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CRYSTAL-FIELD EFFECTS ON THE APPARENT SPIN-ORBIT SPLITTING OF CORE AND 

* VALENCE LEVELS OBSERVED BY X-RAY PHOTOEMISSION 

t 
L. Ley, S. P. Kowalczyk, F. R. McFeely, and D. A. Shirley 

Department of Chemistry and 
l"awrence Berkeley Laboratory 
University of California 

Berkeley" California 94720 

April 1974 

ABSTRACT 

Severitl anomalous relativistic effects in XPS spectra of metals and binary 

compounds are review~d and explained in terms of combined spin-orbit and crystal-

field interactions. The apparent spin-orbit splitting does not appear to be 

enhanced by renormalization effects, which would affect the expectation value of 

++ t:l ~ itself. The variation of t:£·s with charge state is not large enough to be 

important in solids. Rather for both outer p and d shells, the splitting 

appears to be affected by "crystal-field".terms that carry the lattice symmetry. 

In III-V and II-VI compounds only the telluriUm 4d shell may have a spin-orbit 

splitting different fromthatexpected.from free-atom data. However the enhance-

merit is small (3%) and consistent with a tetrahedral crystal field. The enhance-

ment of d-shell spin-orbit splitting in Zn and Cd arises from the Y2 terms in 

the crystal field because of the large cia ratio in these lattices. There is no 

enhancement for Cd in a cubic lattice, while the enhancement·in several lattices 

follows the quadrupole coupling constant of lllCd, which presumably also arises 

from Y2-symmetry terms. Finally the d-band density of states in fcc Au and Ag 

++ ' 
is consistent with a t:£·s and a Y

4 
interaction The absence of enhanoement 

splitting in valence-shell p shells in Pb and Bi is explained in terms of the 
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lower symmetry of the p-wave func.tions as compared to those of the d-electrons 

and the only partial filling of p derived valence bands in these metals. 
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I. INTRODUCTION 

A feature readily observed in x-ray photoelectron spectroscopy (XPS) 

of heavier elements is a splitting of core levels, commonly referred to as 

spin-orbit (5-0) splitting. Thj!s splitting reflects the two possible couplings 

of the core hole spin ~ with its angular momentum 1 forming total angular 

momentum eigenstates differing in energy by the difference in the expectation 

++ 
value < ~.s > multiplied by a factor ~, the coupling strength. 

Within the accuracy obtainable in earlier XPS work thesesplittings 

appeared to be eqUal in solids and gases and agreed as well as could be expected 

I with the s-o splitting obtained from optical data and relativistic Hartree-

Fock calculations.
2 

Improvement in the resolution obtained in XPS and the 

availability of UV sources in an energy range that gave access to ,the least-

bound core levels improved the accuracy with which thesesplittings could be 

Il\easured to an extent that made it possible to measure small deviations of the 

spin-orbit splitting in solids from those measured in the gas phase. Furthermore 

even changes in the splitting of the outermost d-Ievels in Zn and Cd have been 

observed in going from the metal to binary compounds containing one of these 

3 4 elements •. , 

In this ~aper we discuss some of the effects responsible the observed 

splittings and their changes. In Sec. II we review the experimental data that 

will be discussed. In Sec. III we present the results of a simple model calcula-

tion that explains some of the puzzling experimental findings in terms of the 

influence of crystal fields of low symmetry on the energies of final states. 

/ 
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II. THE EXPERIMENTAL EVIDENCE FOR SPIN:-ORBIT LIKE SPLITTINGS IN 

ELEMENTS AND COMPOUNDS 

We shall consider only electronic excitations extending to about 50 eV 
, 

above the ground state. This allows us to compare data obtained from two or 

more of: optical spectroscopy, UV photoemission, and XPS. The resolution 

of photoemission spectroscopy then further restricts our study to levels split 

by at least'\., 0.4 eV; Le., to the outermost d-levels of the group II to VII 

elements and the p-levels of some of the heavier elements in the sixth row of 

the periodic system. The available data on these levels are set out in Table I. 

The elements listed in Table I have d-levels bound by at least 10 eV. These 

levels do not exhibit measureable band effects and are therefore referred to 

as core-like. In addition, the splitting of the outer d-levels in Ag and Au 

and the p-levels in Pb and Bi are listed in Table II. Although the atomic 

d-levelsare broadened into bands in these solids, the determination of an 

average splitting of the two oroad peaks is still possible. The same observation 

holds for the p-like, bands in lead and bismuth. 

