
the pure singly excited configuration state correlating with
the (5s5p) 1P1 asymptote with the CASSCF/ICMRCI wave
function is supposed to be smaller than the corresponding
weight with the SA-RASSCF/MS-RASPT2/RASSI-SO ap-
proach (disregarding the first-order RASPT2 correction to
the wave function). At the same time, the transitions from
the ground state to the states correlating with the (5s5p) 1P1

asymptote provide the largest possible values of TDMs for
Cd atom. Therefore, the inclusion of the electron correlation
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FIG. 17. Values of |TDM|2 (a.u.) for absorption from the X 10+(5 1S0 ) [1�] ground state of CdAr to excited states correlating with the
(5s5p) 3PJ , 1P1, (5s6s) 1S0, (5s5d ) 1D2, and (5s6p) 1P1 atomic asymptotes. For comparison purposes, the values of |TDM|2 obtained with the
CASSCF/ICMRCI method taken from Strojecki et al. [29,66] are also presented.

in this context leads to the lowering of the intensity of
the transitions from X 10+ to the states correlating with the
(5s5p) 3PJ=1,2 and 1P1 atomic asymptotes. Such relation be-
tween the values of |TDM|2 obtained with the present ap-
proach and with the CASSCF/ICMRCI one of Ref. [29] can
be seen in Fig. 17. A similar result was obtained in the
case of test calculations performed for free Cd atoms within
the present work for RAS(5s2-1h//5p6s6p5d7s-1e) and
RAS(5s2-2h//5p6s6p5d7s-2e), where in the latter (larger)
active space the lower intensities of the (5s5p) 1P1 ←
(5s2) 1S0 and (5s5p) 3P1 ← (5s2) 1S0 transitions were ob-
tained in comparison to the counterparts calculated for the
former (smaller) active space. However, it is seen in Fig. 17
that the overall behavior of the |TDM|2 as the function of R
obtained within this work and in Ref. [29] is very similar.
Therefore, it may be expected that |TDM|2 values obtained
in the present work are of semiquantitative quality.

IV. SUMMARY AND CONCLUSIONS

Since the early attempt of Czuchaj and Sienkiewicz [26],
this work presents the first ab initio calculations of the Ry-
dberg states of CdAr complex above the states correlating
with the (5s6s) 1S0 atomic asymptote, i.e., the (5s6p) 3P0,1,2,
(5s5d ) 1D2, 3D1,2,3, (5s6p) 1P1, (5s7s) 3S1, and 1S0 asymptotes.

Properties of the PECs are carefully investigated. In partic-
ular, it is observed that all the considered states correlating
with the same atomic asymptote obey the energy relation

E ([2S+1�] �) > E ([2S+1�′] �′) for � < �′, where quantum
numbers in square brackets are the approximate quantum
numbers. It is also noted that the PECs of all the con-
sidered Rydberg states of predominant � character possess
double-well structure and the wells are separated by the
energy barrier positioned around the maximum of the Rydberg
electron density of the Cd atom. Therefore, it is concluded
that these energy maxima correspond to the electronic charge
reorganization associated with the entrance of Ar atom into
the space occupied by the Cd Rydberg state. The appearance
of the outer well in the PECs of Rydberg � states is the
consequence of the lowering of energy of CdAr complex
by the attractive induction and dispersion interactions as the
atoms, being at relatively large distance, approach each other,
and by the formation of the above-mentioned energy barrier
located around the “radius” of Cd Rydberg state.

Spectroscopic parameters Re, De, and ωe of the considered
electronic states of CdAr obtained within ab initio calcula-
tions were calculated. Additionally, for the Rydberg states of
predominant � character, the positions Rb and heights Eb of
the top of energy barrier and equilibrium distance Rout

e and
depths Dout

e of outer wells were determined. Wherever it was
possible, the spectroscopic parameters were compared with
the results of earlier ab initio calculations and with available
and recommended experimental data.

