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High-precision calculations of van der Waals coefficients for heteronuclear alkali-metal dimers
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van der Waals coefficients for the heteronuclear alkali-metal dimers of Li, Na, K, Rb, Cs, and Fr are
calculated using relativistiab initio methods augmented by high-precision experimental data. We argue that
the uncertainties in the coefficients are unlikely to exceed about 1%.
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Considerable attention has been given to the determina- 3 (e
tion of the coefficients of the leading term of the van der CQB:;f ap(iw)ag(io)do, (©)]
Waals attractions of two alkali-metal atoms because of their 0
importanpe in the simulation, pred?cf[ion, and interpre.tat_ionwhereaA(iw) is the dynamic polarizability of imaginary ar-
of experiments on cold atom collisions, photoassociation ;

i : gument for atomA given by

and fluorescence spectroscdiy-6|. There is strong interest
in heteronuclear molecules formed by pairs of different 2
alkali-metal atoms. Experiments have been carried out on apio)== >,
trap loss in mixtures of Na with K7,8], Rb[9,10], and Cs 3
[11] and on optical collisionfl2] in a Na-Cs mixture and on ) o o
molecular formation[13]. The mixtures of magnetically anda(w=0) is the ground-state static dipole polarizability.
trapped alkali-metal atoms, Na-Cs and Na-K, have been prdD the limit of infinite frequency the functiom (i w) satis-
posed[14] as a means to search for evidence of an electridies
dipole moment to test for violation of parity and time-
reversal symmetry. We extend here previous studi&$ of . Na
the van der Waals coefficient between pairs of identical aA('w)_)w_’ ®
ground state alkali-metal atoms to unlike ground-state atoms.

The leading term of the van der Waals interaction is giveras a consequence of the nonrelativistic Thomas-Reiche-Kuhn
at an atom separatioR by [16,17], sum rule.

AB Modern all-order many-body methods are capable of pre-
Co dicting electric dipole matrix elements for principal transi-
RS @ tions and energies in alkali-metal atoms to within errors ap-

proaching 0.1%[18]. Many-body methods augmented by
whereC4® is the van der Waals coefficient. We use atomichigh-precision experimental data for principal transitions,
units throughout. similar to those employed in parity violation calculations

The van der Waals coefficient may be expressed as  [19], have led to a high-precision evaluation of dynamic di-
pole polarizabilities for alkali-metal atonjd5]. The values

(Eg—ED)|(v"|Dals™)|?
(ES—E)?+ 0’

: 4

VAB( R) —

ap. 2 [{v AlD alSa)|2(vi| Dg|ts)|? of Cg previously calculated fonomonucleadimers[15] are '
Cs =3 > F—y . (2)  in excellent agreement with analyses of cold-atom scattering
st (BEs—E)+(E/—E) of Na[20], Rb[2], and CH6,21]. Here we employ the same

methods to compute the van der Waals coefficients for het-

where|v ) is the ground-state atomic wave function of atomeronuclear alkali-metal dimers.

A with energyEf, and similarly for atomB, and|s,) and

. _ ) Precise nonrelativistic variational calculations ©f for
|ts) represent complete sets of |néermed|ate atomic Statgs; pave been carried of22]. They provide a critical test of
with, respectively, energieS_ andE; . The electric dipole

N A e = our procedures. We separate the dynamic polarizability into
operators ar® =X, r{*, wherer{" is the position vector of valence and core contributions, which correspond, respec-
electroni measured from nucleus, N, is the total number tively, to valence-electron and core-electron excited interme-
of atomic electrons for atorA, and similarly for atorB. diate states in the sum, E@). In our calculations for Li we
At this point the two-center molecular-structure problememploy high-precision experimental values for the principal
is reduced to the determination atomic matrix elements transition Z—2p;, all-order many-body data and experi-
and energies. The dependence on one-center atomic propenental energies for (3, and 4p; intermediate states, and
ties becomes explicit when E(R) is cast into the Casimir- Dirac-Hartree-Fock values for higher valence-electron exci-
Polder form tations. The high-precision all-order calculations were per-
formed using the relativistic linearized coupled-cluster
method truncated at single and double excitations from a
*Permanent Address: Department of Physics, University of Nereference determinanfl18,23. Contributions of valence-
vada, Reno, NV 89557. excited states abovep4 were obtained by a direct summa-
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tion over a relativistidB-spline basis sdi24] obtained in the 450
“frozen-core” (VN~1) Dirac-Hartree-Fock potential. Core 400 |
excitations were treated with a highly accurate relativistic
configuration-interaction method applied to the two-electron I
Li* ion. For the heavier alkali meta]45] the random-phase 300

approximation25] was used to calculate this contribution.

