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Summary. The first-order polarized basis sets are generated for Zn, Cd, and Hg and
their performance is tested in high-level-correlated calculations of electric dipole
polarizabilities of these atoms. The present results calculated at the level of the
non-relativistic CCSD(T) approximation with 12 explicitly correlated electrons are:
40.4 a.u. for Zn, 56.3 a.u. for Cd, and 58.0 a.u. for Hg. Upon including the relativis-
tic and electron correlation-relativistic corrections within the quasirelativistic
scheme based on the mass—velocity and Darwin terms these values are reduced to
37.9 a.u., 47.6 and 31.8 a.u,, respectively. The derived polarized basis sets have been
also used for the evaluation of the dipole polarizability of singly and doubly
positive ions of the group IIb elements and are recommended for calculations of
interaction energies and interaction-induced electric properties in both neutral and
charged systems.
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1 Introduction

In the truncated basis set approximation for atomic and molecular wave functions
" the usual way of increasing the accuracy of calculations goes through the basis set
extension. This approach shortly faces the problem of physical limitations of the
available resources. An intermediate solution to this dilemma is to use property-
oriented basis sets. Most of the standard basis sets are energy-oriented, for they
usually follow from the optimization of their parameters with respect to atomic or
molecular energies. A recent example of such standardized high-quality sets is given
by the so-called approximate natural orbitals [1]. Hovever, their performance in
calculations of other than energy properties is usually less satisfactory [2, 3].

It is known [4] that accurate calculations of response properties for the external
electric field perturbation require that the basis sets used for this purpose are to be
specifically tailored. They must be both diffuse enough to permit a proper descrip-
tion of the perturbation effect on the outer part of the electron density distribu-
tion and tight enough to properly account for the electron correlation effects. A
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systematic procedure for the generation of relatively small basis sets for the
calculation of atomic and electric properties has been proposed some years ago
[5, 6] and successfully applied to most atoms of the main groups of the periodic
table [5-11]. These so-called polarized basis sets have been demonstrated to
perform well in calculations of dipole and quadrupole moments and electric dipole
polarizabilities. Moreover, for systems involving heavy atoms the polarized basis
sets have been shown to correctly predict the relativistic contribution to different
electric properties.

The interest in atomic and molecular electric properties and basis sets which
permit their sufficiently accurate calculation is mostly driven by different models of
intermolecular interactions. Electric properties of the interacting subsystems enter
different models of interactions in the form of parameters. Moreover, as argued by
van Duijneveldt-van der Rijdt and van Duijneveldt [12], once the given basis set is
capable of correctly predicting the major electric properties of the interacting
subsystems it should also be appropriate for the calculation of the weak interaction
energies. The same applies to calculations of the interaction-induced electric
properties of weakly bound systems. In this context one should mention the
growing interest in different properties of weakly bound complexes of the group IIb
metal atoms [13, 14]. This makes the development of polarized basis sets for these
atoms timely and desirable.

The procedure used for the generation of polarized basis for Zn, Cd, and Hg
follows essentially that used for other atoms [5, 7]. However, the presence of the
next-to-valence (n — 1)d'° shell makes certain details of the present basis set
generation different from the earlier ones. A brief survey of the procedure employed
for the derivation of polarized basis sets for Zn, Cd, and Hg is given in Sect. 2. The
methodology of testing the performance of the basis sets derived in this paper and
certain computational aspects of the present study are surveyed in Sect. 3. In
Sect. 4 the first-order polarized basis sets are tested against their performance in
calculations of atomic dipole polarizabilities at different levels of approximation
with respect to the treatment of the electron correlation contribution. The relativ-
istic corrections are evaluated as well. The results of our study are compared with
earlier data by other authors and summarized in Sect. 5.

2 Generation of polarized basis sets

The method of the generation of polarized basis sets for Zn, Cd, and Hg used in this
study heavily relies on the experience gained in our earlier studies of polarized basis
sets [5-10]. However, certain features of the electronic structure of these elements
lead to some modifications of the standardized procedure used for atoms of
the main groups of the periodic table. In addition to correctly representing the
polarization of the outer ns* shell the generated basis sets must be appropriate
for describing both the field-induced polarization of the (n — 1)d'® shell and the
so-called core-polarization effects [15].

