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The newly adjusted energy-consistent nine-valence-electron pseudopotentials for K to Fr are used to
calculate spectroscopic properties for the neutral and positively charged alkali dimers using coupled
cluster and density functional theory. For the neutral dimers the static dipole polarizability was
calculated. The coupled cluster results are all in excellent agreement with experimental values. The
density functionals used can give quite different spectroscopic properties especially for the dipole
polarizability, with the Perdew–Wang PW91 functional performing best. ©2005 American Institute
of Physics. fDOI: 10.1063/1.1869979g

I. INTRODUCTION

The simulation of metallic clusters is one of the main
challenges in quantum chemistry and physics.1–4 Especially
for larger metallic systems density functional theory seems to
be the only method of choice currently since standard single
referenceab initio methods will eventually fail near the me-
tallic phase. However, such methods have to be carefully
benchmarked against more accurateab initio calculations, at
least for the smaller metal clusters. It is therefore of interest
to perform accurateab initio calculations for small metal
clusters. In particular, the alkali-metal dimers are well known
experimentally up to cesium5–7 and have been investigated
intensively in the past,8 more recently by using accurate rela-
tivistic quantum theoretical methods.9,10

The rather weak metal-metal bond for the Group 1 met-
als results from the overlap of rather diffuse valencens or-
bitals, especially for the heavier elements. Consequently,
many attempts have been made to treat the atomic core as a
closed shell system and reduce the valence contribution to
onens electron for each atom by employing pseudopotential
sPPd techniques for alkali metal clusters.11 The great advan-
tage of the PP technique is not only the computational sav-
ings in integral calculations, but also the easy implementa-
tion of relativistic effects through effective relativistic
operators.12 Pseudopotential methods are, however,
associated with significant errors for systems with easily po-
larizable cores.4–10 For example, one-valence electron
pseudopotentials derived from Hartree–FocksHFd calcula-
tions lead to overestimated bond lengths, e.g., for K2 a con-
figuration interaction treatment for valence correlation yields
Re=4.13 Å as compared with 3.92 Å from experiment.
As the atomic ion core becomes more polarizable with in-

creasing nuclear charge,13 core-valence correlation and core-
polarization contributions cannot be neglected anymoressee
Fig. 1d.14 In fact, the importance of core-valence correlation
has been long recognized by Bottcher and Dalgarno15 and
has been demonstrated for LiNa through an all-electron cal-
culation by Meyer and Rosmus.16

All-electron methods typically involve large basis sets
and are thus very demanding in computational efforts if core-
valence correlation effects are taken into account. Conse-
quently, the accuracy of such calculations is generally lim-
ited by the basis set incompleteness.17,18 In order to account
for core-valence interactions, Jeunget al.19,20 developed a
second-order perturbative treatment within the effective core
potential framework. This was, however, not fully satisfac-
tory, due to the basis set dependent treatment of core-valence
correlation. Mülleret al.21,22 employed a different approach
by adding a semiempirical core-polarization potentialsCPPd
to the valence Hamiltonian, restricted to the static dipole
polarizability of the core. This scheme has been used exten-
sively in the past by the Stuttgart group.11 Albeit these one-
valence electron pseudopotentials are computationally cheap,
they lead to less accurate results for the ionic systems such as
CsF.23 Moreover, in density functionalsDFTd calculations
additional problems arise from the nonlocal core corrections
which cannot be neglected anymore. Here we adopt a differ-
ent approach by using small-core nine-valence-electron
pseudopotentials as recently developed for the heavier alkali
atoms in our group.24

As usual, the main attention on alkali dimers has been
focused on the most important spectroscopic constants. As
for experimental values, a recent study by Amiotet al.25,26

gives accurate dissociation energies and van der Waals coef-
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ficients for Rb2 and Cs2. Electric properties including dipole
polarizabilities have also been investigated both in
experimental27 and theoretical studies.28 In particular, the
francium dimer is of interest as the effects of core-valence
correlation and relativity in molecular bonding may become
more important, and there is not much experimental data
available for francium due to the lack of stable long-lived
isotopes. In this study, we present the spectroscopic constants
and the static dipole polarizabilities of alkali dimers from K2

to Fr2 calculated by using our newly generated small-core
scalar relativistic pseudopotential scheme. This addresses the
accuracy and the transferability of our energy-consistent
pseudopotentials.24

