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

VALENCE LEVELS OBSERVED BY X-RAY PHOTOEMISSION

ot o ar .
- L. Ley, S. P. Kowalczyk, F. R. McFeely, and D. A. Shirley
' Department of Chemistry and
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

April 1974

ABSTRACT

Severéllanomalous relativistic effects in XPS spectra of metals and binary
compounds are:reviewed and explained in terms of combined spin-orbit and crystal-
field»interactions. The apparent SPin—orbiﬁ splitting does not appear to be
enhanced by renormalization effécts, which woula affect the expectation value of
EI-; itself. The Qariation of EE-: with charge state is not large enough to be
important in solids. Rather fbr both outer p and d shells,. the splitting
appears to be affected by "crystal-field".terms that carry the lattice symmetry.
In ITI-V and II-VI compounds oﬁly the tellurium 4d shell may have a spin-orbit
splitting different f?omfthat,expected.from‘free~atom data. waever the enhance-
ment is small (3%).and consistent with a tetrahedral crystalnfield. The enhance-
meﬂt of dfshell spin-orbit sﬁlitting in Zn and Cd arises frém the Y2 terms in
the crystai field because of the lérge c/a ratio in thgse lattices. There is no
enhancement foﬁ Ca in a cubic lattice, while the enhancement -in several lattices

111

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

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

X > > Lo . :
is consistent with a - £%-s and a Y4.1nteractlon. The absence of enhancement

splitting in valence-shell p shells in Pb and Bi is expiained in terms of the
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lower symmetry of the ?—wave functions as cqmpafed'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 reédily observéd in x-ray photoelec£?on spectrdscopy (XPS)
of heavier elements is a splitfing of core 1eveis, commonly referred to as
spin—orbit (s—oi splitting. Thi's sélitting reflects the two possible couplings
of the core holevspiﬁ ;- with its angular momentum i forming total angular
momentuﬁ eigenstatés aiffering in ehergy by theAdiffe:ence in the expéctation
value <E.§'> multiplied by a factor £, the coupling strength.

ivWithin the accuracy ébtainable in earlier.XPS work these,splittings
appgared to be equal iﬁ'solids and gases and.aéreed as well as could be éxpected
wifh the s;o splittihg oﬁtained from optical dai:al aﬁd relativistic Hartree-
Fock calculations;2 Improvemen£ in the résolﬁﬁion obtained in XPS and the
availability of UV sources in an enefgy range that gave éccess to the least- .
bound cdfe levels improveé.ﬁhe éccuréby with which these splittings could be
measurea to an extent that'made it possible té measure small deviations of the
spin-orbit splitting in solids from thbse measured in the gas phase. Furthermore
even changes in the splitting of tﬁe-outermost d—levels in Zn and Cd have been
observed 'in going from the metal to binary compounds containing one of these
elementsfs.'4

In this paper we di5cuss_some of the effectévresponsible the observed

spiittings and their changes. In'Sec. II we review the eﬁperimental data that
will»be discussed. In Sec. ITI we present the fesults of a simplé model calcula-
tion that éxplains some of the puéziing éxperimental findings in terms of the
influence of crystal fields of low symmetry on the energies of final states..

4
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IT. THE EXPERIMENTAL EVIDENCE FOR SPINfORBIT LIKE SPLITTINGS IN

ELEMENTS AND COMPOUNDS

We shall conéider only electronic exciﬁations'extending to about 50 eV
above the ground state.. This allows us to comp;re data obtainedrfrom two oi
more of{' optiqal spectroséopy, UV photoemission, and.XPS. The resolution
of phdtoemissién spéctroscopy then further restricts our study to levels-split
by ét least ~ 0.4 eV;_i.ef, to the outermost d-levels of the group II to VII
elements and the pilevels 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 meaéuréable band‘effects and are therefore referred to
as core-like. In addition, tﬁe splitting of the outef d-levels in Ag and Au
and the p-levels in Pb and Bi are listed in Téble IT. Aithough the atqmic
d-levels are broadened into bands in.theée.solids, the determination of an
average-splitting.of‘the two broad péaks is still possible. Thé same observation
holds fér the p—liketbanas in 1ead'énd bismuth.

