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Collapse ofd and f orbitals in the isoelectronic sequence of singly ionized ytterbium
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The phenomenon of “collapse” ofdand 5 orbitals in the YB 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 correlgtiore polarizationbecame more than usually important.

PACS numbds): 32.10.Hg

[. INTRODUCTION the collapsed # state in factitious “Dirac-Fock atoms” lan-
thanum and europium, whereas Cheng and Froese Fischer
Lanthanide atoms and ions, because of the complexity o$tudied orbital collapse in the xenon isoelectronic sequence
their spectra, are seldom the subject of intensive theoretical0].
studies, despite vivid interest from astrophysicists, since the The present paper is devoted to a detailed study of the
spectra of lanthanides are important in studies of evolution oollapse of the lowesd andf orbitals in Ybil and its isoelec-
some young stars, e.g., peculiar stars. However, for some d¢fonic sequence. The behavior of the inner and outer wells of
the rare earth systems, e.g., neutral and singly ionized yttethe effective potential along the sequence, as well as the way
bium, a simple two- or one-electron spectrum appears to bé is affected by the local valence-core electron exchange
superimposed on the complex many-electron spectra. Und#tteraction and the core polarization by valence electrons are
this assumption we have studied in the past the energy leveg§udied using the fully relativistic model-potential approach
and oscillator strengths in the spectra of neutral and singlyvith no free parameters and the single-configuration self-
ionized ytterbium as well as their isoelectronic sequences;onsistent-field Dirac-Fock method.
using different theoretical techniqugk—4]. It has to be stressed here that the relativistic model-
Formally, singly ionized ytterbium and systems isoelec-potential approach is used in this study as an auxiliary tool
tronic to it belong to the thulium isoelectronic sequence. Un-only, in order to evaluatéthrough comparison between the
fortunately, no one-electron spectrufie., spectrum with model-potential and Dirac-Fock methodbe impact of the
one valence electron outside the closed-shell)cbhas been exchange interaction on the collapse phenomenon. In con-
discovered so far for neutral thulium, whose ground-statdrast to the Dirac-Fock scheme, where the nonlocal electron
configuration is 4'%d6s, in contrast to 41%6s which, due ~ exchange is represented accurately, the model-potential ap-
to competition betweenfdand & orbitals (n-+1=7 in both  proach allows one not only to omit the exchange interaction
casey occurs in YB and LU#T. entirely but also to include it in an approximate way, e.g.,
In Refs.[1-4] relativistic effects were treated accurately through anab initio local exchange model potential.
but electron correlations were included in a very approxi-
mate way through combining the core polarization model to Il. CALCULATIONS
represent the valence-core electron correlation with very
modest multiconfiguration Dirac-FodiMCDF) calculations
to allow for the intravalence correlation, if required. This

approach has been adopted recently by other authors for si . .
gly ionized ytterbiun5]; in addition, these authors carefully PaPers11,12. Three versions of this approach were used.

included the electron correlation at the expense of an ap- In the first(R_MP) the V"?"e”_ce electron is affected only_ by

proximate treatment of relativistic effects. This study, as wellth€ core potentiaV(r) which includes the nuclear attraction

as the earlier one by Fawcett and Wilgéiwas restricted to  2nd Coulomb interelectronic repulsion,

the Ybu spectrum only, whereas our earlier studjés-4]

were devoted to Yb isoelectronic systems and brought our Vo(r)=— E+ Ef

: : : c

attention to the gradual collapse of thandf orbitals and its rrjo

influence on both the energy level positions and oscillator

strengths. wherep(r') is the radial electron density of the cdtaken
We have previously studied the collapse df dnd X as computed in the Dirac-Fock approach for the parent ion

orbitals along the cesium isoelectronic sequeldeas well ~ andZis the charge of the nuclegatomic units are employed

as its influence on oscillator strengths for some low-lyingin this paper. The electron exchange interaction is entirely

transitions[8]. Earlier, Bandet al. [9] studied formation of omitted.