It is convenient to compare the splittings observed in solids to those 

for the free ions as a secure starting point for the discussion of various 

solid-state effects. To do this, we have extracted the free-ion spin-orbit 

. . . . (9) 2 . h sp11tt1ng from the observed term values of the conf1gurat10n d D 1n t e 

. 1 
optical spectra of the ions. While rendering the determination of the spin- u 

orbit splitting straightforward and reliable, this method has the disadvantage 

that we have to deal in some cases with very highly ionized atoms. To assess 

the. importance of this effect, we show ,in Table III the effect of the ionic charge 

on the spin-orbit splitting of the d.-electrons in CU, Zn, Ag, and Cd. The values 
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for the spin-orbit splitting are taken from Dunn's compilation.
5 

This table 

makes two points clear: (i) for a given d-shell configuration, the spin-orbit 

splitting increases with increasing ionic charge by not more than 2% per unit 

h ( .. ) . h' f' . (9 8) , . . c arge; ~~ a change ~n ted-con ~gurat~on d + daffects the sp~n-orb~t 

splitting considerably more than the corresponding increase in ionic charge. 

These two points are consequences of the approximate form of the spiri-

orbit Hamiltonian-operator: 

H s.o. 
0.

2 (l dV) 
2 r dr 

'++ 
LS 

neglecting exchange effects and the mutual spin-orbit and spin-spin interaction 

of electrons in unfilled shells. 6 Here a is the 'fine-structure constant and V is 

the shielded nuclear potential. The dependence of the expectation value 

(H ) ,;, mainly on the inner part of the electronic wavefunction l/J has been s.o. 0/ " 

pointed out by many authors. 1 dV The variation in the operator --- upon charge r dr 

transfer in outer shells is very smali in this region. 

From these considerations it is clear that the atoms chosen in Table III 

are very unfavorable examples ~cause the charge radii for nd and (n + l)s 

electrons are not too different. Progressing in the Periodic Table would improve 

that difference but the high degrees of ionization quoted in Table I for, e.g., 

Sband Te makes the quoted free-atom values of the spin-orbit splitting upper 

limits by a margin of an estimated (3 ± 3)% . 

. Returning to the data obtained from solids in Table I, we can make-che 

following observations. The apparent 6E 'of the 4d level in metallic Zn 
s.o. 

and Cd ~xceeds 6E in the atoms by 59% and 45%, respectively. This increase s.o. 
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is unique among the 'entries of Table I. The apparent ~E of Cd in tetrahedrally-
s.o. 

coordinated binary compounds agrees within experimental error with the free-atom 

value. Combining the results of all three compounds, the apparent ~E lies s.o. 

The weighted mean value for the apparent 

~E in In metal lies at 0.89 eV, or 4.7% above the free-atom value of 0.85 eV. S.o. 

The values for In in tetrahedral coordination agree well with the free-atom ~E s.o. 

The Sb apparent liE values agree within the error limits with the free ion 
's.o. , 

value, for both compounds and the metal. The4d splitting for InSb measured by 

7 
Cardona et al. seems to be low, as does their value for the Te 4d splitting in 

PbTe. With this one excep1;ion the Te 4d values are higher than the free-atom 

spin-orbit splitting by about 2.8% for the compounds and 7% for the metal. 

The entries for Hg show no anomalous behavior, nor do those for Pb in 

various surroundings. The observed splittings in the valence d-bands of Ag and 

Au (Table II) are considerably larger than the free-atom ~E s.o. 
The p"':bands 

, . 8 
of Bi and Pb, however, do not exhibit su eh an increa'se, as has been observed earlJ.er. 

We can summarize this section as follows: 

(i) Core-liked-l~vels of elements in tetrahedral surroundings show 

no, or only a very small (>1%), increase in the apparent ~E compared to s.o. 

free-atom values. The only exceptions are theTe compounds with an average 

increase of ~ 2.8%. 

(ii) In, Te, Cd and Zn metals have an apparent ~E in the outermost , s.o. 

d-levels which exceed the free atom values by 4.7,7, 45, 59% respectively. 

(iii) Pb and Sb show no' such increase. 

(iv) Valence d-bands in Ag and Au are split by amounts far exceeding 

the free-atom ~E value, in contrast; to the valence p-bands (Bi, Pb) which 
S.o. 

are split by energies close to ~E for the free atoms. 
s.o. 
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In the next section, we will attempt to show that this behavior 

can be explained by the effects of crystal fields of different symmetries on 

atomic levels in the solid. 
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III. DISCUSSION 

In this section we will discuss the influences on the apparent spin-

orbit splitting of "core-like" d-levels of an atom surrounded by other atoms 

in a solid. This appli.es to the case of Cd and other elements which do 

not show appreciable band-structure broadening of the d-levels, in contrast 

to, e. g. , Au, where the width of the t\tlO components is comparable or even 

greater than the total splitting. We will refer to the latter as "band like" 

levels. 