If is convenient to Eompare the splittings obéerved in solids to those
for the free ions as a secure stafting point for tﬁe discussion of various
soi}d-state effeéts} To do this, we have extracted the free-ion spin-orbit
sélitting frqm the obsérved térm values of the configuratién (d9)2D in the
optical-spectra of‘tﬁe ions.l While rendering the determination of the spin-
orbit splitting'straightforward and'réliable, this method has the disadvantage
that we have to deal in some cases with very highly ionized atoms, To aséess

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, 2n, Ag, and cd. The values
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for the.spin-orﬁit éplitting are_ﬁaken frém Dunﬁ!s gompilation.5 .This table
makes twbipoints clear: = (i) fof a giQen d—éhell,configuration, the spin-orbit
splittiné increases With-increasing ionic chérge by'not more than 2% pei unit
charée; (ii) a change in the d-configuration (d9 -+ d8),affeéts:the spin-orbit
splitting considerably more than the corresponding increase in ionic charge.
These twolpointsvare consequencesvof the éppro#imate form of the spin-

orbit Hamiltonian-operator:

neglecting exch;nge effects and the mutual spin-orbit énd sp%n-spin interaction
of electrons in unfilled shells._6 Here O is the\fine—structﬁre constant and V is
the_shielded nuclear potential.' The dependenbé'of the expectation value
(Hsoé‘)w_mainly on the‘inher'ﬁa}t of the elécﬁronic wavefunqtion { has been
pointed éut by many authors. The variation in the operator %?gg- upon charge
transfer in outer.sheils is véry small in this region.
Fiom these considerafions it is clear that the atoms chosen in Table IIT
are ver& unfavorable’exampies pgcaﬁse the chafge r;dii for nd and (n + 1l)s
electrons ére not too different. Progressing in the Periodic Table would improve
th;t difference but the high degrees of ionization.qﬁoted in Table I for, e.g.,
Sb ‘and Te makes the'quotéd ffee—atom Qalues ofvthe spin—orbit spliﬁting upper
limits by a margin of an estimated (3 * 3)%. |

" Returning to the data obtéined from solids in Table I,Vwe can make the

~ of the 44 level in metallic Zn

following observations. The apparent AES

and Cd exceeds AEg o in the atoms by 59% and 45%, respectively. This increase
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is unique among the entries of Table I. The apparent'AEs o of Cd in tetrahedrally-
coordinated binary compounds agreesjwithin experimental error with the free-atom

value. Combining the results of all three compounds, the apparent'AES lies

.« The weighted mean value fbr the apparent

0.08 eV above the free atom AES
AES in In metal lies at 0.89 eV, or 4.7% above the free-atom value of 0.85 eV. y
The values for In in tetrahedral coordination agree well with the free-atom AES o."

The Sb apparent AES values agree within the error limits with the free ion

value, for both compounds ahd the metal. The 44 splittiﬁg for InSb measured by
Cardona 92_5137 séems to»be low, as does their value.for the Te 44 splitting in
PbTe. With this one exception the Te 4d values are ﬁigher than the free-atom
spin-orbit splittiﬁg by about 2.8% for the compounds and 7% for the metal.
Thé entries for Hg show no anomalous béhaéior, nér do those for Pb in
various surroundings. The observed splittings in the valence d-bands df Ag and
Au (Table.II) are éonsiderably.larger than the ffee-atom AR ol The p-bands
of Bi and Pb, however, aé not exhibit such éniinéreaSe, as has been observed earlier.
We can summarize tﬁis section as follows:
~(i) Core—like.d—lgve}s of elements in tetrahedral surroundings show
no, or 6nly a very small (>.1%), iﬁcrease in the apparent AEs. ; compared to
free—-atom values. ‘The pniy excebtions are fhe“Te compouﬁds-with an averagé
increase of 2.8%.
(ii) In, Te, Cd and Zn metals have an apparent AES.'. in the outermost
d-levels which exceed the free atom values by 4.7;'7, 45, 59% respectively.. s
f(iii) Pb and Sb show no-sﬁch increasé.
(iV) V;lence d-bands in Ag and Ru are split by amounts far exdeeding
the free~atom AES o value, in contrast to fhe valence p-bands (Bi, Pb) which

are split by energies clbse to AES o for the free atoms.
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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.