As in our previous paper on collapse in the cesium iso-
electronic sequendé€], we used here the relativistic model-
Rotential (RMP) approach, discussed in detail in our earlier

r
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TABLE I. Core-polarization parameters: dipole polarizability * £ 3 E <p»
and cutoff radiug, (in a.u). 50 T T T 1T 1
System a o B
Tm 9.97 1.574
Yb* 6.39 1.492
Lu?* 4.51 1.413 3
Hfe* 3.34 1.342 8

V_eff

In the second versiofRMP + SCB the local valence-
core electron exchange interaction represented by the “semi-
classical exchange{SCE potentialVscg, proposed initially
by Furness and McCarthyl3] and by Riley and Truhlar
[14], is added to the core potential,

P L1 (-

Veed )= HE- V()] - HIE- V(N P+ B2 (2 010810 50 00500 1000

where E<0 is the energy of the valence eleciron and for FIG. 1. The effective potential curves forf§, states in Tm

doubly occupied spatial core orbitals through W* obtained using the relativistic model-potential ap-
B2=po(r)/r2 3) proach with the valence-core electron exchange neglg&&tP).
Pe ' The mean radi{r) of the 5fg, orbitals are also marked. The hori-
As can be seen from Eq$2) and (3), for bound states Zontal scale is logarithmic.

(E<0) Vgce becomes— B/2 asr approaches the classical o o
turning pointr ., whereas for>r. it increases and tends to  1he contribution of relativistic effects can also be found

E. ThereforeVsce has to be cutoff shortly before the classi- through comparison of ORC) results with those obtained

cal turning point and replaced by its value at this point, i the nonrelativistic limit(NL) (i.e., computed with the ve-
— /2, which tends to zero at large locity of light in a DF calculation tending to infinijy These

The SCE approximation does not depend on any empiria'® labeled NL-DERC).
cal or adjustable parameter and turned out to be successful in

our previous calculationfl2]. IIl. DISCUSSION OF RESULTS
In the third versionRMP + SCE + CP) the core polar- )

ization (CP) potential[11] Vpis additionally included in the A. Orbital collapse

effective potential, The phenomenon of orbital “collapse” is a rapid drop in
L oo a3 the energy and size of éor f orbital in response to change

Vep=—zar<(re+rg) 4)in the effective potential,

where« is the static dipole polarizability of the core angl I(1+1)

is the cutoff radius. For Yb the @« computed in a relativistic Verf(r)=V(r)+ > (5)

random-phase approximatiofRRPA) calculation by Kolb 2r

et al. [15] was used, whereas for lwu and Hfiv we em-
ployed the Hartree-FockHF) values of Frageetal. [16]  For sufficiently heavy atoms/.¢; has two wells separated
scaled down to include the relativistic effects at least parby a barrier. As atomic numbet increases along the peri-
tially. As the scaling factor we adopted the ratio odic table of atoms, the narrow inner well deepens and wid-
arrpal @ye=0.87 computed employing the RRPA and HF ens and the barrier drops slightly. When the barrier is suffi-
values ofa for Ybi from [15] and[16], respectively. The ciently opaque, the two wells are clearly isolated and the
cutoff radiusry has been taken as the mean radiysof the  inner well has little importance, until it is deep and wide
outermost orbital of the coresee Table)l enough to support a state below the eigenenergy of the iso-
To determine the influence of the nonlocal exchange eflated outer well. When this occurs, even in the presence of an
fects on ionization potentials, single-configuration Dirac-opaque barrier, the orbital collapses from the outer well to
Fock calculations, labeled DFC), were performed in the the lower eigenstate of the inner well.
frozen core(FC) approximation using the parent ion of the  If one considers an isoelectronic sequence instead of the
system as the core. Such calculations differ from the RMP periodic table, the increasing charge of the ion core causes a
SCE approximation only by accurate representation of theapid drop of the inner well and the barrier, but also deepens
valence-core electron exchange interaction. Finally, the ionthe outer well. In consequence, orbital collapse begins earlier
ization potentials for different levels were computed in aand proceeds more gradually.

single-configuration relaxed cof®F(RC)] approach with Figure 1 shows the effective potent\);; for 5f, orbit-
and without core polarization, which permits evaluation ofals in the Yhi isoelectronic sequence obtained in our RMP
the core-polarization and relaxation contributions. calculations with the valence-core electron exchange ne-
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fau) FIG. 4. As in Fig. 3, but the effective potential curves corre-
FIG. 2. As in Fig. 1, but the relativistic model-potential ap- spond to the 8, state in Y, shown for small and largevalues
proach with valence-core electron exchange included in the semseparately.
empirical approximatiofRMP + SCE has been used.

