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The static dipole polarizability of the ground state ytterbium atom is calculated using full and approximate
relativistic ab initio methods. Our recommended polarizability of 143 au is consistent with experimental
atomic spectral data. The corresponding van der Waals coefficiamitYh,, derived using Pddapproximants,

is 2062 (200) au.

Introduction and Schwarz obtained 131.6 Huand with a nonrelativistic
time-dependent DFT calculation Chu ethbbtained 157.3 au.
Two finite field calculations using the relativistic effective core
potential approximation were reported by Wang and Badgd
Buchachenko et & With different pseudopotentials, the values
at the coupled cluster level of theory are 145.3 and 154.7 au.

: - - . For Cs, Buchachenko et al. used the relativistic effective core
configuration [Xe]4#%6<. It has low-lying metastable triplet P —6 >
states and short-lived singlet P states. Its ionization potential is potential method a_md foun@s = 2568 au and szjggested that
6.25 eV. The ground state of the ion ¥Yh(S) has the the correct value lies between 2400 and 2800%@hu et al.

used time-dependent DFT and foufid = 2292 aut! which
agrees with the empirical value of 2380250 au derived from
the intensity patterns in the photodissociation spectra of Yb
by Enomoto et at.

To attempt to determine more precisely the polarizabdity

The rare earth atom ytterbium (Yb) is an interesting candidate
for experimental studies of trapping of ultracold ggshoto-
association spectroscopyBose-Einstein condensaticghi-ermi
degeneracy,and atomic clock$.It has seven isotopes, five
bosons, and two fermions. Its ground stalS)(has the

configuration [Xe]4#6s. It also is a potential candidate for
precision experiments?

At the large internuclear distanc&sthat strongly influence
the collisions between two ground state Yb atoms at low

temperatures, the interaction is the van der Waals term varying S o
as the inverse sixth power & For Yb' with Yb it is the and the van der Waals coefficie@t, we present in this paper

polarization term—(L/2)/R¢, wherea is the dipole polariz- further calculations of the polarizability and the van der Waals
ability of Yb. ' coefficient and compare them with previous theoretical and

No measurement ofi has been reported, but the van der €XPerimental values.

Waals coefficientCs was recently derived by Enomoto et al.
from precision spectroscopy éf4Yb at 1 uK to be 2300+
250 auz An early calculation ofa with the Hartree-Fock Atomic optical properties depend largely on the structure of
approximation yielded a value of 266 &which is undoubtedly  the valence electrons, and for heavy elements, relativistic effects
an overestimate. The calculation was improved by Porsev, may be important. Previous studies® showed that the
Rakhlina, and Koslo¥,who used a configuration interaction  approximate relativistic models, the Dougtgséroll (DK)
method to determine the contribution of valeremlence transformatio®’-22 and the effective core potential (ECP)re
correlation and second-order many-body perturbation theory to able to reproduce satisfactorily the four-component Dirac
account for the corevalence and corecore correlations. The  Hartree-Fock and second-order many-body Raylei@thre
resulting polarizability was 118 au with an uncertainty of 45 dinger perturbation results, although quantitative agreement with
au. The large uncertainty stemmed from the evaluation of the four-component calculations is not always obtaitfctherefore,
matrix element connecting the ground® 88, state to the 6s6p  in the present study, we employed both full four-component
'P; state which makes by far the largest contributionf®5% and approximate relativistic models. The comparisons between
according to Porsev et &lA precise value of the square of the  the full and approximate relativistic treatments and the examina-
dipole matrix elementCz has now been obtained from an tion of the influence of electron correlation will be instructive
analysis of the vibrational level structure of the excitEgistate in the further applications of these methods.

of Yb,. It is 11.535 alf differing from the calculated value of A. Fully Four-Component Relativistic Formalism. A four-

12.9 by 12%. The polarizability is changed from 118 to 106 component relativistic DiragHartree-Fock (DCHF) calculation

au. A similar but more elaborate calculation has been reportedwas carried out using the standard Dir&oulomb Hamiltonian

Computational Methods

by Porsev and Dereviankowho foundCs; = 11.47 ando. = (in atomic units)

