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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 f6iRhaucleus 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 RbCI
molecule is in error. The present calculations fKa confirm the earlier molecular result for its electric
guadrupole 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 vali&H50-2947®9)07510-1

PACS numbgs): 31.15.Dv, 31.25Nj, 32.10.Dk

I. INTRODUCTION nuclear physic$10] has been derived from microwave spec-
tra of LiH, LiF, and LiCl and accurately calculated electric-
Among a variety of sources of nuclear quadrupole mo-ield gradients at L{7,8].

ment data, nuclear scattering experiments and theoretical The determination of nuclear quadrupole moments from
models of nuclei do not seem to be particularly religdlg]. ~ molecular microwave data is based on the relation between
Traditionally most of these data follow from measurementghe nuclear quadrupole coupling constant and the electric
of hyperfine splittings in atomic spectfa,3], and their ac- quadrupol_e moment pf the nucleus. In the case of a linear
curacy can be strongly affected by the precision of measurdlolecule in the vibrational state and with a single quadru-
ments[3]. With increasing accuracy of molecular calcula- Polar nucleusx, the corresponding equation reads:
tions yet another source becomes accessible. This alternative Xy —
source of accurate values of the electric quadrupole moments rQlv) = eq(V)Q(X), @

of nuclei is given by the microwave spectra of moleculesyhere g* is the axial(za component of the total electric-
[4,5]. field gradient at the nuclewé Thus the “molecular” values
The nuclear quadrupole coupling constarfi$4,5] due to  of the nuclear quadrupole moment Xffollow from

a quadrupolar nucleuX can be determined with high accu-

racy from splittings in rotational spectra in molecules. Al- Vé(v)

though a fitting procedure is involve8], the derived values QX)= 234.9647%(v)’ @

of vé usually surpass the corresponding atomic d&fain

their accuracy. The determination of the nuclear electriavhereq®(v) is assumed to be in atomic units of the electric-

guadrupole momen®(X) from molecular data forué re- field gradient, and the frequen@%(v) is measured in MHz.

quires, however, knowledge of the accurate value of th&he resulting value ofQ(X) is then given inb (1b

electric-field gradient aX [4,5], and for decades this was the =10 ?®m?). Since the quadrupole coupling constants are

major obstacle. For this reason early attempts to derivérequently known with relatively high accuradysually bet-

nuclear quadrupole moments from the measured values oér than 0.1% the main attention is focused on an accurate

vé were only partly successf{i6]. Developments in compu- enough calculation of*. This makes the spectroscopic data

tational methods of quantum chemistry have made feasibléor diatomic molecules of obvious preference.

the calculation of molecular electric-field gradients of suffi- In this study the molecular approach is used for the deter-

ciently high accuracy, and the nuclear quadrupole couplingnination of the nuclear quadrupole moment of t#igb and

constants became a highly competitive source of reliabld’Rb. There are several values @(°Rb) available from

data for nuclear quadrupole momefizs7—9. One should atomic measurements. The measurements on thg {B,,)

remark that the most accurate value of the electric quadrwstate[11] gave, with the Sternheimer correcti¢h2] and

pole moment of théLi nucleus which is already accepted in spin-orbit perturbation, the value of 222 mb. A similar
measurement on the pd,?P;,) state resulted, with the
same set of corrections, in the value of 273mb[11]. The

*Permanent address. same authors derived th@(®°Rb) values from the data for
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the (7p*,2P3;) and (&, %Py, of the Rb atom as equal to Q(Rb). The heavier systems like RbBr and Rbl, for which
272£6 and 27G¢:17mb, respectively[11]. Hence the the values ofv’ are available[5], would certainly pose
atomic values cover the range from about 253 to 287 mbsome computational problems in the determination of accu-
with preference given to the results obtained from measuremte values of the electric-field gradient at Rb, and for this
ments on low-lying excited statd8]. The data for the ex- reason are dismissed in this study as the possible molecular
cited states (B*,’P3y), (6p*,°Psp), (7p*,*P3p), and  sources ofQ(Rb).
(8p*,?Pg,) for ®'Rb gave a value oR(*'Rb) equal to 132 In the present paper the main attention will be therefore
*9mb([8,13. focused on the RbF molecule. The methods used to compute
As a matter of fact the error bars of the atomic data arghe electric-field gradient at Rb are briefly surveyed in Sec.
difficult to establish. They should combine both the inaccu-||, and accompanied by the essential computational details of
racies in the determination of tieandB constants from the  our calculations. The field gradient values obtained for RbF
atomic spectrd3] and the effect of the use of the Sternhe- and RbCI will be presented in Sec. lIl, and used to derive the
imer correction factof12]. For instance, th@(®'Rb) value  molecular results for nuclear quadrupole moment<%&b
determined from the data for the §8 °Py;,) state is be- and 8’Rb. The present study completes a series of earlier
lieved to carry an error of about9 mb[13]. Although the  determinations of nuclear quadrupole moments of the alkali
Sternheimer correction factor works extremely well, its valuemetal nuclei[7,8,19—21. It was therefore of interest to sur-
originates essentially from the one-electron theory of manyvey and compare them with atomic and other results. Such a
electron atoms and is subject to some critici3h Similar  comparison is presented and discussed in Sec. IV. For the
comments apply to other corrections which are commonlysake of full compatibility with the present results for Rb and
used to derive the nuclear quadrupole moments from atomigecent datg20] for K and in order to remove the possible
hyperfine splittingg3]. In particular, for heavy atoms one ambiguities we have also repeated some of our earlier mo-

should rather carefully consider the contribution due to relajecular calculations of thé*Na quadrupole momerit.9].
tivistic effects[3].

