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Abstract Sadlej’s electric polarization method of
Gaussian basis functions was applied to the double-zeta
effective core potential basis sets of Stevens, Basch,
Krauss, Jasien and Cundari to generate a new augmented
polarized valence double-zeta set, named as pSBKIC,
which is appropriate for the calculation of dynamic polar-
izabilities and Raman intensities. The pSBKIJIC basis set
was developed for the atoms of families 14-17 (from C to
F, Si to Cl, Ge to Br and Sn to I). In order to assess the
performance of this new basis set, these properties were
compared to those evaluated using Sadlej’s set, available in
the EMSL online library under the name of Sadlej-pVTZ. In
these tests, Hartree-Fock/pSBKIC calculations have proved
to be less demanding of the computer than the Hartree-
Fock/Sadlej-pVTZ ones but give results in excellent
agreement with those from the Sadlej-pVTZ basis set.
Since the Stevens et al. pseudopotential can represent the
scalar relativistic effects, the results obtained at the
Hartree-Fock/pSBKIC level show a better agreement with
the results of Dirac-Hartree-Fock/Sadlej-pVTZ relativistic
calculations using Dyall’s spin-free Hamiltonian. When
comparing Hartree-Fock/pSBKJC data of Raman scattering
activities, at the excitation wavelength of 488 nm, with
those of spin-free Dirac-Hartree-Fock/Sadlej-pVTZ calcu-
lations, a very good agreement is observed, where the RMS
error is 8.5 A*am.u.”! and the averaged percentage error
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is 3.4%. In terms of computer savings in calculations of
dynamic Raman intensities, a 20% reduction in the CPU
time in the coupled cluster singles and doubles intensities
of C¢Hg and about 40% reduction in the time-dependent
Hartree-Fock intensities for C¢Fg molecules were attained.

Keywords Raman spectroscopy - Static and dynamical
polarizabilities - Relativistic effects - Ab initio electronic
structure - ECP basis set

1 Introduction

In the Raman effect, the scattering intensity depends on the
frequency v, of the excitation light. The intensity of each
Raman transition usually varies if v, is changed, and the
relative values of the Raman intensities can also depend on
Vex L1, 2]. This behavior is explained through the theory of
light scattering by the v&, factor, since the scattered elec-
tromagnetic radiation originates from an oscillating electric
dipole, appearing in the expression of the cross section and
by the presence of v in the polarizability formula itself
[3, 4]. In the static limit approximation, where vex = 0, the
Raman intensities are evaluated with a computational cost
similar to that of the calculation of harmonic frequencies
[5] and many electronic structure codes usually adopt this
approximation to compute the Raman intensities [6, 7].
However, within the static limit ,many aspects of the
Raman spectrum are not observed, like the excitation
profile—the dependence of the intensity of each Raman
transition on V.. In recent years, electronic structure
methods were reported and implemented for the calculation
of the dynamic polarizabilities at the HF, MCSCF, MP2,
Coupled cluster and DFT levels [8—12], enabling the
calculation of Raman intensities without the restriction of
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Vex = 0 by finite difference methods [13—17] or even from
analytic derivatives [18, 19].

In studies concerning the absolute values of Raman
cross sections, the electron correlation effects [13—17, 20],
basis set convergence [17], relativistic [21, 22] and solva-
tion effects [23] were investigated. These papers have
shown the need of frequency-dependent polarizability
gradients at the CCSD/aug-cc-pVTZ level for quantitative
agreement between theoretical and gas phase experimental
data. However, such level of theory is very demanding of
computer time, thus being limited to the study of small-
sized systems. As an alternative to reduce the computa-
tional needs in these calculations, the spatial symmetry can
be explored in the numerical differentiation of the polar-
izabilities (the most expensive step) [15, 17]. Nevertheless,
since the majority of molecules are non-symmetrical, other
alternatives must be considered.