Tests performed in the section devoted to comparison with
experimental data show that ab initio calculated potential of
the inner well of the E31((5s6s) 3S1) state, E31in, provides
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simulated structures of the first 15 vibrational levels with the
best theory-to-experiment agreement to date, as compared to
all previous ab initio potentials. Also, the analysis shows that
change in shape of outer well of the potential E31out, i.e.,
reduced equilibrium distance Rout

e and lower potential barrier
resulting from ab initio potential (with BSSE correction) are
in better agreement (as compared with results of previous cal-
culations) with the results of studies of experimental spectra.

Ab initio calculations show that the PEDMs of the Rydberg
states of � symmetry may be larger than 10 debye even at the
equilibrium internuclear distance. The magnitude of electric
dipole moment strongly depend on the internuclear distance.
Furthermore, at certain distances the dipole moments change
their orientation.

The values of |TDM|2 are presented and discussed. It is
shown by comparison with the results of CASSCF and ICM-
RCI calculations that, on one hand, the absolute values of the
TDMs are sensitive to the correlation effects and, on the other
hand, the relative values of |TDM|2 and the overall behavior
of |TDM|2 values with respect to the internuclear distance
are practically the same, at each of the considered levels of
the inclusion of the correlation effects. The knowledge of the
relative values of TDMs allow us to interpret correctly the
observed spectra.
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APPENDIX: DISCUSSION ON ACCURACY
OF DESCRIPTION OF THE RYDBERG

STATES WITHIN PT2 APPROACH

In this section, we consider the interactions of the sub-
systems of CdAr complex excited into the Rydberg state in
pairs, i.e., Cd+-Ar, Cd+-Rydberg electron, and Ar-Rydberg
electron. Such a simplified model has allowed for some
benchmark calculations and, as a consequence, estimates of
the errors of description of the Rydberg states with the PT2
approach. Finally, we present the direct evaluation of such
errors for 3� Rydberg state of CdAr correlating with the
(5s5d ) 3D asymptote, for which we were able to perform
single-reference CCSD(T) calculations.

It is seen in Fig. 1 and Table II that all the results of the PT2
methods, with the exception of MS-RASPT2, overestimate
the interaction energy within the potential well of the ground
state of CdAr. This result is expected and refined by the
higher order corrections to the energy (see, e.g., Ref. [76]
and references therein). A similar situation is observed in
Fig. 19, where the PECs around the energy minimum of the
ground state 2� of Cd+Ar cation obtained with the RAS-
CI/RASPT2 method and the CASSCF/CASPT2 method are
below the CCSD(T) counterpart. RAS-CI means here the
configuration interaction (CI) method performed for RAS
2� ground state of Cd+Ar constructed from pseudonatural
orbitals obtained with the SA-RASSCF method performed for
seven singlet A1 (of C2v) states of CdAr. In this way, we extract
within the RAS-CI/RASPT2 approach the Cd+-Ar part of the
interaction energy of the excited states of CdAr calculated
with the SA-RASSCF/RASPT2 approach. It is seen in Fig. 19
that the RAS-CI/RASPT2 PEC of the 2� ground state of
Cd+Ar closely follows the CASSCF/CASPT2 counterpart.
Namely, the values of the potential well depths De of 2� state
obtained with the SA-RASSCF/RASPT2, CASSCF/CASPT2,
and CCSD(T) methods are equal to 1509, 1496, and 1432
cm−1, respectively. Also, the tendency to shorten the equilib-
rium distance Re of the PT2 methods is noted (see Fig. 19,
but also Fig. 1 and Table II). Thus, it is concluded that
the additional approximations of the SA-RASSCF/RASPT2
method in comparison to the CASSCF/CASPT2 approach
are of minor importance; however, both PT2 methods over-
estimate De of 2� state of Cd+Ar, in particular, the present
CCSD(T) value, by roughly 70 cm−1 (i.e., by ∼5%). The fact
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that the relative error obtained for De of the ground state of
the cation is rather small may be attributed to the fact that the
interaction energy between Cd+ and Ar contains substantial
contribution from the induction energy (charge instantaneous
dipole) that is supposed to be relatively well described within
PT2 approaches as it is accounted for already at the SCF level
(and improved by means of the second-order correction to
the energy) [67]. Probably the main source of the differences
between the values of interaction energy of Cd+-Ar obtained
within PT2 and CCSD(T) approaches may be ascribed to
deficiencies in the description of the dispersion interaction
with the former methods.