The commonly acceptetecommended‘‘atomic” val- Il. METHODS AND COMPUTATIONAL DETAILS
ues of Q(®°Rb) [10] are that of Feiertag and zu Pulitz (274 '
+2 mb)[11] and the one derived by Sternheimer and Peierls A. Computational methods

(263+2 mb) [12,14. For the®Rb isotope Feiertag and zu  The computational methods employed in this paper for
Pulitz [11] give its nuclear quadrupole moment as equal tothe calculation of the electric-field gradient at Rb in RbF and
132+1mb. The quoted error bars, though quite narrow,RpC| are essentially the same as those used in our earlier
seem to be partly based on the belief in high accuracy of thetydies of other systeni8,19,20,22 The main part of the
Sternheimer-Peierls correction scheme. As commented UpQlectronic contribution is calculated in the one-electron ap-
by Feiertag and zu Pulitzl1], the reported inaccuracies do proximation with the self-consistent field Hartree-FGSICF
not include the uncertainty of the theoretical degatimated HF) method, and then corrected for the electron correlation
at the level of about 10%11]). There are also more recent contribution by using different many-body methods. The
values ofQ(**Rb) andQ(®*'Rb) determined in laser-induced |owest level of theory corresponds to the second-order many-
optical pumping of a thermal atomic beam with magnetichody perturbation theoryMBPT2) scheme23] and is fol-
state selectioi10]. However, their accuracy (22843 and  |owed by calculations at the level of the coupled clu$@e)
130+21mb, respectivelyis rather low. There seem to be method[23,24. The CC calculations are limited to the ap-
neither direct nuclear scattering nor muonic experimentaproach with the fully iterative evaluation of the one- and
data available for either of the two isotopes of rubidium. Onexwo-body amplitude§CCSD[23,24)) and corrected pertur-
should also mention that the ratiQ(**Rb)/Q(*"Rb) has  patively for the effect of three-body terms (CCSD([24—
been independently determined from molecular microwavepg)). In the case of systems whose ground electronic state is
spectra[2.0669 (Ref. [15])], and can be used to check the far away from all other electronic states of the system, the
correctness of independently determined atomic data for thgitter approach is known to give excellent account of the
two isotopes. electron correlation contribution to energies and properties of
In comparison with the atomic hyperfine splitting data themoleculed24,26.. The CCSDT) method has also been suc-
nuclear quadrupole coupling constants Rb™F and  cessfully used in our earlier calculations of electric-field gra-
8’Rb'% are known with a very high accuracy; the error barsgients in different diatomic molecules.
amount to only a few kHz as compared to the value/@t, The rubidium atom has high enough nuclear charge that
which is of the order of several tens MH{{k6]. The results of one may expect that the relativistic contributions to proper-
Zorn et al. [16] agree very well with earlier data, and their ties of RbF and RbCl may be of some importaf2é—3(Q.
high accuracy appears to be impeccable. Among the releSince the two molecules have a closed shell structure with
tively light diatomic molecules there is also a rather old meafull quenching of the angular momentum, the spin-orbit ef-
surement ofvgb in RbCI[17]. Although the quoted accuracy fects should be negligible. The dominant relativistic contri-
of the coupling constant is not much worse than that in RbFbution should follow from the so-called scalar terms, and can
these data seem to be much less reliable. The results for Rbbe accounted for in quasirelativistic one-component approxi-
[18] would be very useful in the molecular determination of mations. For relatively light nuclei including the terms of the
Q(RDb). However, the quadrupole coupling constant for thisPauli approximatior{31,32 gives quite satisfactory results
molecule has been derived under several additional assumf28]. Much more powerful is the one-component Douglas-
tions, and its accuracy is not sufficiently high for the purposeKroll (DK) [33] approximation, which has been made into a
of comparison and/or improving upon atomic values ofroutine approximation in relativistic quantum chemistry by
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Hess[34]. At variance with the Pauli Hamiltonian, the DK rotationally averaged. To obtain the vibrational correction to
energy operator does not involve strongly singular operatorthe electric-field gradient computed at tliexperimental
and appears to possess some variational stability. When ttegjuilibrium geometry, we have used the approximate for-
DK transformation[33-35 is restricted to one-electron mula of Buckinghani39] which relates this correction to the
terms, the one-component DK calculations affect only theshape of the electric-field gradient function, i.e., to its bond
SCF HF code. It is therefore of great advantage that all cordistance(R) dependence and to spectroscopic parameters
related level calculations can be carried out with exactly the X X XX X 1
same codes as in the nonrelativistic case. Moreover, the rela- 97 (V) =0e+ Qyip~0e T A1 (V+3), 3
tivistic DK results can be directly compared with the corre- N
sponding nonrelativisti¢€NR) data. whereg, =q"(Re) and
The methods used in this study to obtain the electron cor- X 5 %
relation contribution to electric-field gradients are nonvaria- x_Be 3< 1+ %) (ai) +(a_q
tional, and in particular they do not satisfy the Hellmann- 1 we 6B2 |\ 9¢ £=0 9&*
Feynman theorem. Hence these contributions need to be
calculated as the corresponding energy derivatives with refhe symbolsw,, B., anda, denote the usual spectroscopic
spect to the perturbation strength parameter for the systegbnstant§40]in cm ?, and¢é=(R—R,)/R,. The calculation
perturbed by the electric-field gradient operd®8]. In non-  of derivatives entering Eq4) has been carried out by using
relativistic calculations reported in this paper we have used ghe finite-difference approach. Moreover, for the purpose of
finite field perturbation scheme, i.e., the electron correlatioeomputing these derivatives tigg(R) values have been cal-
energies were calculated in the presence of the electric-fieldylated at the level of the DK MBPT2 method. The inaccu-
gradient perturbation with its strength scaled by a numericaacies resulting from the use of the MBPT2 approach are
parametef28]. Then the electron correlation corrections to negligible in comparison with other factors and the overall
the electric-field gradient were evaluated as finite-differenceyccuracy of the computed values af.
approximations to the first-order derivatives of energies with
respect to that parametg?8,37. An alternative way of com-
puting these corrections is based on the point-charge nuclear
guadrupolg PCNQ model proposed in Ref9] and explored All calculations have been carried out in the algebraic
in our recent papel30]. In the nonrelativistic case the two approximation with one electron wave functions expanded
methods givewithin the limits of the numerical differentia- into atom-centered sets of Gaussian-type orbit@30O’s).
tion schemgthe same results. However, there is certain pref-They have been generated starting from the atom optimized
erence of the point-charge nuclear quadrupole momersets of Huzinaga and Klobukowskd#1]. The Rb basis set
model in the case of the relativistic approach. used in the majority of the present calculations has been
One of the problems which occur in the case of DK cal-developed from the (214p9d) set of Ref[41] based on 22
culations is that the generation of the DK Hamiltonian in-optimized GTO exponent&). This initial set has been ex-
volves the so-called change of pictliB4,38 which needs to tended by one diffusstype function {=0.006 61501), one
be taken into account when calculating the expectation valudiffuse p-type function ¢=0.08447328), one diffuse
of the electric-field gradient operator. Hence, the legitimated-type function ¢=0.348 364 25), a set of siiktype func-
way of computing either the DK SCF HF electric-field gra- tions ({=19.046 201, 8.813531 2, 4.0870321, 1.904 7425,
dient or the DK electron correlation corrections to it should0.818 20584, and 0.348 364)25and a set of twog-type
use the form of this operator transformed to the pictureGTO’s ({=8.8135312, and 4.087 032 IThe orbital expo-
which corresponds to the one-component DK Hamiltoniament for the added function has been obtained from the
[38]. A convenient way to avoid the change of picture for theassumption of the geometric progression in the initial set of
field gradient operator follows from the use of the PCNQexponents. For the other functions the selected orbital expo-
model. The small nuclear quadrupole is generated by a set ofents are taken from the initial set. The additional functions
point charges in the nearest vicinity of the nucleus undeeither make the initial set more diffuse and flexible, or they
consideration. In terms of the DK Hamiltonian, this intro- are chosen from the point of view of the maximum gain in
duces additional terms in the potential energy operator whiclthe correlation energy and electric-field-gradient-induced po-
is fully transformed to the new pictuf80,38. The calcu- larization of the density distribution. The derived basis set of
lated energies become functions of the numerical value othe form (2315p10d6f2g) has been used in its fully uncon-
the nuclear quadrupole generated in such a way and theiracted form. The effect of its further extension in the va-
derivatives with respect to its value are the expectation vallence region has also been studied, and will be discussed in
ues of the electric-field gradient with the change of pictureSec. lll.
automatically taken into accouB0]. The difference be- The atomic basis sets for F and Cl are the same as those
tween the direct calculation of the expectation value of thaused in our earlier calculations on KF and K@D]. In both
(nontransformeqfield gradient operator and the value which cases they follow from the extension of the corresponding
accounts for the picture change grows very fast with theatomic sets of Huzinaga and Klobukowski and partial con-
charge of the nucleus30]. traction (GTO/CGTO sets Contractions have been mainly
Finally, let us mention that in most cases the experimentalised in the inner core region which is irrelevant for calcula-
values ofvé are reported for certain vibrational levels rathertions of the electric field gradient at Rb. In the valence
than for the equilibrium molecular geometry. Hence the val-region both the F [(15s11p4d/7s7p2d]) and CI
ues of the electric-field gradient need to be vibrationally and[ 18514p6d/10s8p3d]) GTO/CGTO sets are completely