111.3 au. Because of the reliability of the value@fand its

large contribution tax, they claim a precision of 0.5% fax. _ = 25 . -1
Using Dirac-Fock density functional theory (DFT), Wang, Pan, Hoc Z[Ca' Bi + O+ Ve (D] + zr”

T 1<)

T Part of the “Giacinto Scoles Festschrift”. _ - . . .
* To whom correspondence should be addressed. E-mail: adalgamo@Whered andf are the Dirac matrices antlis the speed of
cfa.harvard.edu. light. The DCHF equation was solved via a basis set expansion
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in a large uncontracted Gaussian basis set using the integral-excitations in the coupled cluster wave function and the higher
direct DIRAC progran?* A Gaussian nuclear model with the order approximation to the relativistic effects, finite field
nuclear exponents given by Visscher and D¥allas used. The  calculations at CCSD(T) level of theory were performed with
DC Hamiltonian contains the spin-same-orbit two-particle the third-order DouglasKroll—Hess (DKH3) Hamiltonian,
interaction terms but omits the sptother-orbit contributions. which has been shown to yield the best approximation to the
The absence of spin-other-orbit terms causes only small errorstotal exact energy for many-electron systeths.
for heavy elements for which the one-electron spinbit Afully uncontracted relativistic Gaussian basis setp3p1 5d10f)
contributions dominate. developed by Tsuchiya et @was used. Five g-type polarization
Following the DCHF calculation, electron correlation was functions were added by scaling the last fiviype functions
introduced at the level of second-order MaHt€tlesset perturba-  with a factor of 4/3. Twdh-type and oné-type functions were
tion (MP2) theory. Forty-two valence electrons (4s4p4d5s5p4f6s) added in the same way by scaling the last yviype and one
were correlated. Virtual orbitals with energies above 1000 au h-type functions with factors of 1.2 and 1.1, respectively. Diffuse
were deleted from the virtual active space. functions were added in the even-tempered way with the factor
Feegri's dual family even-tempered basi%etas used for ~ of 2.0. In the later discussion, we designates2Bp15d10f5g
the large component in all these calculations. The flexibility of as DKBO. The point-charge model of the nucleus was employed
the basis set was increased by adding 8g polarization functions.throughout the AE DKH calculations. MOLPRO 200®.Was

The final basis used in the calculation iss38p27d19f8g, used to perform the DKH3 finite field CCSD(T) calculations.
denoted as DCB. Small components) basis functions are C. Effective Core Potential Approximation. The effective
automatically generated from the large componepits\(ia the core potential (ECP) method incorporates relativistic effects
method of kinetic balance approximation by the following through the parametrization of the potential generated by the
relation: core electron density. The energy-consistent StuttgarttEiSP
typically adjusted by means of a multielectron fit to a large
bs= ﬁf"ﬁ% number of states of the neutral atom and corresponding ions,

with theoretical reference data determined at a level of theory
similar to that at which the ECP is subsequently applied. Recent
studied>17 on atomic and molecular properties using the
energy-adjusted ECP have shown that the small-core ECP is
capable of yielding results that are not significantly different
from AE calculations.

In the present study, we employed two sets of pseudopoten-
(BZE(?)) tials to replace the 1s3d core orbitals. One is the quasirela-
= tivistic energy-adjusted ECP28MWB and the other is the fully

of, o, Ji=o relativistic energy-adjusted ECP28MBFAs for the valence
) . . electrons, a fully uncontracted (§¥3p10d8f6g) set3® referred
whereE(f) is the total electronic energy as a function of the {5 55 ECPBO, was used along with ECP28MWB. A fully
electric fieldf. Field strengths of 0.001, 0.002, and 0.004 au \;ncontracted (1€1p9dsf6ég) set, denoted as ECPB1, was

were employed in the calculations. The differencesxiare =~ aqopted for the ECP28MDF. As before, additional h-type and
negligible, and the error in the linear fit was less than 0.05 au. jyyne and diffuse functions were added. The static dipole

We also performed linear response (LR) calculatiowsth the polarizability, transition dipole moment, and transition energy

!random phase approximation at the DCHF level as implementedg ihe 6s6pP; state of Yb were obtained at the LR-CCSD level
in DIRAC. of theory.