V¢t potentials for 55, orbitals along the Yl isoelectronic

sequence. The exchange interaction visibly enlarges the
epth of the inner well by an amount that slowly increases
long the sequence, whereas the outer well is only slightly

glected. TheVq¢4(r) for 54, orbitals are identical to those
of 5fg;,. Figure 2 shows the effective potentials fofgh
orbitals but with the core-valence electron exchange includeg

in the semiclassical exchange approximation describe ffected. The height of the centrifugal barrier is also greatly

above. Now theV.¢; for 5f, orbitals differ from those of lowered and the bartier itself disappears starting frofi'Ta
5ds/2 in Fig. 2 only by the dependence of the local exchange W e 'Sapp ng

: h loct . | hich is sh 0 b f the exchange is included in the effective potential.
erm on he one-electron eigenvaiue, which 1S Shown 10 b€ e effective potentials for theda, 5, orbitals have 10 to
very small in Table II. :

o i ¢ Fi 1 and 2 I ¢ 18 times deeper inner wells than those of ttig5;,because

- blnelliﬁn §a5|y see gol;nthllgs. and tas we" as rol f a smaller angular momentum and, in consequence, a
ape € deepening ot both Inner and outer Wells as Welly, 4jqy centrifugal repulsive part of the potential in Eg).

as the lowering of the potential barrier with increasing

leading to the collapse of thefSorbital, which can be fol- Qengé/ebnarfgetdr (Szigge;n ;ﬁ;sfi?ufg caenzé Sohnfli;/lov\\,/vhglrj]t?; (\a)v gg?e-

Ipwed in the average °rb't?" radii indicated at the top of bOth\/alence exchange is neglected. If it is included, even in
figures. Comparison of Figs. 1 and 2 as well as Table I

. .~ rather crude SCE approximation, the outer well disappears
demonstrates the impact of the core-valence exchange in ﬂ&%mpletely.
00— 5.2
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3 RMP

.3 [ 5

t -3

®

> 44—

-10.0 |- RMP

| RMP+SCE
- RMP+SCE
40~
15.0 L LI IIIIII 1 Ll IIIIII 1 DF(RC)
0.1 1.0 10.0 | [ | | | |
r(a.u.) 69 70 71 72 73 74
Z
FIG. 3. Comparison of the effective potential curves obtained

for the 5f ¢, state in TA" using the model potential withoRMP) FIG. 5. Dependence of effective quantum numbé&ron Z for
and with(RMP + SCEBE the valence-core exchange included. 5fs, state along the thullium isoelectronic sequence.
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TABLE II. The depth of the inner well®;,,) and outer well D,y and the height of the centrifugal
barrier Hya,r), as well as the resulting increase in the depths of the walB;(, and AD,,,) and the
decrease in the height of the centrifugal barri#H(,,,,) due to exchange contribution and core polarization.
Computed in the model-potential approach with@@MP) and with semiclassical exchange te(RMP +
SCB and with core polarization includedRMP + SCE + CP) (in eV).

System Dinn (eV)
and state RMP RMP+ SCE ADjnn RMP + SCE + CP ADjnn
Tm 5dg, 3369.57 3521.24 151.67 3521.33 0.09143
5ds, 3369.57 3521.24 151.67 3521.33 0.09116
Yb* 5dg, 3516.12 3669.85 153.73 3669.93 0.07374
5ds, 3516.12 3669.85 153.73 3669.92 0.07374
Lu?* 5dg), 3671.92 3829.96 158.04 3830.03 0.07211
5ds, 3671.92 3829.95 158.03 3830.02 0.07211
Hf3* 5dg, 3832.78 3989.68 156.90 3989.75 0.07211
5ds), 3832.78 3989.67 156.89 3989.74 0.07211
Ta*" 5dg, 3995.34 4160.12 164.77
5ds), 3995.34 4160.11 164.76
wo* 5dg, 4169.54 4333.58 164.04
5ds, 4169.54 4333.56 164.02
Tm 5fg, 183.303 243.641 60.338 244.244 0.6028
5f 183.303 243.641 60.338 244.244 0.6028
Yb™* 5f5p 211.926 274.199 62.273 274.701 0.5019
5f 211.926 274.197 62.272 274.699 0.5019
Lu?* 5fs), 245.443 309.892 64.449 310.379 0.4874
5f 245.443 309.891 64.448 310.378 0.4874
Hf3* 5fg, 282.561 348.692 66.130 349.144 0.4525
5f 282.561 348.691 66.130 349.143 0.4525
Ta+" 5fs), 322.591 391.026 68.434
5f 322.591 391.025 68.433
WS+ 5f5p 366.139 435.924 69.785
5f 366.139 435.922 69.783
SySIem Hbarr (eV)
and state RMP RMP+ SCE AHpar RMP + SCE + CP AHparr
Tm 5dg, 4.8612 0.8708 —3.9904 0.2988 —0.5720
5ds), 4.8612 0.8717 —3.9896 0.3001 —0.5716
Yb* 5dg, 0.0749
5ds, 0.0749
Lu?* 5ds,
5ds),
HfS 5dg,
5ds),
Tatt 5ds,
5dsp,
wet 5dzp,
5dsp,
Tm 5fg 47.541 26.0394 —21.5013 23.2857 —2.7537
5f 47.541 26.0394 —21.5013 23.2857 —2.7537
Yb* 5fg), 37.565 18.3746 —19.1900 15.8835 —2.4912
5f 37.565 18.3820 —19.1826 15.8909 —2.4912
Lu2* 5fsp, 27.078 10.1543 —16.9235 8.2251 —1.9292
5f 27.078 10.1570 —16.9208 8.2278 —1.9291
Hf3* 5fs, 17.231 3.5279 —13.7036 2.3043 —1.2235
5f 17.231 3.5306 —13.7008 2.3069 —1.2238
Tatt 5fg) 8.635
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TABLE II. (Continued.