II. METHOD

In the present study, the following valence model Hamil-
tonian sin atomic unitsd is used:

Hv = −
1

2o
i

Di + o
i, j

1

r ij
+ o

a,b

QaQb

rab
+ Vpp, s1d

where i and j are valence electron indices,a and b are
nuclearscored indices,Vpp is a semilocal pseudopotential op-
erator, andQa denotes the charge of corea sQa=Za if no
pseudopotential is appliedd. For a j-averagedsscalard relativ-
istic pseudopotentialsARPPd we use the following ansatz:
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where Pl
a is the projection operator acting on the Hilbert

subspace of angular momentuml for core a. A linear com-
bination of Gaussian functions is formed accordingly with
adjustable parametersBk andbk for each angular symmetryl.
Relativistic effects are included by adjusting the parameters
in a least-square sense to reference energies obtained from
four-component Dirac–Coulomb calculations including Breit
interactions.29 In the present study, the valence shell consists
of nine electronsfconfigurationsn−1ds2p6ns1 and Qc=9g.
Details can be found in Ref. 24.

The last term in Eq.s2d, VCPP, accounts for the dynamic
polarization of the atomic core by the valence electrons and
the other nuclei. The following form of the effective CPP
was used as demonstrated by Mülleret al.:22

VCPP= −
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HereaD
a is the static dipole polarizability of corea and fWa is

the electric field ata generated by the valence electrons and
other positively charged coressnucleid. A cut-off parameter is
used for the electric field to avoid divergence caused by va-
lence electrons too close to the core. Note that the addition of
Eq. s3d leads to additional one- and two-electron integrals
which adds to the computational costs. In the present study, a
core-polarization potential was included only for the two
heaviest element with the largest core polarizability, cesium
and francium. Further details on the pseudopotential fitting
procedures and the numerical values of the parameters can
be found in our previous work.24

Dipole polarizabilities were calculated analytically, or if
not available by a finite field method applying small external
homogeneous electric fields of 0.0, 0.001, 0.002, and 0.004
a.u. The coupled clusterfCCSDsTdg calculations utilized the
full active orbital space. DFT calculations were carried out
by using the local density approximationsLDA d,30 the gra-
dient corrected Perdew–Wang PW91 functional,31 and the
hybrid 3 parameter Becke–Lee–Yang–Parr B3LYP
functional.32,33 All calculations were performed with the
MOLPRO

34 program package using rather large uncontracted
valence basis sets as described in Refs. 24 and 35.

III. RESULTS AND DISCUSSION

A. Spectroscopic constants

Selective spectroscopic constants of the neutral alkali
dimers are presented in Tables I–III at various levels of
theory and compared with other theoretical and experimental
values. We note that spectroscopic properties for the whole
series from Li2 down to Fr2 were first obtained by Harris and
Jones in 1978 by using nonrelativistic density functional
theory.8 Early all-electron results by Walchet al. in 1982 are
also nonrelativistic values with electron correlation treated at
the configuration interaction level with single and double
excitationssCISDd.18 The recent all-electron multiconfigura-
tion results by Rooset al.36 include second-order perturba-
tion theorysCASPT2d and contain relativistic effects using a
Douglas–Kroll operator.37 All other results were obtained by
the use of relativistic one-valence electron pseudopotentials.
In these cases, electron correlation effects were considered
for the core-valence as well as the valence only part by the
use of core-polarization potentials and a CISD procedure.