B. All-Electron D?UQ'?‘S,—KF?" Ilzormallsm. All-glzctron i In all the FF calculations, when the field was turned off the
(AE) approximate relativistic calculations were carried out with p, 'summetry group was Used, ai@h, symmetry was used

the zsopzigégveraged Douglagroll —Hess (DKH) Hamilto- it the field turned on due to the external field presented in
nian=><=DKH decouples the large and small components in the electronic Hamiltonian. Test calculations in {Bg sym-

ﬂ:‘fe four-componentj ?wzc for(rjr.lalllsm,hand sc;alar rellat|V|st|?: metry were performed when the field was turned off, and they
effects are accounted for by modifying the one-electron integrals, prqiiced the same energy as in e, symmetry. In all

which constitute the major contribution to physical observ- ¢4\cjations, the energies were converged to1.002° au.
ables?® Insight on the consequences of neglecting the electronic

spin—orbit coupling can be obtained by comparison with full
four-component relativistic results.

With the second-order Dougla&roll —Hess (DKH2) Hamil- The computed static dipole polarizabilities at various levels
tonian and using linear response coupled cluster with singlesof theory are presented in Tables-4. Previous theoretical
and doubles (LR-CCSBf theory as implemented in DAL-  results are listed in Table 3. Atomic units will be used
TONS! we calculated the static dipole polarizability and throughout the following discussion, unless otherwise specified.
evaluated the ThomafReiche-Kuhn (TRK) sum ruleS0) of A. Basis Set Effect and Electron Correlation.The basis
oscillator strengths, which states th&0) should equal the  set is an important factor in the determination of accurate
number of electrons of the system. Deviations from the sum polarizabilities3® The standard energy-optimized basis sets
rule reflect the incompleteness of the basis set and of the clusterusually give poor results for the electric properties. Previous
expansion of the wave function. The contributions from core calculation$?13on the Yb atom have addressed this issue by
electrons were systematically investigated by correlating 16 to adding extra tighp or d diffuse functions. In the current study,
68 electrons. The transition dipole moment and transition energy we systematically added polarization and diffuse functions until
to the 6s60P; state were also examined at the same LR-CCSD the calculations converged. Tables-3 show that the initial
level of theory. To check the validity of the finite field approach basis sets, DKBO, ECPBO0, and ECPB1, all yield poor descrip-
and to investigate the contribution beyond single and double tions of the dipole polarizabilities at all levels of theory. The

whereo is the 2 x 2 Pauli matrix.

Static electric dipole polarizabilities were obtained by using
the finite electric field (FF) perturbation method followed by
numerical differentiation of the field-dependent energies. The
static dipole polarizabilitye. of an atomic state is given by

Results
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TABLE 1: Static Dipole Polarizabilities o(0) (in atomic would make small additional contributions. The consistent

units) of the Ytterbium Atom Calculated Using Finite Field results between LR-CCSD and finite field AE DHK3 CCSD-

!\r/'ﬁetg%? and with DKH3 Hamiltonian at Various Levels of (T) calculations suggest that some cancellation of error has
occurred.

correlating 42 valence electrons The contributions from inner shell electrons were studied by

HF MP2 SCSMP2 CCSD CCSD(T)  correlating up to 68 electrons in the AE DKH2 LR-CCSD

DKBO 272 285 28.7 28.6 28.6 calculations, given in Table 2. Including only 4f6s shells (16
DKBO + 1slpldiflg 99.5 83.8 87.9 96.2 94.6 e) in the explicit correlation treatment is clearly not adequate.
DKBO + 2s2p2d2f2g 1652 113.7 1232 1435 1389  The calculated polarizability of 156.2 is about 10% higher than

gﬁggiizzgigﬂzg gg; ﬂ;é ﬁg? ﬂg'g ﬂi-g the converged value of 143.8 using the same basis function.
DKBO + 3s3p3d3f3g 178.7 1115 1222 1490 1432 Convergence is approached by including 34 valence electrons