This distinction implies that .in the former category energy dispersion 
. -+ . 

wlth wave vector k may be neglected. That is, we treat those lev~ls as if the 

-+ -+ 
- energy ordering at k = 0 is retained throughout the Brillouin zone. The justi-

fication for this approach is derived directly from experimental 

evidence (1. e., line widths) rather than from assumptions about overl-ap-integrals 

and potentials: it therefore possesses a high degree of validity. 

We note at the outset that we are dealing with final-state structure 

following photoemission from a closed shell. This is manifestly a one-electron 

(hole) problem. The appropriate d hole state Hamiltonian in the one-electron 

approximation has the form 

H h + h . + h o cryst s.o. 

Here hO contains the kinetic energy operator and the spherical Coulomb 

potential of the nuclear charge 7. screened by the inner electrons forming 

(1) 

closed shells. The h . term summarizes the potentials due to the neighboring 
.cryst 

atomic cores and the valence electrons including the valence electrons of the 

atom under consideration, and h is 'the one-electron spin-orbit hamiltonian. 
s.o. 
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We wish to show that the differences in the value for the d-level split-

tings, /),E observed in different solid enviroI?ments is a resu:j.t of the 
s.o. 

influence of h t·rather than of a modification in h 
crys s.o. 

To do so, let us 

first consider h in more detail. The spin-orbit interaction is a first 
s.o. 

order effect in the expansion of the relativistic energy expression for a 

spinning electron in an electric field u. 9
. The reduction to a non-relativistic 

f~'rrnlO gives the result (in atomic units) : 

h 
s.o. 

2 
= ~ (! aU ) 7" + 

2 r ar nR. )(..s (2) 

the expression already given in Sec. II. The brackets indicate the expectation 

1 aU 
value.of -~ evaluated in the state n£. We can rewrite the Lande factor.~ as: r or 

~n~ = 
2 a 

2 r 
aU dr 
dr (3 ) 

where R~R.(r) is the normalized radial wavefunction of the electron in the state 

nR.. A generalization of this result to a many electron system is not straight

forward; we refer the reader to the article by Blume and watson6 for a detailed 

discussion of this problem. Their result can be stated as follows: h for 

electrons in an unfilled shell can be written as 

2 
h = ~(! 
s.o. 2 r 

dU 
eff) 

dr 
i 

R. .• s. 
~ ~ 

s.o. 

+ terms which include mutual spin-orbit interactions and 

spin-spin interactions in the unfilled shell. (4) 
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The summation extends only over electrons in unfilled shells. Replacing U 

with U eff,' which is, essentially a screened potential, including exhange, accounts 

for the mutual spin-orbit and.spin-spin interaction between the open-shell and 

the closed-shell electrons. It has the effect of reducing the spin-orbit coupling 

constant. 

With this operator in mind, let us now investigate the influence of 

different surroundings on h and thereby en the intrinsic spin-orbit splitting s.o. 

of outer d-electrons. 

In Sec. II we already showed, that the charge state of the ion has only 

a very small influence on < h ) , even for changes of several units in I e I . s.o. ' 

Charge transfers of a fraction of the elementary charge that are to be expected 

in partially ionic solids therefore have a quite negligible effect on < h ) • 
s.o. 

'So far we have dealt with the effects of charge transfer in the valence 

shell of the central atom on ( h ). We must also consider direct changes , s.o. 

in the wavefunction of the d-electrons itself upon entering a solid or molecule. 

These changes can be considered in two parts: 

(i) Renormalization of 1P
d

due to the necessary erthogonalizatien of 

l~d with respect to wave functions on neighboring atoms . In the simplest case 

of orthogonalization to one other orbital, this leads to a renormalization-

, 2 -1/2' 
factor of (1 - S) ',where S is the overlap integral between the two orbitals. 

" . 11 The extension to more than two orbitals has been given by Lbwd~n. This leads 

to an increase in: the coefficient of ~d and therefore in the Lande factor ~d. 

The components added to the wave function upon orthogonalization make only vanishing 

contributions for small r, the region which determines ~d. 