4

£=0

B. Details of numerical calculations
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uncontracted and offer sufficient flexibility for the proper used in present calculations is thi®LcAs system of quan-
description of the polarization of the density distribution in tum chemistry program$42] and the set of CC programs
RbF and RbCI. In order to verify the flexibility of the con- TITAN [43].
tracted Cl basis set, we have also carried out some calcula-
tions with its fully uncontracted counterpart. Ill. RESULTS AND DISCUSSION

The complementary calculations for NaF and NaCl have
been carried out with a fully uncontracted basis set of Na
generated in a similar way as that for Rb. The initial The main results of our calculations of the electric-field
(17s10p) GTO set of Huzinaga and Klobukowski has beengradient at Rb in RbF and RbCI are presented in Table I.
extended to (1811p6d4f) by adding one diffusestype  Both the nonrelativistic and relativistic DK results are in-
function ((=0.0090795), one diffus@-type function ¢  cluded. The pattern of the electron correlation contribution to
=0.11306450), a set of sixdtype functions ¢ qR°is similar to that observed in calculations g@f in KF
=20.068482, 8.4844850, 3.5849675, 1.5136293and KCI[20]. The major part of the electron correlation ef-
0.639997 38, and 0.259116)91and a set of fourf-type fect is accounted for at the level of the second-order theory.
functions (=8.4844850, 3.5849675, 1.5136293, andlt also follows from the comparison of the MBPT2, CCSD,
0.639997 38 This GTO set is different from the one used in and CCSDT) data that the remarkably good performance of
earlier calculations o§N? in NaF and NaC[19]. However, the MBPT2 approach is to some extent due to some mutual
this set is fully compatible with that of the rubidium atom cancellations between different higher-order contributions.
and with the GTO set used for potassiliz0]. There seems to be no way to prove that the CCHDésult

In NR CC and DK CC calculations, the number of explic- comes close to the limits of the electron correlation contri-
itly correlated electrons was equal to 16, 24, 26, and 26 fobution to gR°. However, all experience with the results of
NaF, NaCl, RbF, and RbCI. This means that for NaF andhis method indicates that its results are of exceptionally high
NaCl only the X core electrons of Na and the halogen atomquality [24,26]. One should also note that the error of about
were left uncorrelated at the level of the CCS(@pproxi-  10% in the calculated electron correlation contributiont8
mation. In the case of RbF the uncorrelated electrons arill lead to an order of magnitude smaller error in the final
those of theK, L, 3s, and J shells of Rb and thedshell of  result. Hence improving upon the method of calculation of
F. In RbCI both theK andL shells of Cl are not correlated. the electron correlation contribution ¢5° is not expected to
To account for the electron correlation contribution due tochange the total computed values of this property signifi-
energetically deeper shells, all-electron MBPT2 calculationgantly.
have been carried out. The contribution of inner shells is then The relativistic effect on the electric field gradient at Rb is
estimated as the difference between MBPT2 results for altlefinitely not negligible. Most of it is accounted for at the
electrons and those with the same number of correlated eletevel of the SCF HF approximation. The total relativistic
trons as in the given CCSDJ run. This approach has been effect on the electron correlation contributiond®, i.e., the
used in several of our earlier calculatiof20,30,33, and effect of the interference between the bare nucleus relativis-
found to be satisfactorily accurate. tic terms and the Coulomb interaction between electrons, is