The calculated coupled cluster equilibrium bond lengths
are in excellent agreement with the available experimental
values. As for the all-electron results of Partridgeet al.38 or
Rooset al.,36 there is good agreement for K2. A recent aver-

FIG. 1. Dipole polarizabilitiesa sin atomic unitsd of the atomic coreM+,
whereM=Li–E119. The values are taken from Ref. 13.
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age coupled pair functional calculation using a Douglas–
Kroll operator for Rb2 gaveRe=4.20 Å slightly longer than
ours.9 For the heavier dimers, the nonrelativistic bond
lengths38 become too large. For example, the overestimation
of the Cs2 bond length is attributed to relativistic effects18

as the discrepancy from the experimental value remains at
0.32 Å even with 18 electrons correlated in the CISD
scheme. When a relativistic contraction of the bond length is
estimated by twice the Css6sd atomic contraction, this devia-
tion was reduced to 0.1 Å.38

In one-valence-electron pseudopotential schemes, omit-
ting core-valence correlation for the large-core one typically
obtains an overestimated bond length, e.g., by 0.27 Å for K2

and 0.37 Å for Cs2, which has to be corrected by the use of
CPPs.19,22,39,40The influence of core-valence correlation and
polarization effects for our nine-valence-electron pseudopo-
tential definition should be small, and was tested for the
equilibrium bond length of Cs2 and Fr2. The inclusion of the

core-polarization potential24 as shown in Eq.s3d yields a
bond contraction of 0.026 Å for Cs2 and 0.050 Å for Fr2. For
Cs2 this implies that the bond distance is now underestimated
by 0.03 Å compared to the experimental value, Table I. We
mention that basis set incompleteness and limitations in the
coupled cluster treatment could be responsible for this effect.
For example, the coupled cluster perturbative triples contri-
butions lead to a change in bond length of −0.040 Å for Cs2,
which is about twice as large as the effect coming from the
core polarization potential.

The DFT results show what is well known. LDA
overbinds which is reflected in the short bond distances ob-
tained for all dimers. Both PW91 and B3LYP yield reason-
able bond distances compared to the coupled cluster values.

The data compiled in Table I for the equilibrium bond
lengths,Re, from K2 to Fr2 show that there is an increase in
the bond length from K2 to Cs2 as expected. In contrast to the
nonrelativistic results of Harris and Jones,8 but in perfect
agreement with the relativistic results of Rooset al.,36 this
monotonic upward trend is discontinued for Fr2. This relativ-
istic decrease in the Fr2 bond distance correlates with a rela-
tivistic decrease in the atomic radius for Fr compared to
Cs.41 It is well known that relativistic effects in heavy ele-
ment containing compounds can reverse trends in properties
within a group of elements in the periodic table.42

The calculated dissociation energies of the alkali dimers
are collected in Table II. In comparison with experimental
results, the calculated dissociation energies are accurate
within about 0.025 eV. This is satisfactory considering that
the accuracy in the pseudopotential fitting procedure was be-
tween 0.01 and 0.02 eV.24 It has been noted earlier by Müller
and Meyer that the experimental dissociation energy of K2 is
probably too low.21 This is supported by our results. The
present values are also in good agreement with previous one-
valence electron pseudopotential results of Stollet al.,39

which include core-valence correlation. In our case, core-
valence correlation from the smaller core can be safely ne-
glected, as it lowers the dissociation energy by only 0.003 eV
for Fr2.

Daudey and co-workers43 reported that saturation of ba-

TABLE I. Calculated equilibrium bond lengthsRe sin angstromd of the
alkali dimers at various levels of theory compared with other theoretical and
experimental valuessve denotes valence electrond.

Method K2 Rb2 Cs2 Fr2

This work 9-ve PP/CCSDsTd 3.920 4.184 4.641 4.593
9-ve PP/LDA 3.785 4.053 4.492 4.445
9-ve PP/PW91 3.955 4.248 4.713 4.670
9-ve PP/B3LYP 3.932 4.241 4.721 4.687

Stolla 1-ve PP+CPP/CISD 3.91 4.19 4.61 ¯

Daudeyb 1-ve PP+CPP/CISD ¯ 4.18 4.58 ¯

Kraussc 1-ve PP+CPP/CISD 3.94 4.16 4.63 ¯

Roosd DK-AE/CASPT2/BSSE 3.905 4.217 4.692 4.665
Partridgee NR-AE/CISD/BSSEf 3.91 4.35 4.97 ¯

Expt.g 3.924 4.18 4.646 ¯

aReference 39.
bReference 43.
cReference 14.
dReference 36.
eReferences 18 and 38.
fNonrelativistic results. All others are relativistic results. BSSE denotes that
the correction for the basis sets superposition error is included.
gReferences 54–56.