(ii) A mixing of the d-electrons with electrons of different symmetry . 
located at ~he same atom. This mixing is always possible throughout the 
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+ 
Brillouin zone but at k= 0 it is possible only for certain symmetry components 

of the potential. This effect leads to a decrease in the spin-orbit splitting, 

because the orbital that will mix most strongly to the nd wavefunction is (n+l)p, 

with a Lande factor smaller than that of the d orbital. We can therefore dispense 

with the second effect in explaining increases in the apparent ~E s.o. 

The renormalization discussed under (i) increases (h ) but the . s.o. 

increase is overlap-dependent. Overlap also determines the extent to which an 

atomic level is broadened into a band. '1'h1s excludes 'renormalization as a decisive 

factor in the increase of (h ) for core-like levels. s.o., 

Renormalization might be thought to play a major role in the enhanced 

d-band splitting of silver and gold, to \vhich these arguments do not apply, were 

it not for the absence of noticeable increases in the apparent ~E in the p s.o. 

bands .of Pb andBi, Which would fall into the same category • 

. In summary, direct changes in the expectation value of h can not be s.o. 

responsibie for the pbservedincreases in the apparent ~E over their free-s.o. 

atom values. The explanation must therefore be sought in the h t term if crys 

e are to explain the enhancement within the framework of the Hamiltonian in Eq. (1). 

The matrix element ofh t can be expanded into a series of spherical . crys 

harmonics yLM(e,t). The angular momentum 1 of the state under consideration 

limits this expansion to a sum over even orders in L. For d electrons the 

last nonvanis9.ing term has L = 4, while for p-electrons L = 2. The matrix max max 

element (h ) '. has the symmetry of the point group of the lattice and is in cryst1 

general given by 

L=O,2,4, 

A T (i) 
L L 

(5) 



, 
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where T (i) is the linear combination of spherical harmonics of order L that L . . 

transforms as the symmetrical irreducible representation of the point group 

of the lattice at the center of the Brillouin-zone. AL is the expansion co'ef

ficient, which contains the radial integral of the Coulomb and exchange inter-

action of the electron i with the valence electrons and the surrounding ion 

12 
cores. 

Instead of calculating the ~ we shall treat them as free parameters. 

It should, however be noted that for a normal expansion of the type of Eq. (5) 

~ decreases with increasing L. We shall ignore the term with L = 0 which 

corresponds to a generalized Made lung energy and cannot contribute to a splitting 

in the atomic levels. In solids which crystallize in lattices of cubic symmetry 

the A2 ,T2 term in expression (5) vanishes. This applies to the face centered 

cubic (f.c.c.) lattices of Ag# Au and Pb and. to the tetrahedrally coordinated 

binary compounds. All other symmetries encountered in this investigation require 

the retention of the L = 2 term. 

It is evident from the data in Table I that all cases which exhibit an 

increase in ~E for the core d-levels fall into this latter group with the s.o. 

possible exception of the tellurium salts. The nonvanishing A2T2 term in expansion 

(5) seems therefore a necessary condition for. an increase in ~E s.o. 

Let us explore this possibility in more detail using Zn and Cd as examples. 

zn and Cd crystallize in a hexagonal lattice. In this case it is convinient to 

divide the L 2 term into three factors: 

(h ) . = 
cryst ~. 

f(£)OAhex.T hex hex T hex 
a 2 2+A4 4 (6) 



-11- LBL-2901 

c 
The geometrical factor f(-) depends on the ratio of the crystalline axes c and a. 

a 

For cia = 1. 63, the ideal hexagonal lattice; f (i) is zero and the A2 T2 vanishes 

for geometrical reasons. In Zn and Cd however, cia is equal to 1.86 and the 

L = 2 term enters with a considerable geometrical advantage (f(£) > 1 in the 
a 

point-ion model). We have diagonalized the two. operators h + h in the , s.o. cryst 

sub-space of the d-electrons. The method employed for this caluclation uses 

d d 1 1 . d· d 13 h d9 f . . stan ar angu ar momentum a gebra as out11ne 1n Edmon s • T e con 19urat10n 

is treated in the usual way as a d
l 

configuration accompanied by a sign change 

in the coefficients ~ and the spin-orbit coupling constant ~. 

