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Summary. Roothaan—Hartree—Fock wave functions in Slater-type basis sets are
reported for the cations Li*—Cs™ and anions H™—I~ using the double even
tempering (DET) method of selecting orbital exponents. The DET total energies do
not differ from the corresponding numerical Hartree—Fock values by more than 0.2
millihartrees for the cations and anions. The present results together with the
previous ones for neutral atoms [ Theor Chim Acta 88:273 (1994)] provide a com-
pilation of DET wave functions of near Hartree—Fock quality for ali the neutral
and singly-charged atoms with the number of electrons N < 54.
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Cations Li™ through Cs™ — Anions H™ through I~

The even tempering (ET) method [1-8] specifies the orbital exponents of a basis set
using sets of two nonlinear parameters o; and f;. In the case of Slater-type functions
(STFs), the unnormalized radial parts of the STF's are taken to be ' exp( — {;7) for
the symmetry with angular momentum quantum number /, and the exponents are
defined by a geometric sequence {;; = o,8;. Practical advantages of the ET method
are (i) drastic reduction of the number of nonlinear parameters needed to specify
a basis set, and (ii) facile extension of ET basis sets when additional diffuse or tight
functions are required. On the other hand, the ET method has the disadvantage
[9-11] that it requires approximately one extra basis function, for each symmetry,
to achieve an accuracy comparable to that of a basis set with fully optimized
exponents.

To reduce this disadvantage, while preserving the advantages of the ET scheme,
we have recently proposed [10, 11] a double even tempering (DET) scheme which
uses two independent geometric sequences for the exponents of each symmetry. In
the case of STF basis sets, we also suggested the use of STFs with the lowest
two principal quantum numbers for the two geometric sequences. Namely, the
unnormalized radial functions for the symmetry [ are given by r'exp( — {;7) with
(i = B and ¥ ¥ exp( — () with {; = &fi. For simplicity we assign the two series
the same number of functions if we have an even number of basis functions. If
we have an odd number, the first series is assigned one function more or less than
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Table 1. Energetic effect of parameter optimizations and increases in basis size for C and Se atoms.
Subscript n means calculations with neutral exponents and opt means calculations with exponents
optimized for respective ions. Prime (') means calculations with one more primitive per symmetry than
the basis sets specified in the heading

Energy differences from NHF in millihartrees

Carbon (7s5p) Selenium (11s10p3d)
C(®P) C* (*P) C™(*S) Se (°P) Set (*S) Se” (°P)
ETa 0.00370 1.53012 10.47270 0.562 0.625 4,152
ETopt 0.00370 0.00451 0.01364 0.562 0.380 0.982
ETépt 0.00009 0.00011 0.00199 0.136 0.061 0.223
DETx 0.00022 3.32711 6.31304 0.069 1.354 6.236
DETont 0.00022 0.00032 0.00788 0.069 0.061 0.169
DETbpt 0.00003 0.00003 0.00042 0.040 0.028 0.082

the second. We have applied [11] the DET method to Roothaan—Hartree—Fock
(RHF) calculations of neutral atoms from He to Xe, and demonstrated the substantial
improvement offered by the DET scheme: Compared to the ET method, the DET
method reduces the maximum deviation of the RHF energies relative to the numerical
Hartree—Fock (NHF) values from 1.4 to 0.3 millihartrees for the neutral atoms.

In the present paper, we report DET RHF wave functions for cations Li*—Cs™
and anions H™-I" in their ground states. We have also constructed conventional
ET wave functions in STF basis sets of the same size for comparison. All the present
calculations were carried out using the corrected and meodified version [12] of
Pitzer’s program [13]. The tempering parameters were variationally optimized
using the method of conjugate directions [14]. Reference NHF computations were
performed by using a version [15] of MCHF72 [16] modified to improve the
numerical accuracy:

Table 1 compares RHF energies for C, C* and C~ using ET and DET basis sets
optimized for C with RHF energies using ET and DET basis sets of the same size
optimized separately for C, C*™ and C~. Similar comparisons are also tabulated for
Se and its ions. The table shows clearly that using neutral atom basis sets for ions
raises the energy error relative to the NHF limits substantially. This effect is more
pronounced for the anion than for the cation, and greater in carbon than in
selenium. Separate optimization of the ET and DET basis sets in each of the species
leads to RHF energies of comparable accuracy for the neutral atom and the cation,
but the RHF energies for the anions are still worse by factors ranging from 2 to 30.
This is because the basis sets need more flexibility to describe the diffuse character
of orbitals due to the additional electron. Table 1 shows that RHF energies of
comparable accuracy for the neutral, cation and anion can be obtained by using
separately optimized basis sets and using one extra basis function of each symmetry
for the anion. Hence, in the rest of this work, we use cation basis sets of exactly the
same size as used previously for a neutral atom with N electrons [11], whereas the
size of a basis set for an N-electron anion is that for an N-electron neutral atom
augmented by one STF for each symmetry.

Table 2 summarizes the deviations of our ET and DET total energies from the
NHF values for the cations Li* ~Cs ™ in their ground states [17]. From Table 1, we
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find that the average errors of the ET energies are 0.0055, 0.0283, 0.262, and 0.373
millihartrees, respectively, for the first-, second-, third-, and fourth-row cations. More-
over, the ET energies are lower than the famous Clementi-Roetti results [18] with
slightly smaller but fully optimized basis sets. The ET scheme is seen to be effective not
only for neutrals but also for cations, despite its limited variational freedom. The DET
scheme further improves the accuracy of RHF wave functions; the average errors of the
DET energies for the cations are 0.0004, 0.0063, 0.061, and 0.113 millihartrees for the
respective rows, and the present DET RHF wave functions are of near Har-
tree—Fock quality. As observed previously [11] for neutral atoms, the improve-
ment offered by the DET method over the ET method is particularly remarkable
when an atom has both very tight and diffuse orbitals of the same symmetry. For
example, the DET error is smaller than the ET error by a factor of 10 for Mg™.

The present ET and DET total energies for the anions H™-17, relative to the
NHF values, are summarized in Table 3. All the anion calculations were done
for the experimental ground state [19] except for Sc™ and Pd ™. For these anions,
the experimental ground states are reported [19] to be ---4s(2)3d(1)4p(1), D
and --- 5s(1)4d(10), %S, respectively, but we could not obtain meaningful solutions
in either RHF or NHF computations. The average errors in the ET energies are
0.00266, 0.0355, 0.395, and 1.064 millihartrees, respectively, for the first-, second-,
third-, and fourth-row anions, and are smaller than the original Clementi—Roetti
[18] errors for all the anions. For many of the third-row anions, however, the ET
energies are higher than the reoptimized Clementi—Roetti [20] values, although the
basis sizes are larger at least by 1s2p1d in the present ET calculations. We observe
that the ET method is less effective for anions where there are both tight and diffuse
orbitals in a symmetry. The DET method reduces the above errors to 0.00068,
0.0063, 0.087, and 0.112 millihartrees, and the DET is particularly successful for the
fourth-row anions. The above DET errors for the anions are as small as those
associated with the neutrals [11] and cations, and the present results together with
the previous ones [11] provide a set of DET wave functions of near Hartree—Fock
quality for all the neutral and singly-charged atoms with the N < 54 in their
ground states (except Sc™ and Pd").

As discussed before [11], the success of the DET scheme comes from its
increased variational flexibility relative to the ET scheme: The use of two indepen-
dent sequences for exponents permits better distribution of both small and large
exponents. The use of two principal quantum numbers in STFs also increases
the numerical linear independence among the basis STFs. Though it uses twice
as many nonlinear parameters as the ET method, the DET method is far less
demanding computationally than full exponent optimizations for heavier atoms.
The tempering parameters for the ET and DET wave functions for the cations and
anions with N < 54 are listed in Tables 4-7.
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