+ 3h2i (4d5s5p4f6s). Adding an additional 18 electrons (3d4s4p)
increased the polarizability by 0.4. Including further inner shells
correlating 52 valence electrons up to 2s2p (68 e) did not change the dipole polarizability. A

HF MP2 SCSMP2 CCSD CCSD(T) similar convergence behavior was observed in the FF DHK3

DKBO + 3s3p3d3f3g 178.7 111.4 1222 1490 1431 calculations shown in Taple 1. The change from correlatlng_42
+ 3h2i electrons to 52 electrons is only 0.1 at the CCSD(T) level with
the largest basis. A similar situation occurred for the ECP

polarizabilities are smaller than 30 except for that of 95 in Table calculations, listed in Table 3. The difference in correlating 34

3 from ECPBO, but it s still more than 30% smaller than those and all 42 valence electrons (4s4p4d5s5p4f6s) with the largest
obtained with the largest basis functions. For both AE and ECP pasis set is 0.5. Therefore, in molecular calculations, correlating

calculations, the polarizabilities converged after adding three 34 valence electrons would be sufficient.

or more sets ofspdfg diffuse functions; the change with — The TRK sum rule5(0), however, exhibited slow convergence
additional diffuse functions was less than 1%. Consistent with ity respect to the number of correlating electrons in the AE
previous studie¥; theh and higher angular momentum functions  pkH2 LR-CCSD calculations. According to Table 0)
gave small usually negative contributions. By addmgndi slowly increased to 69.7 from 27.8 with the increase of the
functions, the polarizability was reduced byl or less. The  nymper of explicitly correlated electrons from 16 to 68 with
converged calculations at the LR-CCSD level of theory using the pasis DKBO+ 1s4p4dafag. The deviation from the exact
the ECP approach agree closely with calculatidiwith the  — yajue of 70 may be due to the lack of higher excitations, as
FF method using ECP28MWB and ECP28MDF at the CCSD- gyggested by the basis convergence. 0§ values in the ECP

(T) level. The values converged to 153 for ECP28MWB and c5|cylations, listed in Table 3, show rapid convergence, resulting
143 for ECP28MDF. Note that the ECP28MWB was adjusted from the replacement of inner electrons by an optimized

to the reference data from Woe@oring (WB) scalar- effective potential. The small change $0) with the increase

relativistic AE calculation$? The ECP28MDF was adjusted to  of the hasis set implies that the remaining deviation is due to
the reference data from fully relativistic multiconfiguration pe missing higher excitations in the cluster expansion of the
Dirac—Hartree-Fock calculations including a perturbative \yave function. Since we will use the calculated Cauchy

correction for the Brei_t interactio_n an_d 'some higher order moments to derive the dispersion coeffici@gt the convergence
quantum-electrodynamic effectsWith this improvement, the ¢ these calculations will be critical.

polarizability was reduced from 152.4 to 142.6, which is closer g Relativistic Effects. Previous work®-37-39 on the heavy
to our AE DKH3 CCSD(T) FF result of 143.1 obtained with  54ji- and alkaline-metal atoms found a significant scalar

the largest basis functions. Clearly, this change is due to the g|ativistic effect and a negligible spirorbit coupling effect

defect in the ECP adjusted from the WB reference. on the static polarizability. Our calculations show a similar
Electron correlation effects on the dipole polarizability have paonavior for the Yb atom. The results from the fully four-
been studied for alkali-metal and alkaline-earth-metal abfhs component relativistic calculations are presented in Table 4. At

to WhiCh, with the addition of the fU”y filled 4f She", Yb is the DCHF IeVeI, LR and FF calculations produced identical

closely related. It was shown that electron correlation is (agyits. The LR-DCHF result of 178.6 is almost the same as
overestimated at the MBPT2 level of theory for heavy atoms he result of 178.7 from the FE DKH3 HF level in Table 1. A

due to the slow convergence of the many-body expariion, - gimjar situation was observed at the MP2 level in correlating
which is also the case for Yb. Table 1 shows that MP2 45 \gjence electrons. The full relativistic value of 109.9 differs
underestimates the dipole polarizability by more than 20%. An by less than 2% from the result of 111.5 evaluated at the FF
improved description of MP2 electron correlation energy by pxH3 MP2 level of theory. Because of the large computa-
scaling the so-called parallel and antiparallel components iiona| demand, we did not explore the polarizability at the
(SCSMP2),° which is closely related to Feenberg's scaling of e ativistic CCSD(T) level. However, that similar results were
the zero-order Hamiltonian and the corresponding perturbation o, in the HF and MP2 calculations indicates that relativistic

operator:! improved the polarizability by about 10% at 122, eftects are well described by the approximate AE and ECP
but it is still more than 10% smaller than the coupled cluster aatments.

results.

