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Abstract. Potential-energy curves for the ground state
and lower excited states of the Cd, dimer have been
calculated. They are obtained using a multireference
doubles excitation configuration interaction procedure
and employing Slater basis sets, previously optimized at
the self-consistent-field level for excited states of the Cd
atom. The spectroscopic constants and excitation ener-
gies for the bound states of Cd, have been compared
with experimental as well as other theoretical results.
The ground state of Cd, is essentially repulsive and
presents a shallow van der Waals minimum. The
computed adiabatic electronic transitions are in good
agreement with the experimental ones.
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1 Introduction

Basis sets are typically optimized for the ground state of
neutral atoms; however, the atomic state of the metal
atom in transition-metal compounds often corresponds
to higher energy configurations [1]. The Cd atom has the
closed-shell configuration [Kr] 44'°5s%. Only weak, van
der Waals binding is expected for the interaction of
ground-state cadmiun atoms ('S). On the other hand,
excited states of the Cd, molecule, coming from the
states 'S + 3P and 'S + P of separated atoms, may be
bound by a substantial amount of energy, at bound
distances which are considerably smaller than those of
the ground states. The Cd, molecule is of considerable
interest in its application in possible high-power visible
and UV lasers, so the excited states of Cd; include many
interesting problems.
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A large number of experiments on the absorption and
emission spectra were performed for cadmium vapor
around the 1930s [2]. Several authors [3-6] have assigned

the electronic transitions to the X(IZ;’) —A('zhH
transition of Cd,. Vreede et al. [7] also observed a green

fluorescence attributed to the (*X) — X('T*) transi-
tion and Kowalski et al. [8] detected the transition
CrL,) — X('Z}) in laser-induced fluorescence. Stevens
[9] found that the lowest excited level was *TI,, a meta-
stable state that acts as a reservoir for excitation energy,
showing charge transfer at 470 nm from this state to the
bound *II, state. Su et al. [10] obtained spectroscopic
constants for Cd; from its absorption spectrum.

More recently, Czajkowski et al. [11] studied the ex-
citation spectrum of Cd,, produced in a free-jet molec-
ular beam crossed with a pulsed dye-laser beam. They
obtained well-resolved structures arising from transi-
tions between the vibrational levels of the X (122’) and
(°I1,) states. They also gave the vibrational constants
and bond strengths of the molecule in both electronic
states. The bound-free decay of the 'T} state was
investigated from the fluorescence observed in the
222-227 nm region by Rodriguez and Eden [12].

A few ab initio calculations on the Cd, dimer have
appeared. Bender et al. [13] performed configuration
interaction (CI) calculations with the four valence elec-
trons of Cd,, working with Gaussian basis sets, for the
ground state and eight low-lying excited states. Multi-
configurational self-consistent-field (SCF) calculations
on this system were carried out by Stevens [9]. More
recently Czuchaj et al. [14] computed potential-energy
curves for a number of electronic states of this dimer,
using the multireference doubles excitation CI
[MRDCI(SD)] method for the valence electrons and
pseudopotentials for the core electrons. Their potential
curves for the ground-state 12; state exhibited a shallow
van der Waals minimum as the same authors found in
the ab initio calculations of Zn,.

Despite the existence of these ab initio calculations on
the Cd dimers there is still a demand for more accurate
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potentials for these species. The existing potentials prove
to be inadequate for an explanation of the findings
supplied by more and more sophisticated experiments.
Encouraged by our previous calculations on the excited
states of transition metals [1, 15], we decided to perform
MRDCI calculations on the Cd, dimer using Slater-type
functions (STFs). The potential advantages of STFs over
the widely used Gaussian-type functions (GTFs) are well
known [16]; however, most molecular calculations are
carried out with GTF basis sets due to the difficulties
involved in the calculation of many-center integrals with
STFs. Moreover, it is well known that electron correla-
tion effects are extremely important in transition-metal
systems. We report the results of MRDCI calculations
on the lower electronic states of Cd, using STFs that
hopefully will be useful for a better understanding of the
heavier atom dimers.

