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The choice of truncated basis sets and their optimization for MBPT calcula-
tions of molecular properties are discussed. It is pointed out that computing
the correlation corrections to some kth order property by using the MBPT
approach requires the knowledge of accurate perturbed orbitals through the
kth order. Hence, it is argued that the basis set functions can be optimized
with respect to the perturbed energies calculated within the coupled Hartree—
Fock method. The proposed procedure is illustrated by MBPT calculations
of quadrupole moments of H, and FH. Additionally, also some estimates of
the quadrupole polarizability tensor components for these molecules are
obtained.
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1. Introduction

In most cases fairly accurate results for atomic and molecular properties [1] can
be obtained within the SCF HF approximation. However, in order to exploit
the predictive power of quantum mechanical calculations a careful consideration
of the electron correlation effects is unavoidable. Recent studies of the electron
correlation contribution to properties of many-electron systems have shown that
the genuine correlation effects [2] can be accounted for by using relatively simple



70 G. H. F. Diercksen and A. J. Sadlej

methods [2-7]. Among them the many-body perturbation theory (MBPT)
approach [8], based on what is known as the coupled Hartree-Fock (CHF)
[9, 10] solutions for the perturbed one-electron problem [2], has been found
particularly convenient [2, 3]. Considerable attention has been given to the
CHF-based MBPT scheme restricted to the intermediate states which result
from single (S) and double (D) substitutions (SD-MBPT) in the reference
function [11, 12]. Recent calculations [12~14] seem to indicate that the CHF-
based SD-MBPT approach is capable of yielding the major part of the correlation
contribution to different properties of many-electron systems.

Most calculations of the electron correlation contribution to atomic and molecular
properties are carried out within the algebraic approximation, i.e. by using some
truncated set of one-electron functions. The choice of the basis set is of principal
importance and to a large extent determines the accuracy of the final results.
The calculation of correlation corrections to the SCF HF (CHF) values of atomic
and molecular properties imposes certain specific requirements with regard to
the basis set composition.

In the present paper the basis set composition is analysed in terms of the structure
of the MBPT correlation corrections to properties and a method for the basis
set optimization is proposed. This method is utilized for the optimization of basis
sets in accurate MBPT calculations of molecular quadrupole moments. The
calculations are carried out by using the finite-field perturbation theory (FPT)
approach.

2. Correlation Corrections to Properties of Many-Electron Systems.
Requirements Concerning the Basis Set Composition

The present paper forms a part of the project aimed at a systematic determination
of basis sets suitable for highly accurate calculations of molecular quadrupole
moments. The analysis of the basis set problem in calculations of correlation
corrections to properties is most conveniently carried out by invoking the relevant
expressions of the CHF-based MBPT formalism [2, 3, 12]. The nth order correla-
tion correction Q,, to some kth order property Q can be defined as a quantity
proportional to the kth order derivative of the w-dependent nth order correlation
energy E,, (u):

k
0. ~EW = (P2 (1>
6”’ w=0
where u is the strength of the external perturbation pertinent for the given
property Q [1], and E{ is the perturbed energy of the (k, n)th order. By virtue
of using the u-dependent SCF HF orbitals in what is called the CHF-based
MBPT approach [2, 3], the correlation perturbation series for the total correlation
correction Q... to the property Q begins with the second-order term, i.e.

Qcorr=02+o3+o4+"'- (2)
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The differentiation of the u-dependent correlation energy formulae [2, 3] shows
that the correlation corrections to the kth order property will involve the
perturbed CHF orbitals through the kth order with respect to the external
perturbation strength. Hence, for the accurate calculation of E % one needs to
know the accurate perturbed CHF functions for both the occupied and virtual
orbitals which enter the correlation energy expressions [15].

In general there are no variational bounds available for separate contributions
Q.. to the total correlation correction Q... Hence, the optimization of basis set
functions can hardly be accomplished with respect to Q, and it appears that the
best one can do is to use the most accurate perturbed CHF orbitals [9, 10]. It
is proposed therefore that the optimization of basis set functions should be
carried out with respect to the perturbed CHF energies. Obviously, this procedure
will mainly affect the basis set functions which contribute mostly to the occupied
SCF HF orbitals and the CHF perturbation corrections to virtual orbitals will
come out as a by-product of the CHF procedure [9]. This limitation of the
procedure suggested in this paper can be removed to some extent when using
the multi-configuration (MC) reference functions in the MBPT approach [16]
with the perturbed single-particle states determined according to the MC-CHF
perturbation scheme [17]. However, there are some indications [18, 19] that the
contribution of the perturbed SCF HF virtual orbitals to the correlation correc-
tions Q, is of secondary importance compared to that which follows from the
perturbed occupied SCF HF states.