In electronic structure calculations, the computational
cost is strongly dependent on the number of basis functions
and significant savings are obtained with the use of pur-
pose-oriented basis sets. Following this strategy, Sadlej
developed medium-size polarized basis sets [24—27], which
give the best relation between the quality of the Raman
intensities and the computational cost. Using Sadlej’s
basis, named as Sadlej-pVTZ in the EMSL basis set library
[28, 29], the dynamic polarizabilities and Raman cross
sections are evaluated with similar quality to the aug-
cc-pVTZ set [17, 30] but with an order of magnitude
reduction in the computer time [17, 31].

The importance of inner electrons on the dynamic
Raman intensities was assessed in the CCSD [14, 16] and
CC3 [20] levels with the aug-cc-pCVTZ basis where it was
shown that the excitation of these electrons has little
influence on the Raman properties (cross section and
scattering activity). Considering such evidence, this paper
proposes that the inner electrons can be removed from the
atoms and represented by an effective core potential (ECP)
without loss of quality of the Raman properties.

Our approach for reduction in computer requirements in
polarizability and Raman intensity calculations is the use of
the basis set polarization method, developed by Sadlej [24]
and applied in the generation of the Sadlej-pVTZ set, to
develop a new basis set for calculations of dynamic
polarizabilities and Raman intensities. This new set, the
pSBKJC,' derives from the relativistic pseudopotential
basis set of Stevens and collaborators [32-34] where the
ECP were modeled to take into account the scalar rela-
tivistic effects (mass-velocity and Darwin corrections)
from numerical atomic Dirac-Fock calculations. Therefore,

! Following the nomenclature from the EMSL basis set library, the
Stevens and coworkers bases are called here as the SBKJC set and the

prefix “p” stands for polarized.
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as will be shown, the pSBKJC set is able to represent both
the electric polarization and the scalar relativistic effects on
the polarizabilities and Raman intensities but is less com-
puter demanding than the Sadlej-pVTZ set.

In the following section, the Gaussian basis set electric
polarization method is briefly described and the expres-
sions for the properties treated herein are presented. The
next section provides the computational details, and then,
the results obtained with this new basis set are presented
and discussed.

2 Theory

The polarization procedure first requires the selection of a
basis set that must adequately describe the unperturbed
system. For this purpose, the valence double-zeta pseudo-
potential basis set of Stevens and coworkers was chosen
[32-34].

The polarized basis sets are obtained from analysis of
the dependency of a spin-orbital u; of a many-electron
system on the perturbation parameter A associated with a
homogeneous electric field F interacting with the electric
dipole moment p of the system. First-order perturbation
theory is used to describe this interaction, whose total
Hamiltonian H is

H=H" —jF.p (1)

in which H” and —JF - p are the zeroth and the first-order
components of H from the perturbed system. The perturbed
spin-orbitals u;(4) are written as a linear combination of
basis functions y,, explicitly dependent on the external
perturbation,

wi(2) =Y cul2)ru(2) (2)

u

The rule to determine u;(1) is obtained by applying some
restrictions to the perturbed system. The wave-function of
the system is represented by a single Slater determinant
whose spin-orbitals are found by solving the Hartree-Fock
equation, approaching c;,(4) to ¢;,(0) and assuming that ¥,
are given by Gaussian-type orbitals (GTO). The final form
of u;(F), the polarized spin-orbital, is

wi(F) =Y cu(0)7,(F = 0) + ) ciu(0)er,' P, (F = 0)

(3)

where XL(F = 0) is a GTO of the unperturbed system
(F = 0) with its respective linear combination coefficient
¢;;{0). The superscript “I” refers to the angular momentum
part of the GTO. The electric polarization of the spin-
orbital u; is introduced by the second sum in Eq. 3 where

xifl(F =0) is a new GTO with same exponent ¢, of
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Xﬁt(F = 0) but the angular function is increased by one unit
in the angular momentum quantum number /.

After some exploratory calculations of the polarizability
for some atomic systems, Sadlej proposed a set of five steps
to generate the polarized basis set. These steps are sum-
marized below:

1. The original double-zeta basis set is augmented by
one primitive diffuse function for each shell. Their
exponents are derived from the corresponding even-
tempered sequences.