The perturbation strength values for the electric-field gravery small for both molecules. One should remark that the
dient perturbation in finite field perturbation calculations oncalculations carried out in this study have been performed
NaF and NaCl were taken as equalt®.0001 a.u. Slightly with the spin-free formulation of the DK theof®4]. Hence
smaller values of-0.00005 a.u. are used for RbF and RbCl.all our results neglect the effect of the spin-orbit coupling
In all calculations these values of the perturbation strengtierms. However, it is rather unlikely that these terms may
parameter give at least three stable decimals in the calculatesiggnificantly contribute toq=® in almost completely ionic
electric-field gradients. In the case of the PCNQ model thesystems like RbF and RbCI. In support of this conclusion one
nuclear quadrupoles have been placed as suggested in Rehould mention that in CsF the estimated spin-orbit contri-
[9] with resulting nuclear quadrupole values df0.05 bution to the electric-field gradient at Cs amounts to only
%10 ® and+0.1x 10 8. The accuracy of the numerical dif- —0.0046 a.u[21]. The leading part of this contribution is
ferentiation scheme has been checked at the level of nonrgbroportional to the square of the nuclear charge, and there-
ativistic calculations by comparing the results of the PCNQfore should be an order of magnitude smaller in RBBCI).
model with those obtained in the finite-field perturbation If the calculated results fogR” are to be used to obtain
scheme. The results are in complete agreement through edliable values o (Rb), some assessment of their accuracy
least three decimals. becomes of primary importance. Being convinced that there

The main part of our calculations has been carried out as no major fault on the side of methods used to compute the
the experimental values of the equilibrium bond distanceelectron correlation and relativistic contributions, the main
i.e., 3.639514 a.u. for NaF, 4.461258 a.u. for NaCl,attention should be focused on some technical aspects of our
4.290 309 a.u. for RbF, and 5.340 928 a.u. for RBIOl. The  calculations. One of the common mistakes in quantum-
derivatives ofg* have been obtained from the quartic fit to mechanical calculations for molecules is the use of insuffi-
the g* values computed aR., R.+0.025a.u. andR. ciently saturated basis sets. To rule out the possibility that
+0.05a.u. All these results correspond to the level of thehe basis set devised for Rb and those used for F and Cl are
DK MBPT2 approximation with all electrons correlated. The insufficiently flexible for the purpose of the accurate calcu-
values of the vibrational termq; of Eq. (4) are quite small lation of qR°, we have carried out an extensive series of
and computing them at higher levels of theory does not seerdifferent tests. Most of the corresponding discussion will be
to be necessary. Finally, let us mention that the softwar@resented for the RbCI molecule, for which the basis set

A. Electric-field gradients at Rb in RbF and RbCI
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TABLE I. Calculations of the electric-field gradient at Rb in RbF and RbCI at the molecular equilibrium
bond distance. All entries in a.u.

RbF RbCI
Method/Contribution NR DK NR DK
SCF HF/CC contributiorfs
SCF —1.342 —-1.407 —-1.015 —1.062
MBPT2 +0.106 +0.116 +0.056 +0.062
MBPT2(all)® +0.095 +0.104 +0.048 +0.054
CCsD +0.074 +0.074 +0.040 +0.044
CCsOT) +0.103 +0.103 +0.054 +0.058
CCSDT)(est)® +0.092 +0.091 +0.046 +0.050
Nuclear +0.228 +0.223
Total electronic and nuclehr
CCsOT) —-1.011 -1.077 —-0.743 —-0.781
CCSOT)(est)© -1.022 —-1.089 —-0.751 —0.788
Vibrational correction terfm
a, +0.013 +0.007

@Contributions calculated at the given level of approximation.

bAll electrons correlated. The difference between the MBRIRand MBPT2 results is used to estimate the
electron correlation contribution due to the deep core electrons.

°Estimated from the calculated CCSD results and the MBPT2 contribution due to the deep core electrons.
9The total values are the sum of the SCF HF result, the electron correlation correction by the given method,
and the nuclear contribution.

€See Eq.(4).

truncation effects are likely to be more important than forextension is of the order of 0.001 a.u., and will not produce
RbF. any major change of the calculated valugBf in RbCI. The

The choice of basis sets made in the present study isame must obviously hold for the RbF molecule whose ionic
based on the ionic model of the two rubidium halides. Thecharacter is even more pronounced than that of RbCI.
halide ion is merely the source of the inhomogeneous electric  Another possible source of inaccuracies in the calculation
field which introduces some asymmetry in the charge distrinf oR® s the treatment of the electron correlation contribu-
bution around the Rb nucleus. Within such a model the defion que to deep core electrons. One may speculate that there
scription of the halide ion does not need to be highly accuyi;| pe some polarization of the 8and P shells of Rb

rate, and one can possibly use relatively small contractegioy, may not have been properly accounted for at the level

basis sets. To check if the Cl basis set contraction provide&c the MBPT2 approximation. To check the validity of the
enough flexibility and properly accounts for the electronic !

structure of the RbCl molecule, we have performed SCF H%Leesteonf[hté::tgﬂlts ?)E‘ It?ht? viffgeg ;;)rrr:g?tc;i? Dc‘grgrléjsu[t;?ns
calculations with completely uncontracted, i.e., $1406d), '