2 Optimized STFs and calculations
for excited states of the Cd atom

The first excited configuration of the Cd atom, [Kr]
44'95s'4p', gives two electronic states, *P and 'P. In
order to improve the description of the p orbitals two 5p
functions were added to the original double-zeta (DZ)
basis sets [18] for the ground state (!S). All the exponents
of the new augmented basis sets were optimized with
respect to the atomic SCF energy of the *P or !P states,
separately. The new optimized basis sets for the P (DZ/
3P) and 'P (DZ/1P) states are given in Table 1. The

Table 1. Exponents, energies (hartrees) and virial ratios for
double-zeta (DZ) optimized basis sets for the >P and 'P states of
the Cd atom. The energy and virial ratio of the DZ basis set [31]
for the 'S state are —5465.09805272 hartrees and —2.00000000,
respectively

DZ/3P DZ/1P

s 49.227269 s 49.226209
s 33.881060 s 33.872110
2s 22.151231 2s 22.112439
2s 21.831134 2s 21.836148
3s 15.895054 3s 15.972703
3s 10.463284 3s 10.459764
4s 6.0226882 4s 6.0013745
4s 4.0603002 4s 4.0311115
5s 2.3610834 Ss 2.2148258
5s 1.3489503 Ss 1.1765725
2p 31.005515 2p 31.021135
2p 20.388321 2p 20.392409
3p 10.827932 3p 10.824481
3p 7.1501391 3p 7.0921040
4p 6.1516883 4p 6.1963888
4p 3.8409267 4p 3.8716726
5p 1.9561589 5p 2.0364131
5p 1.0562350 5p 1.1582798
3d 16.671252 3d 16.675998
3d 9.5158200 3d 9.5180839
4d 52119911 4d 5.2183957
4d 2.7151628 4d 2.7238662
E —5465.02024101  E ~5464.93926421
Vv -1.99999955 V¥ ~1.99999944

corresponding energies and virial ratios obtained for the
3P and 'P states of the Cd atom are also shown in Table
1. The energy optimizations were carried out with a
modification of the atomic SCF program of Pitzer [17],
maintaining the atomic symmetry.

CI calculations were carried out with the MRDCI
method of Buenker and Phillips [19-21] with an adapted
Slater integral program [22], which was recently applied
with success to light homonuclear diatomic molecules
[15, 23]. Some of the occupied atomic orbitals (AOs)
were frozen in the MRDCI calculation, particularly the
nine occupied AOs corresponding to the s, 2s, 2p, 3s
and 3p inner shells. The rest of the occupied and virtual
AOs were used in the MRDCI calculations for the 'S, *P
and 'P states of the Cd atom. The number of reference
configurations was selected so that a Geisser coefficient
(C?) higher than or equal to 0.94 was obtained. The
selection threshold for the energy was 10 phartrees. The
number of configuration functions generated (symmetric
adapted functions total, SAFT) and of those selected for
the final approximate full CI are given in Table 2. Ex-
trapolation of the energy to zero threshold gives the
MRDCI energy. Finally, we used the multireference
correction [24] (analogous to the Davidson correction
[25]) to obtain the full CI extrapolated energy. These
MRDCI and full CI energies, also shown in Table 2, are
lower than those obtained in the more accurate calcu-
lations with GTFs. Calculations with the DZ and the
limiting Hartree—Fock (LHF) basis set of Clementi and
Roetti [18] show that several intruder excited states (*S
and the second 'S and 38, third 3S, 'D and D) give
lower energies than the *P and 'P states of Cd, which are
placed at energies above 56 eV the 'S ground state for
the DZ basis set and 19 eV for the LHF basis set.
Clearly, the basis sets previously optimized for the
ground states of the Cd atom produce a bad description
of the atomic excited states. They give a better descrip-
tion of S and D states than P states since the 5s and 4d
are valence shell orbitals, being represented by diffuse
STFs that would better reproduce the virtual s and d
orbitals. Nevertheless the inner 4p STFs, which are more
concentrated functions since they reproduce orbitals
from the inner shell, are not satisfactory to describe the
excited P states. Indirectly, in the optimization of the
DZ/3P and DZ/1P basis sets the optimization of the 5p
occupied shell led to an indirect optimization of the p
virtual AOs, allowing less energetic excitations with
P symmetry. As shown previously for the Zn atom [15]
and for the Cd atom here, the inclusion of correlation in
these DZ basis sets cannot correct this effect.