TABLE II. Calculated dissociation energiesDe sin eVd of the alkali dimers
scorrected for zero-point vibrational energyd compared with other theoretical
and experimental valuessve denotes valence electrond.

K2 Rb2 Cs2 Fr2

This work 9-ve PP/CCSDsTd 0.531 0.465 0.425 0.431
9-ve PP/LDA 0.679 0.644 0.591 0.617
9-ve PP/PW91 0.601 0.544 0.508 0.503
9-ve PP/B3LYP 0.502 0.448 0.388 0.391

Stolla 1-ve PP+CPP/CISD 0.53 0.48 0.43 ¯

Daudeyb 1-ve PP+CPP/CISD ¯ 0.49 0.46 ¯

Kraussc 1-ve PP+CPP/CISD 0.529 0.50 0.44 ¯

Roosd DK-AE/CASPT2/BSSE 0.454 0.434 0.438 0.407
Expt.e 0.520 0.485 0.452 ¯

aReference 39.
bReference 43.
cReference 14.
dReference 36.
eReferences 54–56.

TABLE III. Calculated harmonic vibrational frequenciesve sin cm−1d of the
alkali dimers compared with other theoretical and experimental valuessve
denotes valence electrond.

K2 Rb2 Cs2 Fr2

This work 9-ve PP/CCSDsTd 92.3 58.3 42.4 33.5
9-ve PP/LDA 97.9 62.0 44.3 36.0
9-ve PP/PW91 90.2 56.7 41.0 32.2
9-ve PP/B3LYP 90.8 56.7 40.5 32.0

Stolla 1-ve PP+CPP/CISD 92 57 42 ¯

Daudeyb 1-ve PP+CPP/CISD ¯ 58 44 ¯

Kraussc 1-ve PP+CPP/CISD 88.4 59.2 41.0 ¯

Roosd DK-AE/CASPT2/BSSE 89 57 42 33
Expt.e 92.0 57.8 42.0 ¯

aReference 39.
bReference 43.
cReference 14.
dReference 36.
eReferences 54–57.

134307-3 Polarizabilities of alkali dimers J. Chem. Phys. 122, 134307 ~2005!

Downloaded 25 Aug 2009 to 130.216.69.9. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



sis sets by inclusion of higher angular momentum functions
se.g., f-type functions for Rb2 and Cs2d would lead to an
overestimation of dissociation energies in the one-valence-
electron pseudopotential scheme. For example, following in-
clusion of f-type functions, their dissociation energy was in-
creased from 0.480 to 0.485 eV for Rb2 and from 0.452 to
0.464 eV for Cs2. This increase resulted in the dissociation of
Rb2 becoming more agreeable with the experimental value
while the same effect caused an overestimation in the disso-
ciation energy of Cs2. In our nine-valence-electron pseudo-
potential scheme, no such overestimation in dissociation en-
ergies was found with our basis set expanding even up to
g-type functionssthe inclusion ofg-type functions increases
the dissociation energy of Cs2 by only 0.005 eVd. A recent
relativistic all-electron study by Edvardssonet al.9 on the
potential energy curve for Rb2 overestimates the dissociation
energys0.529 eVd even though their bond distances4.20 Åd
was longer than the experimental value. Another set of all-

electron results by Roos and co-workers36 performed at the
CASPT2 level underestimate the dissociation energies for all
the dimers. Although they offer some data on Fr2, the results
seem to be hampered by basis set incompleteness. Further, it
is difficult to establish a clear trend from their results. In
particular, they predicted a decrease in both the bond length
and the dissociation energy from Cs2 to Fr2. On the contrary,
a clear trend is observed in our calculations where a decreas-
ing trend in the dissociation energy from K2 to Cs2 is re-
versed for Fr2, leading to an anomalous trend in the disso-
ciation energies of the alkali dimers as well. The larger
dissociation energy for Fr2 than for Cs2 is again attributed to
the relativistic stabilization of the valences shell of Fr, simi-
lar to the case of equilibrium bond lengths discussed earlier,
as a comparison with the nonrelativistic values of Harris and
Jones shows.8 As expected, LDA overestimates the dissocia-
tion energies of all alkali dimers. Both B3LYP and PW91
yield reasonable results.

