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Nuclear quadrupole moments from molecular microwave data: The quadrupole moment
of 85Rb and 87Rb nuclei and survey of molecular data for alkali-metal nuclei
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Department of Physical Chemistry, Faculty of Sciences, Comenius University, Mlynska dolina, SK-842 15 Bratislava, Slovak

Andrzej J. Sadlej
Department of Quantum Chemistry, Faculty of Chemistry, N. Copernicus University, PL-87 100 Torun´, Poland*

and Department of Theoretical Chemistry, University of Lund, P.O. Box 124, S-221 00 Lund, Sweden
~Received 24 May 1999!

The ‘‘molecular’’ values of the quadrupole moment of the Rb and Na nuclei have been obtained by using
spectroscopic values of nuclear coupling constants and high-level-correlated relativistic calculations of the
electric-field gradients in fluorides and chlorides. The recommended value for the85Rb nucleus which follows
from the present study is about 276 mb, with expected error bars of the order of about 1 mb. This value agrees
with the atomic spectroscopy data, and suggests that the quadrupole coupling constant measured for the RbCl
molecule is in error. The present calculations for23Na confirm the earlier molecular result for its electric
quadrupole moment, and combined with recent atomic calculations lead to the recommended value in the range
104–105 mb. The molecular results for nuclear quadrupole moments of the alkali-metal nuclei are reviewed
leading to a list of the corresponding recommended values.@S1050-2947~99!07510-1#

PACS number~s!: 31.15.Dv, 31.25Nj, 32.10.Dk
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I. INTRODUCTION

Among a variety of sources of nuclear quadrupole m
ment data, nuclear scattering experiments and theore
models of nuclei do not seem to be particularly reliable@1,2#.
Traditionally most of these data follow from measureme
of hyperfine splittings in atomic spectra@1,3#, and their ac-
curacy can be strongly affected by the precision of meas
ments @3#. With increasing accuracy of molecular calcul
tions yet another source becomes accessible. This altern
source of accurate values of the electric quadrupole mom
of nuclei is given by the microwave spectra of molecu
@4,5#.

The nuclear quadrupole coupling constantsnQ
X@4,5# due to

a quadrupolar nucleusX can be determined with high accu
racy from splittings in rotational spectra in molecules. A
though a fitting procedure is involved@5#, the derived values
of nQ

X usually surpass the corresponding atomic data@3# in
their accuracy. The determination of the nuclear elec
quadrupole momentQ(X) from molecular data fornQ

X re-
quires, however, knowledge of the accurate value of
electric-field gradient atX @4,5#, and for decades this was th
major obstacle. For this reason early attempts to de
nuclear quadrupole moments from the measured value
nQ

X were only partly successful@6#. Developments in compu
tational methods of quantum chemistry have made feas
the calculation of molecular electric-field gradients of su
ciently high accuracy, and the nuclear quadrupole coup
constants became a highly competitive source of relia
data for nuclear quadrupole moments@2,7–9#. One should
remark that the most accurate value of the electric qua
pole moment of the7Li nucleus which is already accepted
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nuclear physics@10# has been derived from microwave spe
tra of LiH, LiF, and LiCl and accurately calculated electri
field gradients at Li@7,8#.

The determination of nuclear quadrupole moments fr
molecular microwave data is based on the relation betw
the nuclear quadrupole coupling constant and the elec
quadrupole moment of the nucleus. In the case of a lin
molecule in the vibrational statev and with a single quadru
polar nucleusX, the corresponding equation reads:

nQ
X~v !5eqX~v !Q~X!, ~1!

where qX is the axial~zz! component of the total electric
field gradient at the nucleusX. Thus the ‘‘molecular’’ values
of the nuclear quadrupole moment ofX follow from

Q~X!5
nQ

X~v !

234.9647qX~v !
, ~2!

whereqX(v) is assumed to be in atomic units of the electr
field gradient, and the frequencynQ

X(v) is measured in MHz.
The resulting value ofQ(X) is then given in b (1 b
510228m2). Since the quadrupole coupling constants a
frequently known with relatively high accuracy~usually bet-
ter than 0.1%! the main attention is focused on an accura
enough calculation ofqX. This makes the spectroscopic da
for diatomic molecules of obvious preference.

In this study the molecular approach is used for the de
mination of the nuclear quadrupole moment of the85Rb and
87Rb. There are several values ofQ(85Rb) available from
atomic measurements. The measurements on the (5p1, 2P3/2)
state @11# gave, with the Sternheimer correction@12# and
spin-orbit perturbation, the value of 27562 mb. A similar
measurement on the (6p1, 2P3/2) state resulted, with the
same set of corrections, in the value of 27362 mb @11#. The
same authors derived theQ(85Rb) values from the data fo
3575 ©1999 The American Physical Society



o

ur

ar
u

e-

lu
ny

nl
m
e
la

4
r

u
t
w
th
p
o

t
d
tic

e
ta
n

av
e
th

he

r

ir
el
ea
y
bF

b
o
hi
m
s
o

ch

cu-
his
ular

ore
pute
ec.
s of
bF
the

lier
kali
-
h a
the

nd
le
mo-

for
nd
rlier

ap-

ion
he
ny-

-
d

-

te is
the
the
s of
c-
ra-

that
er-

ith
ef-
ri-
an
xi-
e

s
s-
a

by

3576 PRA 60VLADIMIR KELLÖ AND ANDRZEJ J. SADLEJ
the (7p1, 2P3/2) and (8p1, 2P3/2) of the Rb atom as equal t
27266 and 270617 mb, respectively@11#. Hence the
atomic values cover the range from about 253 to 287 m
with preference given to the results obtained from meas
ments on low-lying excited states@3#. The data for the ex-
cited states (5p1, 2P3/2), (6p1, 2P3/2), (7p1, 2P3/2), and
(8p1, 2P3/2) for 87Rb gave a value ofQ(87Rb) equal to 132
69 mb @8,13#.

As a matter of fact the error bars of the atomic data
difficult to establish. They should combine both the inacc
racies in the determination of theA andB constants from the
atomic spectra@3# and the effect of the use of the Sternh
imer correction factor@12#. For instance, theQ(87Rb) value
determined from the data for the (8p1, 2P3/2) state is be-
lieved to carry an error of about69 mb @13#. Although the
Sternheimer correction factor works extremely well, its va
originates essentially from the one-electron theory of ma
electron atoms and is subject to some criticism@3#. Similar
comments apply to other corrections which are commo
used to derive the nuclear quadrupole moments from ato
hyperfine splittings@3#. In particular, for heavy atoms on
should rather carefully consider the contribution due to re
tivistic effects@3#.

