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Collapse ofd and f orbitals in the isoelectronic sequence of singly ionized ytterbium

J. Migdalek and W. Siegel
Institute of Physics and Computer Science, Cracow Pedagogical University, 30-084 Krako´w, Poland

~Received 22 November 1999; published 9 May 2000!

The phenomenon of ‘‘collapse’’ of 5d and 5f orbitals in the Yb1 isoelectronic sequence occurring when the
increasing Coulomb and exchange attractions overcome centrifugal repulsion is studied in this paper using both
the relativistic model-potential and single-configuration Dirac-Fock techniques. As before for xenon and ce-
sium sequences, valence-core electron exchange is found to play an essential role in the collapse phenomenon.
Furthermore, the collapse greatly enhances the sensitivity of the properties of the orbitals that undergo this
phenomenon to small changes in the effective potential, so that even much more subtle effects such as nonlocal
exchange effects or core-valence electron correlation~core polarization! became more than usually important.

PACS number~s!: 32.10.Hq
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I. INTRODUCTION

Lanthanide atoms and ions, because of the complexit
their spectra, are seldom the subject of intensive theore
studies, despite vivid interest from astrophysicists, since
spectra of lanthanides are important in studies of evolution
some young stars, e.g., peculiar stars. However, for som
the rare earth systems, e.g., neutral and singly ionized y
bium, a simple two- or one-electron spectrum appears to
superimposed on the complex many-electron spectra. U
this assumption we have studied in the past the energy le
and oscillator strengths in the spectra of neutral and sin
ionized ytterbium as well as their isoelectronic sequenc
using different theoretical techniques@1–4#.

Formally, singly ionized ytterbium and systems isoele
tronic to it belong to the thulium isoelectronic sequence. U
fortunately, no one-electron spectrum~i.e., spectrum with
one valence electron outside the closed-shell core! has been
discovered so far for neutral thulium, whose ground-st
configuration is 4f 135d6s, in contrast to 4f 146s which, due
to competition between 4f and 5d orbitals (n1 l 57 in both
cases!, occurs in Yb1 and Lu21.

In Refs. @1–4# relativistic effects were treated accurate
but electron correlations were included in a very appro
mate way through combining the core polarization mode
represent the valence-core electron correlation with v
modest multiconfiguration Dirac-Fock~MCDF! calculations
to allow for the intravalence correlation, if required. Th
approach has been adopted recently by other authors for
gly ionized ytterbium@5#; in addition, these authors carefull
included the electron correlation at the expense of an
proximate treatment of relativistic effects. This study, as w
as the earlier one by Fawcett and Wilson@6# was restricted to
the YbII spectrum only, whereas our earlier studies@1–4#
were devoted to YbII isoelectronic systems and brought o
attention to the gradual collapse of thed andf orbitals and its
influence on both the energy level positions and oscilla
strengths.

We have previously studied the collapse of 4f and 5d
orbitals along the cesium isoelectronic sequence@7# as well
as its influence on oscillator strengths for some low-lyi
transitions@8#. Earlier, Bandet al. @9# studied formation of
1050-2947/2000/61~6!/062502~9!/$15.00 61 0625
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the collapsed 4f state in factitious ‘‘Dirac-Fock atoms’’ lan-
thanum and europium, whereas Cheng and Froese Fis
studied orbital collapse in the xenon isoelectronic seque
@10#.

The present paper is devoted to a detailed study of
collapse of the lowestd andf orbitals in YbII and its isoelec-
tronic sequence. The behavior of the inner and outer well
the effective potential along the sequence, as well as the
it is affected by the local valence-core electron exchan
interaction and the core polarization by valence electrons
studied using the fully relativistic model-potential approa
with no free parameters and the single-configuration s
consistent-field Dirac-Fock method.

It has to be stressed here that the relativistic mod
potential approach is used in this study as an auxiliary t
only, in order to evaluate~through comparison between th
model-potential and Dirac-Fock methods! the impact of the
exchange interaction on the collapse phenomenon. In c
trast to the Dirac-Fock scheme, where the nonlocal elec
exchange is represented accurately, the model-potentia
proach allows one not only to omit the exchange interact
entirely but also to include it in an approximate way, e.
through anab initio local exchange model potential.