The initial GTO basis set of Zn is the energy-optimized (14.9.3) set of Huzinaga
[16] while those of Cd (17.12.8) and Hg (19.14.10.5) are taken from the basis set
optimization study of Gropen [17]. In all cases the flexibility of the s-subsets in the
valence region was enhanced by adding one diffuse s-type GTO and another one in
the region of the most distant node of the valence ns orbital. The orbital exponents
for diffuse s-type GTOs are obtained from the geometric continuation of the
s-orbital exponent series. In the case of Zn and Cd the orbital exponents for the
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additional s-type GTOs in the outermost node region follow from the upward
continuation of the approximate geometric series. For Hg the corresponding s-type
orbital exponent has been taken simply as the arithmetic average of the two nearest
exponents of the initial basis set. This extension of the initial s-subsets was
accompanied by contractions in the core region. For Zn ten highest-exponent
GTOs are contracted into three CGTOs with contraction coefficients read from 1s,
25, and 3s SCF eigenvectors. In a similar way 1s, 2s, 3s, and 4s SCF eigenvectors of
Cd were employed to contract 12 highest-exponent GTOs and 1s through 55 SCF
eigenvectors of Hg were used for contracting 13 highest-exponent GTOs of its
s-subset.

The p-orbital exponents of initial basis sets are rather high and used for the
purpose of representing the core p-type orbitals. No p-type functions are initially
available for the polarization of the valence shell ns orbitals. For this reason the
p-subsets of all atoms were extended by three diffuse GTOs with orbital exponents
matching those of the three most diffuse s-type functions. This procedure is
a consequence of the basis set polarization ideas [5, 6] and supplies p-type
functions appropriate for describing the polarization of the ns valence shell of the
given atom. Additionally, the diffuse p-functions may also be used for representing
the valence np orbitals. The extension of the p-subset was accompanied by its
contraction in the core region. Two (2p, 3p), three (2p—4p), and four (2p-5p) CGTOs
were constructed for Zn, Cd, and Hg, respectively, with contraction coefficients
read from the corresponding SCF eigenvectors. The number of contracted
highest-exponent primitive GTOs is seven for Zn, nine for Cd, and ten for Hg, For
all these atoms the final p-subsets are essentially uncontracted in the valence (np)
and subvalence ((n — 1)p) shells.

In our earlier studies of polarized basis sets for elements of the main groups IVa
through VIla the attention was focused on the generation of the d-type polariza-
tion functions [5, 6, 8—10]. For these elements the major contribution to electric
dipole polarizabilities comes from the electric-field-induced polarization of the
valence p-shell. In the present case, however, this polarization mechanism is much
less important. Thus, the initial d-subsets were only extended by one diffuse d-type
GTO with the orbital exponent obtained from the geometric progression rule. This
was followed by contracting the highest-exponent GTOs. For Zn a single CGTO
was produced by contracting the corresponding four GTOs with contraction
coefficients read from the 3d SCF eigenvector. Two CGTOs (3d and 4d) were
obtained for Cd by contracting six highest-exponent GTOs and for Hg three
CGTOs (34, 4d, and 5d) follow from contracting seven highest-exponent GTOs.

The f~subset of Hg has been contracted to two CGTOs with orbital exponents
read from the 4f SCF eigenvector. However, for all atoms of the IIb group the
polarization of the next-to-valence d-shell is expected to bring significant contribu-
tion to polarizabilities. Hence, the basis sets generated so far need to be extended by
the f~type polarization functions determined by what is referred to as the first-order
polarization of the (n — 1)d shell. This procedure follows to a great extent the
method used earlier for generating d-type polarization functions for elements of the
IVa through VIla groups of the periodic table [5, 6, 8—10]. The f~type polarization
functions are assumed to be of the form of two CGTOs, each built of two primitive
GTOs with orbital exponents matching those of the most diffuse region of the
corresponding (n — 1)d orbital. The contraction coefficients are determined by
considering the first-order electric field polarization of the (n — 1)d orbital, i.e,, in
complete analogy to the determination of the d-type polarization functions for the
main group elements. This means that the initial LCAO coefficients of the (n — 1)d
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SCF eigenvector are scaled by the inverse square root of the corresponding orbital
exponent [5, 6]. The same method has been used in our earlier studies of
polarized basis sets for the elements of the fourth and fifth rows of the periodic table
[9, 10].

The present method of the generation of polarized basis sets for elements of the
IIb group leads finally to the following GTO/CGTO basis sets: [16.12.6.4/9.7.3.2]
for Zn (PolZn), [19.15.9.4/11.9.5.2] for Cd (PolCd), and [21.17.11.9/13.11.7.4] for
Hg (PolHg). The details of their composition are given in the Appendix.

One should recall that the main reason for the development of the polarized
basis sets is to use them in accurate calculations of basic electric properties of
molecules and to study intermolecular interaction energies. From this point of view
the performance of the generated basis sets at the level of atomic calculations
provides a direct check on their possible usefulness.