The commonly accepted~recommended! ‘‘atomic’’ val-
ues ofQ(85Rb) @10# are that of Feiertag and zu Pulitz (27
62 mb) @11# and the one derived by Sternheimer and Peie
(26362 mb) @12,14#. For the 87Rb isotope Feiertag and z
Pulitz @11# give its nuclear quadrupole moment as equal
13261 mb. The quoted error bars, though quite narro
seem to be partly based on the belief in high accuracy of
Sternheimer-Peierls correction scheme. As commented u
by Feiertag and zu Pulitz@11#, the reported inaccuracies d
not include the uncertainty of the theoretical data~estimated
at the level of about 10%@11#!. There are also more recen
values ofQ(85Rb) andQ(87Rb) determined in laser-induce
optical pumping of a thermal atomic beam with magne
state selection@10#. However, their accuracy (228643 and
130621 mb, respectively! is rather low. There seem to b
neither direct nuclear scattering nor muonic experimen
data available for either of the two isotopes of rubidium. O
should also mention that the ratioQ(85Rb)/Q(87Rb) has
been independently determined from molecular microw
spectra@2.0669 ~Ref. @15#!#, and can be used to check th
correctness of independently determined atomic data for
two isotopes.

In comparison with the atomic hyperfine splitting data t
nuclear quadrupole coupling constants in85Rb19F and
87Rb19F are known with a very high accuracy; the error ba
amount to only a few kHz as compared to the value ofnQ

Rb,
which is of the order of several tens MHz@16#. The results of
Zorn et al. @16# agree very well with earlier data, and the
high accuracy appears to be impeccable. Among the r
tively light diatomic molecules there is also a rather old m
surement ofnQ

Rb in RbCl @17#. Although the quoted accurac
of the coupling constant is not much worse than that in R
these data seem to be much less reliable. The results for R
@18# would be very useful in the molecular determination
Q(Rb). However, the quadrupole coupling constant for t
molecule has been derived under several additional assu
tions, and its accuracy is not sufficiently high for the purpo
of comparison and/or improving upon atomic values
b,
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Q(Rb). The heavier systems like RbBr and RbI, for whi
the values ofnQ

Rb are available@5#, would certainly pose
some computational problems in the determination of ac
rate values of the electric-field gradient at Rb, and for t
reason are dismissed in this study as the possible molec
sources ofQ(Rb).

In the present paper the main attention will be theref
focused on the RbF molecule. The methods used to com
the electric-field gradient at Rb are briefly surveyed in S
II, and accompanied by the essential computational detail
our calculations. The field gradient values obtained for R
and RbCl will be presented in Sec. III, and used to derive
molecular results for nuclear quadrupole moments of85Rb
and 87Rb. The present study completes a series of ear
determinations of nuclear quadrupole moments of the al
metal nuclei@7,8,19–21#. It was therefore of interest to sur
vey and compare them with atomic and other results. Suc
comparison is presented and discussed in Sec. IV. For
sake of full compatibility with the present results for Rb a
recent data@20# for K and in order to remove the possib
ambiguities we have also repeated some of our earlier
lecular calculations of the23Na quadrupole moment@19#.

II. METHODS AND COMPUTATIONAL DETAILS

A. Computational methods

The computational methods employed in this paper
the calculation of the electric-field gradient at Rb in RbF a
RbCl are essentially the same as those used in our ea
studies of other systems@8,19,20,22#. The main part of the
electronic contribution is calculated in the one-electron
proximation with the self-consistent field Hartree-Fock~SCF
HF! method, and then corrected for the electron correlat
contribution by using different many-body methods. T
lowest level of theory corresponds to the second-order ma
body perturbation theory~MBPT2! scheme@23# and is fol-
lowed by calculations at the level of the coupled cluster~CC!
method@23,24#. The CC calculations are limited to the ap
proach with the fully iterative evaluation of the one- an
two-body amplitudes~CCSD @23,24#! and corrected pertur
batively for the effect of three-body terms (CCSD(T) @24–
26#!. In the case of systems whose ground electronic sta
far away from all other electronic states of the system,
latter approach is known to give excellent account of
electron correlation contribution to energies and propertie
molecules@24,26#. The CCSD(T) method has also been su
cessfully used in our earlier calculations of electric-field g
dients in different diatomic molecules.

The rubidium atom has high enough nuclear charge
one may expect that the relativistic contributions to prop
ties of RbF and RbCl may be of some importance@27–30#.
Since the two molecules have a closed shell structure w
full quenching of the angular momentum, the spin-orbit
fects should be negligible. The dominant relativistic cont
bution should follow from the so-called scalar terms, and c
be accounted for in quasirelativistic one-component appro
mations. For relatively light nuclei including the terms of th
Pauli approximation@31,32# gives quite satisfactory result
@28#. Much more powerful is the one-component Dougla
Kroll ~DK! @33# approximation, which has been made into
routine approximation in relativistic quantum chemistry
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Hess@34#. At variance with the Pauli Hamiltonian, the DK
energy operator does not involve strongly singular opera
and appears to possess some variational stability. When
DK transformation @33–35# is restricted to one-electro
terms, the one-component DK calculations affect only
SCF HF code. It is therefore of great advantage that all c
related level calculations can be carried out with exactly
same codes as in the nonrelativistic case. Moreover, the
tivistic DK results can be directly compared with the corr
sponding nonrelativistic~NR! data.

The methods used in this study to obtain the electron c
relation contribution to electric-field gradients are nonvar
tional, and in particular they do not satisfy the Hellman
Feynman theorem. Hence these contributions need to
calculated as the corresponding energy derivatives with
spect to the perturbation strength parameter for the sys
perturbed by the electric-field gradient operator@36#. In non-
relativistic calculations reported in this paper we have use
finite field perturbation scheme, i.e., the electron correlat
energies were calculated in the presence of the electric-
gradient perturbation with its strength scaled by a numer
parameter@28#. Then the electron correlation corrections
the electric-field gradient were evaluated as finite-differe
approximations to the first-order derivatives of energies w
respect to that parameter@28,37#. An alternative way of com-
puting these corrections is based on the point-charge nuc
quadrupole~PCNQ! model proposed in Ref.@9# and explored
in our recent paper@30#. In the nonrelativistic case the tw
methods give~within the limits of the numerical differentia
tion scheme! the same results. However, there is certain pr
erence of the point-charge nuclear quadrupole mom
model in the case of the relativistic approach.

