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a b s t r a c t

Laser-induced fluorescence excitation spectra of CdRg (Rg = He, Ne, Xe) complexes were recorded at the
D1

R
þ
0  X1

R
þ
0 bound bound and free bound transitions. In case of CdXe, analysis of the recorded

profiles resulted in determination of the D1
R
þ
0 -state potential energy curve and ground-state dissociation

energy. In case of CdHe and CdNe, analysis of the free bound profiles provided a repulsive part of the
D1

R
þ
0 -state potential. Valence ab initio calculations of the ground- and excited-state potentials and elec-

tronic transition dipole moments of the studied transition were performed taking scalar-relativistic and
spin-orbit effects into account. The results were supplemented with those for CdAr and CdKr of our ear-
lier study.

Ó 2009 Elsevier B.V. All rights reserved.

1. Introduction

Free-jet supersonic expansion beam method combined with
techniques of laser spectroscopy is an excellent tool for investiga-
tion of energy structure and interatomic interaction in van der
Waals (vdW) complexes. The method has been used in determina-
tion of molecular electronic-state potentials obtained from an
analysis of laser-induced fluorescence (LIF) excitation and dis-
persed emission spectra [1]. The method was applied by several
groups in investigations of CdRg (Rg = rare gas) complexes and
spectroscopic characterization of their X1

R
þ
0 ground [2–6] as well

as low-lying A3
P0 and B3

P1 [2,4,5,7–11], and C1
P1 [3–5,12–14] ex-

cited electronic energy states correlating with the 53P1 and 51P1 Cd
atomic asymptotes. Certain attention has also been paid to the
characterization of second, D1

R
þ
0 singlet state correlating with

the 51P1 (see insert in Fig. 1), which has a very shallow well sup-
porting a small number of vibrational levels.

In our previously published Letter [15] we reported first-time
recorded LIF excitation spectra recorded at the D1

R
þ
0  X1

R
þ
0

free bound (f b) transitions in CdAr and CdKr. The spectra
have been used in characterization of a repulsive part of the
D1

R
þ
0 -state potential with the conclusion that an evident regularity

in the short-range interaction between the Cd and Ar or Kr atoms
could be observed. There were no attempts, however, towards the
D-state potential characterization in the lighter CdHe and CdNe
complexes. On the other hand, Funk and Breckenridge reported ex-

tremely weak LIF excitation spectrum recorded at the D X transi-

tion in the heaviest CdXe [12], but the bound bound (b b)
transitions terminating at the ladder of vibrational levels in the
excited-state potential well were not resolved. Nevertheless, from
the displacement of the onset of the unstructured profile of the
b b transitions to the blue of the 51P1 51S0 atomic transition
they estimated the ground-state dissociation energy
D000ðCdXeÞ ¼ 176 � 5 cmÿ1. To overcome the problem with weak
LIF signal, Funk and Breckenridge recorded so-called ‘action’ spec-
tra that involved a second laser for probing formation of the
Cd(51P1) atoms after excitation of the D molecular state above its
dissociation limit, but no improvement was made in the character-
ization of the D state. Using the same approach, they recorded a
spectrum corresponding to the t0  t00 = 0 progression in the
C1
P1  X1

R
þ
0 transition and from its simulation they determined

the ground-state well depth D00eðCdXeÞ ¼ 187 cmÿ1.
In this Letter we report first-time observation of a direct D X

excitation in CdHe and CdNe, as well as in CdXe i.e., in the lightest
and the heaviest of the CdRg family. In case of the CdXe, spectra
arising from both, partially vibrationally resolved b b as well
as f b transitions forming unstructured profiles, were recorded,
whereas for the CdHe and CdNe, similarly as for CdAr and CdKr
[15], only f b transitions were observed. An analysis of the spec-
trum arising from the D(t0) X(t00) b b transitions yielded infor-
mation on the CdXe ground-state dissociation energy as well as
spectroscopic parameters of the D state. The results obtained for
the CdXe together with those obtained as results of the analysis
of the unstructured D X f b transitions in the CdHe and CdNe
supplemented our previous studies [15] and systematized descrip-
tion of the short-range interaction in the D state in the CdRg family
of vdW complexes.
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2. Numerical calculations

A scheme of the CdXe potential energy curves of the D and C ex-
cited states are shown in insert of Fig. 1. They are drawn according
to the result of valence ab initio calculations of this work (arrows
representing f b and b b transitions starting from t00 = 0, 1
and 2 are also depicted). However, the main goal of the calculations
was to provide for the experiment accurate l transition dipole mo-
ments versus internuclear separations R. Consequently, accurate
wave functions for calculation of the properties of the spin-orbit
(S-O) splitted states were needed.