II. CALCULATIONS

As in our previous paper on collapse in the cesium i
electronic sequence@7#, we used here the relativistic mode
potential~RMP! approach, discussed in detail in our earli
papers@11,12#. Three versions of this approach were used

In the first~RMP! the valence electron is affected only b
the core potentialVc(r ) which includes the nuclear attractio
and Coulomb interelectronic repulsion,

Vc~r !52
Z

r
1

1

r E0

r

rc~r 8!dr81E
r

`rc~r 8!

r 8
dr8, ~1!

whererc(r 8) is the radial electron density of the core~taken
as computed in the Dirac-Fock approach for the parent i!
andZ is the charge of the nucleus~atomic units are employed
in this paper!. The electron exchange interaction is entire
omitted.
©2000 The American Physical Society02-1
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In the second version~RMP 1 SCE! the local valence-
core electron exchange interaction represented by the ‘‘se
classical exchange’’~SCE! potentialVSCE, proposed initially
by Furness and McCarthy@13# and by Riley and Truhlar
@14#, is added to the core potential,

VSCE~r !5 1
2 @E2Vc~r !#2 1

2 $@E2Vc~r !#21b2%1/2, ~2!

where E,0 is the energy of the valence electron and
doubly occupied spatial core orbitals

b25rc~r !/r 2. ~3!

As can be seen from Eqs.~2! and ~3!, for bound states
(E,0) VSCE becomes2b/2 as r approaches the classic
turning pointr c , whereas forr @r c it increases and tends t
E. ThereforeVSCE has to be cutoff shortly before the class
cal turning point and replaced by its value at this poin
2b/2, which tends to zero at larger.

The SCE approximation does not depend on any emp
cal or adjustable parameter and turned out to be success
our previous calculations@12#.

In the third version~RMP 1 SCE1 CP! the core polar-
ization~CP! potential@11# VCP is additionally included in the
effective potential,

VCP52 1
2 ar 2~r 21r 0

2!23, ~4!

wherea is the static dipole polarizability of the core andr 0
is the cutoff radius. For YbII thea computed in a relativistic
random-phase approximation~RRPA! calculation by Kolb
et al. @15# was used, whereas for LuIII and HfIV we em-
ployed the Hartree-Fock~HF! values of Fragaet al. @16#
scaled down to include the relativistic effects at least p
tially. As the scaling factor we adopted the rat
aRRPA/aHF50.87 computed employing the RRPA and H
values ofa for Yb II from @15# and @16#, respectively. The
cutoff radiusr 0 has been taken as the mean radius^r & of the
outermost orbital of the core~see Table I!.

To determine the influence of the nonlocal exchange
fects on ionization potentials, single-configuration Dira
Fock calculations, labeled DF~FC!, were performed in the
frozen core~FC! approximation using the parent ion of th
system as the core. Such calculations differ from the RMP1
SCE approximation only by accurate representation of
valence-core electron exchange interaction. Finally, the
ization potentials for different levels were computed in
single-configuration relaxed core@DF~RC!# approach with
and without core polarization, which permits evaluation
the core-polarization and relaxation contributions.

TABLE I. Core-polarization parameters: dipole polarizabilitya
and cutoff radiusr 0 ~in a.u.!.

System a r 0

Tm 9.97 1.574
Yb1 6.39 1.492
Lu21 4.51 1.413
Hf31 3.34 1.342
06250
i-

r

i-
l in

r-

f-
-

e
-

f

The contribution of relativistic effects can also be fou
through comparison of DF~RC! results with those obtained
in the nonrelativistic limit~NL! ~i.e., computed with the ve-
locity of light in a DF calculation tending to infinity!. These
are labeled NL-DF~RC!.

III. DISCUSSION OF RESULTS

A. Orbital collapse

The phenomenon of orbital ‘‘collapse’’ is a rapid drop
the energy and size of ad or f orbital in response to chang
in the effective potential,

Ve f f~r !5V~r !1
l ~ l 11!

2r 2
. ~5!