GTO basis set of Cl. With such a basis set the nonrelativistié@/culations o™ in RbCl for 42 explicitly correlated elec-
SCF HF result forg®® is —1.014 a.u., as compared to trons. This means that the DK CCSD(treatment was ex-
—1.015 a.u. calculated with the contracted set. In the case ¢gnded to the shell of Cl and the 8 and 3 shells of Rb.
RbF a similar calculation does not bring any changes within' "€ contribution of the&< andL shells of Rb and th& shell
the number of reported decimals. Thus one concludes th&f Cl has been accounted for at the level of the DK MBPT2
the basis set contraction effect is unlikely to significantly @Pproximation. The final estimate obtained from these calcu-
affect the values oﬁRb presented in Table I. lations iqubZ —0.785a.u., i.e., it differs from that given in
Although RbF and RbCI are almost purely ionic species,Table | only by —0.003 a.u. In calculations of the nuclear
the valencep-type orbitals of Rb can still make some contri- quadrupole moment such a difference would result in the
bution to the electric-field gradient at Rb. Since the basis sethange ofQ(Rb) by about 0.4%. Hence, extending the ex-
of Rb used in our studies has been generated under the gdicit high-level treatment of the electron correlation contri-
sumption of a highly ionic character of the two molecules, itbution toqR” to deeper electronic shells will not produce any
may not be flexible enough in the diffugepart. This has considerable changes in the calculated valu®@Rrb).
been checked by performing nonrelativistic all electron All relativistic DK results of Table | have been obtained
MBPT2 calculations with the Rb basis set augmented withby using the PCNQ modgB], whose accuracy depends on
three diffuse p-type functions (=0.03232759, the choice of charges which simulate the nuclear quadrupole.
0.014 62352, and 0.006 6150For RbCl such an extension In order to verify the accuracy of the numerical differentia-
makesqR® more negative by 0.004 a.u. at the SCF HF level.tion of energies obtained with finite nuclear quadrupoles, we
Simultaneously the MBPT?2 all-electron correlation contribu-have used some higher values of the charges distributed
tion becomes more positive by 0.003 a.u. than the resularound the Rb nucleus. The results have been found stable
given in Table I. Thus, the net effect of the Rb basis sethrough the third decimal place.
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TABLE Il. Calculations of the electric-field gradient at Na in NaF and NaCl at the molecular equilibrium
bond distance. All entries in a.u.

NaF NacCl
Method/Contribution NR DK NR DK
SCF HF/CC contributiorfs
SCF —0.755 —0.756 —0.634 —-0.634
MBPT2 +0.037 +0.038 +0.020 +0.020
MBPT2(all)® +0.037 +0.037 +0.020 +0.020
CCsD +0.027 +0.027 +0.016 +0.014
CCsOT) +0.034 +0.034 +0.020 +0.018
CCSDT)(est)® +0.034 +0.033 +0.020 +0.018
Nuclear +0.373 +0.383
Total electronic and nuclebr
CCsOT) —0.348 —0.349 —0.232 —-0.233
CCSOT)(est)® —0.348 —0.349 —0.232 —-0.233
Vibrational correction terfm
a, +0.007 +0.003

@Contributions calculated at the given level of approximation.

bAll electrons correlated. The difference between the MBRIRand MBPT2 results is used to estimate the
electron correlation contribution due te tores of the two atoms.

CEstimated from the calculated CCSD results and the MBPT2 contribution due ts tores of the two
atoms.

9The total values are the sum of the SCF HF result, the electron correlation correction by the given method,
and the nuclear contribution.

€See Eq.(4).

Additional support to the validity of the calculated data is culations forQ(3%K), it appeared worthwhile to repeat cal-
also given by our experience with similar systems.agc)ur reculations ofgN®in NaF and NaCl in exactly the same frame-
cent calculations on KF and KE20] gave values oQ(*K)  work as used for the other molecules. This will give
resulting from the microwave spectra of the two moleculesyglecular values of) for Na, K, and Rb derived in essen-

within 1 mb. The similar holds also in the case of the deteryjq)y the same way, and will facilitate the discussion of our
mination of Q(*“Ge) from the spectroscopic data for GeO oqits forQ(Rb).

and GeS[22]. All these data combined with the tests dis-
cussed in this section indicate that the DK CC$P(@p-
proach should be sufficiently reliable for calculations per-
formed within the present study.

The main difference between the earlier calculatidit
of gV in sodium halides and analogous calculations for po-
tasium and rubidium halides is the generation of GTO/
CGTO basis sets. In the earlier study the Na basis set was
partly contracted and the GTO/CGTO sets of F and Cl in-
cluded the-type functiond19]. The Na basis set devised for

In addition to calculating the molecular value of the present calculations is fully uncontracted, i.e., it should have
nuclear quadrupole moment of Rb, the objective of thea similar flexibility as the sets used for [R0] and Rb. On
present study is also to complete the list of molecular valuethe other hand, the GTO/CGTO sets for F and Cl used in this
of the nuclear quadrupole moment for the alkali-metal nu-study are limited te-, p-, andd-type functions, and may not
clei. Most of these data are already available, although somlee as flexible as the sets used in the earlier study of NaF and
of them have been obtained by using computational methodNaCl [19].
ology which to some extent differs from the one used in this The results of present calculations with basis sets de-
paper. The use of a uniform computational strategy becomescribed in Sec. Il are summarized in Table Il. The pattern of
essential in the case of discrepancies between molecular vahe electron correlation contribution '@ follows that al-
ues of Q and those derived from other sources. This is theready discussed fay=°. The relativistic contributions are for
case of the electric quadrupole moment of ffisa. both molecules almost completely negligible. For NaF the

The molecular value o®(**Na) has been has been deter- total DK CCSD(T) value ofg™?, including the MBPT2 es-
mined by Pyykkoand one of the present authdf9] from  timate of the contribution due tos? shells of the two atoms,
the gN? data calculated for NaF and NaCl. Although theseis equal to—0.349 a.u., and compares very well with the
molecular results have been obtained at the level of thearlier result(—0.347 a.u[19]). The present DK CCSLY))
CCSD(T) approximation, the basis set design was considervalue of the total electric-field gradient at Na in NaCl is
ably different from that used in the present case and in thexactly the same as that given in Rgf9]. Hence, in spite of
case of our recent calculations for KF and K&0]. Hence, certain methodological differences, our results &F in
in view of the existing discrepancy between different resultsNaF and NaCl are fully compatible with those of the earlier
for Q(*Na) [19,44—417 and quite successful molecular cal- study. One should also mention that the earlier resultg'¥8r