Fig. lashows'the level scheme for a d 9 configuration in the ideal hexagonal 

field (f(~) - 0) as a function of A4 .' All degeneracies are lifted, yet the 

increase in the apparent spin-orbit splitting is negligible for values of A4 which 

preserve the observed pattern of two d-peaks, that is for 1A41< 0.41~1. Beyond 

,this point the energy separation between individual levels becomes comparable 

to the experimenta1 line width of each component line (-0.7 eV) and a spectrum would 

loose the character of a doublet· 

Lifting the restriction of cia = 1.63 introduces the A2T2 term, which 

changes the level p.'ttern appreciably (Fig. Ib)., As mentioned above , A2 is expected 

to be greater than A4 and we have therefore plotted the level scheme under the 

as~umPtion that A4 = O. For positive values of A2 the spin-orbit split doublett 

evolves into a pattern of two nondegenera'te douhlets and a single level, which 

would result in a three peak spectrum with relative intensities 1:2:2. For A2 < 0 

a drastic increase in apparent ~E is possible without destroying the general 
s.o. 

appearance of a spin-orbit split d-doublet with the correct intensity ratio of 

2:3. The value of A2 which gives the ~bserved spin-orbit splitting in Zn and Cd 

is about 1.4 15/2~1. A spectrum generated from the level scheme at this point 

does indeed resemble the observed Cd spectrum closely. The line-width was set 
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to be 5/2 ~ = 0.7 eVand the increase in spin-orbit splitting as measured from 

the spectrum appears to be 58%. The :r;atio of the amplitudes of the two components is 

reduced to 1.21 from th~ expected value 1.5 when equal line widths are assumed. 

This j-s in good agreement with the value 1. 3 quoted in ref. 3 • for the Cd 4d 

spectrum. in Cd metal and lends further support to our inte;rpretation. 

The influence of a non-vanishing A4 on the level scheme of Fig. Ibhas 

been tested, and is found to be compatible with the above discussion as long as 

A4 is negative and does not exceed- 30% of the absolute value of A
2

• 

This direct evidence that the increase in apparent I1E in Cd and Zn 
. s .0. 

is symmetry-induced is supported by three pieces of additional experimental data. 

(i) Fig. 2 shows the Cd 4d double and for a AgCd alloy (10% Cd). The 

substitutional introduction of the Cd atom into the cubic surrounding of the A 
g 

lattice reduces I1E to the free atom value. s.o. 

(ii) The photoemission spectrum of Cd deposited in submonolayer coverage 

onto a Au single crystal shows no increase in spin-orbit splitting of the 4d level 

(compare Fig. 2). We interpret that as the observation of single Cd atoms which 

are subjected to no crystal .field. The existence of single Cd atoms in the 

presence of surface diffusion is favored by the exceptionally low dissociation 

~ . d 14 energy 0-,=. a C -cluster. When the Cd coverage is increased to the extent, that 

the formation of Cd clusters becomes possible, the d-Ievel splitting increases 

to the value in Cd metal. 

(iii) Another physical property that.is known to be proportional to the 

L=2 term in an expansion similar to that of expression (5) is the electric field 

qradient at the nucleus. This field gradient can be measured by observing the 

interaction of the nuclear quadrupole I1Ioment Q with the field gradient q. Values 

of the coupling constant eqQ/h for lllCd in host lattices of Pb, In, Zn and CdlS 
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are plotted against the increase in apparent~E ,for these metals in Fig. 3. 
s.o. 

The plot shows a quite convincing correlation between the excess splitting and 

the quadrupole interaction of the few points available. 

The only non cubic metal,that does not clearly exhibit the expected increase 

in ~E is Sb. The group V semimetals As, Sb and Hi crystallize in the same s.o. 

rhombohedral structure which can be thought of as being composed'of two interpenetrating, 

trigonally distorted f.c.c. lattices. 16 The trigonal distortion decreases in this 

series with increasing atomic number. It appears that the distortion in Sb is already 

too small to result in a measurable increase in the splitting of the 4d-levels. This 

conclusion is corroborated by the results of the quadrupole'interaction of 204pb in 

the series of As, Sb, and Bi host lattices. 15 The "interaction strength eqQ/h decreases 

by factors of two from one lattice to the next. The~E enhancement in In represents 
s.o. 

about the smallest value measurable by photoemission; therefore in Sb, where eqQ/h is 

reduced by a factor of 0.8 from its value in In, the enhancement should not be detectable. 

We have used the analogy between the electric field gradient and the enhanced 

spin-orbit splitting as a diagnostic tool in the last few paragraphs. It should 
,,, 

however be stressed, that this analogy extends only to the similarity in the geometrical' , 
conditions which make both effects possible. We cannot 'expect that the actual matrix 

• elements involved in the description of these quite different phenomena are equal. 