In previous work related to the CdRg ab initio molecular poten-
tials [16], for calculation of energies a complete-active-space multi
reference second order perturbation theory (CASPT2) method was
used. The CASPT2 eigen-energies were employed in the S-O calcu-
lations as diagonal elements of the S-O matrix, but the off-diagonal
elements of the S-O operator were calculated using reference wave
functions taken from state averaged complete-active-space multi-
configuration self-consisted field (CASSCF) calculations. This ap-
proach offered a good agreement with the experiment in case of
potential energies, but it failed to get accurate l. Therefore, in this
work we decided to calculate wavefunctions of the ground and ex-
cited states on the CASSCF/internally contracted multi reference
configuration interaction (ICMRCI) [17–20] level of theory.

The calculations were performed within the MOLPRO suite ab ini-

tio programs [21]. In the calculations, the Cd and (Ne–Xe) cores
were replaced by energy-consistent pseudopotentials (ECP) which
also account for scalar-relativistic effects and S-O interaction. We
have used small core ECP originated from Stuttgart-Köln group.
The ECP replacing 28 (1s2s2p3s3p3d) core electrons of Cd was ta-
ken from [22]. In turn, the ECP approximating the (Ne–Xe)8+ cores
were taken from [23]. On the other hand, for He no ECP was used.
We have employed an augmented correlation-consistent polarized

valence quadruple-zeta (aug-cc-pVQZ) atomic basis set for Cd
developed in [24]. The basis set was augmented by sets of even
tempered spd diffuse functions (exponents: s-0.00632; p-0.0053;
d-0.0210) resulting in (16s13p12d4f3g2h)/[8s8p7d4f3g2h] basis
set.

The atomic basis sets used for Ne, Ar and Kr are described else-
where [22]. In the case of Xe, the contracted (18s13p5d3f2g)/
[8s7p5d3f2g] basis set was derived from (14s10p3d2f1g)/
[4s4p3d2f1g] basis set of [25] augmented by even tempered set
of four s (exponents: 0.0202, 0.0100, 0.0048), three p (0.0270,
0.0129, 0.0064), two d (0.0894, 0.0367) basis set function and
one f (0.136) and one g (0.163) sets of polarised basis functions.
The basis set for He was formed from augmented correlation-con-
sistent polarized valence five-zeta (aug-cc-pV5Z) basis set of [26]
augmented by two s (exponents: 0.0171, 0.0049), two p (0.0500,
0.0151) and two d (0.0999, 0.0316) sets of even tempered functions
resulting in (11s7p6d3f2g)/[8s7p4d3f2g] basis set.

As alreadymentioned, the wavefunctions for the ground and ex-
cited states were calculated on CASSCF/ICMRCI level of theory, but
it has appeared in previous investigation [27] that the ICMRCI
method gives too shallow energies of the excited states and better
agreement with the experiment can be obtained calculating eigen-
energies within CASPT2 [28,29] method. Therefore, we have
decided to recalculate energies of the excited states on the CASS-
CF/CASPT2 level of theory. In order to improve the accuracy of the
ground-state, it was recalculated carrying out the one-component
closed-shell coupled-cluster calculations with inclusion of single
and double excitations and perturbative account of triple excita-
tions CCSD(T) [30,31]. In these calculations, for Ne–Xe and for He
all 28 and 22 electrons were correlated, respectively. It has also
been found that in the present calculations the basis set superposi-
tion error (BSSE) is appreciable andmust be taken into account. The
BSSE was estimated using counterpoise method from [32].
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Fig. 1. (a) and (b) The LIF excitation spectra of CdXe arising from (a) the D1
R
þ
0  X1

R
þ
0 ðv

00Þ f b and (b) the D1
R
þ
0 ðv

0Þ  X1
R
þ
0 ðv

00Þ b b transitions recorded to the blue of
the 51P1ÿ5

1S0 atomic transition (T = 850 K, trace (a): X = 6 mm, pXe/He = 8.5 bar, time-gating from 60 to 2500 ns; trace (b): X = 8 mm, pXe/He = 9.5 bar, time-gating from 0 to
60 ns). (c) The LIF excitation spectrum of CdHe arising from the D1

R
þ
0  X1

R
þ
0 ðv

00 ¼ 0Þ f b transitions (compare with Fig. 2) shown for procedural reasons. (d) Profile of the
D1

R
þ
0 ðv

0Þ  X1
R
þ
0 ðv

00 ¼ 0;1;2Þ b b transitions of CdXe after subtraction (c) from (b). (e) Simulated [37] profile of the D1
R
þ
0  X1

R
þ
0 ðv

00 ¼ 0;1;2Þ f b transitions: details of
the experimental spectrum from (a) were reconstructed with an assumption of the Tvib = 55 K. (f) Simulated [36] profile of the D1