2. The polarization functions are generated only for the
outermost occupied shell of the given atom. The
contraction coefficient in Eq. 3 is determined from
Hartree-Fock eigenvectors of the nearest negative ion.

3. Only the four most diffuse polarization functions are
retained in the basis. These are contracted on the form:
4d — 2d + 2d.

The method of electric polarization of Gaussian basis
functions was applied to the valence double-zeta pseudo-
potential basis sets SBKIC to generate a new basis set,
named as pSBKJC, which is suitable for calculations of
dynamic polarizabilities and Raman cross sections, as will
be shown in Sect. 4. The pSBKICs are augmented polar-
ized double-zeta basis sets. The number of primitives and
contracted basis functions of the sets pSBKJC and Sadlej-
pVTZ (given for comparison) are shown in Table 1.

2.1 Raman cross section and scattering activity

The differential Raman Stokes cross section corresponding
to the fundamental intensity of the k-th vibrational normal
mode, measured perpendicular to the incident light at some
temperature 7 and collected within the solid angle Q, is
given by [3]:

do\  (2m)* (Vex — W) h
(d_Q)k_ 45 (1—exp(—hcvk/kgr))snzcvks" )

with V¢ and V; being the excitation light and the normal
vibration wavenumbers and S; being the Raman Scattering
Activity. The above expression is valid for linearly
polarized incident light with polarization perpendicular to

Table 1 Size and composition of the basis sets pPSBKJC and Sadlej-
pVTZ

Atoms pSBKIC Sadlej-pVTZ

Primitives Contracted Primitives Contracted
C-F 5s.5p.4d 3s.3p.2d 10s.6p.4d 5s.3p.2d
Si—Cl 5s.5p.4d 3s.3p.2d 13s.10p.4d 7s.5d.2d
Ge-Br 5s.5p.4d 3s.3p.2d 15s.12p.9d 9s.7p.4d
Sn-1 5s.5p.4d 3s.3p.2d 19s.15p.12d 11s.9p.6d

the scattering plane and scattered light observed without
the use of polarizers. The constants &, ¢ and kg have their
usual meaning. The Raman scattering activity is defined as
follows:

S, = 45(ﬂ>2 +7<ﬂ>2 (5)
= 00k / o 00k / ¢4 8k

where o and y are the mean polarizability and the polar-
izability anisotropy, respectively, Oy is the kth normal
coordinate and g, the degenerescence of the mode k. Both &
and 7y depend on the frequency of the excitation light, that
is, they are dynamic properties. The Egs. 4 and 5 are used
to express intensity values of Raman scattering and both
are used in this paper.

3 Computational details

The Hartree-Fock/Sadlej-pVTZ calculations were per-
formed with the electronic structure program DALTON [35]
and the Dirac-Hartree-Fock (Spin-Free Hamiltonian)/
Sadlej-pVTZ and Dirac-Hartree-Fock (Dirac-Coulomb
Hamiltonian)/Sadlej-pVTZ calculations by the relativ-
istic ab initio code DIRAC [36]. The acronyms HF for
Hartree-Fock, DHF-SF for Dirac-Hartree-Fock (Spin-Free
Hamiltonian) and DHF-DC for Dirac-Hartree-Fock (Dirac-
Coulomb Hamiltonian) are used from now on when
referring to these methods/Hamiltonians. Geometry opti-
mizations and quadratic force constants were evaluated at
the HF/Sadlej-pVTZ level. Dynamic polarizabilities were
calculated using the linear response (LR) modules of the
DALTON and DIRAC programs but the HF/pSBKIC fre-
quency-dependent polarizabilities were obtained from
time-dependent HF calculations using the GAMESS [6]
electronic structure program. The Raman cross sections
and scattering activities were evaluated by finite difference
procedures using our Fortran 77 code PLACZEK [16, 17].