Within the coupled cluster framework, previous stuéiég
on the alkaline-earth-metal atoms showed that the electron
correlation from the triple excitations becomes more important ~ The calculated polarizabilities, obtained with the most
with the increase of atomic nuclear charge. A similar situation extensive basis functions in which the oscillator strength sum
is found in the current study. At the AE DKH3 level with rule is most nearly equal to the number of correlated electrons
the largest basis set and the correlation of 52 valence electronsfogether with an average of published values, cluster about 143.
the triple excitations decrease the polarizability by 4%  To gain some insights into the accuracy of this prediction,
from 149.0 to 143.1 as shown in Table 1. Higher excitations we attempt to analyze the spectral structure.ofhe frequency-

Discussion
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TABLE 2: Static Dipole Polarizabilities o(0) (in atomic units) and TRK Sum Rule S(0) of the Ytterbium Atom Calculated at
All-Electron DKH2 Linear Response CCSD Level of Theory

a(0) S0)
basis function 16e 3de 52e 60 e 68 e 16e 34e 52e 60 e 68 e
DKBO 29.2 38.6
DKBO + 1s3p3d3f3g 156.3 143.5 143.8 143.9 143.9 27.9 44.8 60.1 65.4 69.7
DKBO + 1s4p4d4fdg 156.2 143.3 143.7 143.7 143.8 27.8 44.8 60.0 65.3 69.7
DKBO + 1s3p3d3f3gt 2hli 143.1 69.7
TABLE 3: Static Dipole Polarizabilities o(0) (in atomic TABLE 5: 6s? 'S, — 6s6p!P; Transition Energies and
units) and TRK Sum Rule $(0) of the Ytterbium Atom Oscillator Strengths Calculated at the LR-CCSD Level of
Calculated at the Linear Response CCSD Level of Theory Theory with DKH2 AE and ECP28MDF Approaches
along with Effective Core Potentials ECP28MWB and —
ECP28MDE transition _
energy oscillator
a(0) S0) basis functions electrons  (cm™) strength
basis function 34e 42 e 34e 42e All-Electron DKH2 Calculations
DKBO + 1s3p3d3f3g 34 26 155 1.68
ECPBO+ 252p2d2f2g 152.8 1533 395 426  DKBO+ 1539333;39 68 26 165 1.70
ECPBO-+ 3s3p3d3f3g 152.7 1533 395 426  DKBO+1s3pddafdg 68 26 098 1.69
ECPBO+ 3s3p3d3f3gt 151.9 152.4 39.4 425 ECP28MDF Calculations
6h4i ECPB1+ 4s4p4d4f3g 34 25155 1.31
ECPBO+ 4s4p4d4f3gt 151.9 152.4 39.4 425 ECPB1+ 5s5p5d5f3g 34 25138 1.31
6h4i ECPB1+ 5s5p5d5f3gt 34 25321 1.36
ECP28MDF 5h4i
ECPB1 21.7 21.6 509 54.1 ECPB1+ 4s4p4d4f3g 42 25329 1.41
ECPB1+ 2s2p2d2f2g 120.3 120.7 39.7 423 ECPB1+ 5s5p5d5f3g 42 25311 1.41
ECPB1+ 3s3p3d3f3g 139.9 140.4 39.3 425 ECPB1+ 5s5p5d5f3gt 42 25 465 1.44
ECPB1+ 4s4p4d4f3g 142.9 143.4 39.3 425 5h4i
ECPB1+ 5s5p5d5f3g 143.0 143.5 39.3 425 "
ECPBL1+ 5s5p5d5f3g-  142.1 1426 392 424 experimental data 25068.2  1.309
5h4i aNumber of explicitly correlated electrons in the calculatidhisrom
other work 141.7,145.3° 131.6¢ ref 42.¢ The latest experimental result from ref 3. For others, see ref