R
þ
0 ðv

0Þ  X1
R
þ
0 ðv

00 ¼ 0;1;2Þ b b transitions
(vertical bars) in which Morse representations for the X1

R
þ
0 and D1

R
þ
0 states were used (see Table 1), l(R) = 1 and Tvib = 55 K was assumed (details in text). Insert shows result

of ab initio calculations for CdXe: electronic energy diagram with the D1
R
þ
0 - and C1

P1-state potentials (solid and dashed lines, respectively) and electronic transition dipole
moments l of the D1

R
þ
0  X1

R
þ
0 and C1

P1  X1
R
þ
0 transitions (details in text).
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Molecular orbitals were optimized with equal weight for all sin-
glet states correlating with the (5s2)1S, (5s5p)1P and (5s6s)1S as
well as triplet states correlating with the (5s5p)3P and (5s6s)3S
asymptotes of Cd. The active space was formed by distributing
20 valence electrons of Cd atom and 8 valence electrons of Rg
(i.e., Ne, Ar, Kr, Xe) at 4s, 4p, 4d outer core, 5s, 5p valence and 6s,
6p Rydberg orbitals of Cd and at nsnp Rg orbitals, where n is equal
2, 3, 4 and 5 for Ne, Ar, Kr and Xe, respectively. For He we took two
electrons and 1s valence orbital. The 4s4p4d outer core Cd orbitals
and nsnp Rg orbitals were optimized, but kept doubly occupied in
all configuration state functions.

The resulting wave functions were used as references in the fol-
lowing ICMRCI and CASPT2 calculations. At the ICMRCI level of the-
ory, the 4s4p orbitals of Cd were set as core and not correlated, the
4d orbitals of Cd and the nsnp of Rg were kept as double occupied
in all reference configuration state functions, but these orbitals
were correlated through single and double excitations. The 5s, 5p
and 6s, 6p Cd orbitals did not have restricted occupation pattern.
In the CASPT2 calculations we did not have any core orbitals and
4s4p orbitals of Cd were kept as double occupied.

The corresponding S-O effect was taken into account by diago-
nalization of the full two-component valence Hamiltonian which
contained also the S-O part of the pseudopotential [33]. The S-O
matrix was formed from all states correlating with the (5s2)1S,
(5s5p)1P, (5s6s)1S, and the (5s5p)3P and (5s6s)3S asymptotes of
Cd. The off-diagonal Hamiltonian matrix elements were calculated
in a space spanned by the ICMRCI wavefunctions. The diagonal ele-
ments of the Hamiltonian matrix corresponding to the ground and
excited states were shifted to the CCSD(T) and CASPT2 eigen+ener-
gies, respectively.

3. Experimental

Both, the apparatus and the experimental procedure were de-
scribed previously [15,27]. In short, Cd (natural abundance) heated
up to a temperature in range T = 800–950 K and seeded in Rg car-
rier gas (He of 99.9999% purity, Ne of 99.999% purity, or mixture of
5% Xe of 99.99% purity in He) was injected into a vacuum chamber
through a stainless-steel nozzle with an orifice D of 0.15 mm (CdHe
or CdHe/CdXe) or 0.2 mm (CdNe) in diameter. The Rg pressures,
pRg, varied from 8.5 to 13 bar. Frequency-doubled radiation from
a Nd+:YAG-laser-pumped-dye-laser was crossed at right angles
with the free-jet beam. The total LIF signal originating at the dis-
tance X (from 5 to 8 mm) from the nozzle to the interaction region
was averaged over 16 laser pulses and recorded with a photomul-
tiplier. The measured LIF consisted of two different types of the sig-
nal related to their time characteristics. In the first-time-interval
(from 0 to 60 ns relative to the origin of the laser pulse) the LIF
was dominated by b b transitions, while in the second (from
60 to 2500 ns) the LIF originated mostly from photodissociation
of the CdRg molecules (f b transitions). In order to properly dis-
criminate between these two types of the signal, the detection of
the spectra was time-gated. The procedure ensured measurements
in different time windows and a lifetime separation of the signal.
The relative and absolute wavelengths corresponding to the funda-
mental frequencies of the dye laser were calibrated with 0.005 nm
and 0.05 nm accuracy using a pulsed wavemeter and optogalvanic
signal from an Ar-filled hollow cathode lamp, respectively.