Th~ nuclear quadrupole interaction deals with the field gradient at the nucleus of a 

neutral impurity atom. The increase in llE comes about through the interaction of 
. s. o. 

d-electrons in an ionized lattice atom with its surrounding. 

Before we turn ,to the valence bands, ,let us consider the case of the tellurium 

salts. 
, 9 

The level scheme for a d configuration in a tetrahedral environment is shown 
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tet 
in Fig. 4. as a function of A4 The degeneracy of the dS/ 2 state is 

partially lifted into a singly degenerate state fS (excluding spin degeneracy). 

The degeneracy of d 3/ 2 (fs) is preserved. 

For A4 < 0 the apparent splitting between the upper fS level and the 

lower f7 - rs doublet could increase significantly over S/2 I~I without altering 

the overall appearance of the spectrum greatly provided that the natural width 

of the component lines is fairly large, as wbuld be the case for the semi-

conductors discussed here. 

For A4 > 0 no such increase in the apparent spin-orbit splitting would 

be observed for small A
4

(A
4 

< 1) but rather the evolution of three separate lines 

which finally (A
4 

> loS) resolve into two lines with a reversed intensity ratio 

of 3:2, in cqntrast to experimental observation. 

The 3% increase in apparent ~E for the tellurides is therefore 
s.o. 

compatible with a negative A4 of the order of '" o.sl~l, or '" 0.7S eVe This is 

a magnitude entirely consistent with expectations for a Te ion surrounded 

tetrahedrally by four group II ions in the II-VI compounds or by 6 Pb ions in 

the NaCl structure of PbTe. The sign of A4 is compatible only with primarily 

electronic contributions to the crystal field Hamiltonion, however. 

Because of the absence of any enhancement of ~E for the cations of , s.o. 

these lattices and for the d-levels of all other binary compounds in Table I 

(IA4 < 0.2 I~I) we are reluctant, to draw conclusions about possible enhancement 

of the apparent ~E in the tellurides. 
s.o. 

Let us ,return now to the splittings observed in the valence d shells 

of Ag and Au and the p shells in Pb and Bi. These cases cannot be ,treated 

rigorously without taking the band character of these states into account. 

+ . 
That is, level ordering at k = 0 is not necessarily representative of the 

.~ 
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appearance of the density of states peE) as observed in an XPS-spectrum. 

The higher volume associated in reciprocal space with ,in the outer parts of 

the Brillouin zone (BZ) points makes these regions dominant in the determination 

ofp (E).' It does seem clear that the renbrmalization effect mentioned earlier 

is not responsible for the observed effects. If it were, we would expect 

comparable effects on d and p bands. This is'not observed. 

, The elements Ag, Au, Pb, and approximately also Bi crystallize in the 

fcc structure; that is, the symmetries throughout the Brillouin zone are the 

same for all four elements. Nevertheless, the observed differences in the 

apparent ~E between d bands (increase) and p bands (no increase) is striking 
s.o. 

they can be understood in terms of the symmetry induced splittings at representative 

points of the Brillouin zone. The d-electrons of Ag and Au are already split 

into two groups of bands, r 12 and r'15' at r the cente~ .of the BZ wh'ich has the 

full .octahedral symmetry. Tcwards the cuter parts .of the BZ, these bands split 

further acccmpanied by a rearrangement of levels acccrding tc the varicus irreducible 

representaticns at symmetrypcints .of lower than cubic symmetry. The maximum 

splitting .occurs at X the center .of the square face .of the BZ. The pattern set 

by r and X can be regarded as representative fcr the twc peaked structure in the 

density .of states .of Ag and Au. The spin-crbit interacticn enhances this splitting 

further withcut being the dcminant factor, hcwever. The lcwer angular symmetry .of 

the p-valence electrcns in Pb and Bi preserves their .orbital degeneracy at r. 

Alcng the symmetry directicns .on the surface .of the BZ this degeneracy is partially 

lifted fcrming a sing lett and a dcublett level at each symmetry pcint except K. 

The energy dispersicn .of these bands alcng the surface .of the BZ is in 

general smaller than their splitting, 9iving rise tc a twc peaked density .of states. 
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In Pb an Bi, with 2 and 3 p-electrons respectively, only the bands in the lower 

peak of p(E) are occupied, so that we would observe a single peak in the xPS

spectrum in the absence of spin-orbit interaction. In the presence of spin-orbit 

interaction however the two fold degenerate level at W splits and an inspection 

of the relativistic band structure of Pb by Loucks (l7)reveals, that this splitting 

is preserved over much of the surface of the BZ giving rise to the observed doublett 

in the occupied part of p(E). In the tight binging approximation, and in the 

absence of s-p hybridyzation the splitting at W equals the atomic splitting, a result 

that is in good agreement with experiment. 