350

250

The principal transition 8— 2p; accounts for 99% of the &
static polarizability and 96% of the jidispersion coeffi- ° 200
cient. In accurate experiments, McAlexanagral. [26] re- 150 |
ported a lifetime of the @ state of 27.10®) ns(an accuracy i
of 0.03% and Martinet al.[27] reported 27.1@) ns. In our 100t

calculations we employ the more precise value from Ref. 50
[26]; in the subsequent error analysis we arbitrarily assignec
an error bar of twice the quoted value of RgX6], so that the
two experiments are consistent. o

The dynamic core pc_)IgrilzabiIity.of Li \.Nas'obtaingd in the FIG. 1. The dependence of the dynamic dipole polarizability
framework of the relativistic configuration-interactid@l) ,(j ) with frequencyw for Cs. The inset illustrates the behavior of
method for heliumlike systems. This Cl setup is described byhe quantityw?a(iw) at asymptotically large», where the dashed

Johnson and Cheni8], who used it to calculate precise jine represents the contribution of the core-excited states to the total
relativistic static dipole polarizabilities. We extended their »2q(iw) (solid line) and the arrow marks the nonrelativistic limit

method to calculate thelynamic polarizability ¢(iw) for ~ N=55 following from the sum rule, Eq(5). All quantities are in

two-electron systems. The numerical accuracy was moniatomic units.

tored by comparison with results of R¢R8] for the static

polarizability of Li* and with the sum rule, Eq5), in the  cise nonrelativistic result of 164.1122]. An extensive com-

limit of large frequencies. Core-excited states contribute onlyparison with other published data for the valuesr¢0) and

0.5% to Cg and 0.1% toa(0) for Li. Their contribution  Cg for lithium is given in Ref.[22]. For the heavier alkali-

becomes much larger for heavier alkali metals. metal atoms, we followed the procedures of Réf5] to
We calculated static and dynamic polarizabilities andcalculatea(i ). The results for Cs are illustrated in Fig. 1.

used quadrature, E3), to obtain the dispersion coefficient. They indicate that while most of the contribution @

The results areCg=1390 anda(0)=164.0. There are two comes from the resonant transitionaat-0.05 a.u., the core

major sources of uncertainties in the final value@f —  excitations are significant.

experimental error in the dipole matrix elements of the prin-

cipal transition, and theoretical error related to higher RESULTS AND CONCLUSIONS

valence-electron excitations. The former results in a uncer- . . . .
tainty of 0.12%, and the latter much less. The reszit We evaluated the dispersion coefficients for various het-

—1390(2) is in good agreement with theonrelativistic eronuclear alkali-metal dimers with th_e guadrature E3).
variational result of Yaret al.[22], Cs=1393.39. The slight The calculated ViléJeS are presented in Table I. Most of the
discrepancy between the two values may arise because in ofPntributions toCg™ come from the principal transitions of
formulation, the correlations of the core-excited states witHach atom. An analysis of the dispersion coefficient of unlike
the valence electron were disregarded as were intermediaf$oms Yields the approximate formula

states containing simultaneous excitation of the valence elec-

tron with one or both core electrons. On the other hand, Ref. CPBo E\/WA EatAEg 6)

[22] did not account for relativistic corrections. Relativistic 6 2V76 ™6 VAEAAER

contractions lead to a smaller value Gf and to better

agreement between the present result and that of[R2f. ~ where the energy separations of the principal transitions are
Similar error analysis for the static polarizability of Li leads designated aaE, and AEg. Equation(6) combined with

to @(0)=164.0(1), which agrees with the numerically pre- the high-accuracy values @fs for homonuclear dimergl5]

TABLE I. Dispersion coefficient€g and their estimated uncertaintiggrenthesgdor alkali-metal atom
pairs in atomic units. Coefficients for BlaK,, Rb,, Cs,, and Fp are from Ref[15].

Li Na K Rb Cs Fr
Li 1389(2) 14672) 23225) 25457) 306516) 268223)
Na 15564) 24476) 26837) 322718) 284224)
K 3897(15) 427413) 515930) 450039
Rb 469123) 566334) 494644)
Cs 685174) 596960)
Fr 525689)
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2 ; TABLE Il. Comparision of present theoretical and experimental
F ' values for the dispersion coefficient for NaK.