Now we illustrate the performance of the RASPT2 ap-
proach in a description of the induction Cd+-Rydberg elec-
tron and Ar-Rydberg electron interactions. In this case, the
induction energy in first approximation (for sufficiently large
distances r) originates from the interaction between the point
charge −e = −1 a.u. (p.c.−) and the instantaneous dipole
located on an atom or ion,

Eind. ∼ − α

2r4
(a.u.), (A1)

where α is the dipole polarizability of the atom or ion. In
Figs. 20 and 21, the induction interaction energy (multiplied
by r4) of the model Cd+-p.c.− and Ar-p.c.− pairs calculated
with CCSD(T) and PT2 approaches are presented. Obviously,
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FIG. 21. Interaction energy (multiplied by r4) between Ar atom
and −1 a.u. point charge (p.c.−) at a distance r from the nucleus
of Ar.

our models do not take into account the exchange effects. It
is seen in Fig. 20 that in the case of Cd+-p.c.−, the induction
energy is underestimated within PT2 approaches. The upper
bound of dipole polarizability of the Cd+ cation, αCd+ , can be
roughly estimated from Fig. 20 with the aid of approximate
formula for Eind (A1). These rough values, i.e., ∼22 a.u. for
PT2 and ∼25 a.u. for CCSD(T), of polarizabilities are rather
reasonably close to the ab initio values αCd+ , i.e., 20.19 and
24.13 a.u., obtained in Ref. [77] for the DKH2 Hamiltonian
with the PT2 and CCSD(T) methods, respectively. It is also
seen in Fig. 20 that both PT2 approaches give practically the
same results.

At the same time, the induction energy of the Ar-p.c.−
model system is slightly overestimated with the MP2 method
(see Fig. 21). This is in agreement with a tendency of slightly
overestimating the αAr polarizability with the PT2 methods
[78] and in general with the recommended value 11.083 ±
0.007 a.u. of αAr [78] that would correspond to the horizontal
line at −5.54 a.u. in Fig. 21. For appropriately large distances,
the decrease of |Eind.r4| with the increase of r is observed
in Figs. 20 and 21. It corresponds to charge-instantaneous
quadrupole and possibly higher multipole moments induced
on the atom or ion. The fact that the PT2 approach closely
reproduces CCSD(T) induction energy of the Ar-p.c.− model
system is in agreement with our previous result, where the
PT2 interaction energies of Cd+-Ar cation are also close to
the those obtained within CCSD(T) (see Fig. 19).

The underestimation of the induction energy in Cd+-p.c.−
model system is reflected in description of Cd atomic Rydberg
states. Its major impact may be observed at relatively short
distances, where it makes the absolute value of the potential
energy experienced by Rydberg electron smaller and, as a
consequence, it results in spatial expansion of the Rydberg
atomic orbitals. Such a tendency was observed in our free
Cd atom test calculations by comparing natural orbitals of
Rydberg states obtained with the RASPT2 and slightly more
involved CASPT2 methods for large CAS(5s5p6s6p5d7s)2

(note that CASPT2 in Fig. 20 corresponds to possibly minimal
CAS). This expansion is especially pronounced in the case of
singlet states (see also Sec. S6 in the SM [46]).
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The only single reference CCSD(T) calculation for the
Rydberg state of CdAr was successfully performed for 3�

state correlating with (5s5d ) 3D asymptote. PEC resulting
from this calculation along with PT2 results is presented in
Fig. 22. The overall similarity with PECs of the 2� ground
state of Cd+Ar presented in Fig. 19 is noted. However, certain
differences between these PECs also can be found and they
originate from the effect of the Rydberg electron. Namely, the
3� state of CdAr has lower binding energy (by 150 cm−1) and
slight shortening (by 0.01 bohr) of the equilibrium distance
in comparison to the ground state of Cd+Ar. Furthermore,
the PT2 methods again slightly overestimate the interaction

energy within the potential well; e.g., De obtained with the
RASSCF/RASPT2 method is larger roughly by 35 cm−1

than the CCSD(T) counterpart. This discrepancy is two times
smaller than in the case of PT2 PECs of Cd+Ar shown in the
Fig. 19. The equilibrium distance Re (5.53 bohr) of Rydberg
3� PEC is practically the same for PT2 and CCSD(T)
methods. In summary, it seems that the overestimation of
the Cd+-Ar interactions seen in Fig. 19 cancels out with the
underestimation of the induction interaction between Cd+
and Rydberg electron (see Fig. 20), resulting in a surprisingly
good description of Rydberg states of CdAr with the PT2
approach.