The computed and experimental [26] excitation
energies for the neutral, cationic and anionic Cd, as well
as the ionization potentials (IP) and electron affinities
(EA) are presented in Table 3. Optimized DZ basis sets
give excitation energies for 3P and 'P that are in good
agreement with the experimental values. Also the value
for the energy excitation from the 2S to the *P state of
the cation is reasonable; however it is clear that for the
higher excited states a new improvement of the basis sets
would be required. As mentioned previously DZ and
LHF basis sets do not give satisfactory excitation ener-
gies for the *P and 'P states of the Cd atom or the
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Table 2. Multireference doubles excitation configuration interaction (M RDCI) and extrapolated energies (hartrees) for the ground state

and low-lying excited states of the Cd atom

Basis set State Symmetric adapted Symmetric adapted MRDCI c? Extrapolated
functions total functions CI
Dz 'S 910386 25655 —5465.4201 0.98 —5465.4277
3S 1487661 25251 —5465.1369 0.98 —5465.1437
)'s 910386 25655 —5465.0771 0.98 —5465.0854
(2)’s 1487661 25251 —5464.2582 0.98 —5464.2656
(3)'s 910386 25655 —5464.2193 0.96 —5464.2317
’p 1487661 25251 —-5463.2770 0.97 —5463.2893
'p 910386 25655 —5463.2337 0.95 —5463.2526
DZ/3P 'S 1782165 37293 —5465.4461 0.95 —5465.4631
3p 2974713 35230 —5465.3450 0.98 —5465.3527
'p 1782165 37293 —5465.2597 0.97 —5465.2705
DZ/1P 'S 1782165 38013 —5465.4464 0.95 —5465.4634
’p 2974713 31469 —5465.3459 0.98 —5465.3535
p 1782165 38013 —5465.2508 0.97 —5465.2616
Limiting Hartree—Fock 'S 1759586 26248 —5465.4303 0.98 —5465.4422
3S 2878301 25829 —5465.2338 0.97 —5465.2434
)'s 1759586 26248 —-5465.2103 0.96 —5465.2232
(2)’s 2878301 25829 —5465.0055 0.97 —5465.0172
3)'s 1759586 26248 —5464.9782 0.96 —5464.9914
’p 2878301 25829 —5464.7138 0.96 —5464.7281
'p 1759586 26248 —5464.6290 0.94 —5464.6531
Table 3. Excitation energies,
ionization potential and elec- State AE (eV)
P 3 +
tron affinity (eV) for Cd, Cd DZ/3P DZ/1P DZ Limiting Exp.*
Hartree—Fock
Cd 44" 557 'S 0.00 0.00 0.00 0.00 0.00
Cd 4d'0 55! 5p! ’p 3.01 2.99 58.2 19.4 3.83
Cd 44" 55! 5p! 'p 5.24 5.49 59.2 21.5 5.42
Cd 44" 55! 65! 38 8.62 7.36 7.73 5.41 6.38
Cd 4d'0 55! 65! 'S 9.67 8.46 9.31 5.96 6.61
Cd* 4d'0 54! S 0.00 0.00 0.00 0.00 0.00
Cd* 4d'0 s5p! ’p 4.98 4.83 57.3 19.5 5.63
Cd* 4d® 55° ’D 10.3 10.2 11.2 10.7 8.94
@ Ref. [26] Cd~ 4d'"0 55% 5p! ’p 0.00 0.00 0.00 0.00
b With respect to the 2S Cd™ 4d"0 55% 6s! S 5.21 3.48 -52.5 -17.8
Cd~ground state obtained in Tonization potential 7.72 7.79 7.01 7.44 8.99
the calculation , Electron affinity -1.42 -1.61 -6.74b -2.03°
¢ With respect to the P Cd~ ~59.3¢ ~19.8¢