2 Reference Ce
é ] This paper 244(B)
'g 1 Russier-Antoineet al.[34] 251910) @
a] . Ishikawaet al.[38] 264631) @
. Rosset al.[39] 2669.420) 2

3Experiment.

LiCs NaCs KCs RbCs Cs,

excited states contribute 15p81,15 to the value of theCg
FIG. 2. Percentage deviation of results of recent calcuI¢':1tion§;Oe.f|];'C'ent for thﬁ Cs dlrlnerEand lar(; needed to fulfill tﬂe
Refs.[35,37] from our values for van der Waals coefficiei@g for 0SCl ator'stre'ngt sum ruie, _(5). n the present approach
Cs-Li, Cs-Na, Cs-K, Cs-Rb, and Cs-Cs. The values with error baréhe _qontrlbutlons_ of Corg-eXCIted states to dynamic polar_lz-
placed along the horizontal line at O correspond to our results Witﬁib'_“tIes are ObFa_'”ed using .th¢ random-p_hase approximation,
the estimated uncertainties. Circles represent the results of 3%f. which nonrelat|V|stlcaIIy.satlsfles Fhe os_C|I_Iat.or strength sum
and triangles the results of R¢B7]. For Cs-Cs, to the right of the rule exlactlly[ZéS]. _In the inset ?]f F'?' ; Itis |gustrated that
vertical-dotted line, we show the difference between our predictiorP!l ¢&/Cu ateda(iw) appro_ac eN/w® as w becomes as-
[15] and the values deduced from cold-collision data in R6f. ymptotically large, Wher(N—S.S for Cs. While the dev'a“?”
(squarg and Ref[30] (diamond. between the present calculations and the model potential cal-
culations are smaller for dimers involving lighter atoms, an
gives accurate approximations to our results based on E@ccurate accounting of core-excited states is essential to
(3). For example, Eq(6) overestimates our accurate value achieve high accuracy in dispersion coefficient calculations
from Table | for Li-Na by 0.4% and for Cs-Li by 2%. We for heavy atom¢31-33. _ o
may use Eq(6) to estimate the uncertaintiesC4® in the Few experimental data are available for comparison in the
heteronuclear cases from the uncertainée” and 5CE8 heteronuclear case, except for NaK. The results from inves-
in the homonuclear dispersion coefficients 6 tigations of NaK molecular potentials based on spectral
' analysis[34] are compared to our value in Table Il. Our

5CPB [ [ sCPA\? [ scBB\ 2|2 value is smaller than the experimental values. Earlier theo-
A6B ~ A6A BGB retical calculations of dispersion coefficients for NaK have
cs® 2|\ cg Cs been tabulated and evaluated by Marinescu and Sadeghpour

[35], Zemke and Stwalley36], and Patel and Tang37].

The accuracy o€g for homonuclear dimers was assessed inrose values are generally lower than our value of 2847
Ref.[15] and a detailed discussion for the Rb dimer is givenexcept for that of Maeder and Kultzelnigg2] who give
in Ref.[29]. Analyzing the error in this manner by using the 5443

quoted coefficients and their uncertainties from RRe8), we The present paper extends the application of modern rela-
find that most of the dispersion coefficients reported hergyisiic atomic structure methods to calculations of ground-
have an estimated uncertainty below 1%. The corresponding:a van der Waals coefficients of,Land of the hetero-

values are given in parentheses in Table I. nuclear alkali-metal atoms[37]. We argue that the
In Fig. 2 we present, for the dispersion coefficients of the

. . ; X (gncertainty of the coefficients is unlikely to exceed 1%. Ad-
dimers involving Cs, a comparison between our calculate@jsiona| experimental data from future cold-collision experi-
values and the most recent determinatipd80]. We give

>t ) : ments or spectroscopy would provide further tests of the

the percentage deviation from our calculations. It is apparenfacant calculations.
that the other calculations that employed one-electron mod
potentials and accordingly omitted contributions from core- This work was supported by the Chemical Sciences, Geo-
excited states yield values systematically smaller than ourssciences, and Biosciences Division of the Office of Basic

The discrepancies are most significant for, @dere the  Energy Sciences, Office of Science, U.S. Department of En-
number of electrons is greatest. Figure 2 also compares thergy, and by the National Science Foundation under Grant
values for the Csdimer with values deduced from ultracold- No. PHY97-24713. The Institute for Theoretical Atomic and
collision data [6,30]. The agreement of our prediction Molecular Physics is supported by a grant from the NSF to
6851(74) [15] with their values foiCg in Cs, is close. Core- Harvard University and the Smithsonian Institution.
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