In spite of its incapability to yield optimized virtual orbitals the CHF approach
gives at least some idea about the general requirements concerning the basis set
composition. Consider for example a many-electron system whose reasonable
description of the SCF HF level of accuracy can be achieved by using a basis
set involving atomic functions with the highest value of the angular momentum
quantum number equal to [ Let the external perturbation be expressible in
terms of the L-pole moment one-electron operators [1]. Then the minimum
requirement concerning the basis set composition for the calculation of Q, leads
to the conclusion that the initial basis set has to be augmented by atomic functions
with the angular momentum quantum numbers through / +k& X L. Hence, if the
(s, p) basis set is sufficient at the SCF HF level of accuracy for the unperturbed
system, the calculation of correlation corrections to the quadrupole moment
requires the use of a (s, p, d, f) basis set.

For obvious reasons the basis set size has to be kept as small as possible and
this can be achieved either by making the given basis set explicitly dependent
on the perturbation strength [20,21] or by optimizing a few higher angular
momentum functions. In the case of correlation corrections to quadrupole
moments the use of appropriate field-gradient-dependent basis sets [21] requires
the calculation of non-standard eliptic integrals. For this reason standard per-
turbation-independent basis sets appear to be preferable. Their optimization is
to be carried out via the optimization of orbital exponents with respect to the
perturbed CHF energies. Moreover, the optimization should be principally
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performed for those atomic functions which are expected to give a dominant
contribution to the perturbed CHF orbitals of a given order.

3. Basis Set Optimization for Molecular Quadrupole Moments

The quadrupole moment tensor 6, can be regarded as the first-order electric
property which arises from the field-gradient perturbation [1]. Since the truncated
MBPT expansion violates the Hellmann—-Feynman theorem [22] the correspond-
ing calculation of correlation corrections to the SCF HF values of 6,,, requires
both the unperturbed SCF HF and the first-order perturbed CHF orbitals. The
latter follow from the consideration of the one-electron perturbation operator [1]:

A

oy,v = %(3xuxv —auvr2) (3)

and the minimization of the corresponding second-order perturbed CHF energy
E®CHF [9,10]. The second-order perturbed energy EZ),., is proportional to
the diagonal (uv, uv) component of the quadrupole polarizability tensor C,,, ...
[1, 23]. The corresponding definitions follow those of Buckingham [1]. A useful
summary of different definitions of the quadrupole moment and quadrupole

polarizability tensors has recently been given by Rivail and Cartier [23].

The calculations reported in this paper have been carried out for H, and FH.
First, the hydrogen atom GTO/CGTO basis set has been partly optimized with
respect to the quadrupole polarizability of the hydrogen molecule. The initial
(7s2p) GTO basis set derived from the (6s) GTO set of Huzinaga [24] and
augmented with two p-type GTO’s with orbital exponents selected according to
Werner and Meyer [4] has been contracted to the [4s2p] CGTO set and further
augmented with a single d-type GTO. Since the SCF HF orbital of H, is mainly
composed of s-type atomic functions, its first-order perturbation due to the
operator (3) will mostly involve d-type components. Hence, only the d-type
GTO exponent has been optimized with respect to quadrupole polarizability
tensor components. The optimization has been carried out independently for
Cixxx and C,, .., where the z-axis is assumed to be taken along the H—H bond.
This results in two different values of the d-type GTO exponent, 1., (dn) = 1, (dn)
and 7, (dy). The final MBPT calculations have been performed with the [4s2p1d ]
CGTO basis set with the d-type GTO exponent taken as a simple average:

n (dH) = %(nxx (dH) + Nyy (dH) + N2z (dH)), (4)

and the corresponding basis set is listed in Table 1. The dependence of the
quadrupole polarizability tensor components on the d-type GTO exponent is
shown in Fig. 1.