• 

-17- LBL-290l 

ACKNOWLEDGMENT 

We would like to. acknowledge the assistance of D. Weissman in preparing 

the AgCd alloy . 



-18- LBL-2901 

FOOTNOTES AND REFERENCES 

. . 
* Work performed under the auspices of the U. S. Atomic Energy Commission. 

t IBM Fellow 

1. C. E. Moore, Atomic Energy Levels (u. S. Department of Commerce, NBS' Circular .) 

No. 467 (1958). 

2. T. A. Carlson, C. C. Lu, T. C. Tucker, C. W. Nestor, and F. B. Malik, Oak 

Ridge National Laboratory Report ORNL-46l4 (1970). 

3. R. A. Pollak, S. P. Kowalczyk, L •. Ley, and D. A. Shirley, Phys. Rev. Letters 

29, 274 (1972) • 

. 4. L. Ley, R. A. Pollak, F. R. McFeely, S. P. Kowalczyk and D. A. Shirley, 

Phys. Rev. B2. ' 600 (1974). 

5. T. M. Dunn, Trans. Faraday Soc. 17,1441 (1961). 

6. M. Blume and R. E.Watson, Proc. Roy. Soc. A270, 127 {1962}. 

7. M. Cardona, C. M. penchina, N. Shevchik, and J. Tejeda, Sol. State Comm. !,!., 

1655 (1972). 

8. L. Ley, R. A. Pollak~ S. P. Kowalczyk, andD. A. Shirley, Phys. Letters 

41A, 429 (1972). 

9. P.A.M .. Dirac, The principles of Quantum Mechanics, (Oxford University Press, ' 

New York, 1947). 

10. L. I. Shiff, Quantum Mechanics (McGraw Hill, NewYork,1955). 

11. Po o. r.ewdin, J. Chern. Phys. 18, 365 (1950). 

12. H. S. Jarrett, J. Chen;t.Phys. 31, 1579 (1959). 

13. A. R . .Edmonds, Angular Momentum in Quantum Mechanics, (Princeton University 

Press, p'rinceton, N.J. (1957). 

14. J.Wo Geus, in Chemisorbition and Reactions on Metallic Films, J. R. Anderson, 

15. 

16. 

17. 

editor (Academic Press, London 1971) p. 129. 

H. Haas and D. Ao Shirley, J. Chern. Phys. 58, 3339 (1973). 

M. H. Cohen, L.R. Falikov and S. Go] in, IBM J. Develop. ~, 215 (1964). 

T. L. Loucks, Phys. Rev. Letters 14, 1072 (1965). 

.. 



-19- LBL-:290l 

Table I. Spin-orbit splittings in the free atoms and solids. Errors are given 

parenthetically. The roman numerals indicate the ionization state of the atoms 
+ (ZnII = Zn ). 

Element Shell Lattice Splitting (eV) Reference 

Zn II Zn3d free ion- 0.337 1 

Zn metal " hex 0.54(2) a 

Cd II Cd4d hex 0.669 1 

Cd metal " hex 0.95(3) a 

Cd metal " hex 0.99(5) 3 

CdTe " ' b f Zo • 0.70(5) " b 

CdTe " z.h.- 0.83(20) c 

CdS " z ~ h. 0.76(12) c 

CdSe " z .b. 0.87(16) c 

AgCd alloy " cubic 0.70(8) this work 

In III 'In4d free ion 0.849 1 

In metal " tetragonal 0.90(1) 3 

In metal " tetragonal 0.88(15) b 

In metal " tetragonal 0.86(3) a 

InSb ·.11 z.h. 0.83(3) d 

InSb " z.b. 0.85(5) b 

InSb - " z.b. 0.84(8) 4 

InP. " z.b. 0.84(8) 4 

Sb V Sb4d free ion 1. 239 1 

Sb metal " rhombohedral 1.25(4) 3 

GaSb " zob. 1.21(4) 4 

InSb " z.b. 1. 22 (4) 4 

InSb " z.bo 1.15 (10) d 

InSb " z.bo 1. 25 (5) b 

(continued) 
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Table I. (continued) 