System Dinn (eV)
and state RMP RMP- SCE ADijnn RMP + SCE + CP ADijnn
5f 8.635
w5+ 5fg, 2.178
5 2.178
System Doyt (€V)
and state RMP RMP- SCE ADqyt RMP + SCE + CP ADqyt
m 5d3 2.2676 2.2734 0.0058 2.3790 0.1056
5ds, 2.2676 2.2733 0.0057 2.3789 0.1056
Yb* 5dg, 9.1930
5ds), 9.1930
Lu?* 5ds,
5ds
Hfs* 5ds,
5ds)
Tatt 5ds,
5ds),
wo* 5dgp,
5ds,
Tm 5fg), 1.1332 1.1332 0.0000 1.1400 0.0068
5f 1.1332 1.1332 0.0000 1.1400 0.0068
Yb* 5fs, 4.5330 4.5331 0.0001 4.5938 0.0608
5 4.5330 4.5331 0.0001 4.5938 0.0608
Lu?* 5fsp, 10.2028 10.2084 0.0056 10.3855 0.1771
5f 10.2028 10.2084 0.0056 10.3855 0.1771
HfS* 5fg, 18.1503 18.2237 0.0735 18.5999 0.3762
5f 18.1503 18.2236 0.0734 18.5998 0.3761
Ta*" 5fg, 28.4306
5f 28.4306
w5+ 5fg, 41.2844
5 41.2844

The influence of the exchange on the shape of the effegared with the unique role played in this case by the core-
tive potential curve may be seen more closely in Figs. 3 andalence exchange. However, for the outer well the influence
4, which depict potential curves without and with the ex-of the core polarization, though also very weak, exceeds that
change for the &, state in TA" and the B3, in Yb™, of the exchange effect. This is due to the short-range nature
respectively. of exchange effects, which are virtually negligible in the

Table Ill shows the relative orbital contraction due to theouter well dominated by the long-range Coulomb potential.
exchange. It reaches 30% to 40% for orbitals in the systems Table IV shows the ionization potentials computed using
where collapse is under way and decredéesf states even the relativistic model-potential approach withd®MP) and
abruptly when the collapse has already occurred. Onewith (RMP + SCE local valence-core electron exchange, as
should note an unexpectedly large influence of the nonlocalell as by employing the relativistic single-configuration
exchange effects, otherwise unimportant, on orbital contracPirac-Fock method in the frozen parent-ion-like core ap-
tion for the 5, 7, States in YB, which dominate the ex- proximation [DF(FC)] (i.e., with accurate nonlocal ex-
change contribution. This was not observed before for the Cehange and the relaxed core approximation without
sequence and suggests that the simple local exchange dpF(RC)] and with [DF(RC) + CP] the core polarization
proximation SCE is not able to adequately describe the colincluded. The unexpectedly large impact of the nonlocal ex-
lapse phenomenon in this case. change observed previously in orbital contraction for the