For sufficiently heavy atoms,Ve f f has two wells separate
by a barrier. As atomic numberZ increases along the per
odic table of atoms, the narrow inner well deepens and w
ens and the barrier drops slightly. When the barrier is su
ciently opaque, the two wells are clearly isolated and
inner well has little importance, until it is deep and wid
enough to support a state below the eigenenergy of the
lated outer well. When this occurs, even in the presence o
opaque barrier, the orbital collapses from the outer well
the lower eigenstate of the inner well.

If one considers an isoelectronic sequence instead of
periodic table, the increasing charge of the ion core caus
rapid drop of the inner well and the barrier, but also deep
the outer well. In consequence, orbital collapse begins ea
and proceeds more gradually.

Figure 1 shows the effective potentialVe f f for 5f 5/2 orbit-
als in the YbII isoelectronic sequence obtained in our RM
calculations with the valence-core electron exchange

FIG. 1. The effective potential curves for 5f 5/2 states in Tm
through W51 obtained using the relativistic model-potential a
proach with the valence-core electron exchange neglected~RMP!.
The mean radiî r & of the 5f 5/2 orbitals are also marked. The hor
zontal scale is logarithmic.
2-2
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COLLAPSE OFd AND f ORBITALS IN THE . . . PHYSICAL REVIEW A61 062502
glected. TheVe f f(r ) for 5f 7/2 orbitals are identical to thos
of 5f 5/2. Figure 2 shows the effective potentials for 5f 5/2
orbitals but with the core-valence electron exchange inclu
in the semiclassical exchange approximation descri
above. Now theVe f f for 5f 7/2 orbitals differ from those of
5d5/2 in Fig. 2 only by the dependence of the local exchan
term on the one-electron eigenvalue, which is shown to
very small in Table II.

One can easily see from Figs. 1 and 2 as well as fr
Table II the deepening of both inner and outer wells as w
as the lowering of the potential barrier with increasingZ,
leading to the collapse of the 5f orbital, which can be fol-
lowed in the average orbital radii indicated at the top of b
figures. Comparison of Figs. 1 and 2 as well as Table
demonstrates the impact of the core-valence exchange in

FIG. 3. Comparison of the effective potential curves obtain
for the 5f 5/2 state in Ta41 using the model potential without~RMP!
and with ~RMP 1 SCE! the valence-core exchange included.

FIG. 2. As in Fig. 1, but the relativistic model-potential a
proach with valence-core electron exchange included in the s
empirical approximation~RMP 1 SCE! has been used.
06250
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Ve f f potentials for 5f 5/2 orbitals along the YbII isoelectronic
sequence. The exchange interaction visibly enlarges
depth of the inner well by an amount that slowly increas
along the sequence, whereas the outer well is only slig
affected. The height of the centrifugal barrier is also grea
lowered and the barrier itself disappears starting from Ta41

if the exchange is included in the effective potential.
The effective potentials for the 5d3/2,5/2orbitals have 10 to

18 times deeper inner wells than those of the 5f 5/2,7/2because
of a smaller angular momentum and, in consequence
smaller centrifugal repulsive part of the potential in Eq.~5!.
A tiny barrier ~and in consequence a shallow outer well! can
be seen ford states only for Yb1 and only when the core
valence exchange is neglected. If it is included, even
rather crude SCE approximation, the outer well disappe
completely.

d

FIG. 4. As in Fig. 3, but the effective potential curves corr
spond to the 5d3/2 state in Yb1, shown for small and larger values
separately.

FIG. 5. Dependence of effective quantum numbern* on Z for
5 f 5/2 state along the thullium isoelectronic sequence.

i-
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TABLE II. The depth of the inner well (Dinn) and outer well (Dout) and the height of the centrifuga
barrier (Hbarr), as well as the resulting increase in the depths of the wells (DDinn and DDout) and the
decrease in the height of the centrifugal barrier (DHbarr) due to exchange contribution and core polarizatio
Computed in the model-potential approach without~RMP! and with semiclassical exchange term~RMP 1
SCE! and with core polarization included~RMP 1 SCE1 CP! ~in eV!.