B. Electric-field gradients at Na in NaF and NaCl
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TABLE IlI. “Molecular” values of the electric quadrupole moment of tfigRb and®’Rb nuclei derive
from the microwave data for RbF and RbCI and electric-field gradients calculated in this study.

vo(v)®P Source ofrg(v)? qRo(v)°© Isotope QRb)
(in MHz) (in a.u) (in mb)
—70.341 8RbF, v=0 —1.082 85Rb 276.4
—69.555 8RbYF, v=1 -1.071 85Rb 276.5
—68.779 85RbF, v=2 —1.058 8Rb 276.5
—68.013 85RbF, v=3 —1.046 8Rb 276.7
—67.259 85RbYF, v=4 —1.034 8Rb 276.8
70.739 8RbF, R —1.089 %Rb 276.4
Recommended 85Rhb 276
—34.031 8'RbY®F, v=0 —1.082 8Rb 133.7
—33.684 8RbYSF, v=1 -1.071 8Rb 133.9
—33.336 8RbYSF, v=2 —1.058 8Rb 134.0
-33.336 8RbF, R —1.089 8Rb 133.7
Recommended 8Rb 134
—52.675 85Rb*CI, v=0 —0.784 8Rb 286
—52.306 8Rb*CI, v=1 -0.777 %Rb 286
—51.903 8Rb*CI, v=2 —0.770 %Rb 287
—52.884 8RE*°CI, R —0.788 8Rb 286
Recommended 85Rhb *
—25.485 8'RB*CI, v=0 —0.784 8Rb 138
Recommended 8Rb *

&Taken from Ref[5].

®The inaccuracies of the experimental data given in R&fdo not influence the quadrupole moment values
as reported in this table.

‘These values correspond to the DK CG$Papproximation with the MBPT2 correction for the core
contribution and the appropriate vibrational correction. See Table I.

YExperimental estimate afg at the equilibrium bond distandg, .

See text.

in NaF and NaCl have been obtained only at the equilibriun277 mb, and agrees with one of the two recommended values
bond distances and do not include vibrational correctionsof the nuclear data tables (2%42 mb) [10] which follows
The vibrational correction terms are, however, quite smalfrom atomic measurements of Feiertag and zu Plitd].
(see Table ). This agreement shows that the other valu€¢#°Rb) given
According to the present results for NaF and NaCl, ongp these tables (2682 mb) [12,13 is most likely too low.
can conclude that the diminished flexibility of the F and Clone should point out that th@(®Rb) values derived by
basis sets and the improved flexibility of the Na set aré eSggjeriag and zu Pulitg3,11] from the spectra of different
sentially of no importance for the calculated values of thelow-lying 2p,,,, excited states of the rubidium atom are con-
electric-field gradient at Na. It follows from our earlier data sistently close to about 275 mb with estimated error bars of a
for KF and KCI and from the present basis set analysis tha1Iew mb. For the®’Rb isotope the present molecular value of
the spd sets of F and CI are flexible enough for accurateQ derivéd from the RbF dat@bout 134 mb, Table IJlalso
calculations ofy at the alkali-metal atom in the studied series agrees with the experimental atomic res@ﬁ,sla’] which are

of the alkali-metal halides. Obviously their flexibility would . . .
be insufficient if we intended to calculate the field gradientsIn the range 131-133 mb with the estimated error of about 9

at the halide nuclei. From the point of view of the alkali- mblf[lsl]ir conclusions were based solely on tRE®SRb)
metal atom in highly ionic halides, the halide ion is mainly a y

source of the inhomogeneous electric field which polarize%/v E:)IEIZ (Ij:g(\j'etg :rz(;r?et:c?n?rifntjoer anki';lgéiIg:evsaelﬂzcoaflfﬁleag%ncs_
the density distribution in the vicinity of the alkali-metal ion.

The covalent character of the metal-halide bond is less imt-rIC quadrupole moment of th&Rb nucleus equal to about

portant, and can be well enough described in relatively smal%76 mb. Accordmg_ to the analysis _presented In S_ec. !”A'
basis sets. the error bars, which result from different approximations

involved in calculations ofR®, are unlikely to exceed about
1-2 mb. However, this is clearly contradicted by the result
derived from the microwave data for RbCI; the value of
The calculation of the electric quadrupole moment of theQ(®°Rb) predicted from these data and the calculated
Rb nucleus is the main objective of this study, and the corelectric-field gradient turns out to be by about 10 mb higher
responding results are presented in Table Ill. The value othan the value derived from the RbF data. Although the dif-
Q(®Rb) derived from the data for RbF is in the range 276—ference between the nuclear quadrupole moments derived

C. Electric quadrupole moments of the Rb and Na nuclei
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TABLE IV. “Molecular” values of the electric quadrupole mo- The present values @)(Rb) derived from the experimen-
ment of the?®Na nucleus derived from the microwave data for NaF ta| and theoretical data for RbF agree quite well with those
and NaCl and electric-field gradients calculated in this study. obtained from atomic spectrg8]. Thus, we consider the
Q(Rb) results which follow from the RbCI data as being

a,b N c 23,

V'Q(lt//l)H S ¢ a q ) Q.( Nt?) significantly too high. The recommended molecular values
(in MH2) Source ofvo(V) (inaw (nmb of Q(®°Rb) andQ(®'Rb) presented in Table IlI are therefore
—8.4401 NaF, v=0 —0.346 103.9 based on the RbF data and equal to about 276 and 134 mb,
—8.3279 BNaF, v=1 —-0.339 1045 respectively. The error bars of these values, though rather
—8.2205 NalF, v=2 ~0.332 105.3 uncertain, are expected to be of the order of 1—-2 mb. In view
—8.4980 2Na'F, R ~0.349 103.6 of relatively small differences between the theoretical mo-
~5.6169 2Na¥Cl, v=1 ~0.228 104.6 lecular and atomic data f@(K) [20,48 and consistent mo-
_55614 2NSCl v=2 0225 105.1 lecular results folQ(Na) [19] (see also Table IVthis esti-
~5.4960 2Na*Cl, v=3 _0222 1054  Mate of inaccuracies is rather conservative.