Table 11 also shows the effect of the core polarization on5fs, 7, States in YB is reflected here in the ionization po-
the inner and outer wells and potential barrier. Though theentials for those states evaluated in the RMPSCE and
core polarization also tends to deepen both the inner anBF(FC) approaches, which differ in the accuracy of ex-
outer wells and lower the barrier, its influence on the innerchange representatidof. Table IIl). Such sensitivity to the
well and the barrier is marginal and in no way can be com-exchange suggests that brbital collapse is well advanced
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TABLE Ill. The relative contribution of locala) and nonlocal
(b) exchange to ionization potentiglld along the Y& isoelectronic
sequence as well as the relative contraction of orbitals due to ex- 3.0
change(X) for various methods of calculation. Description of col-
umns: (@) X=RMP + SCE,(b) X = DF(FC). Values given in L
percent.
System 100(x—rmp)/1x  200Kr)rmp— (I )x) /(I YrMp 28—
and state (a (b) (a) (b)
Tm  5dg,  6.29 5.42 12.8 11.1 i
5ds,  5.86 5.96 11.8 12.0 RMP+SCE
Yb*  5dy, 218 23.6 32.8 34.7 26|
5dg,  20.3 23.4 31.0 34.1 DF(RC)
Lu?®  5dg, 222 24.5 27.1 29.0 5
5dg, 211 24.2 26.2 28.6 Ll I I I l I
Hf**  5dg,  19.6 21.8 21.3 23.0 68 69 70 V1 72 73 74
5dg, 18.8 21.6 20.8 22.8 z
Ta**  5dgy, 17.2 19.2 17.2 18.8 FIG. 6. Dependence of effective quantum numbé&ron Z for
5ds, 16.5 19.0 16.9 18.7 5d5, state along the thullium isoelectronic sequence.
W3 5dy, 15.2 17.0 14.3 15.9
5dg, 147 16.9 14.1 15.8 with the Dirac-Fock method is 4 already for thullium, which
Tm  Sfg, 0.040 36.0 0.076 42.8 confirms that this orbital is a “collapsed™ one for the entire
5f,, 0.042 36.0 0.073 42.8 isoelectronic sequence; cf. Fig) 5. _
Yb*  5fe, 1.79 35.9 4.48 42.8 Table II'I sugges'gs qlso that colllapse af 5rb|_tals occurs
5f 1.40 359 392 427 fuIIy_ only in singly |on_|zed ytterbium. To elucidate the be-
Li*  S5f, 347 35.4 411 420 hav[qr of the 3, orblta! even more closely we performed
5t., 345 354 40.9 420 addmonal model-potentl_al and_ Dirac-Fock calculations for
WP Bfy, 316 329 34.0 34.9 this orbital in systems Wlth.norylntengvalues smaller than
5f 317 32.4 345 355 69. The results,_ pre_sented in Fig. 6, demonstr_ate that collapse
o 2 ' ' \ ) of the 5dg, orbital is already well advanced in neutral Tm
Ta S5fsp 159 16.7 8.30 9.48 (Z=69) and seems to be most profound for*Yl§Z=71)
W 2;7’2 ;71'2 ;79'2 g'gg icl)i and Ly (Z_=71). This is fqrther corroborqted by results of
5/2 ' : ' ' our calculations presented in Table Il, which show that the
5f2n 9.53 105 9.92 11.2 centrifugal barrier experienced byd5electrons disappears
m 6112 22.4 16.7 20.6 16.3 completely as soon as for Yhif only exchange effects are
Yb*  6sy, 151 133 14.2 125 accounted for, whereas the depth of the inner \eHich is,
Lu®  6sy, 119 111 110 10.2 in fact, 20 times deeper than forf Selectron$ increases
H*®  6s;,  9.86 9.54 9.04 8.62 along the sequence. On the other hand, the increasé in
Ta't  6sy,  8.46 8.39 7.68 7.48 observed in Fig. 6 for more highly ionized systems may lead
W Bsy, 743 7.50 14.9 14.8 to some doubts whether the collapse df &rbitals is indeed

entirely completed for L%". Figure 6 shows also that, in
readv in sinalv ionized viterbi contrast to the case of thd 5, orbital, the nonlocal exchage
aiready In singly ionized ytterbium. effects are not essential here, as both the model-potential

In order to confirm this suspicion, we generated the ; 0 -
’ . RMP + E D -Fock h h I
4f1%s, 4f1%5d, and 41%f states for neutral thuliuninot behaviorsc and Dirac-Fock methods exhibit very similar

observed so far using both relativistic model-potential and Our calculation predicts that, beginning from 3if the

single-configuration Dirac-Fock techniques. The results hav%d state becomes the ground state insteadsgh,6As can
3/2