System Dinn ~eV!

and state RMP RMP1 SCE DDinn RMP 1 SCE1 CP DDinn

Tm 5d3/2 3369.57 3521.24 151.67 3521.33 0.09143
5d5/2 3369.57 3521.24 151.67 3521.33 0.09116

Yb1 5d3/2 3516.12 3669.85 153.73 3669.93 0.07374
5d5/2 3516.12 3669.85 153.73 3669.92 0.07374

Lu21 5d3/2 3671.92 3829.96 158.04 3830.03 0.07211
5d5/2 3671.92 3829.95 158.03 3830.02 0.07211

Hf31 5d3/2 3832.78 3989.68 156.90 3989.75 0.07211
5d5/2 3832.78 3989.67 156.89 3989.74 0.07211

Ta41 5d3/2 3995.34 4160.12 164.77
5d5/2 3995.34 4160.11 164.76

W51 5d3/2 4169.54 4333.58 164.04
5d5/2 4169.54 4333.56 164.02

Tm 5f 5/2 183.303 243.641 60.338 244.244 0.6028
5 f 7/2 183.303 243.641 60.338 244.244 0.6028

Yb1 5 f 5/2 211.926 274.199 62.273 274.701 0.5019
5 f 7/2 211.926 274.197 62.272 274.699 0.5019

Lu21 5 f 5/2 245.443 309.892 64.449 310.379 0.4874
5 f 7/2 245.443 309.891 64.448 310.378 0.4874

Hf31 5 f 5/2 282.561 348.692 66.130 349.144 0.4525
5 f 7/2 282.561 348.691 66.130 349.143 0.4525

Ta41 5 f 5/2 322.591 391.026 68.434
5 f 7/2 322.591 391.025 68.433

W51 5 f 5/2 366.139 435.924 69.785
5 f 7/2 366.139 435.922 69.783

System Hbarr ~eV!

and state RMP RMP1 SCE DHbarr RMP 1 SCE1 CP DHbarr

Tm 5d3/2 4.8612 0.8708 23.9904 0.2988 20.5720
5d5/2 4.8612 0.8717 23.9896 0.3001 20.5716

Yb1 5d3/2 0.0749
5d5/2 0.0749

Lu21 5d3/2

5d5/2

Hf31 5d3/2

5d5/2

Ta41 5d3/2

5d5/2

W51 5d3/2

5d5/2

Tm 5f 5/2 47.541 26.0394 221.5013 23.2857 22.7537
5 f 7/2 47.541 26.0394 221.5013 23.2857 22.7537

Yb1 5 f 5/2 37.565 18.3746 219.1900 15.8835 22.4912
5 f 7/2 37.565 18.3820 219.1826 15.8909 22.4912

Lu21 5 f 5/2 27.078 10.1543 216.9235 8.2251 21.9292
5 f 7/2 27.078 10.1570 216.9208 8.2278 21.9291

Hf31 5 f 5/2 17.231 3.5279 213.7036 2.3043 21.2235
5 f 7/2 17.231 3.5306 213.7008 2.3069 21.2238

Ta41 5 f 5/2 8.635
062502-4
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TABLE II. ~Continued!.

System Dinn ~eV!

and state RMP RMP1 SCE DDinn RMP 1 SCE1 CP DDinn

5 f 7/2 8.635
W51 5 f 5/2 2.178

5 f 7/2 2.178

System Dout ~eV!

and state RMP RMP1 SCE DDout RMP 1 SCE1 CP DDout

Tm 5d3/2 2.2676 2.2734 0.0058 2.3790 0.105
5d5/2 2.2676 2.2733 0.0057 2.3789 0.105

Yb1 5d3/2 9.1930
5d5/2 9.1930

Lu21 5d3/2

5d5/2

Hf31 5d3/2

5d5/2

Ta41 5d3/2

5d5/2

W51 5d3/2

5d5/2

Tm 5f 5/2 1.1332 1.1332 0.0000 1.1400 0.006
5 f 7/2 1.1332 1.1332 0.0000 1.1400 0.006

Yb1 5 f 5/2 4.5330 4.5331 0.0001 4.5938 0.060
5 f 7/2 4.5330 4.5331 0.0001 4.5938 0.060