The calculated vibrational frequencies of the alkali
dimers are listed and compared with other theoretical and
experimental values in Table III. The vibrational frequencies
calculated with our small-core pseudopotentials are in excel-
lent agreement with the experimental values as well as the
other large-core pseudopotential results which incorporate
core-valence correlation. Here all functionals perform rea-
sonably well.

Let us now turn to the spectroscopic constants of the
positively charged dimers. The calculated equilibrium bond
lengths, dissociation energies, and vibrational frequencies of

TABLE IV. Calculated equilibrium bond lengthsRe sin angstromd of the
singly charged alkali dimers compared with other theoretical valuessve
denotes valence electrond.

Method K2
+ Rb2

+ Cs2
+ Fr2

+

This work 9-ve PP/CCSDsTd 4.509 4.802 5.269 5.239
9-ve PP/LDA 4.386 4.675 5.114 5.112
9-ve PP/PW91 4.542 4.838 5.298 5.326
9-ve PP/B3LYP 4.538 4.868 5.298 5.400

Fuentealbaa 1-ve PP+CPP 4.49 4.78 5.23 ¯

Preussb 1-ve PP+CPP ¯ 4.82 5.36 ¯

Daudeyc 1-ve PP+CPP 4.50 ¯ 5.22 ¯

Patild 1-ve MPe 4.39 4.60 5.03 ¯

Aubert-Fréconf 1-ve PP+CPP ¯ 4.79 ¯ ¯

aReferences 44 and 45.
bReference 46.
cReference 19.
dReference 48.
eModel potential.
fReference 47.

TABLE V. Calculated dissociation energiesDe sin eVd of the singly charged
alkali dimersscorrected for zero-point vibrational energyd compared with
other theoretical valuessve denotes valence electrond.

Method K2
+ Rb2

+ Cs2
+ Fr2

+

This work 9-ve PP/CCSDsTd 0.817 0.750 0.710 0.680
9-ve PP/LDA 0.908 0.863 0.820 0.812
9-ve PP/PW91 0.926 0.858 0.830 0.800
9-ve PP/B3LYP 0.844 0.784 0.731 0.711

Fuentealbaa 1-ve PP+CPP 0.823 0.76 0.71 ¯

Preussb 1-ve PP+CPP ¯ 0.789 0.789 ¯

Daudeyc 1-ve PP+CPP 0.82 ¯ 0.70 ¯

Patild 1-ve MPe 0.883 0.865 0.830 ¯

Aubert-Fréconf 1-ve PP+CPP ¯ 0.765 ¯ ¯

Expt.g ¯ 0.74±0.05 0.68±0.05 ¯

aReferences 44 and 45.
bReference 46.
cReference 19.
dReference 48.
eModel potential.
fReference 47.
gReferences 49 and 50.

TABLE VI. Calculated harmonic vibrational frequenciesve sin cm−1d of the
singly charged alkali dimers compared with other theoretical valuessve
denotes valence electrond.

Method K2
+ Rb2

+ Cs2
+ Fr2

+

This work 9-ve PP/CCSDsTd 72.9 46.3 34.0 26.5
9-ve PP/LDA 69.6 43.8 32.6 24.1
9-ve PP/PW91 64.4 41.2 30.7 22.9
9-ve PP/B3LYP 65.2 41.0 30.1 21.9

Fuentealbaa 1-ve PP+CPP 72 47 33 ¯

Preussb 1-ve PP+CPP ¯ 44.5 32.4 ¯

Daudeyc 1-ve PP+CPP 74 ¯ 38 ¯

Aubert-Frécond 1-ve PP+CPP ¯ 45.96 ¯ ¯

aReferences 44 and 45.
bReference 46.
cReference 19.
dReference 47.