{Jheen ||ngluded Itn Tat\_bles ;I’ lll, and IVt.)_,tAsl ca;_ be seentf(rjombe seen from Table IV it is entirely at the expense of the
e relative contraction of average orbital rati) presente exchange interaction. Inclusion of exchange even in an ap-

1{2 'II'_abIe I”(’j the Ia colllapsr:a IS tht;;';\llyt completed in neL_ltraI Iproximate way greatly improves the agreement of theoretical
u |ut:n a”h”OF‘ o:(:g _T_)r(](.: gnfgere]z ects artr)e ever:j rgorlzg |mé)o and experimental ionization potentials. A further improve-
tant there than in Yb. This is further corroborated by Fig. S, \neny s observed as accurate nonlocal exchange, core relax-

which presents the dependence of the effective q“am”@tion, and finally core polarization are added in the(IBE),

numbern* on Z. It can clearly be seen that the model- . :
. . DF(RC), and DRRC) + CP calculations, respectively.
potential approach with local exchang®@MP + SCE pre- RO RRO Hat pectively

dicts full collapse of the &, orbital only for Z
=71 (LW"), whereas the Dirac—Fock method with accu-
rate nonlocal exchange proves that this effect occurs as early Figures Ta)—7(e) show contributions to the ionization po-
as forZ=69 (neutral Tm. (Then* value for 5, computed tentials along the Yb isoelectronic sequendgo Ra®") of

B. lonization potentials
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TABLE IV. Comparison of ionization potentials for some levels in the*Yisoelectronic sequence,
obtained neglecting the exchange eff@(®MP) as well as including local exchang@MP + SCE), nonlocal
exchangg DF(FC)], core relaxatiof DF(RC)] and core polarizatiofDF(RC) + CP|. Experimental data
taken from[21]. Values given in eV.

System lonization potentials
and state RMP RMP- SCE NL-DRRC) DF(FC) DFRC) DFRC) + CP Experiment

Tm  5dy, 1.526 1.628 1.630 1.613  1.615 1.794
5dg, 1.525 1.620 1.630 1.622 1624 1.807
Yb*  5dy, 6.285 8.032 8.748 8.228  8.376 9.328 9.3371
5dg, 6.257 7.849 8.746 8.173  8.309 9.220 9.1670
Lu?*  5dgy, 14.284  18.354 19.798  18.912  19.202 20.308 20.2519
5dg, 14.155  17.930 19.795  18.668  18.930 19.998 19.8873
Hf**  5dg, 24.945  31.032 32987  31.898 32272 33.398
5dg, 24.651  30.357 32985 31434 31774 32.867
Ta**  5dy, 37.751  45.574 47916  46.702  47.134
5dg, 37.252  44.631 47914 45997  46.392
W5*  5dy, 52400  61.764 64.414  63.122  63.600
5dg, 51.664  60.535 64.413  62.156 62.594
Tm  Sfg, 0.544 0.545 0.850 0.850  0.850 0.855
5fy, 0.544 0.545 0.850 0.850  0.850 0.855
Yb*  5fg, 2.181 2.221 3.407 3.404  3.404 3.442 3.4426
5fy, 2.181 2.212 3.407 3.403  3.404 3.442 3.4330
Lu**  5fg, 4.959 7.595 7.706 7.681  7.683 7.791 7.8679
5fy, 4.958 7.572 7.706 7.680  7.682 7.789 7.8538
Hf*  5fg, 9.305 13.595 13.809  13.718 13.723 13.923
5fy, 9.269 13.566 13.809  13.714  13.719 13.919
Ta**  5fg, 17.932  21.332 21.746 21526 21541
5fy, 17.663  21.282 21746 21514 21529
W5*  5fg, 27.978  30.790 31493  31.080 31.111
5fy, 27.780  30.707 31493  31.052 31.084
Tm  6sy, 3.513 4525 3.892 4220 4241 4.650
Yb*  6sy, 9.742 11.473 10518  11.232  11.269 11.758 12.184
Lu?*  6sy, 17.686  20.065 18.708  19.890 19.945 20.470 20.96
Hf**  6sy, 27.054  30.012 28.187  29.907 29.977 30.518
Ta**  6s,, 37.699  41.183 38.823  41.152 41.235
W5*  6s,, 49530  53.505 50.535  53.548 53.643