In order to eliminate the influence of the molecular
geometry in the results presented here, we decided to use
the same geometry for both basis sets (Sadlej-pVTZ and
pSBKIJC) in all polarizabilities and Raman intensities cal-
culations. These geometries were evaluated at the HF/Sa-
dlej-pVTZ level. For a similar reason, the normal
coordinates and harmonic frequencies were kept fixed at the
HF/Sadlej-pVTZ level. In the calculations with the pSBKJC
set, the Sadlej-pVTZ basis was used in the hydrogen atoms.

4 Results and discussion
The pSBKIC bases were developed for the atoms of groups

14 (C-Sn), 15 (N-Sb), 16 (O-Te) and 17 (F-I) where the
double-zeta valence basis set SBKIJC [32-34] was
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electrically polarized following the procedure described in
the Theory section. The pseudopotential SBKJC for these
atoms keeps the valence s and p subshell electrons
(e.g., 5s*5p° for iodine) and replaces the inner ones by an
energy-consistent pseudopotential modeled to represent the
scalar relativistic effects (mass-velocity and Darwin). The
quality of the polarizabilities and the Raman intensities
computed using the pSBKIC set was assessed by taking as
reference data the values obtained using the Sadlej-pVTZ
set. These properties were calculated at the HF, DHF-SF
and DHF-DC levels with Sadlej-pVTZ and pSBKIJC basis
sets for the followings molecules: XH, (X = C, Si, Ge or
Sn), XH; (X = N, P, As or Sb), H,X (X = O, S, Se or Te)
and HX (X = F, Cl, Br or I). To assess the results from the
new basis set, the function dq,, which gives the percentage
deviation between two sets of data weighted by the values
of the reference data, was defined. If the property being
assessed is Sy then dq, is given by:

_ > ¢Sk (Zex, Sadlej — pVTZ) — Si(Lex, pPSBKIC))|
>k Sk(Aex, Sadlej-pVTZ)

AN
x 100%
(6)

in which Si(4ex, Sadlej-pVTZ) is the Raman scattering
activity of the kth normal vibration evaluated using the
Sadlej-pVTZ set at the excitation wavelength 1., and
Si(Zexs pPSBKIC) has an analogous meaning. The function
dq, is calculated by summing over all Raman active modes
of all molecules.

The percentage deviation dq, computed for o and y for
the sixteen molecules listed above at several excitation
wavelengths is presented in Table 2. For the mean polar-
izabilities, d¢, is very small varying from 1.2 to 1.4%, and
the agreement between the pSBKJC data and the relativ-
istic data sets is slightly better. On the other hand, the
agreement observed for y is very poor, where dq, is about

Table 2 Percentage deviation (function dq,, Eq. 6) for the polariz-
abilities & and y at several excitation wavelengths Aey

Aex/nm
Static 632.8 514.5 488.0
dq, of &
HF/Sadlej-pVTZ 1.4 14 14 1.4
DHEF-SF/Sadlej-pVTZ 1.2 1.2 1.2 1.2
DHF-DC/Sadlej-pVTZ 1.2 1.3 1.3 1.3
Oq, of Iyl
HF/Sadlej-pVTZ 31.8 30.5 29.2 28.4
DHF-SF/Sadlej-pVTZ 32.6 32.6 32.1 31.7
DHF-DC/Sadlej-pVTZ 31.5 31.3 30.7 30.7

Comparison between HF/pSBKIC results with three different Sadlej-
pVTZ sets of data

@ Springer

30%. By comparing the values of & and y given in Tables 3
and 4, we see that the absolute errors of the pSBKJC’s are
of the order of 10~ 'bohr’, with respect to the Sadlej-pVTZ
data. Within this precision, the new basis set is not

Table 3 Mean polarizabilities & (in bohr?) for e, = 488.0 nm

HF HCI HBr HI
HF/Sadlej-pVTZ 4.878 17.262 24.043 37.367
DHF-SF/Sadlej-pVTZ 4.885 17.291 24.073 36.991
DHF-DC/Sadlej-pVTZ 4.885 17.292 24.104 37.189
HF/pSBKIC 4.877 17.154 23.815 35.945