4. Results and discussion

Fig. 1 presents the CdXe spectrum arising from the D X(t00)
f b (trace (a)) and D(t0) X(t00) b b (trace (b)) transitions re-
corded with different time-gating. The former represents a long-
lived LIF originating from the excited Cd(51P1) atoms after photo-

dissociation of CdXe, whereas the later consists of a short-lived
LIF due to b b transitions (see insert in Fig. 1 with vertical arrows
marking the two types of transitions). The qualitative description of
both types of spectra is straightforward. The f b profile repre-
sents a t00 = 0-level (or several lowest t00-level) wave-function(s) re-
flected on the repulsive part of the excited-state potential. The
b b profile shows one (or several) t0-progression(s) representing
partially resolved, however isotopically broadened, transitions
from t00 = 0 (or several lowest t00). To reproduce the spectra quanti-
tatively, one needs to take into account details of the vibrational en-
ergy structure, isotopic composition and relative position of the
electronic-state potentials involved in the transition. Because the
measurements for the CdXe were performed using Xe/He mixture,
an analogous LIF spectrum of the CdHe i.e., recorded using pure He
carrier gas, was recorded for reference (trace (c)). This allowed sep-
arating the CdHe contribution from the LIF signal recorded using
the CdXe/CdHe, and determination of a shape of the LIF spectrum
originating from the CdXe complex only. It was achieved by a sub-
traction of smoothed profile of pure CdHe (trace (c)) from that of
CdXe/CdHe (trace (b)). However, no criterion for approximation of
the amount of the CdHe contribution in the total CdXe/CdHe signal
was assumed, except an efficient metathesis process suggested in
[3] favoring much strongly bound (i.e., CdXe) molecules in the
beam. For the sake of simplicity, similar fractions of CdXe and CdHe
were assumed. The result, the retrieved ‘pure’ CdXe excitation spec-
trum, is shown in trace (d). Further difficulty in the analysis of the
spectrum arose from the fact that long-wavelength part of the
investigated D(t0) X(t00) b b spectrum overlaps with the
short-wavelength wing of the atomic line. From the other side,
the long-wavelength wing of the atomic line overlaps with vibra-
tional components corresponding to the C(t0) X(t00 = 0) b b
transitions in CdHe (trace (a)) that were recently reported in [14].

At the beginning, whilst taking into account only the t0  t00 = 0
progression in the D(t0) X(t00) b b spectrum, it was difficult to
understand two unusual abrupt drops in the signal (see arrows 1
and 2 in Fig. 1) close to the D-state dissociation limit. Also, at least
one disappearance of well-defined peaks in the profile of the vibra-
tional progression(s) was difficult to explain. During the analysis it
became clear that both of these effects must depend on a specific
configuration of the t0-progressions starting from consecutive
t00 = 0, 1 and 2 levels. Initially, it was assumed that ab initio poten-
tials calculated in this study are employed in the first step of the
simulation of the spectrum. Since manipulating of ab initio points
is rather inconvenient operation, a Morse Deð1ÿ eÿbðRÿReÞÞ2 repre-
sentation for both D and X states, whereDe, Re and b are well-depth,
bond-length and Morse-potential constant, respectively, with
parameters close to those from ab initio calculations were used.

The profile of b b transitions shown in trace (d) allowed a di-

rect determination of the CdXe ground-state dissociation energy

D000ðCdXeÞ ¼ Ddissð1Þ ÿ Eat ¼ 185:5� 0:5 cmÿ1;

where Ddiss(1) = 43879.0 ± 0.5 cmÿ1 and Eat = 43693.47 cmÿ1 [34]
are dissociation limit (marked with arrow 1) corresponding to the
sharp cutoff at 227.84 ± 0.01 nm (end of the t0  t00 = 0 progression)
and energy corresponding to the 51P1–5

1S0 atomic transition,
respectively. Moreover, assuming that the second cutoff marked
with arrow 2 is a dissociation limit corresponding to the end of
the t0  t00 = 1 progression, it allowed obtaining an energy differ-
ence Dv 0010 ¼ 19� 1 cmÿ1 between the t00 = 0 and 1 levels. Having
the D0010 and Dv 0010, it was possible to estimate the x000 vibrational fre-
quency and x000x

00
0 anharmonicity [1],

x000 ¼ 2D000ð1ÿ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1ÿ Dm0010=D
00
0

q

Þ ¼ 19:5� 1:6 cmÿ1;

x000x
00
0 ¼ D000ð1ÿ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1ÿ Dm0010=D
00
0

q

Þ2 ¼ 0:51� 0:05 cmÿ1;
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as well as b00 = (1.36 ± 0.07) � 108 Åÿ1, which constitute the starting
ground-state Morse-potential parameters in the simulation. The
remaining characteristic necessary to describe the CdXe ground-
state potential, the bond-length R00e , has never been determined
e.g., as a result of spectroscopic studies. There is no report on rota-
tional spectroscopy of the complex which would be a source of
information on an absolute value of R00e . However, the R00e was approx-
imated using so-called Liuti–Pirani method [35] to be 4.21 ± 0.05 Å
[1] with an assumption that the CdXe ground-state bonding is en-
tirely governed by a vdW interaction. However, according to ab ini-

tio calculations, in this work it was assumed that R00e ¼ 4:45 Å,
keeping in mind that the only value possible to determine from

the simulation of the b b spectrum shown in trace (d) is
DRe ¼ R0eðDÞ ÿ R00e .