Lu21 5 f 5/2 10.2028 10.2084 0.0056 10.3855 0.177
5 f 7/2 10.2028 10.2084 0.0056 10.3855 0.177

Hf31 5 f 5/2 18.1503 18.2237 0.0735 18.5999 0.376
5 f 7/2 18.1503 18.2236 0.0734 18.5998 0.376

Ta41 5 f 5/2 28.4306
5 f 7/2 28.4306

W51 5 f 5/2 41.2844
5 f 7/2 41.2844
fe
an
x

he
m

n
c

ra

C

co

on
th
an
e
m

re-
nce
that
ture
e

al.
ing

as
n
p-
-
ut

ex-
he
-

x-

d

The influence of the exchange on the shape of the ef
tive potential curve may be seen more closely in Figs. 3
4, which depict potential curves without and with the e
change for the 5f 5/2 state in Ta41 and the 5d3/2 in Yb1,
respectively.

Table III shows the relative orbital contraction due to t
exchange. It reaches 30% to 40% for orbitals in the syste
where collapse is under way and decreases~for f states even
abruptly! when the collapse has already occurred. O
should note an unexpectedly large influence of the nonlo
exchange effects, otherwise unimportant, on orbital cont
tion for the 5f 5/2,7/2 states in Yb1, which dominate the ex-
change contribution. This was not observed before for the
sequence and suggests that the simple local exchange
proximation SCE is not able to adequately describe the
lapse phenomenon in this case.

Table II also shows the effect of the core polarization
the inner and outer wells and potential barrier. Though
core polarization also tends to deepen both the inner
outer wells and lower the barrier, its influence on the inn
well and the barrier is marginal and in no way can be co
06250
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pared with the unique role played in this case by the co
valence exchange. However, for the outer well the influe
of the core polarization, though also very weak, exceeds
of the exchange effect. This is due to the short-range na
of exchange effects, which are virtually negligible in th
outer well dominated by the long-range Coulomb potenti

Table IV shows the ionization potentials computed us
the relativistic model-potential approach without~RMP! and
with ~RMP 1 SCE! local valence-core electron exchange,
well as by employing the relativistic single-configuratio
Dirac-Fock method in the frozen parent-ion-like core a
proximation @DF~FC!# ~i.e., with accurate nonlocal ex
change! and the relaxed core approximation witho
@DF~RC!# and with @DF~RC! 1 CP# the core polarization
included. The unexpectedly large impact of the nonlocal
change observed previously in orbital contraction for t
5 f 5/2,7/2 states in Yb1 is reflected here in the ionization po
tentials for those states evaluated in the RMP1 SCE and
DF~FC! approaches, which differ in the accuracy of e
change representation~cf. Table III!. Such sensitivity to the
exchange suggests that 5f orbital collapse is well advance
2-5
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already in singly ionized ytterbium.
In order to confirm this suspicion, we generated t

4 f 146s, 4f 145d, and 4f 145 f states for neutral thulium~not
observed so far!, using both relativistic model-potential an
single-configuration Dirac-Fock techniques. The results h
been included in Tables II, III, and IV. As can be seen fro
the relative contraction of average orbital radii^r & presented
in Table III, the 5f collapse is virtually completed in neutra
thulium and nonlocal exchange effects are even more im
tant there than in Yb1. This is further corroborated by Fig. 5
which presents the dependence of the effective quan
number n* on Z. It can clearly be seen that the mode
potential approach with local exchange~RMP 1 SCE! pre-
dicts full collapse of the 5f 5/2 orbital only for Z
571 (Lu21), whereas the Dirac–Fock method with acc
rate nonlocal exchange proves that this effect occurs as e
as forZ569 ~neutral Tm!. ~Then* value for 5f 5/2 computed

TABLE III. The relative contribution of local~a! and nonlocal
~b! exchange to ionization potentials~I! along the Yb1 isoelectronic
sequence as well as the relative contraction of orbitals due to
change~X! for various methods of calculation. Description of co
umns:~a! X5RMP 1 SCE, ~b! X 5 DF(FC). Values given in
percent.