Above all the first-order polarized basis sets must be flexible enough to account
for the electric-field-induced polarization of the electron density distribution at the
SCF level. Moreover, they should properly account for the valence correlation
contribution to polarizabilities as well as for the core-polarization effects [15].
With the increasing nuclear charge the relativistic contribution to electric dipole
polarizabilities becomes important [18, 197 and this should also be reliably pre-
dicted in calculations with polarized basis sets developed in this study. All these
aspects of the performance of polarized sets for Zn, Cd, and Hg will be consid-
ered by computing their electric dipole polarizabilities at different levels of approx-
imation.

3 Methods and approximations

The reliability of the computed polarizability data depends primarily on the
composition and flexibility of the basis set. Thus, to qualify the polarized basis sets
of this paper several parallel calculations of atomic dipole polarizabilities have
been carried out with the corresponding completely uncontracted GTO bases.
These comparative studies have been performed at both the SCF and different
correlated levels of approximation. The electron correlation corrections to the SCF
values of atomic polarizabilities have been calculated by a variety of high-level
correlated techniques ranging from different nth order many-body perturbation
theory (MBPTn) approaches to the coupled cluster (CC) methods [20-23]. The
highest level of approximation with respect to the electron correlation contribution
is represented by the results of the CCSD(T) method [22, 23]. The results obtained
by other methods (MBPTn,CCSD) are helpful in qualifying the reliability of the
CCSD(T) values of atomic polarizabilities.

In addition to single reference MBPT/CC studies we have carried out some
complementary calculations by using the CAS SCF [24] method followed by the
second-order multireference perturbation CASPT2 approach [25, 26]. These cal-
culations are helpful in analyzing the possible effect of the near-degeneracy between
ns? and np? valence configurations of the group ITb atoms.

The electron correlation contribution to the dipole polarizability as recovered
by the given method depends also on the number of correlated electrons. It is
obvious that both the SCF and electron correlation contributions from very deep
cores are negligible. However, considering explicitly the electron correlation contri-
bution of the (n — 1)d'® shell and the accompanying core-polarization effects is
necessary. The contribution of the (n — 1)s* and (n — 1)p® shells may be of some
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importance as well. For this reason the present calculations have been carried out
with 12 and 20 explicitly correlated electrons.

For the present series of atoms the relativistic contribution to the electric dipole
polarizability becomes important and this has been estimated by using the method
developed in our earlier papers [18, 27]. The method is based on a quasirelativistic
scalar (Cowan—Griffin [31]) approximation to the relativistic hamiltonian. This
approximation, which accounts for the lowest-order contribution due to
mass—velocity and Darwin (MVD) terms, has been found to give quite reliable
values of the relativistic correction to electric properties whose values are deter-
mined primarily by the electron distribution in the valence shell [19, 32]. The
present calculations of the relativistic correction to the dipole polarizability of the
group IIb atoms combine both the pure relativistic effects as estimated at the level
of the SCF approximation and the mixed relativistic-correlation contributions [19,
217, 32].

The methodology of calculations closely follows that employed in our earlier
studies of atomic and molecular electric properties [5, 6, 10, 18]. The polarizability
results are obtained by using the finite electric field perturbation followed by the
numerical differentiation of the field-dependent energies. A similar finite field
perturbation method [27] has been used to obtain mixed relativistic-correlation
corrections to the dipole polarizability. All calculations reported in this paper have
been carried out with the MOLCAS-2 system of quantum chemistry programs
[28] which includes codes for MBPT/CC [28, 29] and CC methods [30].

4 Calculations of atomic dipole polarizabilities

The results of MBPT/CC calculations of the electric dipole polarizability of Zn, Cd,
and Hg are presented in Tables 1, 2, and 3, respectively. They include the non-
relativistic SCF values, electron correlation corrections calculated at the level of
MBPT2, MBPT3, SDQ4, CCSD, MBPT4, and CCSD(T) approximations
[20,22, 23], and relativistic and relativistic-correlation corrections obtained from
the quasirelativistic (MVD) approach [18, 27].

In order to investigate the effect of contractions the SCF and non-relativistic
MBPT/CC calculations have been carried out with both the derived polarized
basis sets (PolZn, PolCd, PolHg)} and with their completely uncontracted GTO
counterparts. On comparing the corresponding results for 12 correlated electrons
one finds that the contraction effect is essentially negligible at the SCF HF level of
approximation, i.e., in the worst case (Hg) it amounts to less than 0.3 a.u. In
non-relativistic MBPT/CC calculations the contraction effects become slightly
larger. However, at the level of the CCSD(T) approximation the contraction effect
is only of the order of 1-2% of the final non-relativistic CCSD(T) result. This
appears to be a reasonable compromise between the basis set size and the accuracy
of the calculated polarizabilities. One should also take into account that the
CCSD(T) method by no means exhausts the electron correlation contribution to
dipole polarizabilities. Going beyond this approximation might also affect our
results to some extent. However, a rather small difference between the T'; contribu-
tions evaluated at the MBPT4 and CCSDX(T) levels of approximation indicates that
the higher-level CC methods [20] would not substantially change the present
values.