Hzo st HzSe HzTe
HF/Sadlej-pVTZ 8.555 25.072 31.979 46.595
DHF-SF/Sadlej-pVTZ 8.565 25.111 31.963 46.211
DHF-DC/Sadlej-pVTZ 8.565 25.112 31.984 46.339
HF/pSBKIC 8.611 25.019 31.829 47.094
HF/Sadlej-pVTZ 13.235 31.786 36.973 50.887
DHF-SF/Sadlej-pVTZ 13.245 31.803 36.906 50.122
DHF-DC/Sadlej-pVTZ 13.245 31.804 36.913 50.167
HF/pSBKIC 13.025 31.447 36.464 49.111

CHy4 SiH, GeHy SnH,
HF/Sadlej-pVTZ 16.482 31.547 34916 44.539
DHEF-SF/Sadlej-pVTZ 16.488 31.595 35.277 45.607
DHF-DC/Sadlej-pVTZ 16.488 31.595 35.282 45.640
HF/pSBKIC 16.599 31.338 35.297 45.090

Table 4 Absolute values of the polarizability anisotropy Iyl (in bohr®)
for Aoy = 488.0 nm

HF HCl HBr HI
HF/Sadlej-pVTZ 1.188 1.947 1.914 2.244
DHF-SF/Sadlej-pVTZ 1.191 1.939 1.908 2.270
DHF-DC/Sadlej-pVTZ 1.191 1.940 1.925 2.340
HF/pSBKIC 1.204 2.012 2.549 3.523

H,O H>S HsSe H,Te
HF/Sadlej-pVTZ 0.971 0.709 1.740 2.790
DHF-SF/Sadlej-pVTZ 0.973 0.732 1.775 2.814
DHF-DC/Sadlej-pVTZ 0.973 0.731 1.759 2.702
HF/pSBKIC 0.952 0.654 0.933 2.744

NH; PH, AsH;  SbH,
HF/Sadlej-pVTZ 0.973 1.370 1.385 0.403
DHF-SF/Sadlej-pVTZ 0.976 1.403 1.437 0.038
DHF-DC/Sadlej-pVTZ 0.976 1.402 1.429 0.076
HF/pSBKIC 0.730 0.966 0.611 1.075
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Table 5 Percentage deviations (function dq, Eq. 6) for Raman
scattering activities Sy at several excitation wavelengths Aex

Aex / Nm
Static 632.8 514.5 488.0
5% of Sk
HF/Sadlej-pVTZ 6.6 6.7 6.7 6.8
DHF-SF/Sadlej-pVTZ 3.8 3.6 35 34
DHF-DC/Sadlej-pVTZ 39 3.7 3.6 3.6

Comparison between HF/pSBKIJC results with three different Sadlej-
pVTZ sets of data

appropriated for calculations of polarizabilities which are
less than unit, like y of these test molecules. The percentage
deviation evaluated for the Raman scattering activities is
collected in Table 5. The data in this table show that dg, is
almost independent of ... Thus, the pSBKJC set performs
as good as the Sadlej-pVTZ one in calculations of static
and dynamic Raman intensities (here expressed by S;) with
an agreement falling within the interval of 3.4-6.8%,
depending on the method or the /., considered for the
reference data. An expected and confirmed result is that the
agreement becomes better if we compare pSBKJC results
with relativistic data, especially with spin-free (DHF-SF/
Sadlej-pVTZ) values of S;. Since the SBKJC pseudopo-
tentials were modeled to also represent the scalar relativ-
istic effects, the agreement is about twice as good when
pSBKIJC data are compared with spin-free values of S;.
From the computational point of view, these results are
important as the scalar (SF Hamiltonian) or full (DC) rel-
ativistic calculations are much more expensive than their
non-relativistic counterpart (HF level). The treatment of
the relativistic effects can also be done by less computer
demanding methods, like the Douglas-Kroll-Hess Hamil-
tonian [37-39], which have a computational cost equiva-
lent to the non-relativistic case but the advantage of the use
of ECP basis sets is still evident due to the small number of
basis functions for the heavier atoms. To illustrate the case
to case accordance of the scattering activities, the HF/
pSBKIC S at A.x = 488 nm of all molecules were plotted
in Fig. 1 against the three sets of Sadlej-pVTZ data. This
figure shows that the agreement is very satisfactory
between these data, especially with those from relativistic
calculations. The RMS error computed for these three pairs
of data are 21.1, 8.5 and 9.3 A“a.m.u._l, respectively, for
HF, DHF-SF and DHF-DC/Sadlej-pVTZ. Again, the
overall accordance is better with scalar relativistic values
of Raman intensities.