ground state

2P state of the cation. In the case of the anion the relative
order between the energies of the *P ground state and >S
first excited state is reversed, the 2S state being more
stable by 52.5 and 17.8 eV for DZ and LHF basis sets,
respectively. The IP are well described by the four basis
sets, as expected because the ground states of both atom
and cation do not concern 5p orbitals. However the EA
varies significantly with the basis set, since the ground
state of the anion is 44'° 55> 5p' (*P), (i.e., it has an
electron in the 5p shell, so we could expect that the EA
value will be close to —1.4 or —1.6 eV.

Finally estimated the basis set superposition error
(BSSE) in the present calculations. Following the idea of
Boys and Bernardi [27] we found that the BSSE varies
between a minimum value of 0.0013 hartrees for
R =8.0 A and a maximum value of 0.0054 hartrees for

R =230 A. The curves presented in this work were
corrected by taking these BSSE corrections into account.

3 MRDCI potential-energy curves of Cd;

The calculations described in this study were made with
a Slater molecular integral program [22] adapted to the
MRDCI code [19-21]. This coupling of codes allows us
to use the Dy, symmetry group, as a subgroup of Dy, in
the calculations. The lowest 36 occupied molecular
orbitals (MOs) and the highest 24 virtual MOs are
discarded in the generation of all the SAFT. The
reference configurations used for the singlet and triplet
states remain constant through all the internuclear (R)
range and they are summarized in Table 4, grouped by
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symmetry. They were selected to achieve a Geisser
coefficient higher than 0.93 in all the calculated points,
with a threshold in the energy of 10 uhartrees.

The roots corresponding to the ground state and the
eight low-lying excited states (four states are singlets and
four triplets) were computed. In these calculations we
used the DZ/3P basis set (Table 1), taking into account
the results obtained in the atomic excitations.

The MRDCI energy curves for Cd, are shown in
Fig. 1. In general, these results agree with those previ-
ously reported [13 14]. The 'Z+ ground state formed by
two Cd atoms in the 'S state is essentlally repulsive,
with a shallow van der Waals minimum. Among the
potential-energy curves calculated for the triplet states,
that dissociate into Cd (°P) + Cd ('S), we found two
states with a well-defined depth (*TI, and °L) and a
repulsive state °X}). The fourth triplet state, 31, has a

small minimum. On the other hand, all the singlet states,
which dissociate into Cd ('P) + Cd (!S), are bound
states. Our potential curves are qualitatively similar to
those of Bender et al. [13] and Czuchaj et al. [14], but
there are some discrepancies. First, the potential curves
in the work of Czuchaj et al. [14] were shifted to achieve
the energies of the Cd 3P state (3.83 eV) and the Cd 'P
state (5.42 eV) in the dissociation limit of Cd,. The un-
shifted curves of Bender et al. [13] give slightly lower
values for these energies, 2.92 eV (°P) and 5.18 eV ('P),
similar to our values of 3.01 and 5.24 eV, respectively.
Obviously this shift can modify the relative R values
where the different states cross, and the values of the
atomic dissociations are a test of the behavior of both
the basis set employed and the computational method.
We obtained the crossing of the °I1, and 3 states at
3.0 A, while in Refs. [13, 14] it appears at 3.4 A outside

Table 4. Reference configurations for the MRDCI calculations of singlet and triplet states of Cd,