The basis set contraction effect on the SCF values of the relativistic
(MVD) contribution is again negligibly small. The mixed relativistic-correlation
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Table 1. MBPT/CC calculations of the electric dipole polarizability of Zn('S). All values in a.u.

Method Basis set: (16.12.6.4) PolZn® PolZn®
Correlated shells: 3d1%45% 341045? 3523p®3d104s?
SCF 53.54 53.39 53.39
Electron correlation corrections
MBPT2 — 1493 — 1538 —16.53
MBPT3 — 1235 - 13.25 —13.10
SDQ4 —-13.13 -~ 13.84 — 1542
CCSD —1135 -~ 11.79 — 1207
MBPT4 —15.00 —~15.69 —17.65
CCSD(T) —12.64 - 10.58 —10.87
Quasirelativistic corrections
SCF —3.18 —329 -3.29
MBPT2 0.68 0.68
MBPT3 0.81 0.82
SDQ4 0.70 0.71
CCSD 0.71 0.71
MBPT4 0.70 0.73
CCSD(T) 0.66 0.66
Total
CCSD(T)® 40.90 40.39 40.13
CCSD(T) 37.86 37.61

* First-order polarized [16.12.6.4/9.7.3.2] GTO/CGTO basis set of Zn derived in this paper.

® Non-relativistic results calculated at the level of the CCSD(T) approximation.

¢ Quasirelativistic results including the MVD relativistic correction and mixed relativi-
stic-correlation contributions evaluated at the level of the CCSD(T) approximation.

contributions are small by themselves. Thus, the contraction effect on the mixed
terms is not expected to be important. This has also been found in our earlier
studies of the relativistic-correlation contribution to dipole polarizabilities of heavy
atoms [10, 19, 32].

The SCF HF dipole polarizabilities of the group IIb elements are strongly
affected by the electron correlation contribution. This contribution is negative and
in the CCSD(T) approximation it reduces the SCF HF results by about 25%. The
magnitude of the electron correlation contribution depends on the level of approxi-
mation and the number of explicitly correlated shells.

It can be seen that for Cd and Hg the lowest-order MBPT2 method overesti-
mates to some extent the magnitude of the (negative) electron correlation contribu-
tion, while for Zn the MBPT2 correction is rather close to those obtained from
other methods. This can be interpreted in terms of the increasing importance of the
ns®sp? configuration which worsens the assumption of the single configuration
reference used in our calculations. In order to verify this interpretation we have
carried out the second-order perturbation calculations (CASPT2) [25, 26] with
a multiconfiguration reference function generated by the CAS SCF method [24].
This reference function is the full CI wave function for two valence electrons in the
active space comprising the nsnp shell [24]. All core orbitals including the
(n — 1)d*® shell are considered to belong to the inactive orbital subspace. In
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Table 2. MBPT/CC calculations of the electric dipole polarizability of Cd('S). All values in a.u.

Method Basis set: (19.15.9.4) PolCd* PolCd®
Correlated shells: 4410552 4410552 4524p5441055%
SCF 75.12 74.98 74.98
Electron correlation corrections
MBPT2 —25.21 —26.00 —28.07
MBPT3 —19.21 —20.18 — 2087
SDQ4 —16.93 —17.58 — 19.08
CCSD — 1634 —16.79 —17.59
MBPT4 — 1879 — 1947 —21.56
CCSD(T) — 1821 — 18.68 —19.62
Quasirelativistic corrections
SCF — 1215 —12.20 —12.20
MBPT2 430 443
MBPT3 3.90 4.06
SDQ4 3.36 351
CCSD 3.17 3.24
MBPT4 3.61 3.84
CCSD(T) 3.53 3.64
Total
CCSD(T)® 56.91 56.30 55.36
CCSD(T)° 47.63 46.80

® First-order polarized [19.15.9.4/11.9.5.2] GTO/CGTO basis set of Cd derived in this paper.

b Non-relativistic results calculated at the level of the CCSI(T) approximation

¢ Quasirelativistic results including the MVD relativistic correction and mixed relativistic—correlation
contributions evaluated at the level of the CCSD(T) approximation

subsequent CASPT?2 calculations excitations were allowed from the active space
and the (n — 1)d*° shell. These CAS SCF/CASPT2 results are compared with the
MBPT2 and CCSD(T) data in Table 4.