The pSBKIC basis set was also used in correlated cal-
culations where the CCSD differential Raman scattering
cross sections of CgHg and CgDg were calculated at
Aex = 488 nm, using the pSBKJC and Sadlej-pVTZ sets.
The inner electrons were kept frozen in the calculations
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Fig. 1 Comparison of the Raman scattering activities (S; in
A%am.u.™") calculated with the pSBKIJC basis set against the data
from the Sadlej-pVTZ set. Excitation wavelength is 488 nm

with the Sadlej-pVTZ set. The computed values of these
cross sections are shown in Table 6. In these systems, the
pseudopotential removes 12 electrons, and the total number
of contracted basis functions is 198 for Sadlej-pVTZ and
186 for pSBKIC. The gradients of & and y are evaluated
numerically in PLACZEK, which is able to explore the
molecular symmetry in a very efficient way. Thus, instead
of 73 single-point calculations, only 11 were necessary to
take the fundamental Raman cross sections of these mol-
ecules. When pSBKJC was used for the carbon atoms, this
time was reduced by 20%. As can be seen in Table 6, this

Table 6 Differential Raman scattering cross sections of CgHg and
CeDg (in 107>m?sr™1) for the excitation wavelength of 488.0 nm at
300 K

Mode Type ¥#cm™' Experimental CCSD/
[45] [46] .
Sadlej-pVTZ pSBKIC
CeHs
vi(aig) venw 3,062 644 £ 167 675.1 674.6
Va(@1g)  Veing 992 710 £ 71 902.5 880.7
viilely)  Ocu 849 255 37.3 47.8
vis(ezg) vem 3,047 439 £ 194 420.3 427.1
Vie(€zg) Veing 1,596 129 £ 26 181.8 187.6
viz(ezg) Ocu 1,178 66 + 13 54.8 55.2
Vig(ezy)  Oring 606 76 £ 15 115.6 108.8
CeDs
vi(aig) Vvep 2,293 372 £ 92 427.8 428.7
Va(@1g)  Veing 943 607 £ 61 973.3 951.5
viilely)  Ocp 662 53+ 11 84.7 105.7
vis(eze) Vep 2,265 244 £ 113 284.4 289.6
Viglezg) Veng 1,552 114 £23 186.4 192.5
vi7(ezy)  dcp 867 91 + 18 97.0 97.2
Vig(ezy)  Oring 577 65 + 13 105.2 98.8
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significant reduction in computer time is accompanied by
not much deterioration of the Raman cross sections. For all
but the v;;(e;,) mode, the percentage deviation with respect
to the Sadlej-pVTZ data varies from zero to 6% and for vy,
is 28% and 25% for benzene and deutered benzene,
respectively. The average deviation between CCSD/Sadlej-
pVTZ and experimental data is 34% and for CCSD/
pSBKIC and experimental is 38%. These results agree only
semi-quantitatively with the experimental data available as
the average experimental uncertainty for these molecules is
23%. In a previous study about Raman intensities, it was
shown that the CCSD/Sadlej-pVTZ and CCSD/aug-cc-
pVQZ data differ about 5.6% (S, in Table IV of ref.
[17]). This suggests that these large deviations are not only
related to the lack of flexibility of the pSBKIJC and Sadlej’s
bases but can also originate from the need of more
sophisticated treatments of the electron correlation and
from anharmonic effects.

