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EFFECTS OF RELATIVITY AND OF THE LANTHANIDE
CONTRACTION ON THE ATOMS FROM HAFNIUM TO BISMUTH

Paul S. -Bagus

IBM Research Laboratory, San Jose, Callforn1a 95193

Yoon S. Lee and Kenneth S. Pitzer
Department of Chemlstry and Inorganlc Materlals

‘Research Division of the Lawrence Berkeley Laboratory,
‘University of California, Berkeley, ‘California 94720

(ABSTRACT)

In ordéf to Hélp elucidate the effect of the 4f
sﬁeil of elect;ohs; Hartreé#Fock (HF) calculations
were made for the pseudo-atoms correSponéfng to Hf,
‘Re;'Au,'Hg, T2,7Pb5 and Bi without 4f electrons_énd'-

;Withnatomic-number; réduced by 14. The Orbitalv |
'éﬁérgies for thesé-pseudo-atdms ére éqmpared‘with'
those from HF and relativistic (DHF) calculations

~ for fhe same atoms. It is found thatvthe'relativistic
effect and that of the 4f shell are of comparable
magn1tude and both are larger for 6s than for 5d

or 6p_e1ectrons.



The eiements foliowing'the*ianthanide or}rareéearth-seriesh
show a number of anomalous features 1n relatlon to trends fromi"
cllghter elements 1n the same groups of the per1od1c table.'
P0551b1e causes for these anomalles-lnclude (1) thevlntro-t
.p;ductlon of an f shell of 14 electrons and (2) relat1v1st1c
.effects p ‘ |

The f shell effect is commonly called the "1anthan1de

.contractron" it arises from the 1ncomp1eteness of sh1e1d1ng

'fby 4fve1ectrons of the additional nuclear charge and y1e1ds

-~ 'Hartree-Fock

_1a contractlon of the rad11 of outer electrons as well as other

~ effects. Whlle one can attrlbute sp1n -orbit coupllng effects__-

in even the 11ghtest atoms to relat1v1ty, 1t 1s only when_

| electron veloc1t1es approach the Speed of 11ght in an appre-

'1c1ab1e portlon of the atom that electron orb1ta1 energles

are s1gn1f1cant1y changed Recently both non-relat1v1st1c

1,2 (HF) and relat1v1st1c (DHF) atom1c calculatlons _

have been made for these elements, and from these results the,. f

. ,relat1v1st1c.effects can be evaluated._ In_order to compare
'these‘with the effects.of.introducing‘thed4f-sheiiraweimade |
non-relativistic (HF) calcuiations for pseudo-atoms without
'a'4f shellband‘with atomic numberslless by'i4 The pseudo-
';atom calculatlons were performed u51ng the numerlcal HF . |
' program of C. Froese Flscher4 sllghtly mod1f1ed by one of

"]us(pSB) |

| The comparatlve magnltude of these two effects is of

‘interest on its own account, but it is also lmportant in

'vtonsrderatxons of the expected properties of even heaV1er;



: q'

elements. vForaelements 104-118, which-COrrespond to the

series Hf - Rn;vthe”f-shell_effect'should remain about the

same but the relativistic effects should inCrease gteatlyf
Calculations were made for the_LSjconfiguration average

for pseudolatoms of'Hf Re, Au, Hg, T&, Pb;'and Bi‘V Table 1

"g1ves the orb1ta1 energles for 5d, 6s, and 6d levels and glves
.comparable HF and DHF values’ for the correspondlng LS
" conflguratlon average for the real atoms. A1l the results

. shown are for wave functions wh1ch have been obtalned by

direct numerical 1ntegratlon1 3 4 of the apprOprlate,ﬂFock

or DiraceFock, integro-differential'equations. Thevcomnu-.-
tational methods used yield quite aCcutate-results. Thus,
the differences among the results areenot:related to any
limitations of compUtatiOnal’accoracy. ‘Rather, they are |
consequences of the different physical models used. |
Of the trends in orbital enetgles shown in Table l,and

Figures 1 and 2, the simplest and most important is that for

s electrOnS' These otbitalsﬂpenetrate-deeply into the atom
fand even more strongly in relat1v1st1c theory than for non-‘
.relat1v1st1c ' The effect of the f- shell (0.82 ev in Au) 1s

efsomewhat less than half as large as that-of-relatlvlty-

(1.92 ev GnoAw). b

The orb1ta1 energles for the Sd electrons show smaller J””‘

i'"'fper(:entage d1fferences but 1n the reverse d1rect1on for many.
'ffjatoms , Ev1dent1y these d electrons are so non penetratlng
‘w1th respect to the 4f shell that the 1anthan1de contractlon
'of the Ss and 5p electrons is domlnant. Thus ‘when the 4f