Limiting the treatment of the electron correlation contribution to the level of
the valence CAS SCF approximation is obviously insufficient. However, for the
present CAS SCF reference function the second-order treatment of the electron
correlation contribution from the (n — 1)d'® shell makes the CAS SCF/CASPT2
results comparable with those of the single reference CCSD(T) method. The CAS
SCF reference removes the major part of the near-degeneracy effect and the
remaining electron correlation contributions to the dipole polarizability of the
group IIb atoms can be treated reasonably well by the CASPT2 method. With
respect to the (n — 1)d'° shell this method closely resembles the single configura-
tion MBPT2 approach and our results show that the core correlation contribu-
tions to the dipole polarizability can be satisfactorily accounted for in the
low-order perturbation scheme.

The dependence of the pure electron correlation contribution to dipole polariz-
abilities on the number of correlated shells has been studied by comparing the
results evaluated with either 12 ((n — 1)d'%ns?) or 20 ((n — 1)s*(n — 1)p®-
(n — 1)d'°ns?) explicitly correlated electrons. The corresponding results are pre-
sented in the last two columns of Tables 1-3. Including the (n — 1)s*(n — 1)p® shell
increases the (negative) value of the electron correlation contribution to dipole
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Table 3. MBPT/CC calculations of the electric dipole polarizability of Hg('S). All values in a.u.

Method Basis set: (21.17.11.9) PolHg® PolHg*
Correlated shells: 541%6s? 5410652 5525p®5d'%6s?
SCF 79.57 79.27 79.27
Electron correlation corrections
MBPT2 —30.07 -30.88 —33.25
MBPT3 — 2278 —23.88 — 24.60
SDQ4 — 1942 —20.19 —21.72
CCSD —18.75 - 19.28 —20.16
MBPT4 -21.26 —22.09 —2431
CCSD(T) - 20.69 —21.29 —22.36
Quasirelativistic corrections
SCF — 3832 - 38.58 —38.58
MBPT2 16.52 17.25
MBPT3 13.89 14.58
SDQ4 11.59 1225
CCSD 11.00 11.39
MBPT4 1270 13.65
CCSD(T) 12.43 1291
Total
CCSD(T)® 58.88 57.98 56.91
CCSD(T)* 31.82 31.24

2 First-order polarized [21.17.11.9/13.11.7.4] GTO/CGTO basis set of Hg derived in this paper

b Non-relativistic results calculated at the level of the CCSD(T) approximation

° Quasirelativistic results including the MVD relativistic correction and mixed relativistic—correlation
contributions evaluated at the level of the CCSD(T) approximation

polarizabilities. However, at the level of the CCSD(T) approximation this effect is
rather small and possibly can be neglected in most studies. Our results can be
related to the use of pseudopotential methods [14] and indicate that without
a major deterioration of their electric properties the group Ilb atoms can be
considered as effectively 12-electron systems. The same conclusion applies there-
fore to calculations of interaction energies involving these atoms.

In the non-relativistic approximation both the SCF and correlated data form
a similar pattern with the dipole polarizability values increasing with the nuclear
charge. However, it is known [19, 32] that with the increase of the nuclear charge
there is a significant increase of the relativistic contribution to atomic dipole
polarizabilities. The present results provide a direct illustration of this effect. At the
level of the SCF HF approximation the (MVD) relativistic contribution is only
about — 6% for Zn while it increases to about — 40% for Hg. Thus, for Hg the
MVD correction becomes more important than the electron correlation contri-
bution, both being large and negative.

In the case of simultaneously large electron correlation and relativistic correc-
tions to electric properties one can expect that the magnitude of the electron
correlation contribution can be substantially affected by relativistic effects [19, 27,
32]. According to our data these mixed relativistic—correlation contributions are
positive and diminish the effect of the pure correlation and MVD SCF HF
corrections. For Zn the mixed relativistic—correlation contribution is essentially
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Table 4. Dipole polarizability calculations with polarized basis sets. A compari-
son of the CAS SCF/CASPT2 results with single reference MBPT2 and CCSD(T)
data. All values in a.u.

Atom CAS SCF® CASPT2® MBPT2¢ CCSD(T)*
Non-relativistic results

Zn 46.63 39.85 38.01 40.39

Cd 65.37 55.24 48.98 56.30

Hg 68.87 56.53 48.39 57.98
Quasirelativistic results®

Zn 44.09 36.99 35.40 37.86

Cd 56.35 46.28 41.08 47.63

Hg 41.25 29.70 26.33 31.82

*In CAS SCF calculations all shells through (n — 1)d'® belong to the inactive
orbital subspace. The active orbital subspace is built from the nsnp shell orbitals
and describes the two valence electrons

® The sum of the CAS SCF result and the corresponding CASPT? corrections. In
CASPT2 calculations double excitations are also allowed from the (n — 1)d *° shell
¢ Single reference MBPT?2 calulations with 12 explicitly correlated electrons. For
details see Tables 1-3