Considering the f b transitions shown in Fig. 1 (trace (a)), cer-
tain parts of the profile initially interpreted as artifacts e.g., shallow
minimum in the center at 227.3 nm and characteristic two-step
structure (corresponding to the two above-mentioned dissocia-
tion-limit cutoffs), appeared to be a consequence of the fact that
in the experiment not a single but three t0  t00 = 0, 1, 2 progres-
sions were excited. Consequently, the parameter that had a crucial
influence on a shape of the simulated f b and b b profiles
(traces (e) and (f)) was the vibrational temperature Tvib, responsi-
ble for the population of the t00 levels, which in a free-jet expansion
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Fig. 2. (a) As in Fig. 1c (T = 940 K, X = 5 mm, pHe = 9.5 bar, time-gating from 60 to 2500 ns). (b) Simulation [37] of the profile of the D1
R
þ
0  X1

R
þ
0 ðv

00 ¼ 0;1;2Þ f b
transitions. (c) Simulation of the total excitation spectrum including the C1

P1ðv
0Þ  X1

R
þ
0 ðv

00 ¼ 0Þ b b transitions as well as a contribution from (d) profile of the 51P1ÿ5
1S0

atomic transition. (e) Optogalvanic signal from an Ar-filled hollow cathode lamp recorded in function of a wavelength corresponding to the fundamental laser frequency; the
identified ArI lines are: 455.432 and 458.496 nm [41].

Table 1

Parameters of Morse D0eð1ÿ eÿb
0 ðRÿR0e ÞÞ2 and shifted A0e–b

0R – C00 Born-Mayer functions used as representations of the D1
R
þ
0 -state potential energy curve of CdRg complexes.

Parameters listed for CdHe, CdNe and CdXe complexes were obtained in this work whereas those for CdAr and CdKr are results of our earlier study [15] and that of Funk et al. [3]
(see text for details).

CdHea CdNea CdAr CdKr CdXea

D0e (cm–1) 8.2 ± 0.5 38 ± 4 70.5b 103.3b 155 ± 3
D0e (Å) 8.10 ± 0.02 6.90 ± 0.03 6.48 ± 0.03b 5.66 ± 0.03b 5.53 ± 0.01
b0/108 (Å–1) 0.49 ± 0.20 0.52 ± 0.01 0.54 ± 0.01b 0.72 ± 0.02b 0.77 ± 0.01
A0 (cm–1) (1.9 ± 0.4)�104 (1.1 ± 0.3)�105 (1.78 ± 0.16) � 105b (2.66 ± 0.47) � 106b (4.8 ± 0.3) � 107

ÿ4.5979c,d 1.4731�106c

b0 (Å–1) 1.05 ± 0.04 1.36 ± 0.03 1.42 ± 0.02b 2.103 ± 0.040b 2.76 ± 0.03
ÿ0.6758 c,d 1.5399c

C00 (cm–1) 12 40 110b 132b 90
DRe = R0e – R00e (Å) 3.50 ± 0.22e 2.58 ± 0.05f 2.17 ± 0.05b 1.39 ± 0.05b 1.08 ± 0.01g

a This work.
b Ref. [15].
c Ref. [3].
d Concerning negative values for the A0 and b0 parameters, see remark in [3] (footnote in their Table 2).
e With assumption of the R00e ¼ 4:6� 0:2 Å from [14] and R0e of this work.
f With assumption of the R00e ¼ 4:32� 0:02 Å from [4] and R0e of this work.
g With assumption of the R00e ¼ 4:45 Å from ab initio result of this work and R0e of this work.
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is govern most-likely by a non-Boltzmann distribution [1]. Never-
theless, for the sake of simplicity, here a Boltzmann distribution
was assumed and reconstruction of the above-mentioned shallow
minimum in the f b profile (trace (e)) was achieved for
Tvib = 55 K. Conversely, with this assumption a shape of the b b
profile was not reproduced e.g., the two dissociation cutoffs, sim-
ply because of incorrect relative amplitudes of the Franck–Condon
factors of the t0  t00 = 0, 1, 2 progressions. The b b profile was
reproduced though, for lower Tvib = 28 K; see trace (f) in which
the three progressions were depicted with vertical bars and convo-
luted with a Lorentz function (FWHM = 5 cmÿ1) to encompass an
isotopic broadening (rotational structure was not accounted for).
This discrepancy in Tvib may be attributed to different experimen-
tal conditions during measurements of spectra arising from f b
and b b transitions (see caption of Fig. 1). As a result of the sim-
ulation, well depths D0e ¼ 155� 3 cmÿ1 and D00e ¼ 198� 1 cmÿ1,
difference in bond lengths DRe = 1.08 ± 0.01 Å (which with
assumption of the R00e ¼ 4:45 Å gives R0e ¼ 5:53� 0:01 Å), and
Morse-potential parameters b0 = (0.77 ± 0.01) � 108 Åÿ1 and
b00 = (1.45 ± 0.05)�108 Åÿ1 of the D and X states were obtained
simultaneously from both, the b b and f b spectra using LEVEL