Coupled cluster calculations were also done for the fol-
lowing molecules: CH3F, NH3F, H,O, SiH;Cl, PCl;, H,S,
GeH;Br, AsBr;, H,Se, SnHy,, SbH5 and H,Te. All normal
modes of these twelve molecules are Raman active giving a
total of fifty fundamental transitions. The reference data
are frozen-core CCSD/Sadlej-pVTZ calculations at Ao, =
488 nm. Following a procedure similar to that described in
section 3, the Sadlej-pVTZ basis was used in the hydrogen
atoms and the CCSD/Sadlej-pVTZ and CCSD/pSBKIC
Raman intensities were evaluated using geometries and
harmonic force fields at the CCSD/Sadlej-pVTZ level. The
comparison of these data is shown in Fig. 2 where the
CCSD/pSBKIC scattering activities are plotted against the
CCSD/Sadlej-pVTZ results. The agreement between these
data is in general very good with the largest difference
occurring for S; of the mode v,(a;) of SnHy, for which the
CCSD/Sadlej-pVTZ result is 714 A*amu.™" and the

T T T T T T T T T T T T T T T T
800 |- ° d

700 | -
600 |- ]
500 |- o ]
a00 |- -
300 |- g ]

200 -

CCSD/pSBKIC (S, /A’amu™)

100 -

0 s | s | s | s | s | s | s | s |
0 100 200 300 400 500 600 700 800

CCSD/Sadlej-pVTZ (S, /A'amu.)

Fig. 2 Comparison of the CCSD/pSBKJC Raman scattering activi-
ties (Sy in A4a.m.u.7l) with the CCSD/frozen-core/Sadlej-pVTZ data.
Excitation wavelength is 488 nm
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CCSD/pSBKIC is 829 A*a.m.u.”! (16% of difference). The
values of the function d¢, computed for @, y and Sy, are 3.1,
8.3 and 7.9%, respectively. The CPU time required to cal-
culate the Raman intensities for all these molecules using
the pSBKIC basis sets is 82% of that needed to perform the
Sadlej-pVTZ calculations. Therefore, on average, the use of
the pSBKIC resulted in Raman intensities 7.9% different
from the reference data but demanding 18% less computer
time, showing the advantage of using the pSBKJC basis set
in correlated calculations.

The polarizabilities and the differential Raman cross
sections for the C¢F¢ molecule are presented in Tables 7
and 8. In this case, where 24 electrons are dropped by the
pseudopotential, the computational cost measured in terms
of CPU time (see Table 7) is about 40% less when pSBKIC
is used. The number of contracted basis functions for Cg¢Fg¢
is 288 and 264 for Sadlej-pVTZ and pSBKIJC, respectively.
As the linear response calculations are very dependent on
the number of electrons and basis functions, an apparently
small reduction in these number (24 less electrons and
contracted basis sets) results in a great reduction in CPU
time. Due to the numerical approach used the get the
polarizability derivatives, the time savings for the Raman
intensity calculations is very close to this value (since non-
equilibrium geometries are only 10~ bohr away from
equilibrium). The values for the polarizabilities and Raman
cross sections presented in Tables 7 and 8 show a very
good agreement with the Sadlej-pVTZ results. In Table 8§,
the cross sections obtained from a calculation using SBKJC
set were also included. By comparing the cross sections
themselves or the RMS errors given in this table, we see
that the electric polarization of the SBKJC basis substan-
tially improves the values of the Raman intensities. The
RMS errors of SBKJC and pSBKIC, with respect to Sadlej-
pVTZ data, are 31.6 and 5.8 A*amu. ™, respectively. In
Table 8, the Raman cross sections evaluated using the
Z2Pol basis set are also given. The Z2Pol set [40] was
developed by Sadlej and coworkers using the electric
polarization method, aiming at a reduction in the computer
requirements of electric properties calculations. For C¢Fg,
the number of contracted Z2Pol basis functions is 216 but
all electrons are kept (no pseudopotential). As the number
of basis functions is significantly lower than those of
Sadlej-pVTZ or even pSBKIC, the total CPU time for a