Recommended 164 There were two main reasons for the repeated calculation

of the electric quadrupole moment for th@a nucleus. One

&Taken from Ref][5]. of them was to defend the earlier molecular result. Another

®The inaccuracies of the experimental data given in R&finflu- one was to support the recent atomic calculat@i@, which
ence only marginally the quadrupole moment values reported in thigndicate that the so-called muonic value @{**Na) is too
table and are not taken into account. low [44]. The earlier molecular valu€l04.2 mb [19] has
“These values correspond to the DK CG$Dapproximation with  been found to be higher by about 4 mb than the result de-
the MBPT2 correction for the core contribution and the appropriaterived from the muonic experimeiit00.6 mb [44], which is

vibrational correction. See Table II. believed to be accurate within2.0 mb. The atomic value
YExperimental estimate of,, at the equilibrium bond distand, . (107.1=2.1 mb) of that timg45] was higher by about 3 mb
fSee text. than the value derived from molecular spectra. However,

more recent improved atomic calculations ohdsonet al.

from the data for RbF and RbCl amounts to only about 4%[46] have lead to the reduction of the difference between

H 23]
one would not expect it to be that large. The experimenta":girg;%r?n?harnotlﬁgurlnadoﬁéuf;ﬁ(m';a)ng?[ sgo;st ;c.:?:urpat;é as
atomic result (1329 mb) [13] for the 8'Rb isotope is not 9 y

very helpful because of rather large error bars; both molecu?XpeCtEd[M’A'q' One should also add that the molecular

a7 . e value of Q(#Na) of Ref.[19] is in perfect agreement with
Iar yalues Of.Q( Rb) determined in t_h's study are well much earlier atomic value of Salomonsson and Ynnerman
within the estimated error of the experimental data.

, i i 104.2 mb [49]. To add to this variety of supposedly accu-
The strategy used in our earlier calculations and followed 4¢e qata from Refl47], whose authors recently carried out

in the present study was to determine the molecular values qg|ativistic many-body calculations of hyperfine constants for
Q from the results for two different molecul¢8,19,20,22  the sodium atom and derived another atomic value of
They were found to agree within at least 1% or better. In they(23Na) equal to 101.4 1.1 mb, almost matching that ob-
present case there is hardly any substantiated reason to &%ined in the muonic experiment.
pect that there is some major fault in our calculations|f The present molecular calculations, in spite of some
in RbCI. These calculations are essentially similar to thosenethodological differences as compared to the earlier study
which have been carried out recently for KCI. In the latter[19], fully confirm the validity of the earlier result. Accord-
case the difference between t0¢3°K) values derived from ing to the data of Table IV, the present most reliable value of
the KF and KCI data was less than 1 mb; the value ofQ(?*Na) is that derived from the quadrupole coupling con-
Q(*K) determined from the KCI data has been found mar-stant of NaF at the experimental equilibrium bond length and
ginally smaller than that derived from the KF quadrupolethe corresponding result faqN% these data do not suffer
coupling constanf20]. There is no whatsoever indication from inaccuracies involved in approximate calculations of
that the electric-field gradients calculated for chloridesthe vibrational correction term. The equilibrium value of the
should be less accurate than those for fluorides. This is alsguadrupole coupling constant for NaCl is not availaf#¢
confirmed by the present results fQ@(?*Na) displayed in However, the pattern of changes observed for NaF indicates
Table IV. that theQ(*Na) value, which would follow from the quad-
When discussing the possible sources of a rather largaupole coupling constant &, would be a little below 104.
deviation between th@(®°Rb) values determined from mo- This leads to the recommended molecular valu®(tNa)
lecular data for RbF and RbCI, one may finally consider theequal to about 104 mb, i.e., the same value as estimated in
possibility that the experimental values of the nuclear quadthe earlier molecular studyl9].
rupole coupling constants are not as accurate as claimed. In Combined with the improved atomic calculation bynde
particular, the®®Rb and®’Rb coupling constants reported for sonet al. [46], this results supports the conclusion of these
RbCI are based on rather old measureméh®. Their de- authors that the muonic result f@(**Na) is too low. The
termination from the observed microwave spectra of RbChalue of Q(>*Na) derived in Ref[47] is rather close to the
involved several approximate assumptions in the fitting promuonic result. However, the calculations of these authors
cedure. It would be worthwhile to repeat both the measureneglected the contribution of triple excitations. There is no
ments and the determination of the Dunham-type series fogasy way to estimate the effect of these excitations on the
the quadrupole coupling constant. atomic hyperfine constant. If we neglected the contribution
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TABLE V. Electric quadrupole moments of alkali-metal nuclei. A comparison of different data. All
values ofQ in mb.

Method of determination/Source

Nucleu$ Molecular Atomic Other metho8s Recommended

L 40.1° 41+ 64 40.3+0.6° 40.1°

2Na 104 105.6 100.6-2.0" 104-10%
101.4+1.1

3K 58.5¢ 60.1+1.5 59.5+ 1M

85Rb 276 273+2+270+17° 276°

135cs —3.43 -2.8,—-3.3+1.0,-3.7 -3.4—3.7F

223y 1170+ 10

#The corresponding values for other isotopes can be derived from the known isotopic ratios of the nuclear
qguadrupole moment. See Ref8,5,7,8,20.

®A very complete list of nuclear quadrupole moments can be found in Ref<)]. However, most of these
data are of very poor accuracy.

‘Recommended value based on the microwave data for LiH, LiF, and LiCl and computed electric-field
gradients at L{7,8,50. See also Ref§2,10].

dIn spite of very accurate theoretical d4d] for the electric-field gradient at Li the atomic value is highly
uncertain because of the inaccuracy of the experimental hyperfine splitting constanfihgtee[3,52).

®The so-called “nuclear” value derived from nuclear scattering experimérds

This paper. See also RéfL9].

9Referencd46]. See text.

"Muonic experimentRef.[44]). See text.

'Based on present calculations and atomic results eéshmet al. [46]. Molecular results are consistently
close to the lower valve.