—6- | 4 LBL-2901

IIT. DISCUSSION
In this section we will discuss the ihfluenceé on the apparent spin-
orbit spiitﬁing of ﬁcore—like" d-levels of an atom sufrounded by other atoms
in a solid. This applies to the case of Cd and other elements which do
not show appreciable.band—structﬁré broadening of the d-levels, in contrast
to, e.g., Au, where the width of the two 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
., . . + ) ) .
with wave vector k may,be neglected. That is, we treat those levels as if the
-

. —>.' .. L g
energy‘orderlng at k = 0 is retained throughout the Brillouin zone. The justi-

fication for this'approach is derived directly from experimental

evidence (i.e., line widths) rather than_from assumptions about overlap-integrals
and’potentials: ig therefore poSseéses a high degree of validity.

_We note at the outset that we are dealinngith fiEEleEEEE structure
following photoemiésion-from‘a closed shell. This is manifestly a one-electron
(héle) problem. The appropriate d hole stéte Hamilténian in the one-electron

approximation has the form

H=h.+h . o - : (1)

..+
0] cryst ,hs_o,

Here hO contains the kinetic energy operator énd the spherical Coulomb
potential of the nuclear charge 7. screened by the inner electrons forming
closed shells. The hcrysf term summarizes the potentials due to the neighboring

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

. ) . . . 4 | . . . v .
atom under consideration, and h -1s the one-electron spin-orbit hamiltonian.
s .
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‘We wish to show that‘the differences in the value for the d-level split-~-

tings, AEs o observed in different solid environments is a result of the

influence of h ‘rather than of a modifiéation in h . To do so, let us
cryst . s.0.

first consider hS in more detail. The spin-orbit interaction is a first
order effect in the expansion of the relativistic energy expression for a

s s . . . 9 ;o s s
spinning electron in an electric field U. ' The reduction to a non-relativistic

foimlo gives the result (in atomic units):

Q

uy g

[6R2

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

13U . ~ . '
value.of Pl v evaluated in the state nf. We can rewrite the Lande factor & as:

. .m N
2 (R )7

‘ _ o nf U

'Enﬁ T2 o r Br,dr ! (3)

where Rﬁz(r) is‘the ﬁormaliééd radial wavefunction of the electron in the state
nf. A generalization of this result fo a many electron system is not straight-
forward; we refer the reéderyﬁo the'article.by Blume and Watson6 for a detailed
discussioh of this problem. Theit result caﬁ be stated as follows: hs.o. for |

electrons in an unfilled shell can be written as

+ 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 -
e

££! which isvessentially 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 opefatdr in mind, let us now investigate the influence of

different surroundings on hs-O

and thereby on the intrinsic spin-orbit splitting
of outer d-electrons.
In Sec. II we already showed, that the charge state of the ion has only

a very small influence on (hs'o ), even for changes of several units in |e].

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

in partially ionic solidsitherefore have a quité negligible effect on (hs ).

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

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

in the wavefunction of the d-electrons itself upon entering a soiid or molecule.
These changes can_be cénsidergd.in two;pafts:

(i) Renormalization of ¢a-due to the necessa?y_orthogonalization of
da with respect to wavefunctions on neighboring-atoms. In the simplest case

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

2,-1/2

factor of (1 - S7) , where S is the overlap integral between the two orbitals.

: , . B ) . . 1 ;
The extension to more than two orbitals has been given by Lowdin. 1 This leads

to an increase in the- coefficient of dh and therefore in the Lande factor Ea.
The components added to the wavefunction upon orthogonalization make only vanishing
contributions for small r, the region which determines Ed.

(ii) A mixiné of the d-electrons with electrons of different symmetry

located at the same atom. This mixing is always possible throughout the
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Brillouin zone but ét,§1= 0 itvﬁs pbssible énly'for,certain symmetry components
of the potential. This éffect leads to a decréage in the spin-orbit sp}itting,
because the orbitai tha£ Qiil mix_ﬁost strongly to the nd wavefunction is (n+l)p,
with a Lande factpr'smaller than tﬁat of tﬁeld orbital. We can the;efore dispense

with the second effect in explaihipg increases in the aﬁparent AES .