Table 7 Computer CPU time and polarizabilities (in bohr?) for the
molecule C¢Fg

Relative Aex Static Aex = 488.0 nm
CPU time
o Iyl o Iyl
HF/pSBKIC 0.6 64.609 36.725 67.241 39.351
HF/Sadlej-pVTZ 1.0 65.101 36.989 67.758 39.641
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Table 8 Differential Raman scattering cross sections of CgF¢ (in
10*m?sr™") for the excitation wavelength of 488.0 nm and tem-

perature of 300 K

Mode  ¥/cm~! [47] HF/

Sadlej-pVTZ pSBKIC SBKIC Z2Pol
vi(arg) 1,490 54.4 57.2 10.3 37.7
va(ayg) 559 535.2 521.0 554.7 565.6
viiley) 370 288.7 289.3 328.1 2653
vis(es) 1,655 447 429 69.6 50.8
viglea)) 1,157 17.9 19.0 43.0 23.6
Vizleas) 443 98.7 94.1 1413 1023
vig(eag) 264 4.4 4.9 9.7 4.6
RMS* 5.8 31.6 16.2

* Taking as reference the Sadlej-pVTZ set

linear response HF calculation with the Z2Pol set is 47%
less than the time of the HF/Sadlej-pVTZ level. From the
data in Table 8, the quality of the differential Raman cross
sections of Z2Pol is intermediate between Sadlej-pVTZ
and SBKIJC intensities, where the RMS error for the Z2Pol
is 16.2 A*am.u. . Thus, Z2Pol represents an alternative
for computation of Raman intensities of larger systems
with reasonable accuracy.

As a final concern, we wish to point out that standard
and augmented correlation consistent-like basis sets,
employing relativistic pseudopotentials, from double to
quintuple-zeta size have been reported for group 13-18
elements (Ga-Rn) and also for 4d and 5d elements [41-44].
The so-called cc-pVnZ-PP and aug-cc-pVnZ-PP pseudo-
potential correlation consistent basis sets provided good
results for equilibrium bond lengths, vibrational frequen-
cies and dissociation energies of diatomic systems in
CCSD(T) calculations but have not yet been employed in
polarizability and Raman intensity calculations. Since the
aug-cc-pVTZ performs very well for polarizability and
Raman intensities, it would be valuable to assess the aug-
cc-pVTZ-PP set in such property calculations.

5 Summary and conclusions

Starting from the valence double-zeta pseudopotential basis
SBKIJC from Stevens and coworkers [32-34], Sadlej’s
electric polarization method [24] was used to generate a
new set called pSBKIJC, which is suitable for calculations of
static and dynamic polarizabilities and Raman intensities.
The results obtained at the HF/pSBKIC level for the mol-
ecules XH, (X = C, Si, Ge or Sn), XH; (X = N, P, As or
Sb), HbX (X = O, S, Se or Te) and HX (X = F, Cl, Bror I)
were compared with three sets of data: non-relativistic
HF/Sadlej-pVTZ and relativistic DHF(spin-free Hamilto-
nian)/Sadlej-pVTZ and DHF(Dirac-Coulomb Hamilto-

nian)/Sadlej-pVTZ. Since the SBKJC pseudopotential can
represent the scalar relativistic effects, a better agreement
was observed with the results of spin-free DHF/Sadlej-
pVTZ calculations, where the RMS error in the Raman
scattering activities is 8.5 Atamu.™! (less than 4%). A 20%
reduction in the CPU time in the CCSD calculation of the
dynamic Raman cross sections of C¢Hg and about 40%
reduction in the HF calculation for the C¢Fg molecule were
attained. When comparing the CPU time between HF/
pSBKIC and DHF/Sadlej-pVTZ calculations, the savings
are much larger since the relativistic four-component
electronic structure calculations are much more demanding
in computer time then the HF level.

Finally, this study leads also to the conclusion that for
the systems studied here the direct contribution of the inner
electrons to the polarizability and Raman intensity is very
small, thus enabling the use of pseudopotential approaches
to treat both properties. Due to the large computer
requirements needed to perform dynamic Raman intensity
calculations, the pSBKJC basis set provides an alternative
that enables the study of systems containing a large number
of electrons and/or heavy nucleus.
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