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Abstract The compact sets of the diffuse functions are
suggested for better description of the polarization prop-
erties of the lanthanide atoms using the small-core effective
core potentials and the corresponding basis sets. The pd
and 2pdfg augmentations with exponents 0.028 and 0.015
(p), 0.032 (d) and 0.05 (f,g) are recommended for all lan-
thanides. Scalar and tensor dipole polarizabilities
calculated using the multireference averaged quadratic
coupled cluster method agree well with the literature data.

Keywords Atomic lanthanides - Dipole polarizability -
Interaction potential

Introduction

Recent experiments with cold and ultracold atoms have
heightened interest in collision dynamics of heavy transi-
tion metal atoms and the lanthanides (see, e.g., [1-9]). Ab
initio methods have already proved useful for calculating
both long-range and global interaction potentials capable of
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reproducing the collision dynamics of such atoms at tem-
peratures near 1 K [6, 10-15]. Nevertheless, the ab initio
description of heavy atoms, in particular, lanthanides (LN),
necessitates further validation and improvement to provide
the level of accuracy required by the experiment at 1 K and
lower temperatures. At the same time, the atomic param-
eters that determine polarization properties (and, therefore,
long-range interactions) of LN atoms, are not known well
enough.

The accurate description of the polarization properties of
the open-shell LN atoms is challenging because of their
complex electronic structure. Degenerate non-relativistic
2511 state of an atom with the electronic spin S and orbital
L angular momenta splits in the DC electric field into L + 1
components according to the absolute value of the pro-
jection M of the orbital momentum on the field axis. To the
first approximation, the splitting is determined by the
dipole polarizability anisotropy with respect to field
direction that can be represented either by Cartesian
o (L,M), oy (L,M) or spherical (L), o»(L) components [14,
16, 17]. The latter pair, known as scalar and tensor com-
ponents, respectively, is especially useful for representing
the whole set of anisotropic polarizabilities of the L mul-
tiplet. From the simple orbital considerations ¢ and o, in
lanthanides (as well as in the majority of the transition
metals) reveal different origins [12]. The small tensor part
arises from the inner open (n—1)d or (n—2)f shells, whereas
the large scalar part is mostly determined by the outer
spherical ns” shell. It is the screening of inner shells that
makes oy so dominant over o,. Suppression of the polar-
izability anisotropy predicted by this simple model has
found confirmation in the experimental and theoretical
works devoted to atomic polarizabilities and dispersion
interactions (for lanthanides, see Refs. [7, 8, 10, 15, 18,
19]). The high level of the accuracy is, therefore, needed to
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reproduce a small tensor component or, equivalently, a
small splitting of the atomic terms in the field. The other
important prerequisites are extensive multireference cor-
relation treatments and an inclusion in the basis sets of the
diffuse functions that are able to reproduce the polarization
of the electronic charge cloud.

The present contribution focuses mainly on the latter
issue. We provide compact augmentations of the existing
basis sets [20, 21] based on the small-core relativistic
effective core pseudopotentials (ECP) [22], and show that
they uniformly improve the dipole polarizabilities com-
puted for selected LN atoms (for illustrative purpose, the
atoms with relatively low orbital angular momenta L < 3,
La(®D), Sm(’F), Eu(®S), Tm(*F), and Yb('S), have been
chosen). The proposed augmentation should be useful for
ab initio calculation of the complexes and molecules con-
taining lanthanide atoms. The computed polarizabilities
contribute to validation of the existing theoretical values.

Ab initio calculations

All ab initio calculations were done with the MOLPRO
suite of programs [23].

To describe explicitly the inner 4f shell of LN atoms, the
energy-consistent small-core ECPs by Dolg et al. [22]
(referred to as ECP28MWB in the MOLPRO Internal
Library and in the Stuttgart University Pseudopotential
webpage [24]) were used. They describe 28 electrons
occupying the inner shells with the principal quantum
numbers n = 1-3. The remaining electrons occupying
n = 4(s,p,df), n = 5(s,p,d), and n = 6(s) shells were treated
explicitly using the atomic natural orbital (ANO)
(14s13p10d8f6g/6s6p5d4f3g] [20] or segmented (SEG)
(14s13p10d8f6g/10s8pS5d4f3g] [21] Gaussian basis sets
augmented by the primitive diffuse functions as described
below.

Calculations were carried out in the C,, symmetry group
with z-axis set by placing an artificial void (dummy) center
at the distance of 25 A from an LN atom. In the complete
active space multiconfigurational self consistent field
(CASSCF) method, k + 2 electrons forming the 4fk6s2
configuration were distributed over the corresponding 8
orbitals. For the La atom with 5d4'6s® configuration, 3
electrons were distributed over the 9 orbitals representing
5d, 6s and 6p shells.