‘The renormalization di5cussed.under (is increases <hs. .) bﬁt the .
’ increasé is overlap-dependent. Overlap also determines the extent to which an
atomic level is:broadened inﬁb a band. This eXCludes-reﬁormalizatibn as a decisive
_ factor ih:the increase of (hs.o.? for core-like levels.
Renormalization might bebthogght to play a major role in the enhanced
-a4band Splitting.of silvér:and géld,.to_which these arguments do not apply, were

it not for the absence of noticeable increases in the apparent AES o in the p

bands .of Pb and Bi, which would fall into the same category.

 1In summary, direct changes in the expectation value of hs o, can not be

fespénéible for the obserQéd_increaées in the apparent AES o. over their free-

atom Qalués. Thevexplanat;on must théreforé be sought in the hcryst term if

e‘are to éxplain the enhancement within the framework of the Hamiltonian in'Eq. (1).
vThe matrix elemgnt of'hcryst één be expanded into a series of spheriéal

harmonics YLM(G,Q);V The angular momentum E qf the‘stgté under consideration

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

iést npnvanishihg térm has Lméx = 4, while for p—electréns Lmax = 2. The matrix

element-<hcryst)i has the symmetry of the poiﬁt group of the‘lattice and is in

general given by

. = : N i ’ . | . v . 5
(hCryst>i o :1 A . ’ _ o
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where TL(i) is the linear combination of spherical harmonics of order L that
transforms as the symmetrical irreducible representation of the point group

of the lattice at the center of the Brillouin-zone. AL

is the expansion coef- -
ficient, which contains the rédial integral of the Coulomb and exchange inter;
action of the electfon i with thé valence electrons and the surfounding ion
cores.12

Instead of'calcul.atingﬂthe}.\L we shall treat thém as frge parameters.
It should, however be noted that for a normal expansion of the type of éq. (5)
-AL-decfeéses with:increasing L. We shall ignofe the term with L=0 which
corresponds to a generalized Madelu£g energy and cannot contribﬁte to a splitting
in the atomic levels. In solids which crystallize -in 1attices of cubic symmetry
the A2 ¢é term in expression (5) vanishes. Thié applies to the face centered
cubic (f.c.c.) lattices of Ag,.Au and Pb and. to the tetrahedrélly cdo;dinated
binary compounds. All other symmetrics encounﬁered in this investigation require
the fetention of the L = 2iterm..

It.is evident from the data in Table I fhat all cases which eghibit an

increase in AES o for the core d-levels fall into this latter group with the -

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

(5) seems therefore a necessary condition for an increase in AES o.°

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

Zn and Cd crystallize in a hexagonal lattice. 1In thiS case it is convinient to
divide the L = 2 term into three factors:
c, . hex, hex hex _ hex , (6)

(h S S .
hcryst i f(a) A, T2 +A4 T4
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The geometricel factor fkg) deéends on the ratio of the crystalline axes ¢ and a.
For c/a = l.63,vthe ideal hexagonal latticef,f(gﬁ is zero and the A2T2 vanishes
forlgeometricalvreasons. 'In Zn and Cd howé&er, c/alie'equal to 1.86 and the
L=2 term enters with a considerable geometricel advantage'(f(go > 1‘in the
point-ion model). We ha&e diagonalized the two.operators'hs.o. + hcryet in the
sub-space of tﬁe d-electrons. The method employed'for this caluclation uses
standard angqular momentum algebra as outlined iﬁ EdmondslB. The dglconfiguration
is treated in the usual way as a d1 configuration accompanied by a sign change

in the coefficients AL and the spinforbit eouplingﬁconstant £.

Fig. la shows the level scheme for a_d9 configuration in the ideal hexagonal

4° All degeneracies are lifted,-yet the

field (£(3) - 0) as a function of A
increase in the epparent sbin—orbit splitting is negligible for values of A4 which
preservethe obser&ed patte;n ofetwe d-peaks, that is for |A4|< 0.4]5'. Beyond
Nthis point thevenergy seperation between individual levels becomes comparéble'

to the experimental line width of each component line (~0.7 eV) and a spectrum would

loose the character.of a doublet-

T. term, which

Lifting the restfiction of ¢/a = 1.63 introduces the AT,

changes the level p-~ttern appreciably (Fig. 1b). As mentioned above, A2 is expected

to be greater‘than>A

4 and we have.therefore plotted the level scheme under the

the spin-orbit split doublett

2

assumption that A4 = 0. For positive values of A

evolves into a pattern of two nondegenerate doublets and a single level, which
would result in a three peak spectrum with relative intensities 1:2:2. For A, <0