A similar procedure has been used in order to optimize the fluorine atom basis
set for the calculation of correlation corrections to the quadrupole moment of
FH. The hydrogen atom basis set has been taken the same as that determined
for the hydrogen molecule. The initial (12s8p3d) GTO set for F is chosen
according to the rules devised by Reinsch and Meyer [25] which are applied to
the (11s7p) GTO basis set of Huzinaga [24]. This set has been contracted to



Molecular Quadrupole Moments 73

Table 1. GTO/CGTO basis sets of H and F for MBPT calculations of quadrupole moments of H,
and FH

CGTO H[7s2pld/4s2pld] CGTO F[12s8p3d1f/8s5p3d1f]
No. c;(mi) i . No. ci{n)?®
s: 1 0.023653526(68.16) s: 1 0.0049432634(37736.0)
+0.17976680(10.2465) +0.036991691(5867.08)
+0.86080283(2.34648) +0.19663837(1332.47)
+0.82769142(369.441)
2 0.39241463(0.67332) 2 0.29720969(116.843)
+0.65630447(0.22466) +0.74248828(40.3488)
3 1.0(0.082217) 3 1.0(14.9663)
4 1.0(0.030338) 4 1.0(5.87593)
5 1.0(1.65334)
6 1.0(0.610836)
7 1.0(0.233289)
8 1.0(0.0933157)

p: 1 1.0(0.7) p: 1 0.030024639(102.2620)
+0.21454060(23.9384)
+0.83446861(7.52059)

2 1.0(0.2) 2 0.44901329(2.77246)
+0.61160453(1.10005)
3 1.0(0.446775)
4 1.0(0.171870)
5 1.0(0.0687480)
d: 1 1.0(0.075) 4 d: 1 1.0(1.64995)
2 1.0(0.412488)
3 1.0(0.137496)
f: 1 1.0(0.275) ¢

# Contraction coefficients (c;) and GTO exponents (7;)

® Average optimized value of the d-type GTO exponent obtained from CHF calculations of the
xx, xx and zz, zz components of the quadrupole polarizability tensor for H,. See text.

 Average optimized value of the f~type GTO exponent obtained from CHF calculations of the xx, xx
and zz, zz components of the quadrupole polarizability tensor for FH. See text

the [8s5p3d] CGTO basis set and then augmented with the f-type GTO whose
orbital exponent has been optimized with respect to C,, .. and C,. ... The two
different values of n(fr), i.e. 1. (fr) =7y, (fe) and 7..(fs), have been averaged
according to:

1 (fe) = 5(nx (f6) + 1y (F) + 122 (F0)), &)

and the final [8s5p3d1f] CGTO basis set for the fluorine atom which is used
in our MBPT calculations has been given in Table 1. The f-type GTO exponent
dependence of C,, ., and C,, ., for FH is shown in Fig. 2.

All CHF calculations reported in this paper have been carried out by using the
FPT scheme for the field-gradient perturbation. The optimized values of orbital
exponents have been obtained from the appropriate parabolic fits for the com-
ponents of the quadrupole polarizability tensor. The value of the field-gradient
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Fig. 1. SCF HF (CHF) calculations of the quadrupole polarizability tensor C,,,, ,,,, for the hydrogen
molecule. Dependence of C,, ,, and C,, ., on the orbital exponent n(dy) of the d-type GTO for H

strength (V,,) employed in the FPT SCF HF optimization of orbital exponents
has been taken as equal to 0.005 a.u. for both H, and FH. Since the SCF HF
method satisfies the Hellmann-Feynman theorem, the accuracy of our calcula-
tions could have been checked by comparing: (1) the average values of the
quadrupole moment operator with the appropriate first-order derivatives of the
field-gradient-dependent SCF energies, Escr(V,.), and (2) the first-order deriva-
tives of the induced quadrupole moments 6,,(V,,) with the corresponding
second-order derivatives of Esce(V,.,). In both cases the differences amount to
less than 0.2 per cent of the total value of a given quantity.

According to the discussion presented in Section 2 the main attention has been
paid to the optimization of those atomic functions which, by simple perturbation
theory arguments, are expected to make the dominant contribution to the
first-order perturbed CHF orbitals. No optimization of the d-type GTO’s has
been attempted for the fluorine atom. Above all the corresponding orbital
exponents have already been selected [25] for the calculation of quadrupole
polarizabilities. Moreover, they describe the first-order field-gradient perturba-
tion of the s-type functions. The latter are not expected to be highly important
for the calculation of correlation corrections to the quadrupole moment of FH
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Fig. 2. SCF HF (CHF) calculations of the
quadrupole polarizability tensor C,, ,,. for
the hydrogen fluoride molecule. Dependence
of C,, . and C,, ., on the orbital exponent I 1 I N
n(fg) of the f-type GTO on F 01 02 03 04 05 mlfe)

[13, 14]. Hence, for the present purpose optimizing the f-type GTO for F and
the d-type GTO for H appears to be sufficient.