4 Single reference CCSD(T) calulations with 12 explicitly correlated electrons. For
details see Tables 1-3

¢ Both the pure (SCF HF) relativistic and mixed relativistic—correlation contribu-
tions are included

negligible. However, already for Cd it reduces the MVD SCF HF correction by
about 4 a.u. Neglecting these mixed terms for Hg would lead to much too low
values of its dipole polarizability. One should also note that most of the mixed
relativistic-correlation correction comes from the (n — 1)d*°ns? shells. The contri-
bution of the (n — 1)s*(n — 1)p® shells evaluated at the level of the CCSD(T)
approximation ranges from less than 0.01 a.u. for Zn to about 0.5 a.u. for Hg.
Hence, one can conclude that the calculation of the mixed relativistic-correlation
contribution to the dipole polarizability can be satisfactorily carried out with only
12 electrons explicitly correlated.

From the data presented in Table 4 the valence shell near-degeneracy effects
can be seen to be of certain importance for mixed relativistic—correlation contribu-
tion to the dipole polarizability of Hg. This contribution as predicted by the single
reference MBPT2 method is by about 4 a.u. higher than the CCSD(T) resuit
(Table 3). For Cd (Table 2) this difference amounts to only about 0.8 a.u. and is
completely negligible for Zn (Table 1). It follows from the CAS SCF/CASPT2 data
of Table 4 that most of the difference between CCSD(T) and MBPT?2 results for Hg
is recovered by using the multiconfiguration approach in the valence space foi-
lowed by the second-order perturbation treatment of the remaining electron
correlation contribution.

Among the methods employed in this paper the CCSD(T) appreoach represents
the highest level of approximation with respect to the treatment of the electron
correlation effects. According to the final quasirelativistic CCSD(T) results of our
study the predicted sequence of polarizabilities is oy, < 0z, < 0cq While the non-
relativistic treatment leads to the monotonic increase of polarizabilities with the
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Table 5. Dipole polarizabilities of singly and doubly positive ions of the group IIb
elements. All values in a.u.

Method Zn* Cdt Hg* Zn?* ca’t Hg?*
Non-relativistic results

SCF HF 24.83 37.12 40.05 2132 4.450 6.086
MBPT4 2.658 4.776 6.721
Quasirelativistic results®

SCF HF 23.09 30.65 17.52 2.206 4.668 6.421
MBPT4 2.732 4,994 7.056

2 The relativistic (MVD) correction has been evaluated only at the level of the SCF HF
approximation

increasing nuclear charge. A similar relativistic effect has been found also in the
case of elements of the main groups Ia and ITa [19, 32]. Since the dipole polariza-
bility is approximately related to the size of atoms one can say that cadmlum is the
largest atom among the elements of the group IIb.

In addition to a rather comprehensive study of dipole polarizabilities of the
neutral atoms of the group IIb we have also carried out some limited study of their
positively charged ions. For singly ionized atoms only the SCF HF data including
the MVD corrections have been calculated. The doubly positive species have been
considered at the level of the MBPT4 approximation with respect to pure correla-
tion effects while the relativistic corrections have been estimated from the SCF HF
MVD data. The corresponding results are collected in Table 5.

The dipole polarizabilities of singly positive ions essentially follow the pattern
already discussed for neutral atoms, the corresponding values being about half of
those for the neutral systems. The pure relativistic effect calculated in the MVD
approximation causes their considerable reduction. As a consequence Cd* turns
out to be the most polarizable ion in the series. The negative sign of the MVD
correction is a consequence of the relativistic contraction of the valence ns orbital
[33] and dominates the total relativistic contribution to dipole polarizabilities of
singly positive ions of the group IIb elements. The relativistic effect on the
(n — 1)d*° shell should lead to its expansion and some (relatively small) positive
relativistic contribution to polarizability. In addition to relativistic corrections one
can also expect a considerable contribution due to electron correlation and mixed
relativistic—correlation effects [11]. Hence, the present MVD-corrected SCF HF
results give only some preliminary information about the magnitude of dipole
polarizabilities of the singly ionized systems.

The polarizability data for doubly charged species bring about certain interest-
ing features. The MVD correction is positive for all ions and explicitly shows the
relativistic effect on (n — 1)d!° shells [33]. This is accompanied by positive electron
correlation corrections. Since both these corrections are small the mixed relativis-
tic-correlation contributions will be essentially negligible and has not been con-
sidered in this study. The dipole polarizabilities of the doubly positive ions increase
monotonically with their nuclear charge. The relativistic MVD correction is
comparable to the MBPT4 correlation contribution already for Cd** and becomes
dominant for Hg?™*. In view of rather small values of these corrections, the present
MVD-corrected MBPT4 data for dipole polarizabilities of Zn?*, Cd?*, and Hg**
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Table 6. Comparison of the non-relativistic and quasirelativistic
HF dipole polarizabilities calculated with polarized basis sets of this
paper with numerical Hartree-Fock and Dirac-Hartree~Fock data. All
values in a.u.