The CASSCF wave functions were used as the reference
for the multireference averaged quadratic coupled cluster
(AQCC) calculations [25, 26]. Nine orbitals with
n = 4(s,p,d) were included in the core, 5s and 5p orbitals
were kept doubly occupied, and 4f and 6s (for La atom, 5d,
6s, and 6p) orbitals were active. Polarizabilities were
determined using the finite-field approach as the second
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derivative on the dipole field strength by numerical dif-
ferentiation with the field increment 0.0005 a.u.

For open-shell atoms polarizabilities were computed for
%, I1, and A values of the projection of orbital momentum
on the field axis. Scalar and tensor components were
obtained as [14, 16, 17]

1 2
06025(06):—"-20(11), 06225(064—062> (1)
for L = 2 (La(*D)) or
oo = oy, 0p =~ (0tg — x) (2)

4

for L = 3 (Sm(’F) and Tm(*F)). The difference in oy val-
ues computed directly and derived from o, o, was taken as
a probe of accuracy. It did not exceed few hundredths of
atomic unit.

Polarizability of the closed-shell Yb atom was also
calculated within the restricted version of the coupled
cluster method with single, double, and non-iterative triple
excitations, RCCSD(T) [27],with the same choice of core
orbitals and RHF wave function as the reference.

As an additional criterion for selecting the exponents of
diffuse functions, we used the interaction energy of the
Yb-He complex calculated at the RCCSD(T) level of
theory as described in Refs. [10, 28]. Since at the long
range the latter is dominated by the dipole—dipole disper-
sion energy, the attraction of the Yb and He moieties may
be used as a good indicator of the adequacy of the basis set
in the polarizability and dispersion problems.

Results

The optimization of diffuse function exponents was carried
out for Yb atom against a benchmark value. The bench-
mark polarizability value was found using the 3s3p3d3f3g
set with the exponents taken roughly as the even-tempered
continuations for two smallest exponents of ANO basis (the
range of exponents were 0.01-0.0025 for s, 0.02-0.005 for
p, and 0.05-0.0125 for d, f, g). Then the ANO basis was
sequentially augmented, one function at a time, by p, pd,
2pd, 2pdf, 2pdfg, and s2pdfg sets and the exponent of an
added function was optimized to give the best agreement
with the benchmark polarizability value and the Yb-He
interaction energy. This sequence reflects our previous
analysis [10], where the pd augmentation was suggested
and negligible role of the diffuse s functions was estab-
lished. The exponents so obtained are 0.01 for s, 0.028 and
0.015 for p, 0.032 for d, and 0.05 for f and g. With these
sets, the calculations were performed for other LN atoms.

The results are presented in Table 1. It is evident that the
ANO basis greatly underestimates the polarizabilities and
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Table 1 Polarizabilities of the lanthanide atoms, a.u. For open-shell atoms scalar and tensor components are given as og; o. For Yb atom,

RCCSD(T) values are given in parentheses

Basis Augmentation La(ZD)

Sm(’F)

Eu(®S) Tm(*F°) Yb('S)

ANO

SEG

ANO p

ANO pd

ANO 2pd

ANO 2pdf

ANO 2pdfg
ANO s2pdfg
SEG s2pdfg
ANO 3s3p3d3f3g
SEG 3s3p3d3f3g
Ref.*

TDDFT®

121.2; 6.7

200.0; 8.9
214.8; 13.4
214.7; 13.4
220.7; 14.1
221.1; 14.0
220.0; 14.0

219.8; 13.8

209.9; 10.4 = 0.4
200.9; 10.1

103.3; -1.2

184.2; -1.2
196.0; —1.7
196.0; —-1.7
198.2; 1.8
198.5; —-1.8
198.0; —1.8

196.8; —1.8

194.3; -3.5 £ 0.2
200.0; -5.0

101.9 89.4; -1.5 88.1 (87.5)
101.4 87.5

179.6 147.7; -1.7 147.3 (146.2)
189.1 152.4; 2.1 151.9 (152.9)
191.7 152.0; -2.2 151.4 (153.0)
191.0 153.0; 2.3 152.5 (153.1)
191.0 153.3; 2.3 152.7 (153.1)
192.0 153.1; 2.3 152.3

190.7 153.0; 2.2 152.3

189.7 152.2; 2.2 151.2

189.4 151.0

186.9 141.7

194.3 157.3

147.1; —2.8 £0.2
161.4; -2.3

* Scalar components from Ref. [29], tensor components from Refs. [18, 19, 30].

