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Abstract. Contracted Gaussian-type function sets are
proposed for polarization functions of the atoms Ga—Kr
and In—Xe. We also report polarization functions for Ca
and Sr. A segmented contraction scheme is used for its
compactness and computational efficiency. The contrac-
tion coefficients and orbital exponents are fully opti-
mized to minimize the deviation from accurate atomic
natural orbitals. The present polarization functions yield
more than 99% of atomic correlation energies predicted
by accurate natural orbitals of the same size.
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1 Introduction

The inclusion of electron correlation effects is inevitable
for a quantitative description of the electronic structure
of molecules; therefore, highly correlated wave functions
are often computed. Even when a sophisticated electron
correlation technique is employed, however, the accu-
racy of the resultant wave function is largely dependent
on the quality of the basis sets by which the molecular
orbitals are approximated. In particular, the supplement
of some basis functions which well describe both the
correlation and polarization contributions is significant
in molecular calculations. For this reason, we started to
construct compact yet efficient correlating or polariza-
tion functions in a series of works [1, 2, 3]. In this study,
we call them polarization functions.

In the first and second reports [1, 2], we proposed a
new method for the construction of polarization func-
tion sets. Our method uses contracted (c) Gaussian-type
functions (GTFs) in a segmented form to achieve both
computational efficiency and compactness. The con-
traction coefficients and GTF exponents are determined
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so as to minimize the difference between the cGTFs and
the accurate natural orbitals (NOs) in the polarization
space. The method has been successfully applied to the
atoms from He to Ar except Li and Na. The new po-
larization functions reproduce more than 99% of atomic
correlation energies predicted by accurate NOs of the
same size. These sets are superior to the correlation-
consistent basis sets [4] and are more compact than the
atomic NOs [5, 6]. In the third report [3] of this series, we
applied the same method to the first transition-metal
atoms from Sc to Zn and obtained the basis sets for both
4s and 3d valence functions as well as polarization
functions. These new basis sets gave a well-balanced
description for the two lowest states arising from the
45?3d" and 4s'3d""' configurations in Hartree-Fock
calculations and yielded more than 97% of the atomic
correlation energies predicted by accurate NOs of the
same size.

When we go ahead in the periodic table, a few po-
larization sets are available for Ga—Kr [4, 7, 8]; however,
their small sets are not expected to be sufficiently accu-
rate as observed for light atoms. For In-Xe, Huzinaga
et al. [7] prepared d polarization functions, but they did
not give any f and g polarization functions, which are
important for highly correlated molecular wave
functions.

The current work is the fourth of our series, and we
report here polarization basis functions for the atoms
Ca, Ga—Kr, Sr, and In—Xe constructed by using the
method proposed previously [1, 2]. In the next section,
our computational procedure is outlined and the results
for atomic polarization functions are summarized. In
Sect. 3, test calculations of the present polarization
function sets are given for the As,, GeSe, and GaBr
molecules in comparison with the correlation-consistent
basis sets [4].

2 Atomic polarization functions

As in the previous work [1, 2, 3], both the contraction
coefficients and the exponents of the GTFs were
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determined to minimize the difference between cGTFs
and sufficiently accurate atomic NOs in the polarization
space. We used the following functional:

Nt
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where {4;} are accurate NOs, {n;} are their occupation
numbers, {y;} is a polarization basis set, N¢ is its size,
and w(r) is a weight function. In this functional, the
occupation numbers {n;} incorporate the relative
significance of NOs in the polarization space. For the
weight function w(r), we employed 1/, which was
found [1] to give the most appropriate correlation
energies among several forms of weight functions when
atomic configuration interaction (CI) calculations were
carried out. The conjugated direction algorithm [9] was
used for nonlinear optimizations of the GTF exponents
and contraction coefficients. We note that this optimiza-
tion can be performed independently for each symmetry
[ of the polarization space.

To obtain sufficiently accurate NOs, we first per-
formed CI calculations by using the program ATOMCI
[10] on the ground states of the target atoms: Ca, Ga—
Kr, Sr, and In-Xe. We considered all single and double
excitations out of the valence s and p subshells with
large, well-tempered basis sets [11]: (26s19p10d10f) for
Ca, (26s20p16d10f10g) for Ga—Kr, (27s23p20d10f) for
Sr, and (28s23p20d10f10g) for In—Xe. The NOs of the CI
wave function were truncated by the criterion of the
occupation number to form a contracted set of a desired
size. We may expect these NOs are almost convergent to
the exact ones and hereafter we refer to them as accurate
NOs.

In the present study, we constructed [1p], [2pld],
[3p2d1f] for Ca and Sr, [1d], [2d1f], [3d2f1g] for Ga—KTr,
and [1d], [2d1f], [2d2flg] for In—Xe. The present
exponent parameters and contraction coefficients are
exemplified for Se and Te, respectively, in Table 1. In a
segmented contraction form, we implicitly used two
primitive GTFs for the first polarization function, and a
single primitive for the remainder, of each symmetry.
When there was no essential improvement, we used a
single primitive GTF even for the first polarization
function as in the case of the first d or f function of the
[3d2f1g] set for the Se atom (Table 1). For In—Kr, we
constructed the [2d2f1g] set, instead of [3d2f1g], because
the occupation number of the third d NO is quite small
and its contribution to the correlation energy is
negligible.