TABLE VII. Calculated adiabatic ionization potentialsI sin eVd of the alkali
dimers compared with other theoretical valuessve denotes valence electrond.

Method K2 Rb2 Cs2 Fr2

This work 9-ve PP/CCSDsTd 4.052 3.894 3.601 3.762
9-ve PP/LDA 4.753 4.591 4.277 4.449
9-ve PP/PW91 4.190 4.009 3.687 3.821
9-ve PP/B3LYP 4.206 4.007 3.676 3.804

Stolla 1-ve PP+CPP/CISD 4.05 3.89 3.62 ¯

Expt.b 4.061 3.9 3.68 ¯

aReference 39.
bReferences 7, 50, and 58–60.
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these molecular ions are presented in Tables IV–VI, respec-
tively. In general, our values agree well with previous results
of all other authors14,19,44–47obtained by the use of relativis-
tic one-valence-electron pseudopotentials and core-valence
correlation treated by a core-polarization potential. Patil’s
results48 obtained by the use of a one-valence-electron model
potential including core polarization seem to be less accu-
rate. It was noted before44 that spin-orbit splitting by the use
of a j-dependent pseudopotential can be neglected. A recent
potential energy curve calculation by Aubert-Fréconet al.47

also supports our calculated values for Rb2
+. In comparison

with the experimental dissociation energies49,50 for Rb2
+ and

Cs2
+ the present values are within the experimental uncertain-

ties. Concerning the DFT calculations we see similar devia-
tions to the more accurate coupled cluster values as dis-
cussed for the neutral dimers.

The compiled data on Fr2
+ deserve a closer look. Here, a

monotonic increase in the bond distance from K2
+ to Cs2

+ is
discontinued and there is a decrease in the bond distance
from Cs2

+ to Fr2
+ due to relativistic effects. The contribution

from core-valence correlation for the small-core pseudopo-
tential is smaller than previously reported for large-core
pseudopotentials as one expects. For example, Stoll and co-
workers have reported a reduction of up to 0.26 Å in the
bond length of K2

+ using their one-valence-electron
pseudopotential.44 Inclusion of a core-polarization potential
in our case reduces the bond distance for Fr2

+ by 0.053 Å to
5.186 Å. In contrast to the bond distances, the dissociation

energies of the positively charged alkali dimers show no
anomaly in the trend. That is, the dissociation energies are
monotonically decreasing from K2

+ to Fr2
+. As expected, core-

valence correlation does not significantly contribute to the
dissociation energy of Fr2

+, which causes an increase by a
negligible amount of 0.0004 eV.

The calculated adiabatic ionization potentials for the
neutral dimers are collected in Table VII. As expected, LDA
overbinds, but both B3LYP and PW91 are in good agreement
with the more accurate coupled cluster results. For Fr2 the
core-polarization potential leads to an increase in the
CCSDsTd ionization potential from 3.762 to 3.808 eV.

B. Static dipole polarizabilities of the neutral dimers

The static dipole polarizabilities of the alkali dimers are
presented in Tables VIII and IX for the perpendicular and the
parallel component, respectively. These values are compared
with the all-electron calculations of Urban and Sadlej28 as
well as Müller and Meyer.51 In Urban and Sadlej’s calcula-
tions, relativistic effects were included by using a scalar rela-
tivistic approximationsmass-velocity plus Darwin termsd,
and electron correlation was treated at the CCSDsTd level. In
Müller and Meyer’s case,51 the polarizabilities were obtained
from all-electron HF + valence configuration interactionsCId
calculations, including core-polarization effects by the use of
an effective potential. Relativistic effects were neglected.
Both groups used experimental bond distances for their di-

TABLE IX. Calculated parallel component of the dipole polarizabilityai sin atomic unitsd of the alkali dimers
compared with other theoretical valuessve denotes valence electrond.