157.39113.3¢118f
1547

aReference 59. Linear response relativistic density functional theory.
b Reference 12. Finite field calculations at the CCSD(T) level of theory
with relativistic effective core potential ECP28MDfReference 10.
Dirac—Fock density functional theory with Slater-type basiRefer-
ence 11. Nonrelativistic time-dependent density functional theory.
¢Reference 6. Relativistic valence G MBPT and random phase
approximationf Reference 9. Relativistic valence G MBPT and
random phase approximatiohReference 13. Finite field calculations
at the CCSD(T) level of theory with relativistic effective core potential
ECP28MWB.

TABLE 4: Static Dipole Polarizabilities o(0) (in Atomic
Units) of the Ytterbium Atom Calculated with
Four-Component Relativistic Theory

theory method basis functions a(0)
DCHF LR DCB 178.6
DCHF FF DCB 178.6
DCHF-MP2 FF DCB 109.9

2 Forty-two valence electrons (4s4p4d5s5p4f6s) were correlated in
the MP2 calculations.
dependent polarizabilityy(w) can be written as the sum of
transition oscillator strengths:

fS
a(w) = z—z ;

Swg —w

wherefs is the oscillator strength of the dipole transition from
the ground!S, state to the excited jPstates, the summation
includes an integration over the continuum, asd is the
transition frequency and the applied frequency in atomic units.
The static polarizability isx(0).

The major contribution to the summation farcomes from
the transition 6515, — 6s6p!P; at a frequency of 25 068 crh

42 and references therein.

and a lifetime of 5.4644+ 0.005 ns**2 The corresponding
oscillator strength is 1.309. Table 5 compares the oscillator
strength with values calculated at the LR-CCSD level of theory
with DKH2 AE and ECP28MDF methods. The DKH2 AE
method overestimates the oscillator strength, and the polariz-
abilities obtained from it are suspect. The oscillator strength
calculation supports a polarizability from the ECP28MDF
method between 140 and 143. The contribution tof the 62

1S, — 6s6p*P; transition is 100.2+ 0.1.

A lower limit to a can be obtained from experimental
oscillator strength data. The contributions from the higher
transitions of the 651S, — 6sp 1P; series may be evaluated
from the transition frequencies and radiative lifetimes listed by
Blagoev and KomarovsKit and Jiang et al'3 who presented
data for 6= n < 21 with the exception ofi = 9 and 10 which
may be interpolated. The total contribution of transitions from
n=71toois 9.0+ 0.3. The decrease df is rapid, and
extrapolation into the @p P, continuum gives a negligible
contribution. The total 6s'Sy — 6snp 1P; oscillator strength is
1.7+ 0.2.

The lifetime of the spin-forbidden transition%%, — 6s6p
3P, measured in several experiments lies between 760 and 875
ns#*~48and theoretical calculations have yielded values ranging
from 810 to 1294 n8#950The most recent experiment by Tojo
et al?! yields a value of 874 ns. The transition frequency is
555.8 nm and the corresponding oscillator strength is 0.016,
which leads to a contribution of 2.4 to the polarizability. Higher
frequency transitions of this forbidden series will give a
negligible contribution.

The radiative lifetimes of transitions including excitations of
4f shell electrons have been measured #orstates with the
configuration 4¥35d6¢ with a lifetime of 14.34+ 0.9 ns or 17
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TABLE 6: Effective Transition Frequencies (wj, in atomic
units) and Oscillator Strengths (@) Derived Using Pade
Approximants?

0.11454 0.15066 0.18109 0.21972 0.33791 1.32280
1.313 0.654 0.211 0.064 0.142 8.789

Wi

Gi
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effects were shown to be critical to obtain an accurate polar-
izability. The comparison between full and approximate rela-
tivistic methods indicates that the scalar relativistic effects are
dominant, and they can be well described by AE DKH and ECP
approximations.

aThe Cauchy moments were evaluated at the linear response CCSD Our calculated results at the coupled cluster level of theory

level of theory with ECP28MDF pseudopotential. Thirty-four valence
electrons were correlated in the CCSD calculation, and the valence
basis function is ECPB% 5s5p5d5f3g.