+ +
%, py

Hg I,

Singlet and triplet states

100’3 100',11 lla}l 100’5 100’; 110’;
100}4 llalll llaf] 100; lla}/ llaﬁ
100}4 llalll 6713 100114 110}1 67r5
IOGL lla; 6715 100‘1]4 lla 6713
100; 1005 1105 100'; 100’5 110'
100511 100% 12051/ 100'{1] 11% 110'“
57{3 100'{2’ 1005 67tlll 100'{1] lla}l 67r5
Sn; 1005 1063 671!1, 1()0!1; 110 671,2/
9a,, - 100; 100, 110, 100, 100; 1o,
26, -+ 1062 1002 110} 100} 100, llou
100'; 100,11 67'5,14 6715 100'}1 100'; 67'(5

100'{17 100}4 6m2

2 1 1
10c; 100, 120,
106! 1162 124!

u g g
100'5 110'; llo'}‘
2 1 g
IOag 6m, 67rg
Singlet states
1003, 100’3 100’5 10011, 13(7;
1005 llalzl 100"‘1] 110}1 67rlll 6n‘17
1002 6715. . l .
1042 6715
1005 1105
100’5 67%
2 2
100'g 67ry

1 1 1 1
100, 100, 110, 110,

Triplet states
100'; lla; 67'512[ 100'5 677:1', 67':5
10¢! 110; 62
10¢! 1062 136!

g u g

1062 106! 124}

g u u

1057 100}, 130,

1062 116! 120!
1062 116! 130!

100’5 100’; 6%}‘ 100’5 100',11 671:!11

100; llaf/ 67134 100}4 1105 671!1]
100114 6713 100}4 6712 67r!1/
100} 67! 6713 100} 6712

100'; 110'3 67z; 100; 1103 67zL]‘
100'{1] 67'55 67'(31 100'41, 67':3

100'{1] 100£ 671!1] 1002, 1005 671114
100}; 6713 100}7 6715 6715
100, 11a, 67, 1007 11q} 67,
llo'; 677:5 67'55 lla; 67':2

100'3 110'; 67z!1] 100'3 lla; 67zll‘
110'{17 6713 lla}] 671,14 67r!2/
100} 100} 110, 67, 100} 100} 110, 67}

100'5 ll(r; 67z1]l 1005 llal 67z;




the minimum region of both states. The rest of our
crossing description agrees with the results of Bender
et al. For example, the threefold crossing of the 32;
'+ and 'TI, states appears around 3.16 Ain Ref. [13]
and at 3.05 A in the present results, while in Ref. [14]
only the *~ and '} states cross around 3.3 A. Also
the crossing between the 32; and 12[]* states occurs in
Ref. [13] and Fig. 1 at R~ 3.0 A, and the crossing
between 'TT, and 3X' states in the three calculations
occurs at R ~ 3.6 A. In general, the details of the
description of the singlet excited states in Ref. [14] do
not agree with the results of Bender et al. [13] and the

8.0

6.0 -

4.0 |

E (eV)

2.0 |

0.0 | b

3.0 5.0 7.0 9.0 11.0 13.0 15.0
R (A)

Fig. 1. Multireference doubles excitation configuration interaction
potential-energy curves for Cd, using a DZ/3P basis set
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ones presented here. In spite of the 'TI, and 'S bemg
51m11arly placed with respect to the trlplet states, ‘the ! IT,
and Z‘; states are considerably separated from the 1H
and 'T states and only cross with them at R < 1.5 A.

Another difference in the appearance of the Cd, po-
tential curves is the hump of the 'TI,, state, which appears
at R~ 4.5 A (Fig. 1) with an energy barrier of about
0.14 eV, while this hump is found at 3.77 A and 5.0 A in
Ref. [14] and Ref. [13], respectively, with barrier heights
of 0.35 and 0.12 eV. This hump, that also appears in the
Zn, molecule [15], has been assigned to the avoided
curve-crossing with the cation and anion 'TI,, state.