Method HF CCSD CCSDsTd LDA PW91 B3LYP

K2 This work 9-ve PP/CCSDsTd 727.3 711.5 711.2 578.7 670.6 632.2
Sadleja AE/MVD/CCSDsTd 726.9 766.6 753.6 ¯ ¯ ¯

Meyerb AE/CI+CPP 748.9 ¯ 691.9 ¯ ¯ ¯

Rb2 This work 9-ve PP+CCSDsTd 879.4 826.8 815.2 679.1 790.2 761.1
Sadleja AE/MVD/CCSDsTd 920.9 962.6 916.1 ¯ ¯ ¯

Cs2 This work 9-ve PP/CCSDsTd 1198.0 1095.9 1073.7 899.2 1040.7 1022.6

Fr2 This work 9-ve PP/CCSDsTd 1149.5 991.9 948.2 822.2 943.1 954.2

aReference 28.
bReference 51.

TABLE VIII. Calculated perpendicular component of the dipole polarizabilitya' sin atomic unitsd of the alkali
dimers compared with other theoretical valuessve denotes valence electrond.

Method HF CCSD CCSDsTd LDA PW91 B3LYP

K2 This work 9-ve PP 456.1 385.0 374.0 311.6 371.6 340.9
Sadleja AE/MVD/CCSDsTd 457.6 385.7 376.2 ¯ ¯ ¯

Meyerb AE/CI+CPP 465.0 ¯ 348.0 ¯ ¯ ¯

Rb2 This work 9-ve PP/CCSDsTd 538.0 437.2 419.9 351.7 425.9 394.4
Sadleja AE/MVD/CCSDsTd 549.3 479.1 445.4 ¯ ¯ ¯

Cs2 This work 9-ve PP/CCSDsTd 715.7 566.0 536.9 443.8 538.7 505.7

Fr2 This work 9-ve PP/CCSDsTd 655.9 511.2 480.4 392.8 475.6 455.4

aReference 28.
bReference 51.
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pole polarizability calculations. The present dipole polariz-
abilities were calculated with the optimized bond distances,
which are identical to the experimental values within 0.005
Å for the coupled cluster case.

As can be seen from Table VIII, the perpendicular com-
ponent of the dipole polarizability agrees well with Urban
and Sadlej’s values.28 Müller and Meyer’s calculations51

seem to overestimate correlation effects shown by the under-
estimated dipole polarizability at the correlated level for K2.
The present values tend to be slightly smaller than Urban and
Sadlej’s values at all levels of theory. Electron correlation
effects reduce the dipole polarizabilities for all dimers due to
a contraction of the valences shell by electron correlation.52

As expected, relativistic effects cause the perpendicular com-
ponent of the Fr2 dipole polarizability to be smaller than that
of Cs2. Interestingly, the magnitude of the perpendicular
component of the dipole polarizability is smaller than the
sum of the individual atomic dipole polarizabilities. This can
be explained in terms of a dipole-induced-dipole model.53

This model predicts a decrease in the perpendicular compo-
nent and an increase in the parallel component of the dipole
polarizability of a dimer compared with the sum of the indi-
vidual atomic polarizabilities. Further, using the sum-over-
states formula for the polarizabilities, the perpendicular com-
ponent of the dipole polarizability is primarily determined by
the orbital excitation from the strongly stabilized bondings
orbital into the unoccupied valencep orbital as a counterpart
of the atomicns-np excitation for atoms as pointed out by
Urban and Sadlej.28 This is confirmed in our configuration
interaction calculations with single excitations only which
shows that thes→p transition is indeed the most intense
transition, therefore contributing mostly to the perpendicular
component of the dipole polarizability.