The correlation energies obtained from the present
c¢GTFs are summarized in Tables 2 and 3 along with
those from the accurate NOs. The present basis sets
reproduce more than 99% of atomic correlation energies
obtained by the accurate NOs of the same size for all
the atoms. We thus consider that these sets have a
quality similar to that of the previous sets for lighter
atoms [1, 2].

Table 1. The polarization contracted Gaussian-type function
(cGTF) sets for Se and Te atoms. For each polarization set, the
first line gives the exponents and the second line gives the
contraction coefficients

Se [1d] d 0.565342 0.208212
0.525124 0.573169
[2d1f] d 0.671107 0.469635 / 0.207030
0.431709 0.581749 / 1.000000

£ 0.686542 0.264974
0.509292 0.603744

[3d2flg] d 0.662710 / 0.365754 | 0.169769
1.000000 / 1.000000 / 1.000000
f0.691697 / 0.266128
1.000000 / 1.000000
g 0.706388 0.300643
0.611323  0.500399
Te [1d] d 0.349678 0.139123
0.631674 0.450858
[2d1f] d 0.382723 / 0.160813
1.000000 / 1.000000
f 2290296 0.330054
0.088121 0.982286
[2d2flg] d 0.382723 / 0.160813
1.000000 / 1.000000
f0.590821 / 0.209710
1.000000 / 1.000000

g 0.491952 0.216360
0.667487 0.432367

Table 2. Comparison of correlation energies (in hartrees) from the
present cGTF sets and the accurate natural orbitals (NOs) of the
same size

Atom Basis Present Accurate Reproduction
set cGTFs NOs percentage
Ca [1p] —-0.027412  —-0.027545  99.51
[2p1d] —-0.028515  —-0.028735  99.23
[3p2d1f] —-0.028759  —0.028873  99.61
Ga [1d] —0.047546  —0.047588  99.91
[2d1f] —0.050366  —0.050420  99.89
[3d2f1g] —0.051111  -0.051142  99.94
Ge [1d] -0.061492  —-0.061568  99.88
[2d1f] —0.068259  —0.068360  99.85
[3d2f1g] —-0.069974  —0.070037  99.91
As [1d] —-0.072709  —-0.072809  99.86
[2d1f] —0.085706  —0.085862  99.82
[3d2f1g] —0.088827  —0.088935  99.88
Se [1d] —0.093540  —-0.093671 99.86
[2d11] —-0.123196  -0.123478  99.77
[3d2f1g] —0.130834 —0.131054  99.83
Br [1d] —0.113597  —0.113760  99.86
[2d1f] —0.155707  -0.156104  99.75
[3d2f1g] —0.168945  —-0.169275  99.80
Kr [1d] —-0.132435  -0.132632  99.85
[2d11] —0.182833  —0.183327  99.73
[3d2f1g] —-0.202891  -0.203333  99.78

3 Molecular test calculations

To examine the quality of the present polarization
functions for molecular systems, we calculated the



spectroscopic constants and total energies of diatomic
As,, GeSe, and GaBr molecules in their ground states.
Both  complete-active-space  self-consistent  field
(CASSCF) and multireference single and double
excitation (MRSD) CI calculations were performed
with the program ALCHEMY II [12]. In the CASSCF

Table 3. Comparison of correlation energies (in hartrees) from the
present cGTF sets and the accurate NOs of the same size

Atom Basis Present Accurate Reproduction
set cGTFs NOs percentage
Sr [1p] —-0.024778  —0.024907 99.48
[2pld] -0.026157  —0.026302 99.44
[3p2d1f] -0.026364  —0.026416 99.80
In [1d] —-0.043143  —0.043159 99.96
[2d1f] —0.045690  —0.045758 99.85
[2d2f1g] —0.046301 —0.046365 99.86
Sn [1d] —0.054470  —0.054497 99.95
[2d1f] -0.060724  —0.060882 99.74
[2d2f1g] —-0.062131 —-0.062270 99.78
Sb [1d] -0.062804  —0.062840 99.94
[2d1f] —-0.074920  —0.075356 99.42
[2d2f1g] -0.077759  —-0.078002 99.69
Te [1d] —-0.079530  —0.079579 99.94
[2d11] -0.107760  —0.108940 98.92
[2d2f1g] -0.114903  —0.115549 99.44
I [1d] —-0.095335  —0.095398 99.93
[2d1f] —-0.135353  —-0.137087 98.74
[2d2f1g] —0.147844  —0.148955 99.25
Xe [1d] —-0.109761 —0.109841 99.92
[2d1f] -0.157039  —0.158848 98.86
[2d2f1g] —-0.176289  —-0.177515 99.31
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calculations, we considered six electrons in six 4p
orbitals as the active space. In the MRSDCI calcula-
tions, all double excitations from (4po,4pn) to
(4po*,4pr*) were included in the reference space and
two 4s electrons were also correlated. The sp set was
taken from the minimal-type (7433/743/7) prepared by
Koga et al. [13], and its valence 4s and 4p orbitals were
decontracted into (21) and (111), respectively. The
present [1d], [2d1f], and [3d2f1g] polarization sets were
then added to the sp set. For comparison, we also tested
the polarization functions of Dunning’s cc-pVDZ,
cc-pVTZ, and cc-pVQZ sets [4] by adding to the sp
set described earlier.