7.7 [36] and BCONT [37] Fortran codes, respectively. To compare
results obtained here with those of previous study [15], a shifted
A0eÿb

0R ÿ C00 Born-Mayer (B-M) representation of the D-state poten-
tial, where C00 is a constant, was used in the simulations. The B-M
representation was determined as that which overlaps with the
Morse representation in the region of R corresponding to the LIF
spectrum arising from f b transitions. Conclusions from the
comparison will be discussed below.

The LIF excitation spectrum of CdHe recorded at the
D X(t00 = 0) f b transitions, shown for reference in Fig. 1c, is
presented in Fig. 2a. It was registered using the time-gating that fa-
vors a long-lived fluorescence and it consists of a wide unstruc-
tured profile superimposed with the short-wavelength wing of
the atomic line. Note also broadened C(t0) X(t00 = 0) b b tran-
sitions that overlay the long-wavelength wing of the atomic line;
note that detection of pure CdHe LIF signal was time-gated in the
regime favoring f b transitions and suppressing detection of
the short-lived fluorescence arising from b b transitions. A sim-
ulation [37] of the f b profile (trace (b)), that was performed
with an assumption of the ground-state characteristics and the
t0-assignment adopted from [14], resulted in the repulsive part of
the D-state potential represented using Morse and B-M functions
(see Table 1). Moreover, a simulation of the entire LIF spectrum
arising from the D X(t00 = 0) f b and C(t0) X(t00 = 0) b b
transitions, including influence of the profile of the atomic line
(trace (d)), is presented in trace (c) showing a full reconstruction
of the measured signal. It has to be mentioned that an assumption
of a wider Lorentzian convolution (FWHM = 15 cmÿ1) for the b b
transitions in (c) resulted in their broadening due to the applied
method of time-gating in detection.

In order to complete characterization of the CdRg complexes
using the D X transition, also LIF spectrum of CdNe was recorded

Table 2

Spectroscopic parameters of the X1
R
þ
0 ground-state potential of CdXe complex (see

text for details).

Expt. this work Expt. Ref. [12] Ab initio Ref. [16]

D000 (cm–1) 185.5 ± 0.5 176 ± 5 –
D00e (cm–1) 198 ± 1 187 192
R00e (Å) – – 4.45
x00e (cm–1) 20.0 ± 1.7 14 16.8
x00ex

00
e (cm–1) 0.51 ± 0.05 0.26 –

226 227 228 229
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Fig. 3. (a) The LIF excitation spectrum of CdNe arising from the D1
R
þ
0  X1

R
þ
0 ðv

00 ¼ 0Þ f  b and C1
P1ðv

0Þ  X1
R
þ
0 ðv

00 ¼ 0Þ b b transitions, recorded to the blue and to the
red of the 51P1–5

1S0 atomic transition, respectively (T = 950 K, X = 6 mm, pNe = 13 bar, time-gating from 60 to 2500 ns and from 0 to 100 ns, respectively). (b) t0-assignment
and simulation [36] of the C1

P1ðv
0Þ  X1

R
þ
0 ðv

00 ¼ 0Þ b b transitions according to [4]. (c) Magnified (�50) part of the LIF spectrum from (a) showing details of the
unstructured profile arising from the D1

R
þ
0  X1

R
þ
0 ðv

00 ¼ 0Þ f  b transitions. (d) Magnified (�104) simulation [36] of the D1
R
þ
0 ðv

0Þ  X1
R
þ
0 ðv

00 ¼ 0Þ b b transitions (not
recorded in the experiment), in which ab initio potentials of this work were used. (e) Simulated [37] profile of the D1

R
þ
0  X1

R
þ
0 ðv

00 ¼ 0Þ f  b transitions in which l(R) = 1
and Morse representations for the X1

R
þ
0 [1] and D1

R
þ
0 states were used (see Table 1). (f) As in Fig. 2e; the identified ArI lines are: 451.073, 452.232, 455.432, 458.496 and