Method Zn Cd Hg
Non-relativistic results

SCF HF? 53.39 74.98 79.27
Numerical HF® 534 75 80
Quasirelativistic/relativistic results

SCF HF* 50.10 62.78 40.69
Numerical DHF? 504 62 43

2 SCF HF results of this paper calculated with polarized basis sets

b Numerical non-relativistic SCF HF results from Ref. [35]

°SCF HF results of this paper including the MVD correction for
relativistic effects

9 Numerical Dirac-Hartree-Fock results from Ref. [35]

are quite reliable. Let us also add that most of the results for positive ions
calculated with polarized basis sets have been checked against the corresponding
data obtained with the corresponding fully uncontracted sets. Only very small
differences have been found indicating that the polarized basis sets of this paper are
equally useful in calculations for both neutral and ionized species.

5 Comparison with other polarizability data. Conclusions

The purpose of extensive calculations of the electric dipole polarizabilities of Zn,
Cd, Hg, and their ions was mainly to test the performance of the polarized basis sets
generated in this study. Our attention was so far primarily focused on rather formal
aspects of the basis set contraction effect and its influence on different contributions
to the dipole polarizability. The reliability of different corrections was verified only
by comparing our results in different approximations. However, both the relativ-
istic and electron correlation contributions are calculated only approximately and
one would like to have some external measure of the quality of our basis sets and
polarizability results.

The experimental values of dipole polarizabilities for systems studied in this
paper are either unknown or insufficiently reliable. The available experimental
dipole polarizability of Hg is about 34 a.u. [34] (see also Ref. [14] ) and agrees well
with our quasirelativistic CCSD(T) result of 31.8 a.u. (see Table 3). In this context
the numerical HF and Dirac-Hartree-Fock (DHF) polarizability values calculated
by Desclaux et al. [35] are of great help, for they permit a direct verification of the
quality of our polarized basis sets and of the validity of the MVD approximation.
A comparison of these results with our data is presented in Table 6.

Our non-relativistic calculations with polarized basis sets developed in this
study give essentially the same results as those obtained by Desclaux et al. [35] by
numerically integrating the HF equations. On comparing our MVD SCF HF with
DHF results one finds that the MVD approximation works well for Zn and Cd.
Even in the case of a rather heavy atom like Hg the difference between the MVD
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SCF HF and DHF data is only of the order of 2-3 a.u. Interestingly enough this is
about the same as the difference between our quasirelativistic CCSD(T) polariza-
bility of Hg (31.8 a.u.) and the experimental result (34 a.u). The comparison
presented in Table 6 shows that the polarized basis sets of Zn, Cd, and Hg are
indeed of sufficiently high quality to give reliable results for atomic polarizabilities
at the level of the HF approximation. Also the MVD approximation appears to be
quite reliable.

The majority of theoretical data for dipole polarizabilities of the group IIb
elements follows from calculations with effective core potentials (ECP) [14, 36, 37].
Konowalow et al. [36] have studied the electron correlation and relativistic effects
on dipole polarizabilities of the group IIb atoms by using the valence multicon-
figuration (MC)SCF method and 2-electron ECPs. The effect of the d'° shell has
been considered only for Hg in the framework of the 12-electron ECPs. The MC
SCF results obtained with empirical relativistic 2-electron ECPs (Zn: 35.1 a.u,; Cd:
42.5 a.u.; Hg: 36.2 a.u. [36]) show correct trends with respect to the Z-dependence
of the dipole polarizability and agree qualitatively with the present quasirelativistic
CCSIXT) data. On using the 12-electron ECPs for Hg Konowalow et al. [36]
calculated its polarizability as equal to 31.8 a.u.

Several theoretical studies have been reported for the dipole polarizability
of Hg. The 2-electron ECP calculations by Maeder and Kutzelnigg [37] gave
the polarizability value of 32.8au. Recently Schwerdtfeger et al. [14]
have carried out a comprehensive ECP study of the dipole polarizability of Hg
with 20-electron ECPs. The electron correlation effects were treated at the level
of MBPTn (n = 2-4), QCISD, and QCISD(T) methods. The non-relativistic
QCISD(T) result of these authors (57.76 a.u.) compares well with the present
non-relativistic CCSD(T) value of 56.91 a.u. (20 electrons correlated, see Table 3).
Their QCISD(T) result (33.44 a.u.) with relativistic 20-electron ECPs is, however,
about 2 a.u. higher than the corresponding CCSD(T) value (31.24 a.u.) of this
paper. It is worthwhile to mention that such a difference occurs already at the level
of the non-relativistic SCF HF approximation. The non-relativistic SCF HF result
of Schwerdtfeger and Pyykkd (81.29 a.u.) is by about 2 a.u. higher than the present
value (79.27 a.u.) obtained in all electron calculations with the PolHg basis set. The
higher non-relativistic SCF HF polarizability value calculated by Schwerdtfeger
and Pyykko can be interpreted as resulting from the use of too soft ECPs. On the
other hand, one could argue that the lower value obtained from our calculations is
due to some basis set truncation effects. However, several attempts to increase the
flexibility of the uncontracted counterpart of the PolHg basis set have failed to
produce the SCF HF dipole polarizability higher than 80 a.u.