System 100(I X2I RMP)/I X 100(̂ r &RMP2^r &X)/^r &RMP

and state ~a! ~b! ~a! ~b!

Tm 5d3/2 6.29 5.42 12.8 11.1
5d5/2 5.86 5.96 11.8 12.0

Yb1 5d3/2 21.8 23.6 32.8 34.7
5d5/2 20.3 23.4 31.0 34.1

Lu21 5d3/2 22.2 24.5 27.1 29.0
5d5/2 21.1 24.2 26.2 28.6

Hf31 5d3/2 19.6 21.8 21.3 23.0
5d5/2 18.8 21.6 20.8 22.8

Ta41 5d3/2 17.2 19.2 17.2 18.8
5d5/2 16.5 19.0 16.9 18.7

W51 5d3/2 15.2 17.0 14.3 15.9
5d5/2 14.7 16.9 14.1 15.8

Tm 5f 5/2 0.040 36.0 0.076 42.8
5 f 7/2 0.042 36.0 0.073 42.8

Yb1 5 f 5/2 1.79 35.9 4.48 42.8
5 f 7/2 1.40 35.9 3.22 42.7

Lu21 5 f 5/2 34.7 35.4 41.1 42.0
5 f 7/2 34.5 35.4 40.9 42.0

Hf31 5 f 5/2 31.6 32.2 34.0 34.9
5 f 7/2 31.7 32.4 34.5 35.5

Ta41 5 f 5/2 15.9 16.7 8.30 9.48
5 f 7/2 17.0 17.9 8.83 10.2

W51 5 f 5/2 9.13 9.98 9.95 11.1
5 f 7/2 9.53 10.5 9.92 11.2

Tm 6s1/2 22.4 16.7 20.6 16.3
Yb1 6s1/2 15.1 13.3 14.2 12.5
Lu21 6s1/2 11.9 11.1 11.0 10.2
Hf31 6s1/2 9.86 9.54 9.04 8.62
Ta41 6s1/2 8.46 8.39 7.68 7.48
W51 6s1/2 7.43 7.50 14.9 14.8
06250
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with the Dirac-Fock method is 4 already for thullium, whic
confirms that this orbital is a ‘‘collapsed’’ one for the enti
isoelectronic sequence; cf. Fig. 5.!

Table III suggests also that collapse of 5d orbitals occurs
fully only in singly ionized ytterbium. To elucidate the be
havior of the 5d3/2 orbital even more closely we performe
additional model-potential and Dirac-Fock calculations
this orbital in systems with nonintegerZ values smaller than
69. The results, presented in Fig. 6, demonstrate that colla
of the 5d3/2 orbital is already well advanced in neutral T
(Z569) and seems to be most profound for Yb1 (Z571)
and Lu21 (Z571). This is further corroborated by results
our calculations presented in Table II, which show that
centrifugal barrier experienced by 5d electrons disappear
completely as soon as for Yb1 if only exchange effects are
accounted for, whereas the depth of the inner well~which is,
in fact, 20 times deeper than for 5f electrons! increases
along the sequence. On the other hand, the increase inn*
observed in Fig. 6 for more highly ionized systems may le
to some doubts whether the collapse of 5d orbitals is indeed
entirely completed for Lu21. Figure 6 shows also that, in
contrast to the case of the 5f 5/2 orbital, the nonlocal exchage
effects are not essential here, as both the model-pote
RMP 1 SCE and Dirac-Fock methods exhibit very simil
behavior.

Our calculation predicts that, beginning from Hf31, the
5d3/2 state becomes the ground state instead of 6s1/2. As can
be seen from Table IV it is entirely at the expense of t
exchange interaction. Inclusion of exchange even in an
proximate way greatly improves the agreement of theoret
and experimental ionization potentials. A further improv
ment is observed as accurate nonlocal exchange, core r
ation, and finally core polarization are added in the DF~FC!,
DF~RC!, and DF~RC! 1 CP calculations, respectively.