The spectroscopic constants (dissociation energies,
bond lengths and vibrational frequencies) obtained in
this work are compared with those theoretically [13, 14]
and experimentally [11, 12] determined previously in
Table 5. Our bond lengths are in good agreement with
those of Bender et al. Compared with the results of
Czuchaj et al., we find that the bond length differences
are larger for the 'S+ and °I1, states, where our R, are
0.46 longer and 1.18 A shorter, respectively. For the 12+
state our R. and that of Czuchaj et al. only differ by
0.16 A, however, compared with the experimental result
of Ref. [11] we found that they are 0.9 and 0.7 A shorter,
respectively. For the °IT, state both results differ and
they are shorter than the experimental result, but the
value of Czuchaj et al. is closer to it than our result.

The binding energy of the ground state was estimated
from the potential-energy curve to be D, = 0.060 eV at
R. =4.24 A. It must be pointed out that this dissocia-
tion energy is not of a comparable magnitude to the
computational error (3 x 107> eV), but it is comparable
to the magnitude of the BSSE error (0.07 eV), so it is
important to include this correction.

Most measurements of the continuum absorptions
and emissions observed in Cd, were made in the 1930s
[2]. The binding energy of Cd, was first estimated by
Winans [28] as DJ(Cd,) = 0.20 eV from the energy dif-
ference of a Cd resonance line and the short-wave-length
limit of the continuum absorption of Cd,. With a similar
method Hamada [29] estimated it as 0.24 eV. By
viscosity measurements of Cd vapor, Carlson and
Kuschmir [30] obtained DY(Cd,) = 0.095 £ 0.009 eV at

Table 5. Spectroscopic constants: bond lengths (A), dissociation energies (eV) and vibrational frequencies (cm~') at the minima in the CI

potential curves of singlet and triplet excited states of Cd,

State This work Ref. [13] Ref. [14] Exp.
R. D, We R D. e R. D, R, D. e
]2; 4.24 0.060 18 - - - 4.4 0.039 5.10% 0.040 22.5
212;r 3.17 0.73 124 3.29 0.72 77 - -
Iz 3.46 0.96 94 3.24 0.96 78 3.0 0.96 4.18° 1.023 92
11, 2.86 1.12 236 2.95 1.02 119 -
', 2.81 2.16 158 2.84 2.17 137 2.7 1.92
3xf 3.00 1.13 186 3.06 0.70 104 2.9 0.84
1, 2.82 1.09 192 291 0.80 116 2.7 1.04
311, 3.52 0.066 58 - - - 4.7 0.031 5.4% 0.032
dRef. [11]

PRef. [12]
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Table 6. Adiabatic electronic transitions (nm)

Transition Exp. This work

Ir — ‘Z; 222-227% 286
273-279°

3T — IZ; 545¢ 566

n, — 12; 324-326¢ 385

2 Ref. [12]

°Ref. [4]

°Ref. [7]

dRef. [8]

R. =3.02+0.08 A. Also experimental data of R, and D,
were obtained from the temperature dependence of the
Cd, absorption spectrum by Su et al. [10]: R, = 4.82 A
and D, =0.0475¢V. Kowalski etal. [8] used an
extrapolation of vibronic bands observed in the laser-
induced fluorescence spectrum of jet-cooled Cd; to
obtain reliable DY(Cd,) = 0.0378 eV. The most recent
experimental value was determined by Czajkowski et al.
[11] from_ the analysis of the spectra, yielding
R. =510 A and D, =0.040 eV, and the results are
included in Table 5.

Finally, experimental electronic transitions for the
Cd, molecule and those obtained from the adiabatic
transitions between the potential curves are summarized
in Table 6. Our results are in good agreement with the
experimental ones.

4 Conclusion

The atomic DZ/3P Slater basis set, optimized at the SCF
level for the 3P state, has been employed within the
framework of MRDCI calculations to compute poten-
tial-energy curves for low-lying electronic states of Cd,.
The results produce lower energies than those obtained
with sophisticated Gaussian basis sets. Additionally, the
features of the curves and excitation energies are well
reproduced.
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