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Correlation effects in a relativistic calculation of the 6s 'So-6s6p 'Pl transition in ytterbium
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The energies and oscillator strength for the spin-allowed 6s 'So-6s6p 'Pi transition in neutral ytterbium

have been determined by a relativistic Hartree-Fock calculation which includes both intravalence and

valence-core correlation effects. The intravalence correlation is found by a multiconfiguration approach in

which only configurations involving virtual excitations from the valence shell are admixed. The valence-

core correlation is taken into account by a model to represent core polarization by the valence electrons.

Intravalence correlation is found to be more important for the transition energy since core polarization

lowers both 6 So and 6 Pi energies by roughly the same amount. Core polarization, however, is the

stronger influence in determining the oscillator strength. The fact that the calculated transition energy

agrees to within 1% with experiment, whereas the calculated oscillator strength is 10'k to 20% too high, may

indicate that the polarizability of the Yb2+ core calculated by Fraga, Karwowski, and Saxena, namely,

7.36ao, is too small.

I. INTRODUCTION

Correlation effects in atoms can often be conveniently
split into intravalence, valence-core, and intracore contribu-
tions. In ab initio calculations, these contributions can, at
least in principle, be evaluated by multiconfiguration tech-
niques. In oscillator strength calculations, only the first two
contributions are usually important. Inclusion of intra-
valence correlation poses mostly moderate problems, as one
can usually get more than 90% of the intravalence correla-
tion energy by mixing only a few configurations. However,
for the valence-core correlation in many-electron atoms,
there are usually too many configurations which make
roughly equal contributions to permit an accurate multicon-
figuration result.

As a practical solution, we have previously' suggested an
approach in which most of the intravalence correlation is
represented by limited configuration mixing, whereas the
valence-core correlations are all represented approximately
by a core-polarization model potential together with the cor-
responding modification to the dipole-moment operator in
the oscillator strength calculations. We have already tested
this approach successfully in calculations of relativistic oscil-
lator strengths for the 6s '$0-6s6p'Pi and 'Pi transitions
in neutral mercury' and its isoelectronic ions, as we}} as in

the cadmium isoelectronic sequence. ' In the present study,
we apply this method to the spin-allowed
4f'~6s2'Sc-4f'~6s6p 'Pi transition in neutral ytterbium. Yb
differs from Hg in that the outermost orbital of the core
consists of 4fq/2 electrons, and the Sd3/2 and Sds/2 orbitals
are vacant. As a result, in Yb the 6p5d configurations can
make important contributions to the 6s6p'Pi state. As far
as we are aware, no previous Hartree-Pock calculations of
Yb oscillator strengths have been reported.

II. CALCULATIONS

Three types of multiconfiguration relativistic Hartree-Fock
(MC-RHF) calculations have been performed with a modi-
fied version of the code by Desclaux. 4 In the first type

(MC-RHF I), the ground state 'So is the pure 6si/2 state,
whereas the upper state 'Pi is described in intermediate
coupling

[6'Sp) = i6sf/2, J=0) (la)

16'Pi) bil6si/26pi/t, J= I) + b216si/26p3/2, J=1) . (lb)

The "frozen core" approximation is used with the core or-
bitals. . . 4f'4 frozen in the ground state. For the excited
state, convergence is achieved for the higher of the two
states with J 1 corresponding to 'Pi. In the second type
of calculation (MC-RHF II), the upper 'Pi state is again
represented in intermediate coupling, but additional con-
figurations are included for the ground state '50

[6'Ss)=ai)6s//2, J 0) +a216pf/2, J=O) +a316pfg, J=O) .

In the third type of calculation (MC-RHF III), the ground
state is represented as in MC-RHF II [Eq. (2)] but now ad-
ditional configurations are included in the excited state 'Pi.

I6'Pi) = bi 16si/26pi/2, J= I) + b216si/26p3/2, 1=1)

+ b316pl/25d3/2 J I) + b416p3/25d3/2 J I)
+ b516p3/25d5/2 ~ J= 1)

The coefficients a& and bI of Eqs. (la), (lb), (2), and (3)
are presented in Table I. The valence orbitals 6si~2, 6pig2 3/2

are different in the initial and final state and appropriate
overlap integrals must be computed in oscillator strength
calculations.

First, all three types of multiconfiguration calculations
were performed with valence-core correlation entirely
neglected in order to estimate the influence of intra-
valence correlation by itself. Then the third type of calcula-
tion (MC-RHF III) was repeated with valence-core correla-
tion represented through the core-polarization approach
(MC-RHF III+ CP). The core-polarization potential adopt-
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TABLE I. Configuration-mixing coefficients. ionization energies, and transition energies, together with oscillator strengths calculated with
both experimental (E) and theoretical (T) transition energies for the 4f 6s 'Sp-4f 6s6p'Pt transition in neutral ytterbium.