One of the problems which occur in the case of DK c
culations is that the generation of the DK Hamiltonian
volves the so-called change of picture@31,38# which needs to
be taken into account when calculating the expectation va
of the electric-field gradient operator. Hence, the legitim
way of computing either the DK SCF HF electric-field gr
dient or the DK electron correlation corrections to it shou
use the form of this operator transformed to the pict
which corresponds to the one-component DK Hamilton
@38#. A convenient way to avoid the change of picture for t
field gradient operator follows from the use of the PCN
model. The small nuclear quadrupole is generated by a s
point charges in the nearest vicinity of the nucleus un
consideration. In terms of the DK Hamiltonian, this intr
duces additional terms in the potential energy operator wh
is fully transformed to the new picture@30,38#. The calcu-
lated energies become functions of the numerical value
the nuclear quadrupole generated in such a way and
derivatives with respect to its value are the expectation
ues of the electric-field gradient with the change of pictu
automatically taken into account@30#. The difference be-
tween the direct calculation of the expectation value of
~nontransformed! field gradient operator and the value whic
accounts for the picture change grows very fast with
charge of the nucleus@30#.

Finally, let us mention that in most cases the experime
values ofnQ

X are reported for certain vibrational levels rath
than for the equilibrium molecular geometry. Hence the v
ues of the electric-field gradient need to be vibrationally a
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rotationally averaged. To obtain the vibrational correction
the electric-field gradient computed at the~experimental!
equilibrium geometry, we have used the approximate f
mula of Buckingham@39# which relates this correction to th
shape of the electric-field gradient function, i.e., to its bo
distance~R! dependence and to spectroscopic parameter

qX~v !5qe
X1qvib

X 'qe
X1q1

X~v1 1
2 !, ~3!

whereqe
X5qX(Re) and

q1
X5

Be

ve
F3S 11

aeve

6Be
2 D S ]qX

]j D
j50

1S ]2qX

]j2 D
j50

G . ~4!

The symbolsve , Be , andae denote the usual spectroscop
constants@40# in cm21, andj5(R2Re)/Re . The calculation
of derivatives entering Eq.~4! has been carried out by usin
the finite-difference approach. Moreover, for the purpose
computing these derivatives theqX(R) values have been cal
culated at the level of the DK MBPT2 method. The inacc
racies resulting from the use of the MBPT2 approach
negligible in comparison with other factors and the over
accuracy of the computed values ofqX.

B. Details of numerical calculations

All calculations have been carried out in the algebr
approximation with one electron wave functions expand
into atom-centered sets of Gaussian-type orbitals~GTO’s!.
They have been generated starting from the atom optim
sets of Huzinaga and Klobukowski@41#. The Rb basis se
used in the majority of the present calculations has b
developed from the (22s14p9d) set of Ref.@41# based on 22
optimized GTO exponents~z!. This initial set has been ex
tended by one diffuses-type function (z50.006 615 01), one
diffuse p-type function (z50.084 473 28), one diffuse
d-type function (z50.348 364 25), a set of sixf-type func-
tions (z519.046 201, 8.813 531 2, 4.087 032 1, 1.904 742
0.818 205 84, and 0.348 364 25!, and a set of twog-type
GTO’s (z58.813 531 2, and 4.087 032 1!. The orbital expo-
nent for the addeds function has been obtained from th
assumption of the geometric progression in the initial se
exponents. For the other functions the selected orbital ex
nents are taken from the initial set. The additional functio
either make the initial set more diffuse and flexible, or th
are chosen from the point of view of the maximum gain
the correlation energy and electric-field-gradient-induced
larization of the density distribution. The derived basis set
the form (23s15p10d6 f 2g) has been used in its fully uncon
tracted form. The effect of its further extension in the v
lence region has also been studied, and will be discusse
Sec. III.

The atomic basis sets for F and Cl are the same as th
used in our earlier calculations on KF and KCl@20#. In both
cases they follow from the extension of the correspond
atomic sets of Huzinaga and Klobukowski and partial co
traction ~GTO/CGTO sets!. Contractions have been mainl
used in the inner core region which is irrelevant for calcu
tions of the electric field gradient at Rb. In the valen
region both the F (@15s11p4d/7s7p2d#) and CI
(@18s14p6d/10s8p3d#) GTO/CGTO sets are completel
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uncontracted and offer sufficient flexibility for the prop
description of the polarization of the density distribution
RbF and RbCl. In order to verify the flexibility of the con
tracted Cl basis set, we have also carried out some calc
tions with its fully uncontracted counterpart.

The complementary calculations for NaF and NaCl ha
been carried out with a fully uncontracted basis set of
generated in a similar way as that for Rb. The init
(17s10p) GTO set of Huzinaga and Klobukowski has be
extended to (18s11p6d4 f ) by adding one diffuses-type
function (z50.009 079 5), one diffusep-type function (z
50.113 064 50), a set of sixd-type functions (z
520.068 482, 8.484 485 0, 3.584 967 5, 1.513 629
0.639 997 38, and 0.259 116 91!, and a set of fourf-type
functions (z58.484 485 0, 3.584 967 5, 1.513 629 3, a
0.639 997 38!. This GTO set is different from the one used
earlier calculations ofqNa in NaF and NaCl@19#. However,
this set is fully compatible with that of the rubidium ato
and with the GTO set used for potassium@20#.

In NR CC and DK CC calculations, the number of expli
itly correlated electrons was equal to 16, 24, 26, and 26
NaF, NaCl, RbF, and RbCl. This means that for NaF a
NaCl only the 1s core electrons of Na and the halogen ato
were left uncorrelated at the level of the CCSD(T) approxi-
mation. In the case of RbF the uncorrelated electrons
those of theK, L, 3s, and 3p shells of Rb and the 1s shell of
F. In RbCl both theK andL shells of Cl are not correlated
To account for the electron correlation contribution due
energetically deeper shells, all-electron MBPT2 calculatio
have been carried out. The contribution of inner shells is t
estimated as the difference between MBPT2 results for
electrons and those with the same number of correlated e
trons as in the given CCSD(T) run. This approach has bee
used in several of our earlier calculations@20,30,32#, and
found to be satisfactorily accurate.