B. Ionization potentials

Figures 7~a!–7~e! show contributions to the ionization po
tentials along the Yb1 isoelectronic sequence~to Ra191) of

FIG. 6. Dependence of effective quantum numbern* on Z for
5d3/2 state along the thullium isoelectronic sequence.

x-
2-6
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TABLE IV. Comparison of ionization potentials for some levels in the Yb1 isoelectronic sequence
obtained neglecting the exchange effect~RMP! as well as including local exchange~RMP 1 SCE!, nonlocal
exchange@DF~FC!#, core relaxation@DF~RC!# and core polarization@DF~RC! 1 CP#. Experimental data
taken from@21#. Values given in eV.

System Ionization potentials
and state RMP RMP1 SCE NL-DF~RC! DF~FC! DF~RC! DF~RC! 1 CP Experiment

Tm 5d3/2 1.526 1.628 1.630 1.613 1.615 1.794
5d5/2 1.525 1.620 1.630 1.622 1.624 1.807

Yb1 5d3/2 6.285 8.032 8.748 8.228 8.376 9.328 9.3371
5d5/2 6.257 7.849 8.746 8.173 8.309 9.220 9.1670

Lu21 5d3/2 14.284 18.354 19.798 18.912 19.202 20.308 20.251
5d5/2 14.155 17.930 19.795 18.668 18.930 19.998 19.887

Hf31 5d3/2 24.945 31.032 32.987 31.898 32.272 33.398
5d5/2 24.651 30.357 32.985 31.434 31.774 32.867

Ta41 5d3/2 37.751 45.574 47.916 46.702 47.134
5d5/2 37.252 44.631 47.914 45.997 46.392

W51 5d3/2 52.400 61.764 64.414 63.122 63.600
5d5/2 51.664 60.535 64.413 62.156 62.594

Tm 5f 5/2 0.544 0.545 0.850 0.850 0.850 0.855
5 f 7/2 0.544 0.545 0.850 0.850 0.850 0.855

Yb1 5 f 5/2 2.181 2.221 3.407 3.404 3.404 3.442 3.4426
5 f 7/2 2.181 2.212 3.407 3.403 3.404 3.442 3.4330

Lu21 5 f 5/2 4.959 7.595 7.706 7.681 7.683 7.791 7.8679
5 f 7/2 4.958 7.572 7.706 7.680 7.682 7.789 7.8538

Hf31 5 f 5/2 9.305 13.595 13.809 13.718 13.723 13.923
5 f 7/2 9.269 13.566 13.809 13.714 13.719 13.919

Ta41 5 f 5/2 17.932 21.332 21.746 21.526 21.541
5 f 7/2 17.663 21.282 21.746 21.514 21.529

W51 5 f 5/2 27.978 30.790 31.493 31.080 31.111
5 f 7/2 27.780 30.707 31.493 31.052 31.084

Tm 6s1/2 3.513 4.525 3.892 4.220 4.241 4.650
Yb1 6s1/2 9.742 11.473 10.518 11.232 11.269 11.758 12.184
Lu21 6s1/2 17.686 20.065 18.708 19.890 19.945 20.470 20.96
Hf31 6s1/2 27.054 30.012 28.187 29.907 29.977 30.518
Ta41 6s1/2 37.699 41.183 38.823 41.152 41.235
W51 6s1/2 49.530 53.505 50.535 53.548 53.643
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relativistic effects, relaxation, and core polarization for t
6s1/2 ~a!, 6p1/2 ~b!, 6p3/2 ~c!, 5d3/2 ~d!, and 5f 5/2 ~e! states.
The contribution of relativistic effects is positive and fair
large, strongly increasing along the sequence for 6s1/2 and
6p1/2 states, whereas for the 6p3/2 state it is about one orde
of magnitude smaller, as expected~see below!. For 5f 5/2
orbitals the relativistic contribution is negative all along t
part of the sequence under consideration. For 5d3/2 states it is
negative at first and changes sign to positive near Bi141.