State
or

transition
Intravalence correlation only Intravalence correlation+ core polarization

MC-RHF I' MC-RHF IIb MC-RHF III' MC-RHF III+CP1 MC-RHF III+CP2' MC-RHF III+CP3 Experiment

Configuration-mixing coefficientsi

So ~i
Q2

03

1.0000 0.9638
0.1715
0.2044

0.9638
0.1715
0.2044

0.973&
0.1459
0.1746

0.9776
0.1342
0.1623

0.9782
0.1320
0.1601

'Pi bi
b2

b3

b4

b5

-0.5371
0.8435

—0.5371
0,8435

—0.4607
0.8054
0.2315

—0.0879
0.2789

—0.4433
0.8123
0.2378

—0.0884
0.2815

—0.4201
0.&060

0.2673
—0.0964

0.3053

—0.4107
0.8029
0.2795

—0.0994
0.3141

Ionization energies" (hartrees)

'So
ip

0.189250
0.083 779

0.211967
0.083 799

0.211967
0.099035

0.219041
0.105 344

0.224491
0.109121

0.229819
0.115580

0 229826
0.115607

Transition energies (hartrees)

0.105471 0.128 168 0.112932 0.113697 0.115370 0.114239 0.114219'

tSp-'Pt (E)
(T)

2.24
2.07

1.53
1.72

2.01
1.99

Oscillator strengths

1.69
1.68

1.54
1.56

1.50
1 ~ 50

1.30," 1.27"
1 2311 3&m

1.40"

'Relativistic multiconfiguration Hartree-Pock calculations with the. . . 4ft~ core frozen in the ground state and composition of the ground
tSp and excited tPt states described by Eqs. (Ia) and (lb), respectively. The core polarization is neglected here.
bAs in footnote a but composition of 'Sp and 'Pt states given by Eqs. (2) and (lb), respectively.
'As in footnote a but composition of 'Sp and 'Pt states given by Eqs. (2) and (3), respectively.
As in footnote c but core polarization is included for valence electrons. The cutoN radius ro set to the mean radius of the outermost orbital

of the Ybz+ core (rp 1.492ap).
'As in footnote d but rp adjusted to match the experimental ionization energy of the ground zSt z state of Yb+ (rp-1.148ap).
rAs in footnote c but rp adjusted to match the experimental ionization energies of the 'Sp and Pt states (relative to ground state of Ybz+)
of the neutral ytterbium (rp 1.102 and 1.086 for tSp and 'Pt, respectively).

onfiguration-mixing coefficients for Eqs. (Ib), (2), and (3).
"Ionization energies are computed as differences between the total energies of singly ionized and neutral ytterbium. If the core polarization
is accounted for, it is appropriately included for valence electrons in both atom and ion. Because of the way the ro is adjusted in MC-RHF
III+CP3 calculations, the total energy of Yb+ is evaluated as total energy of Ybz+ increased by experimental ionization energy of Yb+ (cf.
footnote A.
'Reference 5.
JReference 6.
"Reference 7.
'Reference 8.
mReference 9.
"Reference 10.

ed, namely,

'ca= —Tt~ x F'
I

(4)

represents the interaction of the ion core through its dipole
polarizability a, with the sum of electric fields FI produced
by each valence electron at r~. Here FI, appropriately aver-
aged over the core, is modeled" by F&-r, (rpz+r2) 3~2 in
a.u. , where ro is a measure of the core radius. The one-
electron terms in Eq. (4) are added to the one-electron
Hartree-Pock Hamiltonian of each valence electron, whereas
the cross or "dielectric" terms are computed together with
the direct Coulomb repulsion r~

' between valence elec-

trons. The "dielectric" terms affect the calculations of the
excited 'Pi state, but for the ground 'So state they contri-
bute only to off-diagonal matrix elements in type II and III
calculations.

In calculations of transition moments, the dipole-length
form is used with the dipole moment d = —r of each
valence electron replaced by d+ d„where d, -aF is the di-
pole moment induced in the core by the electron. The
value of the core polarizability n was set to the static dipole
polarizability calculated by Fraga, Karwowski, and Saxena'
for Yb2+ (7.363 a$). Three different values of cutoff ra-
dius ro were used leading to three versions of Mc-
RHF+CP calculations. In version CP1, ro was set to the
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mean radius of the outermost orbital of Yb2+ (1.492ao). In
the second version (CP2), the value of ro adjusted to match
the experimental ionization energy of the ground S~~2 state
of Yb+, relative to Y12+, was used (ro=1.148ao). Finally,
in version CP3, rp was adjusted to match the experimental
ionization energy of the ground 'Sp and excited 'P~ states of
neutral Yb relative to Y12+ (ro=1.102ao and 1.086ao for
'So and 'Pi, respectively). The values of the ionization en-
ergies for the 'Sp and 'P~ states, the 'Sp-'P~ transition ener-
gies, and the oscillator strengths resulting from the different
types of calculations are presented in Table I.