relativistic effects, relaxation, and core polarization for theleads to better screening of the nuclear charge experienced
6s1/5 (@), 6pys2 (b), 6ps» (C), 5d3, (d), and S, (€) states. by the valence electron and, in consequence, to dilatation of
The contribution of relativistic effects is positive and fairly the valence electron orbital. The direct effécontraction
large, strongly increasing along the sequence fer,6and  dominates for the valenaes,,, andnp,,, orbitals, fornps,
6p,/, States, whereas for thep§, state it is about one order direct and indirect effects virtually cancel each other,
of magnitude smaller, as expectésee below. For 5f5,  whereas fomds, s, and even more fonfs, 7, the indirect
orbitals the relativistic contribution is negative all along the effect prevails, resulting in more loosely bound electrons and
part of the sequence under consideration. FbySstates itis ~ a negative contribution to the ionization potential. As we can
negative at first and changes sign to positive neat'Bi observe in Fig. @) for the 55/, orbital, first the indirect
The negative contribution of the relativistic effects for the effect dominates, but for highly ionized systems the direct
nds, andnfs, ionization potentials can be easily explained. effect prevails again as could be expected for fghys-
As found by Desclaux and Kiffil7] and Roseet al.[18], the  tems.
relativistic effect on the valence electron orbital results from It has to be stressed that complete neglect of relativistic
competition of two effects. The first, direct, is due to theeffects, as in our nonrelativistic limit DF calculatiaiNL-
relativistic form of the one-electron Hamiltonian of the va- DF), may result—entirely due to cancellation of errors—in
lence electron and causes contraction of the orbital and ketter agreement with experiment than is observed for fully
positive contribution to the ionization potentighe orbital is  relativistic DF resultgcf. Table IV).
more strongly bound The second effectindirect results The contribution of core relaxation is almost always posi-
from the relativistic contraction of the inner orbitals and tive except for the 5, orbital in Yb" through Hf*, where
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it is also extremally small. This, in our opinion, is due to the electronic sequence. This is probably due to an accompany-

fact that despite the eventual collapse ttig5;, orbitals for  ing contraction ofr) along the sequence, which fdrandf

these systems are still fairly distant from the core. This isorbitals is enhanced by the collapse phenomenon.

quite different from our earlier observations for 4'a

through Pt in the Cs sequendd9], where 45, 7,,0rbitals C. Conclusions

mostly resided inside the core and the relaxation contribution )

was unexpectedly large. FosB6p, and 5 orbitals, the core We have demonstrated here'the important role of the

relaxation is smaller by an of order magnitude or even twovalence-core electron exchange in the collapse phenomenon

than the relativistic effects, and only fod3s it of the same Of 5d and 5 orbitals along the Yh isoelectronic sequence.

order. It increases slowly along the isoelectronic sequence s in the region of collapse the properties off @and

relativistically contracted valence orbitals approach the cor@rbitals are unusually sensitive to changes in the effective

of the system. potential, the high accuracy of the representation used for the
The contribution of core polarization which, due to avail- valence-core electron exchange as well as the inclusion of

ability of the static dipole polarizabilities, could be evaluatednonlocal exchange effects are important for these orbitals.

for low ionization stages only, is positive, of the same orderThe collapse phenomenon also enhances the influence of the

as the relativistic effect, and tends to increase along the isaore polarization which, usually known to be the largest for
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low-lying s or p orbitals, is here even more important fdor lowered due to orbital collapse. Therefore the influence of

orbitals, which undergo collapse in Yhthrough Hf* sys-  the complex spectrum may somewhat obscure the collapse

tems. phenomenon for 6 orbitals. In contrast to that, thedSorbit-
Finally, one has to remember that, unlike the cesium seals in Yb" and L/* are absolutely unperturbed and their

quence we studied previoudly], the one-electron spectrum purity according to Fawcett and Wilsg8] is over 99%.
in Yb* and systems isoelectronic to it is imposed on top of a

complex spectrum. Our former studig?| of fine structure ACKNOWLEDGMENTS
splitting in Yb" and L& clearly demonstrate strong pertur-
bation of 4f%5f states, probably by thef4°5d6s configu- The support of this study through a Cracow Pedagogical

ration (cf. [20]), as the distance between these two configuUniversity statutory research grant is gratefully acknowl-
rations decreases wheri*45d6s is pushed up andf4“5f is  edged.
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