The perturbation strength values for the electric-field g
dient perturbation in finite field perturbation calculations
NaF and NaCl were taken as equal to60.0001 a.u. Slightly
smaller values of60.00005 a.u. are used for RbF and RbC
In all calculations these values of the perturbation stren
parameter give at least three stable decimals in the calcu
electric-field gradients. In the case of the PCNQ model
nuclear quadrupoles have been placed as suggested in
@9# with resulting nuclear quadrupole values of60.05
31026 and60.131026. The accuracy of the numerical dif
ferentiation scheme has been checked at the level of no
ativistic calculations by comparing the results of the PCN
model with those obtained in the finite-field perturbati
scheme. The results are in complete agreement throug
least three decimals.

The main part of our calculations has been carried ou
the experimental values of the equilibrium bond distan
i.e., 3.639 514 a.u. for NaF, 4.461 258 a.u. for Na
4.290 309 a.u. for RbF, and 5.340 928 a.u. for RbCl@40#. The
derivatives ofqX have been obtained from the quartic fit
the qX values computed atRe , Re60.025 a.u. andRe
60.05 a.u. All these results correspond to the level of
DK MBPT2 approximation with all electrons correlated. Th
values of the vibrational termq1 of Eq. ~4! are quite small
and computing them at higher levels of theory does not se
to be necessary. Finally, let us mention that the softw
la-
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used in present calculations is theMOLCAS system of quan-
tum chemistry programs@42# and the set of CC program
TITAN @43#.

III. RESULTS AND DISCUSSION

A. Electric-field gradients at Rb in RbF and RbCl

The main results of our calculations of the electric-fie
gradient at Rb in RbF and RbCl are presented in Tabl
Both the nonrelativistic and relativistic DK results are i
cluded. The pattern of the electron correlation contribution
qRb is similar to that observed in calculations ofqK in KF
and KCl @20#. The major part of the electron correlation e
fect is accounted for at the level of the second-order theo
It also follows from the comparison of the MBPT2, CCSD
and CCSD(T) data that the remarkably good performance
the MBPT2 approach is to some extent due to some mu
cancellations between different higher-order contributio
There seems to be no way to prove that the CCSD(T) result
comes close to the limits of the electron correlation con
bution to qRb. However, all experience with the results
this method indicates that its results are of exceptionally h
quality @24,26#. One should also note that the error of abo
10% in the calculated electron correlation contribution toqRb

will lead to an order of magnitude smaller error in the fin
result. Hence improving upon the method of calculation
the electron correlation contribution toqRb is not expected to
change the total computed values of this property sign
cantly.

The relativistic effect on the electric field gradient at Rb
definitely not negligible. Most of it is accounted for at th
level of the SCF HF approximation. The total relativist
effect on the electron correlation contribution toqRb, i.e., the
effect of the interference between the bare nucleus relati
tic terms and the Coulomb interaction between electrons
very small for both molecules. One should remark that
calculations carried out in this study have been perform
with the spin-free formulation of the DK theory@34#. Hence
all our results neglect the effect of the spin-orbit coupli
terms. However, it is rather unlikely that these terms m
significantly contribute toqRb in almost completely ionic
systems like RbF and RbCl. In support of this conclusion o
should mention that in CsF the estimated spin-orbit con
bution to the electric-field gradient at Cs amounts to o
20.0046 a.u.@21#. The leading part of this contribution i
proportional to the square of the nuclear charge, and th
fore should be an order of magnitude smaller in RbF~RbCl!.

If the calculated results forqRb are to be used to obtain
reliable values ofQ(Rb), some assessment of their accura
becomes of primary importance. Being convinced that th
is no major fault on the side of methods used to compute
electron correlation and relativistic contributions, the ma
attention should be focused on some technical aspects o
calculations. One of the common mistakes in quantu
mechanical calculations for molecules is the use of insu
ciently saturated basis sets. To rule out the possibility t
the basis set devised for Rb and those used for F and C
insufficiently flexible for the purpose of the accurate calc
lation of qRb, we have carried out an extensive series
different tests. Most of the corresponding discussion will
presented for the RbCl molecule, for which the basis



rium

he

ons.
ethod,

PRA 60 3579NUCLEAR QUADRUPOLE MOMENTS FROM MOLECULAR . . .
TABLE I. Calculations of the electric-field gradient at Rb in RbF and RbCl at the molecular equilib
bond distance. All entries in a.u.

RbF RbCl
Method/Contribution NR DK NR DK

SCF HF/CC contributionsa

SCF 21.342 21.407 21.015 21.062
MBPT2 10.106 10.116 10.056 10.062
MBPT2~all!b 10.095 10.104 10.048 10.054
CCSD 10.074 10.074 10.040 10.044
CCSD~T! 10.103 10.103 10.054 10.058
CCSD~T!~est.!c 10.092 10.091 10.046 10.050
Nuclear 10.228 10.223

Total electronic and nucleard

CCSD~T! 21.011 21.077 20.743 20.781
CCSD~T!~est.!c 21.022 21.089 20.751 20.788
Vibrational correction terme

q1 10.013 10.007

aContributions calculated at the given level of approximation.
bAll electrons correlated. The difference between the MBPT2~all! and MBPT2 results is used to estimate t
electron correlation contribution due to the deep core electrons.
cEstimated from the calculated CCSD~T! results and the MBPT2 contribution due to the deep core electr
dThe total values are the sum of the SCF HF result, the electron correlation correction by the given m
and the nuclear contribution.
eSee Eq.~4!.
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truncation effects are likely to be more important than
RbF.