IReferencd47]. See text.

KRecommended value based on the microwave data for KF and KCI and the calculated electric field gradients
at K (Ref. [20])).

'Referencd48].

MBased on molecular data of R¢20] and atomic data of Ref48]. A certain preference is attached to the
lower value determined from molecular calculations.

"This paper. See text and Table IIl.

°The experimental atomic values derived from hyperfine splitting constants in diff@gnstates of Rb. See
Ref.[3].

PBased on calculations of this paper and analysis of different atomic data. See text.

A9Calculated from the microwave data for CsF and the computed electric field gradien{RelCE21]).
'Spectroscopic data from different sources whose accuracy is low and quite uncertain. SE2J. Réfe
newest value of) (—3.7 mb reported by Tanner and Wiem&b4] is believed to be accurate within about
4%.

SEstimated from molecular and atomic data with preference of the molecular value.

'Referencd55]. See text.

of triple excitations in our molecular calculations thif.  ences between the two calculations the agreement between
the CCSD and CCSOY) data of Table [], this would lead to  these results also supports the conclusion that the computed
the total(DK electronic and nucleag™? values in NaF and  electric-field gradients in fluorides and chlorides should be of
NaCl equal to—0.356 and—0.233 a.u., respectively. Hence approximately the same accuracy. One would therefore ex-
the value ofQ(?*Na) would be lowered to about 102 mb, and pect that theQ values for Rb derived from RbF and RbCl
would be in agreement with the result obtained in R87]  should be close to each other. The observed differefsses

in atomic relativistic SD calculations. This indirectly shows Taple |11) are likely to by attributed to the inaccuracy of the

for the improvement of the accuracy of the atomic value ofthe microwave spectra of RbCI.

Q(**Na) derived by these authors. Most likely such atomic

calcu_lations would bring complgte agreement between IV. ELECTRIC QUADRUPOLE MOMENTS
atomic and mc_)lecular valugs @(~°Na), and favor them OF THE ALKALI-METAL NUCLEI
over the experimental muonic value.

Finally, let us also point out that the molecular results for  The present determination of molecular values@¢Rb)
Q(*Na) derived in this paper from two different sources areand the repeated determination of the nuclear quadrupole
fully compatible with each other, and essentially the same asmoment of sodium, combined with the earlier results for
the earlier valug19]. In view of the discussion of differ- lithium [7,8] and potasiunj20] and the very recent molecu-
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lar data for cesiunj21], complete the list of the correspond- 223, the nuclear quadrupole moment determined from these
ing molecular data for all stable alkali-metal nuclei. Thus adata is claimed to have a better than 1% accuracy. However,
summary of these data and their comparison with those olahe uncertainty of the calculated electric-field gradient would
tained from other sources appears to be both useful anfot support such a high accuracy of the atomic result for
timely. Such a comparison is presented in Table V. Q(Fr).

The “Li nuclear quadrupole moment appears to be well
established, and the agreement between the nuclear scatter-
ing [2,53] and moleculaf7,8,50 values is quite satisfactory.

It is worthwhile to recall that this agreement has been at least In the study reported in this paper we have performed
partly achieved due to molecular calculatidirs50] which  high-level-correlated relativistic calculations of the electric
indicated that the earlier experimental and theoretical nucledield gradient at Rb in RbF and RbCl. By combining these
values must be incorred¢?,50]. Also the atomic[46] and  data with the spectroscopic values of the quadrupole cou-
molecular[19] results for**Na and®%K seem to have con- pling constant in these molecules, the molecular values of
verged within about 1 mb. The results of the present papethe nuclear quadrupole momentBRb and®’Rb have been
fully confirm the earlier molecular result féfNa. derived. A comparison of these data with those derived from

The present molecular determination of the nuclear quadatomic spectra leads to the molecular estimate of the nuclear
rupole moment of°Rb combined with the analysis of the quadrupole moment of®Rb as equal to about 276 mb. Si-
atomic data strongly suggests that its value should be ofultaneously, the present analysis indicates that the experi-
about 276 mb. The error bars for this result should be of thenental value of the nuclear coupling constant for RbCl is
order of 1 mb, as one would expect from the molecular datanost likely too high by about 4% and the corresponding
for other nuclei. The higher value of the quadrupole momenieasurements need to be repeated.
of 8Rb derived from the microwave data for RbCl appears The present study also confirms the reliability of the ear-
to indicate that the corresponding quadrupole coupling conlier molecular value of the nuclear quadrupole moment of
stant suffers from some inaccuracies. A new measurement 3Na. Together with the recent atomic calculations the
its value would most likely lead to the resolution of this present result fo’Na shows that the inaccuracy of the
problem. muonic value ofQ(#Na) is too low and less accurate than

The nuclear quadrupole moment 8¥Cs is quite small, expected. The present results for Na and Rb combined with
and its determination from molecular data for CsF is be-the earlier data for Li and very recent molecular calculations
lieved to have error bars of the order of about 32d].  of Q(*°K) and Q(**%Cs) complete the list of molecular data
Similar error bars are also expected for the atomic value ofor stable nuclei of the alkali metals, and lead to a compila-
Tanner and Wiemaf54]. Both these data lead to the esti- tion of the corresponding recommended values which con-
mated value of the nuclear quadrupole moment™5s  cludes this paper.
given in Table V.

With the present methods for high-level-correlated rela-
tivistic calculations of electric-field gradients in small mol-
ecules, the molecular determination of the nuclear quadru- The authors wish to acknowledge financial support by the
pole moment of Fr would be possible as well. However, theSwedish Natural Science Research Council and the REHE
microwave data for molecules like FrF or FrCl do not seemProgram of the European Science Foundation. The reported
to be available. The atomic values are known for a variety ofesearch was also a part of the collaboration within the
isotoped55]. They have been obtained by using experimen-COST-D9 WG0009 “PAMALOF” action. One of ugv. K.)
tal values of theB factor for the 2Py, state and the calcu- acknowledges financial support from the Slovak Grant
lated electric-field gradieri66]. For the most stable isotope, Agency(Contract No. 1/4227/1997
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