+ 2 ns and with the configuration ¥6d6s6p with a lifetime
of 125 + 12 ns. They radiate at 346.4 and 210.2 nm,
respectively. For the transition to'#5d6g, the corresponding
oscillator strength is 0.35: 0.08"2 and the corresponding
contribution toa is 20+ 4. For 4£35d6s6pf = 0.0164 0.0152
and fora 0.34 + 0.04. A transition at 267.3 nm has been
observed by Lange et &8 Blagoev et al?® and Rambow and
Schearef® and its lifetime has been estimated to be 5%.2

ns, 82+ 6 ns, or 77.4+ 6 ns. It has been identified as the
transition to the 58s P state. It has an oscillator strength of
0.056+ 0.004, 0.039+ 0.003, or 0.04H 0.004. We adopted
f=0.05, which yields a contribution t@ of 1.7. The oscillator
strengths of transitions in which a 4f electron is excited are in
general agreement with ab initio calculations of BetRhe
sum of contributions of the 4f shell electronsdais 24 + 4,
and total oscillator strength is 0.5. The total contributiorxto
of these transitions and the?6§, — 6sp P; and 63 1S, —
6s6p3P; transitions is 136.4: 4.

There are further contributions from photoionization reso-
nances associated with inner shell transitions. Cross section
have been measured by Griesmann et al. with a limited rang
of energies$® These high-frequency transitions may be sufficient
to explain the difference from our recommended polarizability
of 143.

To evaluate th&s coefficient, we adopted the Padpproxi-
manb®57 using the Cauchy moments evaluated with the
ECP28MDF at LR-CCSD level of theory. Table 6 lists the
effective oscillator strengthg and transition frequencies; for
a six-term representation. They correspond to a polarizability
of 143, and the first one closely reproduces the leading oscillator
strength and transition frequency. The valu€gfs 2062. Wang
and Dold? used the SlaterKirkwood approximation. It leads
to aCg of about 3400. Chu et al. applied time-dependent DFT
and foundCgs = 229211 For o they obtained 157. If we scale
the Cg by the polarizability ratio, we obtailCs = 2090 in
agreement with our predicted value. In contrast, Buchachenko
et al. derivedCs from the calculation of the long-range
interaction in the'2," state of Yb and concluded thaEs lies
between 2400 and 2866 The experimental discrete oscillator
strength distribution yields an extreme lower limit of about 1700.
It ignores the inner shell and continuum contribution. The
derived from an analysis of the intensity patterns in the
photodissociation spectra of ¥by Enomoto et al. is 2308
2502 A more recent analysi& of measured vibrational levels
leads to a value of about 1932 (30). Our theoretical prediction
is 2062, to within an uncertainty tentatively estimated at 10%.
The estimated uncertainty reflects the empirical lower limit and
the larger values obtained in theoretical calculations. The
corresponding uncertainty in the static polarizability is 5%.

e

Conclusion

The dipole polarizability of the ytterbium atom was studied
using the full four-component relativistic, and the scalar
Douglas-Kroll relativistic and relativistic pseudopotential ap-

proximations. Basis set dependence and electron correlation

using both the linear response theory and the finite field method
converged to a value about 143 au. The accuracy of the
calculation was estimated through a comparison with the atomic
spectral data, which leads to a lower limit of 13644 au
contributed by transitions of 83S, — 6snp P, and 63 1S, —
6s6p 3P, and from three known 4f shell transitions. The
remaining difference can be attributed to the contributions from
the inner shells including the continuum.

The comparison of the calculatec?88, — 6s6p!P; transition
with experiment suggests that the results from the pseudopo-
tential approximation are reliable. The van der Waals coefficient
Cs of Yb, determined by the Cauchy moments from linear
response coupled cluster theory with the pseudopotential ap-
proximation is 2062 (200) au.
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