459.876 nm [41].
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in the vicinity of the 51P1ÿ5
1S0 transition. The spectrum is pre-

sented in Fig. 3a and c revealing similar features as in analogous
spectra of CdAr and CdKr [15]: the short- and long-wavelength
sides of the atomic line are dominated by an unstructured profile
arising from the D X(t00 = 0) f b transitions and well resolved,
previously reported [4], C(t0) X(t00 = 0) b b transitions (simu-
lated in trace (b)), respectively. It is worthwhile to mention, that
in the spectrum of CdNe there are D(t0) X(t00) b b transitions
(simulated in trace (d) for reference) which demonstrates that
the b b transitions are detectable only in case of the CdXe (see
also discussion in [15]). A simulation [37] of the D X(t00 = 0)
f b transitions, shown in Fig. 3e, with an assumption of the
ground-state characteristics from [4] resulted in the D-state poten-
tial representation (with a help of Morse and B-M functions) in the
region of its repulsive part. Finally, the D0e;R

0
e and b0 as well as A0, b0

and C00 parameters of Morse as well as B-M functions, respectively
representing the D-state potentials of all CdRg are collected in Ta-
ble 1.

Fig. 4 presents the D-states potentials of CdHe, CdNe and CdXe
obtained experimentally in this work as well as those of CdAr and
CdKr from our earlier study [15] (solid lines). Additionally, ab

initio calculated potentials of this work (dotted lines) are also
shown. Insets in Fig. 4 show the potentials (including potential
wells) with parts of the repulsive walls probed in the experi-
ments. Because of using a complete basis set, results of ab initio

calculations of this work give slightly deeper potential wells than
those of [16], especially for CdAr, CdKr and CdXe. Also, as com-
pared with experimental results (represented using Morse func-
tions with parameters collected in Table 1), the ab initio

potentials for CdAr, CdKr and CdXe have larger bond lengths.
For CdAr and CdKr the experimental potentials are compared with
those of [3] (dash-dotted lines) showing good agreement, espe-
cially for CdAr.

As expected (and this agrees with conclusions of [15] and [27]
for the CdAr, CdKr and ZnRg, respectively), from the comparison
of the D-state repulsive walls for all of the CdRg (Rg = He, Ne, Ar,
Kr, Xe), repulsion increases in a sequence of sizes of the Rg-atom
vdW radii He < Ne < Ar < Kr < Xe. It also corresponds to magnitudes
of the Rg-atom ground-state aRg polarizabilities (aHe < aNe < aAr < -
aKr < aXe). It also suggests the same trend in the repulsive interac-
tion of an Rg-atom spherically-symmetric electron density
distribution with an asymmetric excited Cd atom orbital in the D
state as that which occurs for Cd- and Rg-atom spherically sym-
metric distributions in the X state [1]. Moreover, a general trend
among well depths: D0eðHeÞ < D0eðNeÞ < D0eðArÞ < D0eðKrÞ < D0eðXeÞ,
bond lengths: R0eðHeÞ > R0eðNeÞ > R0eðArÞ > R0eðKrÞ > R0eðXeÞ and B-
M potential parameters: A0(He) < A0(Ne) < A0(Ar) < A0(Kr) < A0(Xe)
of the CdRg (see Table 1) may point toward a vdW character of
the bonding in the shallow D state and in its repulsive part similar
as that present in the ground-state of CdRg and ZnRg.

Fig. 5 presents a comparison between wells of the CdXe
ground-state potential obtained experimentally (D00e ¼
198� 1 cmÿ1, solid line) with those of [12] (D00e ¼ 187 cmÿ1,
dash-dotted line) and [16] (dashed line). Additionally, experi-
mental results obtained here as well as simulation of the LIF
spectrum arising from the D(t0) X(t00 = 0, 1, 2) b b transitions
(see Fig. 1f) allowed determining energy-positions of the three
lowest t00 in the potential well. It should be emphasized that
the result of this work is based on a direct observation (D X

4 5 6 7 8 9

43.6

43.8
44.0

44.2

4 5 6 7 8 9

43.6

43.8

44.0

44.2

43.6

43.8

44.0

44.2

43.6

43.8

44.0

44.2

45

48

51

54

4 5 6 7 8 9

4 5 6 7 8 9

4 5 6 7 8 9

43.6

43.8

44.0

44.2

2 4 6 8 10 12

45

48

51

54

(a) CdHe

(e) CdXe

R (Å)

45

48

51

54 (d) CdKr

  E
n

er
g

y 
(1

03  *
 c

m
-1

)