4. Fourth-Order FPT SD-MBPT Calculations of the Quadrupole Moment of
H, and FH

All calculations reported in this section have been performed with the
GTO/CGTO basis sets for H and F given in Table 1. For both H, and FH the
experimental values of the equilibrium bond length (Rym=1.4a.u., Rpy=
1.73288 a.u.) have been assumed. Since the correlation corrections to the SCF HF
values of the quadrupole moment of both molecules are relatively small, the
value of the field-gradient strength has been a little decreased compared to that
used for the optimization of orbital exponents. The calculations for H, have
been performed with V =V, =0.002 a.u., while for FH we used V=V, =
0.003 a.u.

The SD-MBPT expansion for correlation corrections to atomic and molecular
properties has been described and analysed in our previous papers [12-14]. It
consists of all terms which arise due to singly and doubly substituted intermediate
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states in the correlation energy series and can be written as:
- D
QE(ErMBPT =QZD+Q3 +Q§€+Q4Dr,q+' Y (6)

where we use the same notation as in Ref. [13]. It has been found [12-14] that
the correlation perturbation series (6) truncated at the fourth-order gives a good
approximation for the total correlation correction to properties of many-electron
systems. Usually only the first three terms of the expansion (6) are retained
leading to the following estimate of the property value:

Q =QS°MPPT(4) = Qscr+ Qo PP (4), (7)
where
QM (4)=Q7 +Q7F +Qi7. (8)

Neglecting the contribution due to the conjoint renormalization term Q4D,,cj
follows from the observation that the direct fourth-order contribution due to
quadruply excited intermediate states is nearly cancelled out by the fourth-order
renormalization term. However, no such cancellation will occur for systems
containing less than four electrons. Hence, for the hydrogen molecule it is more
appropriate to use the complete fourth-order Rayleigh-Schrédinger perturbation
theory (SD-RSPT) formula:

Q3P RFT(4) = Qscr + Qoni ™1 (4), 9
where
SD-RSPT (4y _ )SD-MBPT 4 | D (10)

and QJ, represents the total of the fourth-order renormalization term [12-15]
which can be partitioned into conjoint and disjoint contributions [15, 26]. For
systems with less than four electrons only conjoint diagrams will contribute to
Q~, i.e. for these systems Q% = wa [15,26,27]

It is also appropriate to mention that Eq. (10) is the fourth-order PT approxima-
tion for the correlation correction to Qscr in the configuration interaction scheme
limited to singly and doubly substituted configurations (SD-CI), i.e.

cor T (4)= Qi (4). (11)

Different terms which contribute to either SD-MBPT or SD-RSPT expansion
for the correlation energy can be easily obtained from subsequent iterations in
what is known as the direct CI scheme [28]. This method has also been employed
in our calculation of the field-gradient-dependent correlation energy contribu-
tions.

In order to complete the information about the quality of our calculations let
us mention that the SCF energies obtained for the GTO/CGTO basis sets of
Table 1 are equal to —1.132256 a.u. for H; and —100.065591 a.u. for FH. For
the hydrogen molecule the fourth-order SD-RSPT correlation energy is
—0.035817 a.u. and the corresponding SD-CI result amounts to —0.036715 a.u.



Molecular Quadrupole Moments 77

Table 2. SCF and correlation contributions to the quad-
rupole moment of H, and FH. All values in a.u.

Contribution * H,° FH°®

Qscr 0.4865 1.7422
Q? -0.0282 —0.0015
Q3 —0.0094 -0.0207
Qn —0.0050 —0.0030
Qr +0.0008 +0.0038
QBT (4) —0.0427 —0.0252
QTSP (8 —0.0418 -0.0214
QA —0.0451 —0.0200

*The symbol Q has the meaning of the molecular quad-
rupole moment # which is equal to the zz-component of
the quadrupole moment tensor with the x-axis taken along
the bond. The nuclear contribution is included in Qgcp

® Calculated with the origin of the coordinate system at the
nuclear center of mass. Ry =1.4 a.u.