The choice of basis sets made in the present stud
based on the ionic model of the two rubidium halides. T
halide ion is merely the source of the inhomogeneous elec
field which introduces some asymmetry in the charge dis
bution around the Rb nucleus. Within such a model the
scription of the halide ion does not need to be highly ac
rate, and one can possibly use relatively small contrac
basis sets. To check if the Cl basis set contraction prov
enough flexibility and properly accounts for the electron
structure of the RbCl molecule, we have performed SCF
calculations with completely uncontracted, i.e., (18s14p6d),
GTO basis set of Cl. With such a basis set the nonrelativi
SCF HF result forqRb is 21.014 a.u., as compared t
21.015 a.u. calculated with the contracted set. In the cas
RbF a similar calculation does not bring any changes wit
the number of reported decimals. Thus one concludes
the basis set contraction effect is unlikely to significan
affect the values ofqRb presented in Table I.

Although RbF and RbCl are almost purely ionic speci
the valencep-type orbitals of Rb can still make some cont
bution to the electric-field gradient at Rb. Since the basis
of Rb used in our studies has been generated under th
sumption of a highly ionic character of the two molecules
may not be flexible enough in the diffusep part. This has
been checked by performing nonrelativistic all electr
MBPT2 calculations with the Rb basis set augmented w
three diffuse p-type functions (z50.032 327 59,
0.014 623 52, and 0.006 615 01!. For RbCl such an extensio
makesqRb more negative by 0.004 a.u. at the SCF HF lev
Simultaneously the MBPT2 all-electron correlation contrib
tion becomes more positive by 0.003 a.u. than the re
given in Table I. Thus, the net effect of the Rb basis
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extension is of the order of10.001 a.u., and will not produce
any major change of the calculated value ofqRb in RbCl. The
same must obviously hold for the RbF molecule whose io
character is even more pronounced than that of RbCl.

Another possible source of inaccuracies in the calculat
of qRb is the treatment of the electron correlation contrib
tion due to deep core electrons. One may speculate that t
will be some polarization of the 3s and 3p shells of Rb
which may not have been properly accounted for at the le
of the MBPT2 approximation. To check the validity of th
present treatment of the electron correlation contributio
due to these shells of Rb, we have carried out DK CCSDT)
calculations ofqRb in RbCl for 42 explicitly correlated elec
trons. This means that the DK CCSD(T) treatment was ex-
tended to theL shell of Cl and the 3s and 3p shells of Rb.
The contribution of theK andL shells of Rb and theK shell
of Cl has been accounted for at the level of the DK MBP
approximation. The final estimate obtained from these ca
lations isqRb520.785 a.u., i.e., it differs from that given in
Table I only by20.003 a.u. In calculations of the nuclea
quadrupole moment such a difference would result in
change ofQ(Rb) by about 0.4%. Hence, extending the e
plicit high-level treatment of the electron correlation cont
bution toqRb to deeper electronic shells will not produce a
considerable changes in the calculated value ofQ(Rb).

All relativistic DK results of Table I have been obtaine
by using the PCNQ model@9#, whose accuracy depends o
the choice of charges which simulate the nuclear quadrup
In order to verify the accuracy of the numerical differenti
tion of energies obtained with finite nuclear quadrupoles,
have used some higher values of the charges distrib
around the Rb nucleus. The results have been found st
through the third decimal place.
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TABLE II. Calculations of the electric-field gradient at Na in NaF and NaCl at the molecular equilib
bond distance. All entries in a.u.

NaF NaCl
Method/Contribution NR DK NR DK

SCF HF/CC contributionsa

SCF 20.755 20.756 20.634 20.634
MBPT2 10.037 10.038 10.020 10.020
MBPT2~all!b 10.037 10.037 10.020 10.020
CCSD 10.027 10.027 10.016 10.014
CCSD~T! 10.034 10.034 10.020 10.018
CCSD~T!~est.!c 10.034 10.033 10.020 10.018
Nuclear 10.373 10.383

Total electronic and nucleard

CCSD~T! 20.348 20.349 20.232 20.233
CCSD~T!~est.!c 20.348 20.349 20.232 20.233
Vibrational correction terme

q1 10.007 10.003

aContributions calculated at the given level of approximation.
bAll electrons correlated. The difference between the MBPT2~all! and MBPT2 results is used to estimate t
electron correlation contribution due to 1s cores of the two atoms.
cEstimated from the calculated CCSD~T! results and the MBPT2 contribution due to 1s cores of the two
atoms.
dThe total values are the sum of the SCF HF result, the electron correlation correction by the given m
and the nuclear contribution.
eSee Eq.~4!.
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Additional support to the validity of the calculated data
also given by our experience with similar systems. Our
cent calculations on KF and KCl@20# gave values ofQ(39K)
resulting from the microwave spectra of the two molecu
within 1 mb. The similar holds also in the case of the det
mination of Q(73Ge) from the spectroscopic data for Ge
and GeS@22#. All these data combined with the tests di
cussed in this section indicate that the DK CCSD(T) ap-
proach should be sufficiently reliable for calculations p
formed within the present study.

B. Electric-field gradients at Na in NaF and NaCl

In addition to calculating the molecular value of th
nuclear quadrupole moment of Rb, the objective of
present study is also to complete the list of molecular val
of the nuclear quadrupole moment for the alkali-metal n
clei. Most of these data are already available, although s
of them have been obtained by using computational meth
ology which to some extent differs from the one used in t
paper. The use of a uniform computational strategy beco
essential in the case of discrepancies between molecular
ues ofQ and those derived from other sources. This is
case of the electric quadrupole moment of the23Na.

The molecular value ofQ(23Na) has been has been dete
mined by Pyykko¨ and one of the present authors@19# from
the qNa data calculated for NaF and NaCl. Although the
molecular results have been obtained at the level of
CCSD(T) approximation, the basis set design was consid
ably different from that used in the present case and in
case of our recent calculations for KF and KC@20#. Hence,
in view of the existing discrepancy between different resu
for Q(23Na) @19,44–47# and quite successful molecular ca
-
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culations forQ(39K), it appeared worthwhile to repeat ca
culations ofqNa in NaF and NaCl in exactly the same fram
work as used for the other molecules. This will giv
molecular values ofQ for Na, K, and Rb derived in essen
tially the same way, and will facilitate the discussion of o
results forQ(Rb).

The main difference between the earlier calculations@19#
of qNa in sodium halides and analogous calculations for p
tasium and rubidium halides is the generation of GT
CGTO basis sets. In the earlier study the Na basis set
partly contracted and the GTO/CGTO sets of F and Cl
cluded thef-type functions@19#. The Na basis set devised fo
present calculations is fully uncontracted, i.e., it should ha
a similar flexibility as the sets used for K@20# and Rb. On
the other hand, the GTO/CGTO sets for F and Cl used in
study are limited tos-, p-, andd-type functions, and may no
be as flexible as the sets used in the earlier study of NaF
NaCl @19#.