The calculated parallel component of the dipole polariz-
ability sTable IXd shows a somewhat larger discrepancy to
Urban and Sadlej’s values amounting to as much as 100 a.u.
for Rb2 at the CCSDsTd level. Müller and Meyer have noted
that electron correlation in the parallel component of the di-
pole polarizability has different signs for the core-valence
and valence only contributions.51 That is, valence correlation
has a positive contribution while core-valence correlation
contribution is negative. For example, the dipole polarizabil-
ity of K 2 increases from the HF value of 748.9 a.u. to 839.5
a.u. upon valence correlation and then decreases to 691.9 a.u.
upon core-valence correlation. The negative contribution
from the core-valence correlation increasingly dominates

over the positive valence only part with increasing nuclear
charge as the core becomes more polarizable, i.e., the nega-
tive total correlation contribution is 8% for K2,

51 but only
2% in our case and 18% for Fr2 at the CCSDsTd level. In
Urban and Sadlej’s case, there seems to be an inconsistency
in the estimation of these correlation effects. In fact for all
dimers, the CCSD results of Sadlej show a positive correla-
tion contribution. This is followed by a smaller negative cor-
relation contribution from the perturbative triples. This, in
turn, gives rise to overestimated average dipole polarizabil-
ities especially for Rb2, as shown in Table X and Fig. 2. As
was the case for the perpendicular component of the dipole
polarizability, relativistic effects play an important role for
the heavier elements, where the parallel component of the
Fr2 dipole polarizability decreases from that of Cs2, leading
to a familiar relativistic anomaly in the dipole polarizability
trend.

The average dipole polarizability is obtained from the
trace average of the dipole polarizability tensor. The result-
ing values are listed in Table X. Perhaps one of the most
interesting features, though expected, is the decrease in the
dipole polarizability from Cs2 to Fr2 due to relativity. A
graphical depiction of this effect is provided in Fig. 2. It is
clear that the present average dipole polarizabilities are
within the experimental uncertainties. Concerning the DFT
results B3LYP and even more so LDA underestimate both
components of the polarizability tensor, with PW91 perform-
ing best. In fact, for the average polarizability the PW91
functional gives values within the experimental uncertainty.

IV. CONCLUSION

In this study we have successfully tested our newly gen-
erated scalar relativistic nine-valence-electron pseudopoten-
tials for the alkali elements for selected spectroscopic con-
stants of the neutral and singly charged dimers as well as for
the static dipole polarizabilities from K2 to Fr2. The accuracy
achieved in our calculations is very good and within the
limitation of the core definition chosen in our pseudopoten-
tial approximation, and is certainly a considerable improve-

TABLE X. The average dipole polarizabilitiesaan=trsad /3 sin atomic
unitsd of the alkali dimerssve denotes valence electrond.

Method K2 Rb2 Cs2 Fr2

This work 9-ve PP/CCSDsTd 486.4 551.7 715.8 636.3
9-ve PP/LDA 400.6 460.8 595.6 536.1
9-ve PP/PW91 471.2 547.4 706.1 631.4
9-ve PP/B3LYP 438.0 516.6 678.0 621.7

Sadleja AE/MVD/CCSDsTd 502.1 602.0 ¯ ¯

Expt.b Beam deflection 500±40 533±40 702±54 ¯

aReference 28.
bReference 27.

FIG. 2. Average dipole polarizabilitiesaan sin atomic unitsd of the alkali
dimers from K2 to Fr2 ssee Table Xd. The values from Urban and Sadlej
sRef. 28d and experimental datasRef. 27d including error bars are also
shown.
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ment over previous one-valence-electron schemes. As for di-
pole polarizabilities, the severe basis set requirement and
rigorous electron correlation treatment necessary for obtain-
ing high accuracies pose serious difficulties in the all-
electron approach for molecular systems. An alternative is
made available in this study by employing the pseudopoten-
tial method. In fact, the present dipole polarizabilities for K2

to Fr2 offer the most accurate theoretical values available so
far. In particular, relativistic effects important for molecular
bonding in Fr2 are demonstrated also for the dipole polariz-
abilities. As it is more desirable to use small-core pseudopo-
tentials over large-core ones, whenever computationally fea-
sible, we strongly recommend the use of our small-core
pseudopotentials in future pseudopotential calculations. In
general, the PW91 functional performs extremely well for all
properties considered and is recommended for future work
on alkali metal clusters.
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