€ Calculated with the origin of the coordinate system at the
nuclear center of mass. Ry =1.73288 a.u.

In the case of FH the fourth-order SD-MBPT scheme results in Eom - (4) =
—0.27995 a.u., while the SD-CI approach gives Eomr' = —0.26730 a.u., indicat-
ing a rather important contribution due to disjoint renormalization diagrams. It
is worth while to note that for FH the fourth-order renormalization term EL, is
equal to +0.01370 a.u., and hence, ESD-CT . pSD-ct 4).

Different contributions to the quadrupole moment (6 = 6,,) of H, and FH and
estimates of the total correlation correction to the corresponding SCF values
are presented in Table 2. All data reported in this table have been computed
by the numerical differentiation of the field-gradient-dependent energy values
[22]. For the given value of the field-gradient strength V =V, the first-order
derivatives follow from the energy values E(—V) and E(+ V). The accuracy of
this numerical procedure for the SCF HF method has already been discussed in
Sect. 3. Since in our final MBPT calculations the values of V are even smaller
than those employed for the optimization of orbital exponents, the difference
between the SCF values for the quadrupole moment calculated as the energy
derivative and those obtained by the direct application of the Hellmann-Feynman
theorem has been made less than 0.0005 a.u.

Some check on the numerical accuracy of the calculated correlation corrections
to the quadrupole moment can be obtained for the hydrogen molecule. In this
particular case the SD-CI method is equivalent to a full CI. Hence, the Hellmann-
Feynman theorem is satisfied [22] and the correlated value of the H; quadrupole
moment computed as the first-order derivative of the SD-CI energy should be
equal to the corresponding average value of the quadrupole moment operator.
Indeed, the two values differ only by 0.0004 a.u., indicating again a very high
accuracy of the numerical differentiation scheme employed in this paper.
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Obviously, the Hellmann-Feynman theorem is not satisfied for the SD-CI wave
function for FH. In this case the quadrupole moment calculated as the average
value of the quadrupole moment operator is equal to 1.7197 a.u. and according
to the data of Table 2 is by 0.0025 a.u. smaller than the corresponding energy
derivative. Hence, the total contribution of what is known as the selfconsistency
effects [22], which are completely neglected when applying the Hellmann—
Feynman theorem to limited CI functions, can be estimated as equal to about
—0.0025 a.u. (relative to the SD-CI energy derivative).

Computing the SD-CI property values via the differentiation of the perturbation
dependent SD-CI energy represents the most legitimate procedure within
the SD-CI approximation [22]. However, one should also remember
that the property values calculated in this way still suffer from what is
known as the erratic treatment of unlinked clusters [38, 39]. It has been shown
[39] that the unlinked clusters can make a rather important contribution to the
SD-CI values of properties and that the latter need to be corrected accordingly.
Amos [32] has recently suggested that there may be some cancellation between
the unwanted contributions due to unlinked clusters and the self-consistency
effects. If so, the SD-CI values obtained directly from the Hellmann-Feynman
theorem can be fairly close to the CHF-based SD-MBPT results. This suggestion
appears to be confirmed by the present data. The total of the unlinked contribu-
tions can be estimated from the disjoint part of QJ,. According to our calculations
for FH the corresponding contribution is equal to 0.0020 a.u. and leads to the
estimate of the corrected SD-CI value of the quadrupole moment equal to
1.7202 a.u., which is relatively close to both the fourth-order SD-CI result and
the SD-CI value obtained from the Hellmann-Feynman theorem.

The final results of our quadrupole moment calculations are given in Table 3.
They are compared with other theoretical results and with the experimental
data. The comparison with the experimental values of the quadrupole moment
is to some extent limited since the corresponding rovibrational corrections have
not been taken into account in our calculations. However, they can be safely
estimated from the existing data of other authors [32-34]. It can be seen from
the results presented in Table 3 that our correlated values of quadrupole moments
of H;, and FH are very close to the corresponding estimates obtained from the
experimental data. The smallness of the correlation contribution does not allow
for definite conclusions concerning the superiority of the SD-MBPT scheme
compared to other methods considered in this paper. However, the CHF-based
SD-MBPT values appear to have been obtained by using the most sophisticated
computational procedure. Above all they do not suffer from the erratic treatment
of unlinked clusters. They also take full advantage of the variation optimization
of the perturbed SCF orbitals. This is definitely the best one can do within the
truncated MBPT expansion which is additionally limited to singly and doubly
substituted intermediate states.