The results of present calculations with basis sets
scribed in Sec. II are summarized in Table II. The pattern
the electron correlation contribution toqNa follows that al-
ready discussed forqRb. The relativistic contributions are fo
both molecules almost completely negligible. For NaF t
total DK CCSD(T) value ofqNa, including the MBPT2 es-
timate of the contribution due to 1s2 shells of the two atoms
is equal to20.349 a.u., and compares very well with th
earlier result~20.347 a.u.@19#!. The present DK CCSD(T)
value of the total electric-field gradient at Na in NaCl
exactly the same as that given in Ref.@19#. Hence, in spite of
certain methodological differences, our results forqNa in
NaF and NaCl are fully compatible with those of the earl
study. One should also mention that the earlier results forqNa
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TABLE III. ‘‘Molecular’’ values of the electric quadrupole moment of the85Rb and87Rb nuclei derive
from the microwave data for RbF and RbCl and electric-field gradients calculated in this study.

nQ(v)a,b

~in MHz!
Source ofnQ(v)a qRb(v)c

~in a.u.!
Isotope Q~Rb!

~in mb!

270.341 85Rb19F, v50 21.082 85Rb 276.4
269.555 85Rb19F, v51 21.071 85Rb 276.5
268.779 85Rb19F, v52 21.058 85Rb 276.5
268.013 85Rb19F, v53 21.046 85Rb 276.7
267.259 85Rb19F, v54 21.034 85Rb 276.8

70.739 85Rb19F, Re
d 21.089 85Rb 276.4

Recommended 85Rb 276e

234.031 87Rb19F, v50 21.082 87Rb 133.7
233.684 87Rb19F, v51 21.071 87Rb 133.9
233.336 87Rb19F, v52 21.058 87Rb 134.0
233.336 87Rb19F, Re

d 21.089 87Rb 133.7
Recommended 87Rb 134e

252.675 85Rb35Cl, v50 20.784 85Rb 286
252.306 85Rb35Cl, v51 20.777 85Rb 286
251.903 85Rb35Cl, v52 20.770 85Rb 287
252.884 85Rb35Cl, Re

d 20.788 85Rb 286
Recommended 85Rb ?e

225.485 87Rb35Cl, v50 20.784 87Rb 138
Recommended 87Rb ?e
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Taken from Ref.@5#.
bThe inaccuracies of the experimental data given in Ref.@5# do not influence the quadrupole moment values
as reported in this table.
cThese values correspond to the DK CCSD~T! approximation with the MBPT2 correction for the core
contribution and the appropriate vibrational correction. See Table I.
dExperimental estimate ofnQ at the equilibrium bond distanceRe .
eSee text.
in NaF and NaCl have been obtained only at the equilibri
bond distances and do not include vibrational correctio
The vibrational correction terms are, however, quite sm
~see Table II!.

According to the present results for NaF and NaCl, o
can conclude that the diminished flexibility of the F and
basis sets and the improved flexibility of the Na set are
sentially of no importance for the calculated values of
electric-field gradient at Na. It follows from our earlier da
for KF and KCl and from the present basis set analysis
the spd sets of F and Cl are flexible enough for accura
calculations ofq at the alkali-metal atom in the studied seri
of the alkali-metal halides. Obviously their flexibility woul
be insufficient if we intended to calculate the field gradie
at the halide nuclei. From the point of view of the alka
metal atom in highly ionic halides, the halide ion is mainly
source of the inhomogeneous electric field which polari
the density distribution in the vicinity of the alkali-metal ion
The covalent character of the metal-halide bond is less
portant, and can be well enough described in relatively sm
basis sets.

C. Electric quadrupole moments of the Rb and Na nuclei

The calculation of the electric quadrupole moment of
Rb nucleus is the main objective of this study, and the c
responding results are presented in Table III. The value
Q(85Rb) derived from the data for RbF is in the range 27
s.
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277 mb, and agrees with one of the two recommended va
of the nuclear data tables (27462 mb) @10# which follows
from atomic measurements of Feiertag and zu Pulitz@11#.
This agreement shows that the other value ofQ(85Rb) given
in these tables (26362 mb) @12,13# is most likely too low.
One should point out that theQ(85Rb) values derived by
Feiertag and zu Pulitz@3,11# from the spectra of differen
low-lying 2P3/2 excited states of the rubidium atom are co
sistently close to about 275 mb with estimated error bars
few mb. For the87Rb isotope the present molecular value
Q derived from the RbF data~about 134 mb, Table III! also
agrees with the experimental atomic results@3,13# which are
in the range 131–133 mb with the estimated error of abou
mb @13#.

If our conclusions were based solely on theQ(85Rb)
value derived from the data for RbF the present calculati
would lead to the recommended molecular value of the e
tric quadrupole moment of the85Rb nucleus equal to abou
276 mb. According to the analysis presented in Sec. III
the error bars, which result from different approximatio
involved in calculations ofqRb, are unlikely to exceed abou
1–2 mb. However, this is clearly contradicted by the res
derived from the microwave data for RbCl; the value
Q(85Rb) predicted from these data and the calcula
electric-field gradient turns out to be by about 10 mb high
than the value derived from the RbF data. Although the d
ference between the nuclear quadrupole moments der
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from the data for RbF and RbCl amounts to only about
one would not expect it to be that large. The experimen
atomic result (13269 mb) @13# for the 87Rb isotope is not
very helpful because of rather large error bars; both mole
lar values of Q(87Rb) determined in this study are we
within the estimated error of the experimental data.

The strategy used in our earlier calculations and follow
in the present study was to determine the molecular value
Q from the results for two different molecules@8,19,20,22#.
They were found to agree within at least 1% or better. In
present case there is hardly any substantiated reason t
pect that there is some major fault in our calculations ofqRb

in RbCl. These calculations are essentially similar to th
which have been carried out recently for KCl. In the lat
case the difference between theQ(39K) values derived from
the KF and KCl data was less than 1 mb; the value
Q(39K) determined from the KCl data has been found m
ginally smaller than that derived from the KF quadrupo
coupling constant@20#. There is no whatsoever indicatio
that the electric-field gradients calculated for chlorid
should be less accurate than those for fluorides. This is
confirmed by the present results forQ(23Na) displayed in
Table IV.