'shell is 1ntroduced -the 5d electrons are , in some cases,



even more fully sh1e1ded from the nucleus
The f-shell effects on the 6p electrons Shown in Figure Z;
~ are smaller but otherwise 51mllar to those for 6s electrons
But the p1cture is compllcated by the Py/2 - p:,’/2 spllttlngh
' wh1ch'ls becomlng substantial, and the relativistic effect
for_the weighted eVerage (1/3 Pyyg* Z/S’ps/z) is very small.
Table.Z'and Figure 3 show the'ekpectation'values-for .
the radius.for the valence electrons inhthese same etoms. The’
1enthanide contraetion (4f-shell) effeCts are now more nearly‘
."compefable to the felativistic'effects‘in'magnitude The
varlous dlfferences can be understood on the same ‘basis as .
that g;ven for the energies. Here we note that <r>Sd for the
_pseudo~atom5'is“a1ways'iargef:than_the HF value for the real
atom. By,this measure, the 4f sereening of,the’Sd shell is
.inCOmplete for all atoms considered. Table 3 gives, for the
pseudo-atoms oniy; the values of the expectation'values of
rz; r4,vand 1/r3;.as well as of r. These data may be of
intetest innfufther intetpretation_of_particular phenomena{
Since the relativistic,effects are expeCted.tobincfeaseso
_severel fold for the etoms“f;on'104.to 115 as compared to Hf
| to'Bi;'itvis_cleaf'that_extfapoletion of»t}ends ooﬁnwerd-in‘h
the periodic-tableowill'be a-dangerous procedufe "ReletiviStich-h
j(DHF)goaiculations are ava11ab1e for these heav1er atoms and

predictions“of.the chemlcal behav1or should be based prlmarlly

vupon‘the DHF'calculatlons‘for_those atoms.
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.Table 1 g

- Orbital Binding Energies (Atomic_Units)'
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. .4025
.4589
L2781

.4906
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, Tabieiz,v.

~ Comparison of Radial Expectation Values <R>

43/2
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ds/2.

~6s
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 'p3/2

.1pseudo Hf

pseudo Re

'2'3376 

Re(HF) -

_HRe(DHF) 
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- RadiélﬁExpectatiOn'Values for Pseudo-Atoms

}Table 3

<r>

<r2> .

4

T

<1/r3>

pséudo
: psgudp
’pseudd
p;eudo

~pseudo

3 pseudd

'v'pSeudo_

e
a
g

T,

Pb

Bi

Sd°’
 6s -
5d
6s .
5d
65
54
l65‘.
54
6s
6p
54
6s
. 6p

5d -

6s

2.5048
4.6934

2.0326
4.2162

1.7228

42230
. 1.6040
'3.7500
1.5042
| 3.3294

4.2434

1.4214
3.0475
- 3.7532
 1.3506'
;2;3336
3}4116-

© 7.3458
© 25.0072

4.8066

© 20.2725
3.4691
120.5556
2.9796
© 16.1430
- 2.6024
12.6143
20.6855

2.3134

©10.5138
16.1076

2.0819

19,0566

13.2660

96.6674
989.1202

 40.2388

662.4436

21.4367
©709.0442

15.1079

431.9519

11.1225
254.6935
711.8831

8.5795

172.8892
1 424.2517
 6.8258
126.1273

- 283.8559

3.0145
0.0
5.3119
0.0
8.4351
0.0

10.0037
0.0

11.7073.

0.0

5.4981

13.5069 -
0.0 .
7.9580

15.4086

0.0

©10.5510




Figure 1.

FIGURE CAPTIONS

Orbital energies for valence-shell
s-electrons. Dotted lines connect

relativistic (DHF) values: solid'lineS'

" connect non-relativistic (HF) values;

Figure 2.

pseudo-atoms are indicated as ps. Au.

and ps. Hg.

Orbital energies forvvalence-shell
p-éléctfons‘ Separate 6p1).2 and 6p3/2

values are shown as well as the weighted

' avéfage'(I/S p + 2/3 Pays) connected
. 1/2 3/2 !

with the dotted line.

:.T' Figure 3.

Expectation values for the radius <r>

: for the'valénce-shell1Sfe1ectron.v
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LEGAL NOTICE

This report was prepared as an ‘account of work sponsored by the

United States Government. Neither the United States nor the United

States Atomic Energy Commission, nor any of their employees, nor

any of their contractors, subcontractors, or their employees, makes

any warranty, express or implied, or assumes any legal liability or

responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents

that its use would not infringe privately owned rights. '
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