The appropriateness of the fourth-order CHF-based SD-MBPT approach for
the calculation of properties of many-electron systems is based on the assumption
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Table 3. Molecular quadrupole moments. Comparison of different theoreti-
cal and experimental results for H, and FH. All values in a.u. *

Method H, FH
This work
SCF 0.4865 1.7422
SD-MBPT®4)"® 0.4438 1.7170
SD-RSPT4) ° 0.4447 1.7206
SD-CI 0.4414 1.7222
Reference results
SCF 0.493 ¢ 1.733°¢
0.4815[31} 1.732[37]
1.7555[32]
MCSCF 1.6865[33]
SD-CI 1.7254 [32]
Exact 0.457 [34]
Experimental 0.460+£0.021° 1.75+0.02[35]
(0.440+0.021) ® (1.72+0.02) "

® For the geometry data and related information see footnotes to Table 2.
The calculated values do not include rovibrational corrections. Conversion
factor: 1a.u. of quadrupole moment=1.34491x1072%¢.s.u.=4.4865x
10%° em?

® The fourth-order SD-MBPT result

“ The fourth order SD-RSPT result.

4 Calculated from the accurate SCF wave function of Kolos and Roothaan
[29]

¢ Results of accurate numerical SCF calculations of McCullough [30]

f Taken from Ref. [36].

& Estimated vibrationless value according to the data of Ref. [34]
" Estimated vibrationless value. See Ref. [32]

that the observed cancellations between Q4, and the direct fourth-order contribu-
tion involving quadruply excited intermediate states [3] has a more general
character. Moreover, the SD-MBPT approach assumes also that the contribution
due to triply excited intermediate states is negligible. Both these assumptions
need to be carefully checked. Also the higher order terms in the correlation
perturbation series can be of some importance. Calculations intended to clarify
the above-mentioned uncertainties are in progress [40].

5. Estimates of the Quadrupole Polarizability Tensor Components for H, and
FH

It is obvious that according to the criteria discussed in Sect. 2 the GTO/CGTO
basis sets employed in this study are not appropriate for highly accurate calcula-
tions of the quadrupole polarizability tensor. However, the data concerning the
components of the quadrupole polarizability tensor are rather scarce. Since they
come out as a by-product of our quadrupole moment calculations, it appears
worth while to present them as well. The corresponding data are given in Table
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Table 4. Components of the quadrupole polarizability tensor for H, and
FH. Comparison of different theoretical results. All values in a.u. *

MethOd CXX,JCX CXZ,XZ CZZ,ZZ
H,
This work
SCF 4.58 4.23 5.92
SD-RSPT(4) 4.45 4.22 5.97
SD-CI 4.44 4.22 5.97
Reference results
SCF [31] — — 4.7
Sum-over-states [41] 4.94 4.26 5.93
[42] 5.08 4.28 6.00
[42] 4.89 3.97 5.69
FH
This work
SCF 5.46 4.21 7.31
SD-MBPT(4) 6.40 497 8.40
SD-RSPT(4) 6.14 4.80 8.08
SD-CI 6.14 4.75 8.07
Reference results
SCF [37] — — 5.4
Variation-perturbation e 4.4 3.3 5.7

® For the geometry data and related information see footnote a to Table 2.
The quadrupole polarizability tensor is defined according to Buckingham
[1,23]. Units for the quadrupole polarizability: 1a.u.=0.46170x
107 C*m?J ' =0.041496 A®

® Calculations by using the Kirkwood variation-perturbation method in the
SCF approximation [23, 43]

4 and compared with other calculations. In most cases our SCF HF and correlated
results for C,,,, .. [1] are larger than the corresponding results reported by other
authors. However, for the above-mentioned reasons one should not make definite
conclusions concerning their superiority in comparison with other calculations.
Nonetheless, for the H molecule the present SD-MBPT results are, to our best
knowledge, the only available data which include the correlation effects.
Moreover, let us also point out that the electron correlation contribution to
C.... appears to be by no means negligible. For all components of the quad-
rupole polarizability tensor of FH this contribution amounts to more than ten
per cent of the corresponding SCF values. Hence, the inclusion of the electron
correlation effects in accurate calculations of quadrupole polarizabilities is at
least as necessary as in the case of the dipole polarizability tensor [2-7, 12-14].
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