When discussing the possible sources of a rather la
deviation between theQ(85Rb) values determined from mo
lecular data for RbF and RbCl, one may finally consider
possibility that the experimental values of the nuclear qu
rupole coupling constants are not as accurate as claime
particular, the85Rb and87Rb coupling constants reported fo
RbCl are based on rather old measurements@17#. Their de-
termination from the observed microwave spectra of Rb
involved several approximate assumptions in the fitting p
cedure. It would be worthwhile to repeat both the measu
ments and the determination of the Dunham-type series
the quadrupole coupling constant.

TABLE IV. ‘‘Molecular’’ values of the electric quadrupole mo
ment of the23Na nucleus derived from the microwave data for N
and NaCl and electric-field gradients calculated in this study.

nQ(v)a,b

~in MHz! Source ofnQ(v)a
qNa(v)c

~in a.u.!
Q(23Na)
~in mb!

28.4401 23Na19F, v50 20.346 103.9
28.3279 23Na19F, v51 20.339 104.5
28.2205 23Na19F, v52 20.332 105.3
28.4980 23Na19F, Re

d 20.349 103.6
25.6169 23Na35Cl, v51 20.228 104.6
25.5614 23Na35Cl, v52 20.225 105.1
25.4960 23Na35Cl, v53 20.222 105.4

Recommended 104e

aTaken from Ref.@5#.
bThe inaccuracies of the experimental data given in Ref.@5# influ-
ence only marginally the quadrupole moment values reported in
table and are not taken into account.
cThese values correspond to the DK CCSD~T! approximation with
the MBPT2 correction for the core contribution and the appropr
vibrational correction. See Table II.
dExperimental estimate ofnQ at the equilibrium bond distanceRe .
eSee text.
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The present values ofQ(Rb) derived from the experimen
tal and theoretical data for RbF agree quite well with tho
obtained from atomic spectra@3#. Thus, we consider the
Q(Rb) results which follow from the RbCl data as bein
significantly too high. The recommended molecular valu
of Q(85Rb) andQ(87Rb) presented in Table III are therefor
based on the RbF data and equal to about 276 and 134
respectively. The error bars of these values, though ra
uncertain, are expected to be of the order of 1–2 mb. In v
of relatively small differences between the theoretical m
lecular and atomic data forQ(K) @20,48# and consistent mo-
lecular results forQ(Na) @19# ~see also Table IV! this esti-
mate of inaccuracies is rather conservative.

There were two main reasons for the repeated calcula
of the electric quadrupole moment for the23Na nucleus. One
of them was to defend the earlier molecular result. Anot
one was to support the recent atomic calculations@46#, which
indicate that the so-called muonic value ofQ(23Na) is too
low @44#. The earlier molecular value~104.2 mb! @19# has
been found to be higher by about 4 mb than the result
rived from the muonic experiment~100.6 mb! @44#, which is
believed to be accurate within62.0 mb. The atomic value
(107.162.1 mb) of that time@45# was higher by about 3 mb
than the value derived from molecular spectra. Howev
more recent improved atomic calculations of Jo¨nssonet al.
@46# have lead to the reduction of the difference betwe
atomic and molecular values ofQ(23Na) to about 1.4 mb,
indicating that the muonic result may not be as accurate
expected@44,46#. One should also add that the molecul
value of Q(23Na) of Ref. @19# is in perfect agreement with
much earlier atomic value of Salomonsson and Ynnerm
~104.2 mb! @49#. To add to this variety of supposedly acc
rate data from Ref.@47#, whose authors recently carried o
relativistic many-body calculations of hyperfine constants
the sodium atom and derived another atomic value
Q(23Na) equal to 101.461.1 mb, almost matching that ob
tained in the muonic experiment.

The present molecular calculations, in spite of so
methodological differences as compared to the earlier st
@19#, fully confirm the validity of the earlier result. Accord
ing to the data of Table IV, the present most reliable value
Q(23Na) is that derived from the quadrupole coupling co
stant of NaF at the experimental equilibrium bond length a
the corresponding result forqNa; these data do not suffe
from inaccuracies involved in approximate calculations
the vibrational correction term. The equilibrium value of th
quadrupole coupling constant for NaCl is not available@5#.
However, the pattern of changes observed for NaF indica
that theQ(23Na) value, which would follow from the quad
rupole coupling constant atRe , would be a little below 104.
This leads to the recommended molecular value ofQ(23Na)
equal to about 104 mb, i.e., the same value as estimate
the earlier molecular study@19#.

Combined with the improved atomic calculation by Jo¨ns-
son et al. @46#, this results supports the conclusion of the
authors that the muonic result forQ(23Na) is too low. The
value ofQ(23Na) derived in Ref.@47# is rather close to the
muonic result. However, the calculations of these auth
neglected the contribution of triple excitations. There is
easy way to estimate the effect of these excitations on
atomic hyperfine constant. If we neglected the contribut
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TABLE V. Electric quadrupole moments of alkali-metal nuclei. A comparison of different data.
values ofQ in mb.

Method of determination/Source
Nucleusa Molecular Atomic Other methodsb Recommended