[1] V. Bendkowsky, B. Butscher, J. Nipper, J. P. Shaffer, R. Löw,
and T. Pfau, Nature (London) 458, 1005 (2009).

[2] J. P. Shaffer, S. T. Rttenhouse, and H. R. Sadeghpour,
Nat. Commun. 9, 1965 (2018).

[3] K. R. Overstreet, A. Schwettmann, J. Tallant, D. Booth, and J. P.
Shaffer, Nat. Phys. 5, 581 (2009).

[4] E. Fermi, Nuovo Cim. 11, 157 (1934).
[5] N. Y. Du and C. H. Greene, Phys. Rev. A 36, 971 (1987).
[6] A. Yiannopoulou, G.-H. Jeung, S. J. Park, H. S. Lee, and Y. S.

Lee, Phys. Rev. A 59, 1178 (1999).
[7] A. Boutalib and F. X. Gadéa, J. Chem. Phys. 97, 1144 (1992).
[8] W. Behmenburg, A. Makonnen, A. Kaiser, F. Rebentrost, V.

Staemmler, M. Jungen, G. Peach, A. Devdariani, S. Tserkovnyi,
A. Zagrebin, and E. Czuchaj, J. Phys. B 29, 3891 (1996).

[9] M. Song, P. Yi, X. Dai, Y. Liu, L. Li, and G.-H. Jeung, J. Mol.
Spectrosc. 215, 251 (2002).

[10] H. S. Lee, Y. S. Lee, and G.-H. Jeung, Chem. Phys. Lett. 325,
46 (2000).

[11] N. Khelifi, B. Oujia, and F. X. Gadea, J. Chem. Phys. 116, 2879
(2002).

[12] J. Pascale, Phys. Rev. A 28, 632 (1983).
[13] N. Geum and G.-H. Jeung, Chem. Phys. Lett. 333, 314 (2001).
[14] S. L. Guberman and W. A. Goddard, Phys. Rev. A 12, 1203

(1975).
[15] M.-C. Duval, O. B. D’Azy, W. H. Breckenridge, C. Jouvet, and

B. Soep, J. Chem. Phys. 85, 6324 (1986).
[16] M. Okunishi, K. Yamanouchi, K. Onda, and S. Tsuchiya,

J. Chem. Phys. 98, 2675 (1993).
[17] K. Onda, K. Yamanouchi, M. Okunishi, and S. Tsuchiya,

J. Chem. Phys. 101, 7290 (1994).
[18] K. Onda and K. Yamanouchi, J. Chem. Phys. 102, 1129 (1995).
[19] J. Koperski and M. Czajkowski, Chem. Phys. Lett. 357, 119

(2002).
[20] R. R. Bennett and W. H. Breckenridge, J. Chem. Phys. 96, 882

(1992).
[21] J. Koperski and M. Czajkowski, Spectrochim. Acta A 59, 2435

(2003).
[22] J. Koperski and M. Czajkowski, Phys. Rev. A 69, 042509

(2004).
[23] R. R. Bennett and W. H. Breckenridge, J. Chem. Phys. 92, 1588

(1990).
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[25] E. Czuchaj, M. Krośnicki, and H. Stoll, Theor. Chem. Acc. 105,
219 (2001).

[26] E. Czuchaj and J. Sienkiewicz, J. Phys. B: At. Mol. Phys. 17,
2251 (1984).

[27] J. A. Boatz, K. L. Bak, and J. Simons, Theor. Chim. Acta 83,
209 (1992).

[28] E. Czuchaj and H. Stoll, Chem. Phys. 248, 1 (1999).
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