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Spin-orbit splitting of the 6p band is manifest in the XPS spectra
of Pb and Bi. . Lowered energies of the 6s band indicate the presence of the

mass~velocity and Darwin terms.

Relativistic effects, e.g. spin-orbit. splitting, have to be taken 1nto
account in electronlc level calculatlons for even the llghtest atoms. For
the valence and conduction electrons, however, crystal-field interactions are

usually stronger by several orders of magnitﬁde. Therefore spin-orbit split-

ting may well be treated as a small perturbation in band structure calculations,

This is qertainly not the case for the elements T1l, Pb, and Bi, with
atomic numbers 81, 82, and 83. Relativistic band structure calculations [1,2,3]
show that spin orbit interactions result in band splittings that ar; éomparable
to crystal-field sblittings. We report in this Letter experimental evidence
that spin-orbit splitting in the valence p-electrons of Pb and Bi prevails in the

presence of crystal-field Splitting;

* : . «
Work performed under the auspices of the U. S, Atomic Energy Commission. -
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Figure la shows the XPS-spectra of the valence region of T1, Pb, and Bi
obtéined with monochromatic Al Ka x-rays in a Hewlett;Packard HP 5950A spectrometer.
The samples were cleaned by argon-ion bombardment (1000 eV, 10 pA) and were
studied at 6 x 10-9 Torrf- Othér_ experimental details will be described elsewhére.
The valence bénds extend to T eV below EF in Tl,vto about 12 eV in Pb, andlto
13.5 eV in Bi. Included in these spectra are the high intensity 54 peaks at
energies which are listed in Table I.

Thé single broad peak at the bottom of the valence band represents
electroné with mainly 6s-like character., The shift of this peak to higher
binding energy as one goes from Tl to Bi can be explained_by the increasing
depth of the atomic potential withvincreasing atomic number. In Bi the 6s state
is already very neérly a core level.

In Ti fhe p-like electrqns are coﬁcentrated in one narrow peak near
E.. By contrast, Pb and Bi show two peaks at the top of'fhe valence band
.which are split apart by 1.8 eV in Pb and 2.2 eV in Bi. The calculated spin-orbit
splittings obtained at certain symmetry points in the Brillouin Zone are [U4]
0.3 eV for T1 [1], 1.4 eV for Pb [2], and 2 eV for Bi t3].‘ The excellent
agreemenf between these figures and the experiménfal values strqngly supporfs
our interpretation of these banas as being split by spin-orbit interactions
rather than by the crystal field. In this connection itAis of interest to note
(Teble I) that even free-atom HFS-calculations [5] reproduce the 6p~band split-
ting quite well.

In this discussion we have neglected the differences in crystal structure
among these three-elements. This is somewhat justified by the fact that the
rhombohedral Bi lattice can be regarded as a slightly distorted cubic lattice,”
as compared with the cubic lattice of Pb. Of course the lafticé symmetries were

taken into account in the band-structure calculations [1-3].
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Two other relativistic effects--the Darwin and mass-velocity terms—-
should also be considered. These terms should have the effect Ofrlowering
the energies of the s bands. Compafisoﬁ of the positions of the s~bands in
Tl, Pb, and Bi with those of In, Sn, ‘and Sb [6] shows a relative depress1on
of the s-band energies in the heavier elements. We interpret this as a
probable indication of these other relativistic effects. Loucks' relat1v1st1c
APW calculation on Pb [2] located the 6s band lower relative to the 6p band

than did an interpolated OPW calculation of Anderson and Gold [7]. Since the

former used a relativistic Hamiltonian, it is probable thét part of the'difference

is a conéequence of the 6s bands being lowered somewhat by the Darwin and

mass-velocity terms.

A mdre detailed_interpretation awaits density—of-states calculations

for these elements.
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Table I. Valence<band binding energies

T Pb Bi

) Bind. Energ. 543, - 1h,53(5) eV 20.32(5) ev 26.94(T) ev
Bind. Energ. 5d5/2 - 12.30(5) - 17.70(5) " © 0 23.90(7)
d-splitting | . 2.23(2) . 2.62(2) .‘ | 3.04(2)
Free atom d-splitting :

(HFS theory, Ref. 5) 2.4 2.83 3.26
6s-band ~ 4.90(25) 7.68(20) 9.95(18)

: . 2.33(8) 3.34(12)

6p-band | 0.80(12) {0.53(5) 13:78(12)
6p-splitting - 1.80(5) 2.16(8)
Free atom 6p splitting v

(HFS theory) Ref. (5) - — 2.16

/‘ﬂv :
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Figure Caption

Fig. 1. High-resolution XPS spectra of thallium, lead, and bismuth. Thé
5d3/2 - Sds/e doublet is the strongest feature in each spectrum. Characterist;c S
énergy-loss maxima appear‘to the left in each case, with_the losses in ' -
thallium showing up as two well-resolved peeks. The broad peak to the
right of the 54 doublet is the 6s band, and thé narrower, spin-orbit split

6p bands fall near the Fermi energy.
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responsibility for the accuracy, completeness or usefulness of any
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