Elements Shell Lattice Splittlng (eV) Reference 

Te VII Te4d free ion 1.409 1 

Te metal " hex 1. 51 (1) 3 

ZnTe " z.b. 1.47 (2) 4 

CdTe II z.b. 1.44(2) 4 

HgTe " z.b. 1.44(2) 4 

PbTe II NaCl 1.46(2) 4 

PbTe " NaC1 1.35 (IO) d 

HgT Hg5d free atom 1.800 1 

Liquid Hg " 1. 83 (9) 4 

HgTe " z .b. 1.77 (2) 4 

HgTe " z .b. 1. 91 (10) c 

HgSe " z.b. 1. 81(10) c 

HgS " z.b. 1. 79 (10) c 

Pb IV Pb4d free ion 2.643 1 

Pb metal " f.c.c.:. 2.62(2) 8 

Pb metal " f.c.c. 2.66(9) a 

PbS " NaCl 2.58(2) e 

PbSe " NaC1 2.61(2) e 

PbTe " NaC1 2.61(2) e 

a' . R. T. Poole, P. C. Kemeny, J. Liesegang, J. G. Jenkin, and R. C. G. Leckey, 
J. Phys. F., l, L46 (1973). 

bO. E. Eastman, W. D. Grobman and J. Freeouf (unpublished) o. E. Eastman, 
J. Freeouf and M. Erbudak, Congres du Contenaire de la Societe Francaise 
de Physique, Vitte1, France, (1973) unpublished. 

c 
C. J. Veseley, R. L. Hengeho1d and O. W. Langer, Phys. Rev. B ~2296 (1972). 

d M. Cardona, C. Penchina, N. Schevchik, and J. Tejeda, Solid State Commun. 11, 
1655 (1972). 

e 
F. R. McFeely, S. P. Kowalczyk, L. Ley, R. A. Pollak, and O. A. Shirley, Phys. 
Rev. B~, 5228 (1973). 

f b . z. • = z~nchlende structure 

" 

., 
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Table IIo' Free atom spin-orbit splitting and the apparent splitting of valence-
,band peaks in Ag, Au, Pb and Bi. 

~,.. 

Element Shell . Lattice Splitting (eV) Reference 

• 

'. Ag I 4d free atom 0.555 l. 

Ag metal " f.e.c. 1.6(l} 3. 

Au I 5d free atom 1.522 l. 

Au metal " f.c.c. 3. B (2) a 

Pb I 6p free atom 1.746 1. 

Pb metal " f.e.c. 1. BO (5) B. 

Bi I 6p free atom 2.163 b. 

Bi metal " rhombohedral 2.16(B) B. 

aD. A. Shirley, Phys. Rev. B5, 4709 (1972). 

bC. C. Lu, T . 1 1 0 k k d .. A. Car son, F. B. Ma ~ I T. C. Tuc er an C. W. Nestor Jr., 
Atomic Data 1., Nr. ·1 (1971) • 

• 
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Table III. Spin-orbit splitting of d-levels for various ionic charge states. 

Element Configuration LlE 
s.o. 

(eV) R~ferEmce 

.' 
Cu I 3d

9
4s

2 
0.253 l. 

, 
3d94s Cu II 0.257 5. 

Cu III 3d
9 

0.257 5. 

Cu II 3d84s 
2 

0.268 5. 

Cu III 3d84s 0.273 5. 

Cu IV 3d
8 

0.271 5. 

Zn I 3d94s2~ 

Zn II 3d
9
4s

2 
0.337 5. 

Zn III 9 
3d 4s 0.281 5. 

Zn IV 3d
9 0.341 5. 

Ag I 4d
9
5s2 0.555 5. 

Ag II 4d95s 0.567 5. 
I 

Ag III 4d9 0.570 5. 

Ag II 4d85s2 0.598 5. 

Ag III 4d
8

5s 0.580 5. 

Ag IV 4d8 0.589 5. .: 
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Fig. 1. ,Energies of a d
9 

configuration as a function of the generalized crystal 

field parameter A2 , (a) ideal hexagonal field: cia = 1.63, A2 = 0; 

(b) general hexagonal field; A4 is 'assumed to be zero, The insert shows a 

.'spec'trum for A2 = 1. 4 15/2 ~ I. The line width of each component is equal to ~. 

'Fig. 2. The Cd 4d spectrum of (a) Cd metal, (b) a AgCd alloy (10% Cd), and 

,(c) surface isolated Cd atoms. 

Fig. 3. The excess in apparent spin-orbit splitting ~ versus the electrical 
s.o. 

quadrupole interaction strength eqQ/n of lllCd for a number of metals. 

Fig. 4. Energies of a d
9 

configuration in a crystal field of octahedral symmetry. 
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