The calculated equilibrium internuclear distances
(Re), the vibrational constants (w.), and the total en-
ergies (E.) for the ground states of As,, GeSe, and GaBr
are shown in Table 4 along with previous theoretical and
experimental results [14, 15, 16]. At both the CASSCF
and MRSDCI levels of calculations, the present sets give
better E. values than the correlation-consistent sets for
all three molecules. In particular, the E. values given by
the present [1d] sets are lower than those given by the
correlation-consistent [1d] sets by 0.0015-0.003 hartrees
in CASSCF and by 0.005 hartrees in MRSDCI. There
are significant differences between the spectroscopic
constants calculated with [1d] of the present and the
correlation-consistent sets, although almost the same
spectroscopic constants were predicted by the larger sets,
[2d1f] and [3d2flg]. The results with the largest sets,
[3d2flg], are in good agreement with the previous the-
oretical and experimental ones. We did not perform the
molecular test calculations including the atoms In—Xe
but we expect that the present sets have almost the same
quality as those for the lighter atoms.

Table 4. Comparison of spectroscopic constants and total energies for the ground-state of As,, GeSe, and GaBr molecules

Method/Set As, GeSe GaBr
RE we ES RC we EE RC we EC
Complete-active-space self-consistent field
[1d] cc-pVDZ 4.081 398.8 —-0.47255 4.121 389.3 —-0.29148 4.533 261.9 —-0.76489
Present 4.074 400.1 —-0.47382 4.113 385.7 —-0.29298 4.537 260.4 -0.76718
[2d1f] cc-pVTZ 4.063 404.0 —-0.47754 4.091 392.8 —-0.29847 4.513 263.5 —-0.77262
Present 4.063 403.9 —-0.47768 4.091 392.5 —-0.29867 4.514 262.9 —-0.77290
[3d2flg]  cc-pVQZ 4.059 405.3 —-0.47872 4.087 394.3 —-0.29980 4.511 262.0 -0.77377
Present 4.060 405.0 —-0.47874 4.087 394.0 —-0.29981 4.511 262.0 -0.77379
Multireference single and double excitation configuration interaction
[1d] cc-pVDZ 4.060 416.4 —-0.61465 4.127 402.7 —-0.43551 4.549 262.5 —-0.89585
Present 4.057 414.8 -0.61915 4.129 407.8 —-0.44034 4.552 260.7 -0.90137
[2d1f] cc-pVTZ 4.024 430.9 —0.65880 4.103 401.2 —-0.48313 4.526 268.0 —0.94847
Present 4.025 429.8 —-0.65974 4.105 399.7 —0.48415 4.532 266.0 —0.94989
[3d2flg]  cc-pVQZ 4.012 436.9 —-0.67290 4.092 404.4 —0.49889 4.525 266.5 —-0.96723
Present 4.013 436.3 —-0.67353 4.093 404.2 —0.49946 4.526 266.1 —-0.96790
SOCI + Q/8s6p4d2flg? 4.03 429.6
Second-order Moller-plesset/triple-zeta polarized® 4.057 406
Experimental® 3.975 429.55 4.035 408.7 4.447 263.0

Bond lengths and frequencies are given in bohrs and reciprocal centimeters, respectively. Total energies are given in hartrees and are shifted
by +4468, +4475, and +4495 hartrees for As;, GeSe, and GaBr, respectively
2 Ref. [14]. SOCI+ Q denotes second-order configuration interaction with the multireference analog of Davidson’s correction

Ref. [15]
°Ref. [16]
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4 Summary

We developed cGTF polarization basis sets [1p], [2p1d],
[3p2d1f] for Ca and Sr, [1d], [2d1f], [3d2flg] for atoms
Ga—Kr, and [1d], [2d1f], [2d2flg] for atoms In—Xe.
Despite their smallness, all these sets reproduce more
than 99% of the atomic correlation energies predicted by
the accurate NOs of the same size. Test calculations on
the diatomic molecules As,, GeSe, and GaBr showed
that the present sets give better correlation energies than
the correlation-consistent basis sets for all the cases,
especially for [1d] sets.

All the present polarization basis sets are available
through the internet at http://setani.sci.hokudai.ac.jp/
qc/basis/.
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