'PI'" = [d, (I )d, (2) +d, (I )d, (2) lW&,

+)'"= [g,(I)d, (2) —d, (I )d, (2) j/~2

for the 'P and P states, respectively, one easily derives

(s)

not to be found on the same "side" of the atom.
Such an angular correlation is easily demonstrated with

simple zeroth-order nonrelativistic wave functions for the
two valence electrons. With spatial wave functions of the
form (labels 1 and 2 refer to the two valence electrons)

III. DISCUSSION AND CONCLUSIONS (r~ iq)&~ —(r, r~)~ =& Jl, drRR~)D (6)

Several conclusions can be drawn. Our "best" (MC-RHF
III+CP3) calculation after transformation to the LS basis
results in the following composition of the ground 'Sp and
excited 'P~ states: The 'Sp is 95.70% 6s"Sp, 4.28o/o 6p"Sp,
and 0.02% 6p Pp, whereas the 'P~ is 79.69% 6s6p'P~,
18.52% 6p5d'P~, 1.64% 6s6p'P~, 0.13% 6p5d'Dj, and
0.02% 6p5d P~. The large contribution of the 6p5d confi-
guration is clearly visible for the P~ state. This distin-
guishes the ytterbium case from that of mercury where
the Sd shell is already filled so that no virtual transitions to
it are possible and the contribution of the 6p6d configura-
tion is expected to be much smaller. Unfortunately, we
were unable to achieve the convergence for the 'Sp state if
the 4f' Sd2 configuration was included, but a semiempirical
analysis of the Yb spectra performed by Nir and Gold-
schmidt' suggests that the contribution of this configura-
tion to the ground 'Sp state is very small. The value of the
gJ factor in the 'P~ state calculated in the MC-RHF
III+ CP3 calculation is 1.00S and may be compared with the
experimental value of 1.035+0.005.' The experimental
results indicate that the composition of this state should
have a much larger component (roughly 7% of 'Pi charac-
ter) than predicted by our calculation.

Intravalence correlation plays a very important role in

achieving a good agreement with experiment for the 'Sp-'P~
transition energy. Its inclusion reduces the discrepancy with
experiment from 7.7% to 1.0%. As may be seen from Table
I, the contribution of the 6p5d configuration to the 'P~ state
is of particular importance here. The influence of core po-
larization (valence-core correlation) on the transition energy
is rather small as it lowers the energies of both states by
roughly the same amount. This may seem surprising, since
the roughly r dependence of Vqp would lead one to ex-
pect a significantly larger polarization effect in the lower-
lying 'Sp state. However, the dielectric term —eF~ F2 aris-
ing from Vcp has, as mentioned, a practically negligible ef-
fect in Sp states but significantly enhances the polarization
influence in 'P states. The enhancement reflects the result
that the expectation value (Fi F2) i, hence the angular
correlation (ri r2) i is positive in P states: in simple pic-
torial terms, the two valence electrons are more likely than

~here R, and R~ are the radial orbitals corresponding to the
spatial one-electron functions $, and $~, respectively.
Although the use of nondegenerate relativistic wave func-
tions complicates the picture somewhat, our calculations
here and for mercury' and cadmium demonstrate the
correctness of these trends. "

For oscillator strengths, core polarization seems to have a
stronger influence than intravalence correlation. Clearly,
better agreement with experiment for both ionization ener-
gies (remaining discrepancy 2.3% and 5.6'/o for 'So and 'Pi,
respectively) and oscillator strengths is achieved in MC-
RHF III+CP2 calculation, where the value of rp is adjusted
to match the experimental ionization energy of the valence
electron in Yb+, relative to Yb'+, and is used instead of the
mean radius of the outermost orbital of Yb'+. The further
adjustment of rp to match experimental ionization energies
(relative to the ground state Yb'+) of neutral ytterbium in
the 'Sp and 'P~ states separately, leads to a small additional
reduction in oscillator strength (below 4/o). In our opinion,
the latter approach (MG-RHF III+ CP3) yields the most re-
liable oscillator strengths. The fact that they are 7%-22%
higher than experimental values depending on the experi-
mental data used for comparison (see Table I) may indicate
that the value of 0. chosen is considerably too low. A
higher polarizability (closer to 12ao3 or 13ao3) would move
the oscillator strength into the experimental range and also
increase our predicted value of g~ for the 6'P~ state. One
might well expect the value of 0. for Yb + from Fraga et al.
to be too low, since it came from a Hartree-Fock calculation
and ignores the relativistic dilation of the 4f orbitals which
contribute most strongly to the polarizability. On the other
hand, a recent calculation' with the relativistic random
phase approximation of e for Yb'+ gives a somewhat lo~er
(6.39ao3 ) than the value of Fraga et al
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