It appears to be of interest to compare our polarizability data with the so-called
recommended values of Miller and Bederson [38]. For Zn the recommended value
is 38.5 a.u. and compares well with the present quasirelativistic CCSD(T) results
(37.86 a.u., 37.61 a.u., see Table 1). However, the recommended dipole polarizabilty
of Cd (40.5 a.u.) is much lower than the present values (47.63 a.u., 46.80 a.u., see
Table 2) and needs to be corrected. For Hg the recommended dipole polarizability
corresponds to its experimental value and, as discussed earlier in this section,
agrees reasonably well with our quasirelativistic CCSD(T) data.

The main result of this paper is the first-order polarized basis sets for the group
IIb atoms whose details are given in the Appendix. These basis sets were
shown to perform satisfactorily at both the SCF HF and different correlated levels
of approximation. The contraction effects have been found to be relatively
small. The quasirelativistic (M VD) estimates of relativistic corrections to dipole
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Table 7. First-order polarized [16.12.6.4/9.7.3.2] GTO/CGTO basis set (PolZn) for zinc

GTO CGTO Exponent Contraction coefficients
s subset
1 1-3 322679.10 0.0003161 — 0.0000979 0.0000368
2 48663.558 0.0024285 — 0.0007485 0.0002837
3 11166.082 0.0123911 —0.0038821 0.0014576
4 3208.8831 0.0485712 —0.0153564 0.0058655
5 1069.5126 0.1479921 —0.0506439 0.0191051
6 396.66584 0.3250939 — 0.1255657 0.0496913
7 159.92496 0.4061928 —0.2291848 0.0902554
8 68.610341 0.1937377 —0.1103823 0.0555846
9 23.690661 0.0143465 0.5407636 — 0.3406232
10 10.038526 —0.0020383 0.5835458 — 0.4692264
11 4 2.7728690 1.0
12 5 1.0871093 10
13 6 0.426200 1.0
14 7 0.14532845 1.0
15 8 0.0507459 1.0
16 9 0.017719 1.0
p-subset
1 1-2 2208.5972 0.0026157 0.0009837
2 528.03016 0.0208369 0.0078341
3 17254422 0.0948808 0.0371585
4 66.149786 0.2683111 0.1087578
5 27.715181 0.4353094 0.1951371
6 12190621 0.3133438 0.0840062
7 4.9602890 0.0550264 —0.3584633
8 3 2.0663549 1.0
9 4 0.79142986 1.0
10 5 0.145328 1.0
11 6 0.050746 1.0
12 7 0.017719 1.0
d-subset
1 1 58.305471 0.0274318
2 16.474188 0.1506560
3 5.5608782 0.3671806
4 1.8975641 0.4656488
5 2 0.55727732 1.0
6 3 0.163661 1.0
[f-subset
1 1 5.560878 0.155707
2 1.897564 0.338034
3 2 0.557277 0.420498
4 0.163661 0.105305

polarizabilities compare well with other data. They show that the MVD approxi-
mation gives most of the relativistic correction to polarizabilities of the closed-shell
systems. It is also worth attention that the mixed relativistic—correlation contribu-
tions to dipole polarizabilities of the group IIb elements are by no means negligible.
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A limited study of positively charged ions of the group IIb elements indicates
that the PolMe (Me = Zn, Cd, Hg) basis sets (see Tables 7-9) correctly represent
the influence of the ionic charge on the dipole polarizability. Thus, the basis sets
generated in this study can be used in investigations of interactions involving both
neutral species and positively charged ions of the group IIb elements.

Appendix

The first-order polarized basis sets for Zn, Cd, and Hg generated in the present
study are listed in Tables 7, 8, and 9, respectively. The procedure used in their
generation is described in Sect. 2 of this paper and follows the ideas presented in
our earlier papers [5-10]. The present PolMe (Me = Zn, Cd, Hg) basis sets will be
available as a part of the basis set library of the MOLCAS system of quantum
chemistry programs [28]. They are primarily recommended for use in calculations
of interaction energies and interaction-induced electric properties in weakly inter-
acting systems.
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