The negative contribution of the relativistic effects for t
nd3/2 andn f5/2 ionization potentials can be easily explaine
As found by Desclaux and Kim@17# and Roseet al. @18#, the
relativistic effect on the valence electron orbital results fro
competition of two effects. The first, direct, is due to t
relativistic form of the one-electron Hamiltonian of the v
lence electron and causes contraction of the orbital an
positive contribution to the ionization potential~the orbital is
more strongly bound!. The second effect~indirect! results
from the relativistic contraction of the inner orbitals an
06250
.

a

leads to better screening of the nuclear charge experien
by the valence electron and, in consequence, to dilatatio
the valence electron orbital. The direct effect~contraction!
dominates for the valencens1/2 andnp1/2 orbitals, fornp3/2
direct and indirect effects virtually cancel each oth
whereas fornd3/2,5/2 and even more forn f5/2,7/2 the indirect
effect prevails, resulting in more loosely bound electrons a
a negative contribution to the ionization potential. As we c
observe in Fig. 7~d! for the 5d3/2 orbital, first the indirect
effect dominates, but for highly ionized systems the dir
effect prevails again as could be expected for high-Z sys-
tems.

It has to be stressed that complete neglect of relativi
effects, as in our nonrelativistic limit DF calculation~NL-
DF!, may result—entirely due to cancellation of errors—
better agreement with experiment than is observed for fu
relativistic DF results~cf. Table IV!.

The contribution of core relaxation is almost always po
tive except for the 5f 5/2 orbital in Yb1 through Hf31, where
2-7
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FIG. 7. Contribution to ionization potential
~in eV! along the Yb1 isoelectronic sequence~to
Ra191) of relativistic effects~crosses!, relaxation
~diamonds!, and core polarization~full circles!
for 6s1/2 ~a!, 6p1/2 ~b!, 6p3/2 ~c!, 5d3/2 ~d!, and
5 f 5/2 ~e! states.
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it is also extremally small. This, in our opinion, is due to t
fact that despite the eventual collapse the 5f 5/2,7/2orbitals for
these systems are still fairly distant from the core. This
quite different from our earlier observations for La21

through Pr41 in the Cs sequence@19#, where 4f 5/2,7/2orbitals
mostly resided inside the core and the relaxation contribu
was unexpectedly large. For 6s, 6p, and 5f orbitals, the core
relaxation is smaller by an of order magnitude or even t
than the relativistic effects, and only for 5d is it of the same
order. It increases slowly along the isoelectronic sequenc
relativistically contracted valence orbitals approach the c
of the system.

The contribution of core polarization which, due to ava
ability of the static dipole polarizabilities, could be evaluat
for low ionization stages only, is positive, of the same ord
as the relativistic effect, and tends to increase along the
06250
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electronic sequence. This is probably due to an accompa
ing contraction of̂ r & along the sequence, which ford and f
orbitals is enhanced by the collapse phenomenon.

C. Conclusions

We have demonstrated here the important role of
valence-core electron exchange in the collapse phenome
of 5d and 5f orbitals along the YbII isoelectronic sequence
As in the region of collapse the properties of 5d and 5f
orbitals are unusually sensitive to changes in the effec
potential, the high accuracy of the representation used for
valence-core electron exchange as well as the inclusion
nonlocal exchange effects are important for these orbit
The collapse phenomenon also enhances the influence o
core polarization which, usually known to be the largest
2-8
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low-lying s or p orbitals, is here even more important ford
orbitals, which undergo collapse in Yb1 through Hf31 sys-
tems.

Finally, one has to remember that, unlike the cesium
quence we studied previously@7#, the one-electron spectrum
in Yb1 and systems isoelectronic to it is imposed on top o
complex spectrum. Our former studies@2# of fine structure
splitting in Yb1 and Lu21 clearly demonstrate strong pertu
bation of 4f 145 f states, probably by the 4f 135d6s configu-
ration ~cf. @20#!, as the distance between these two confi
rations decreases when 4f 135d6s is pushed up and 4f 145 f is
ia

. B

ia

J.

06250
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-

lowered due to orbital collapse. Therefore the influence
the complex spectrum may somewhat obscure the colla
phenomenon for 5f orbitals. In contrast to that, the 5d orbit-
als in Yb1 and Lu21 are absolutely unperturbed and the
purity according to Fawcett and Wilson@6# is over 99%.
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