® Ref. [15].

that the sequential augmentation obtained for Yb atom
uniformly improves them bringing in close agreement with
the ANO+3s3p3d3f3g values for all LN atoms considered.
For the largest 2pdfg and s2pdfg sets, maximum deviation
for oy does not exceed 1.0 and 1.2%, respectively, while
the average error amounts to 0.7 and 0.6%. The benchmark
values for the tensor component are reproduced for all LN
atoms except for La, where the error approaches 1.4%. The
necessary minimum pd augmentation provides the average
accuracy of 0.7 and 6% for scalar and tensor components,
respectively. Some tests performed with the segmented
basis, that uses a different contraction of the same primi-
tives as ANO, give very similar results.

Comparison with a limited set of literature data is
possible. Theoretical values of scalar polarizabilities col-
lected in the compilation of Miller [29], as well as the
values of experimentally determined tensor polarizabili-
ties from Refs. [18, 19, 30], are quoted as “Ref.”. Our
results for scalar component are slightly above these
values. The magnitude of the tensor component appears
underestimated for the Tm and Sm atoms, but overesti-
mated for the La atom. Recent time-dependent density
functional calculations with self-interaction corrected
potential (TDDFT) [15] give scalar polarizabilities in
good agreement with our values, except for La. TDDFT
tensor polarizabilities agree with the measurements
somewhat better than the present ones. For Yb, oy was
computed at different levels of ab initio theory by Wang
and Dolg [31]. Their CCSD(T) value obtained with the
previous version of ANO basis set massively augmented
by diffuse functions, 145.3 a.u., is not far from the present
results.
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Fig. 1 Convergence of the calculated scalar (upper panel) and tensor
(lower panel) polarizabilities for selected LN atoms. Absolute
deviations from the benchmark ANO+3s3p3d3f3g results (taken as
zero) are shown depending on 7, the number of primitive functions in
the ANO, ANO+p, +pd, +2pd, +2pdf, +2pdfg, +s2pdfg sequence.
Dotted lines represent reference results cited in the text and Table 1.
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It is instructive to analyze the incremental change of the
polarizabilities upon the addition of the diffuse function
with different angular momentum /. In Fig. 1, we plotted
the absolute deviations from the ANO+3s3p3d3f3g values
(taken as zero) as the function of the number of diffuse
primitive functions in the consecutive p, pd, 2pd, 2pdf,
2pdfg, and s2pdfg augmentations with n = 0 corresponding
to the bare ANO basis sets. For the scalar component, the
huge gain always occurs upon addition of the single p-
symmetry primitive (n = 1), much less pronounced effect
is caused by the d-function (n = 2), the functions with
higher angular momenta produce changes hardly visible on
the scale of the figure, though for La atom with its open 5d-
shell the effect of f-function is noticeable. In contrast, the
tensor polarizability component is mostly sensitive to the
d-function, while for La atom, both p- and f-functions are
also important. These variations can be interpreted within
the analysis by Sadlej [32], who proved that / + 1 functions
are necessary to describe polarization of the shell with
angular momentum /. It is also compatible with attributing
the scalar polarizability component to the outer 6s shell and
the tensor component to the inner 4f (or 5d) shell of LN
atoms. The relatively small polarizability anisotropy is thus
due to the screening of the high-/ open-shell electrons by
the external electrons occupying / = 0 orbital.

Augmented ANO basis sets should be useful for
studying the weakly-bound interactions involving LN
atoms. Our recent studies of the Yb,, TmYb dimers [28] and
TmHe, YbHe complexes [10, 28] have already shown
remarkable improvement of the interaction energies and
dispersion coefficients. Being relatively compact, these
bases can also be recommended for advanced computa-
tional studies of the more complex systems involving
lanthanides, like various coordination compounds [33],
and, in particular, fullerenes containing lanthanide ions that
reveal interesting aromatic properties [34-36].

Conclusions

The relatively compact sets of the diffuse functions for
augmenting the ANO basis sets for the small-core effective
core potentials are suggested for lanthanide atoms. We
found that the sets with the same exponents uniformly
improve the description of atomic polarizabilities for
selected LN atoms. The minimum pd augmentation allows
one to reproduce the scalar polarizability within 1%
accuracy, whereas 2pdfg set is recommended for more
precise applications. Analysis of the incremental polariz-
ability changes upon addition of functions with different
angular momenta supports the shell model that attributes
scalar polarizability to the external 6s shell and tensor
polarizability to the open 4f (5d) shell.
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