7Li 40.1c 4166d 40.360.6e 40.1c

23Na 104f 105.6g 100.662.0h 104–105i

101.461.1j

39K 58.5k 60.161.5l 59.561m

85Rb 276n 273624270617o 276p

133Cs 23.43q 22.8, 23.361.0, 23.7r 23.4–23.7s

223Fr 1170610t

aThe corresponding values for other isotopes can be derived from the known isotopic ratios of the n
quadrupole moment. See Refs.@3,5,7,8,20#.
bA very complete list of nuclear quadrupole moments can be found in Refs.@1,10#. However, most of these
data are of very poor accuracy.
cRecommended value based on the microwave data for LiH, LiF, and LiCl and computed electri
gradients at Li@7,8,50#. See also Refs.@2,10#.
dIn spite of very accurate theoretical data@51# for the electric-field gradient at Li the atomic value is high
uncertain because of the inaccuracy of the experimental hyperfine splitting constant in the2P state@3,52#.
eThe so-called ‘‘nuclear’’ value derived from nuclear scattering experiments@53#.
fThis paper. See also Ref.@19#.
gReference@46#. See text.
hMuonic experiment~Ref. @44#!. See text.
iBased on present calculations and atomic results of Jo¨nssonet al. @46#. Molecular results are consistentl
close to the lower valve.
jReference@47#. See text.
kRecommended value based on the microwave data for KF and KCI and the calculated electric field gr
at K ~Ref. @20#!.
lReference@48#.
mBased on molecular data of Ref.@20# and atomic data of Ref.@48#. A certain preference is attached to th
lower value determined from molecular calculations.
nThis paper. See text and Table III.
oThe experimental atomic values derived from hyperfine splitting constants in different2P3/2 states of Rb. See
Ref. @3#.
pBased on calculations of this paper and analysis of different atomic data. See text.
qCalculated from the microwave data for CsF and the computed electric field gradient at Cs~Ref. @21#!.
rSpectroscopic data from different sources whose accuracy is low and quite uncertain. See Ref.@3#. The
newest value ofQ ~23.7 mb! reported by Tanner and Wieman@54# is believed to be accurate within abou
4%.
sEstimated from molecular and atomic data with preference of the molecular value.
tReference@55#. See text.
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of triple excitations in our molecular calculations then@cf.
the CCSD and CCSD(T) data of Table II#, this would lead to
the total~DK electronic and nuclear! qNa values in NaF and
NaCl equal to20.356 and20.233 a.u., respectively. Henc
the value ofQ(23Na) would be lowered to about 102 mb, an
would be in agreement with the result obtained in Ref.@47#
in atomic relativistic SD calculations. This indirectly show
that indeed including the effect of triple excitations is need
for the improvement of the accuracy of the atomic value
Q(23Na) derived by these authors. Most likely such atom
calculations would bring complete agreement betwe
atomic and molecular values ofQ(23Na), and favor them
over the experimental muonic value.

Finally, let us also point out that the molecular results
Q(23Na) derived in this paper from two different sources a
fully compatible with each other, and essentially the same
the earlier value@19#. In view of the discussion of differ-
d
f
c
n

r

s

ences between the two calculations the agreement betw
these results also supports the conclusion that the comp
electric-field gradients in fluorides and chlorides should be
approximately the same accuracy. One would therefore
pect that theQ values for Rb derived from RbF and RbC
should be close to each other. The observed differences~see
Table III! are likely to by attributed to the inaccuracy of th
old value of the quadrupole coupling constant derived fr
the microwave spectra of RbCl.

IV. ELECTRIC QUADRUPOLE MOMENTS
OF THE ALKALI-METAL NUCLEI

The present determination of molecular values forQ(Rb)
and the repeated determination of the nuclear quadru
moment of sodium, combined with the earlier results
lithium @7,8# and potasium@20# and the very recent molecu
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lar data for cesium@21#, complete the list of the correspond
ing molecular data for all stable alkali-metal nuclei. Thus
summary of these data and their comparison with those
tained from other sources appears to be both useful
timely. Such a comparison is presented in Table V.

The 7Li nuclear quadrupole moment appears to be w
established, and the agreement between the nuclear sc
ing @2,53# and molecular@7,8,50# values is quite satisfactory
It is worthwhile to recall that this agreement has been at le
partly achieved due to molecular calculations@7,50# which
indicated that the earlier experimental and theoretical nuc
values must be incorrect@7,50#. Also the atomic@46# and
molecular@19# results for23Na and39K seem to have con
verged within about 1 mb. The results of the present pa
fully confirm the earlier molecular result for23Na.

The present molecular determination of the nuclear qu
rupole moment of85Rb combined with the analysis of th
atomic data strongly suggests that its value should be
about 276 mb. The error bars for this result should be of
order of 1 mb, as one would expect from the molecular d
for other nuclei. The higher value of the quadrupole mom
of 85Rb derived from the microwave data for RbCl appe
to indicate that the corresponding quadrupole coupling c
stant suffers from some inaccuracies. A new measureme
its value would most likely lead to the resolution of th
problem.

The nuclear quadrupole moment of133Cs is quite small,
and its determination from molecular data for CsF is b
lieved to have error bars of the order of about 3%@21#.
Similar error bars are also expected for the atomic value
Tanner and Wieman@54#. Both these data lead to the es
mated value of the nuclear quadrupole moment of133Cs
given in Table V.

With the present methods for high-level-correlated re
tivistic calculations of electric-field gradients in small mo
ecules, the molecular determination of the nuclear quad
pole moment of Fr would be possible as well. However,
microwave data for molecules like FrF or FrCl do not se
to be available. The atomic values are known for a variety
isotopes@55#. They have been obtained by using experime
tal values of theB factor for the 2P3/2 state and the calcu
lated electric-field gradient@56#. For the most stable isotope
s.

j,

em
b-
nd

ll
ter-

st

ar

er

d-

of
e
ta
t

s
-
of

-

f

-

u-
e

f
-

223Fr, the nuclear quadrupole moment determined from th
data is claimed to have a better than 1% accuracy. Howe
the uncertainty of the calculated electric-field gradient wo
not support such a high accuracy of the atomic result
Q(Fr).

V. SUMMARY AND CONCLUSIONS

In the study reported in this paper we have perform
high-level-correlated relativistic calculations of the elect
field gradient at Rb in RbF and RbCl. By combining the
data with the spectroscopic values of the quadrupole c
pling constant in these molecules, the molecular values
the nuclear quadrupole moment of85Rb and87Rb have been
derived. A comparison of these data with those derived fr
atomic spectra leads to the molecular estimate of the nuc
quadrupole moment of85Rb as equal to about 276 mb. S
multaneously, the present analysis indicates that the exp
mental value of the nuclear coupling constant for RbCl
most likely too high by about 4% and the correspondi
measurements need to be repeated.

The present study also confirms the reliability of the e
lier molecular value of the nuclear quadrupole moment
23Na. Together with the recent atomic calculations t
present result for23Na shows that the inaccuracy of th
muonic value ofQ(23Na) is too low and less accurate tha
expected. The present results for Na and Rb combined w
the earlier data for Li and very recent molecular calculatio
of Q(39K) and Q(133Cs) complete the list of molecular dat
for stable nuclei of the alkali metals, and lead to a comp
tion of the corresponding recommended values which c
cludes this paper.
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