45

48

51

54 (c) CdAr

45

48

51

54 (b) CdNe

Fig. 4. Comparison of the D1
R
þ
0 -state potentials of (a) CdHe, (b) CdNe, (c) CdAr, (d)

CdKr and (e) CdXe. The experimental potentials of this work (solid lines)
represented using Morse functions (see text for details) are compared with ab

initio potentials of this work (dotted lines). Insets show the potentials in energy
regions probed in this experiment (including potential wells) ((a), (b) and (e)) and
reported in [15] ((c) and (d)). Positions of R00e for each complex are depicted with
arrows. The D1

R
þ
0 -state potential obtained by Funk et al. [3] for CdAr and CdKr

(dash-dotted lines) are shown in (c) and (d) for comparison. In (a), (d) and (e), in the
short-range region, an avoided crossing with higher-lying 1R

þ
0 state correlating with

the 61S0 atomic asymptote manifests itself with irregular shape of the D1
R
þ
0 state

potential.

3 4 5 6 7 8 9 10

-200

-100

0

100
X1
Σ

+

0

2

51S
0

1
υ''=0

en
er

g
y 

(c
m

-1
)

R (Å)

CdXe

"D0

Fig. 5. The X1
R
þ
0 -state potential of CdXe obtained experimentally in this work

(solid line) compared with that of Funk and Breckenridge [12] (dash-dotted line) as
well as with ab initio result of Czuchaj et al. [16] (dashed line). The direct
experimental results of this investigations: D000 dissociation energy and Dv 0010 energy-
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00 ¼ 0;1;2Þ b b transitions are also depicted.
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b b transitions) and a subsequent simulation (including several
t0  t00 progressions) of the experimental results whereas result
of [12] relies solely on a simulation of the C(t0) X(t00 = 0) ‘ac-
tion’ spectrum representing only one t0  t00 = 0 progression,
without knowledge on the t0-assignment. The ab initio result of
this work (not shown in Fig. 5 for clarity) is very close to that
of [16] and to both experimental results making the whole
picture very consistent. Consequently, it is justified to conclude
that the recently estimated D00eðCdXeÞ ¼ 276� 5 cmÿ1 [1], that
came from a consideration that the CdXe ground-state bonding
is dominated by a vdW interaction, is inadequate indicating
that the bonding has to have a covalent admixture that lowers
the D00e , a conclusion that was already drawn from research
in our laboratory for Zn2 [38], Cd2 [39], Hg2 [40] and ZnRg
[27].

5. Conclusions

We reported first-time recorded LIF excitation spectra arising
from the D X f b and b b transitions in CdXe as well as
f b transitions in CdHe and CdNe. The complexes were pro-
duced in a free-jet expansion beam and excited with a dye-laser
beam directly from the ground to the excited-state. In case of
the CdXe, analysis of the recorded profiles resulted in determina-
tion of the D-state potential (including its bound part) and D000 dis-
sociation energy. In case of the CdHe and CdNe, analysis of the
f b profiles provided a repulsive part of the D-state potential
in the region 4.00–4.40 Å. Ab initio calculations of the ground-
and excited-state interatomic potentials as well as of electronic
transition dipole moments l of the studied transition were per-
formed taking scalar-relativistic and spin-orbit effects into ac-
count. With respect to the results of [16], the ground- and
excited-state potentials of this work are similar, but due to calcu-
lation of the wave functions on the MRCI level of theory, we were
able to obtain accurate l for the experiment. The interatomic
potentials calculated in this work for the D1

R
þ
0 and X1

R
þ
0 states

of CdRg molecules are collected in Tables 3 and 4 (of Supplemen-
tary data), respectively. The electronic transition dipole moments
l calculated for the D1

R
þ
0  X1

R
þ
0 transitions in CdRg are col-

lected in Table 5 (of Supplementary data).
The results for CdHe, CdNe and CdXe obtained here for the D-

state were compared with those for CdAr and CdKr from previous
study [15] showing an increasing repulsion in the interaction be-
tween the Cd and Rg atoms in the order from He to Xe. This corre-
sponds to the order of magnitude of the Rg-atom ground-state aRg
polarizabilities. This regularity was also observed in our laboratory
for the D-states of the ZnRg complexes [27]. Concerning the
ground-state potentials, ab initio results for the X-state obtained
here are similar to those calculated on the CCSD(T) level of theory
in [16] showing that also for the repulsive walls of the CdRg ground
states potentials a similar trend can be observed: the Cd and Rg
atoms repulsion increases as aRg increases, the trend not so distinct
like for the excited-state though. However, the trend was partly
confirmed in experiment only for CdNe, CdAr and CdKr [1] and,
therefore, calls for additional investigation which is planned in
the future.
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