a drastic increase in apparent AES o. is possible without destroying the general

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

2:3. The value of A, which gives the observed spin-orbit splitting in Zn and Cd

2

is about 1.4 |5/2€|. A speetrum generated from the level scheme at this point

does indeed resemble the observed Cd spectrum closeiy.' The line-width was set

\
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to be 5/2 £ = 0.7 eV and ﬁhe increéase in spin-orbit splitting as measured from
the spectrum appears to be 58%. The ratio of the amplitudes of fhe two components is
réduce& to 1.21 from the expected valﬁe 1.5 when equal line widths are assumed.
This is in good agreemént,with‘the value 1.3 quoted in ref.‘3. for the Cd 4dv .
spectruijiCd metal and iends further suppdrt to our interpretation.

The influence of .a non-vanishing A, on the level scheme of Fig. 1lb 'has

4
been tested, and is found to be compatible with the above discussion as long as

A4 is négative and does not exceed ~ 30% of the absolute value of A2.

‘This direét‘eVidenge that‘the increase in apparent AEs. in Ccd and Zn
is symmetry-induced is supported by three pieces of édditional experimental data.

(i) Fig. 2 shows the Cd 44 double and for a AgCd alloy (10% Cd). The
substitufional introduction of the C4d atom int§ the cubic surrounding of the Ag

lattice reduces AES o to the free atom value.

(ii) The phdtqemission spectrum of cd deposited in submonoclayer coverage
onto a Au:single @rys£al shows‘no increase in épin—orbit splitting of the 44 level
(compare fig. 2). We interpfet that as the observation of single Cd atoms which
are Subjected to no crystal:field. ‘The exiétehce of single C4d atoms in the
. presence of surfécé diffusion is‘favored by the excgptionally low dissociation
energy'of a Cd-clu.;:\ter.‘14 When the Cd coverage is increased to the extent, that
thg formation of C4 élusters becomes possible, the d-level splitting iﬁcreases
té the value in Cd metal. ' - | _ | .

(iii)' Another physical prdperty that .is known to be proporticnal to the
I=2 term in an expansion similar to that of expression (5) is the electric field
gradient at the nucleus.' This field gradieﬁt can be measured by observing the
interaction of.the nuclear'quadrupole momen£ Q with the field gradient q. Values

111 15

of the coupling constant eaQ/h for Cd in host lattices of Pb, In, Zn and Cd
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are plotted against the increase in apparent'AES 5 for these metals in Fig. 3.

The plot shows a quite convincing correlation between the excess splitting and
the quadrupole interaction of the few points available.
The oniy'non cubic metal, that does not ciearly exhibit the expected increase

in AES ° is Sb. The group V semimetals As, Sb and Bi crYstallize in the same

rhombohedral structure which‘can be fhought of as being comﬁosed'of two interpenetrating,

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

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

too small to resuit in é measurable increase in the spiittiﬁg of the 4d-levels. This

conc¢lusion is corroborated by the results of the quadrupole'interaction of 204Pb in

" the series of As, Sb, and Bi host'lattices.15 The”interaction streﬁgth qu/h decfeases

by factors of two from one lattice to the next. The AEs. . enhancement in In represents

about the smallest value measurabie by photoemission; therefore in Sb, where eqo/h is

reduced by a factor of O,8bfrom its value in In, the enhancement shouid not be detectable.
We have used the analogy between the electric field gradient and the enhanced -

sp;n—orbit splitting as‘a diagnostié tooi in the lést few paragraphs. It should

however be stressed, that this an;logy extends only 90 the siﬁilarity in the geometricgl

conditions which make both effectsIPOSSible. W; caﬁnot'expect‘thét'the actual matrix

elements involved in the description‘of theée quite different phenomena are gqual.

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

néutral impurity atom. The increase in AES. _ comes about tﬁrough the interactién of

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

Before we turn to the valence bands, let us conéider the ¢ase of the tellurium

-9 . : . : . .
salts. 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 A . The degeneracy. of the 4

4 state 1is

. 5/2
partially lifted into a singly degenerate state F8 (excluding spin degeneracy).

The degeneracy of d3 2'(P8) is preserved.

/

For A4 <0 the appareﬁt splitting between the upper‘T'8 level and the

-

lower P7v- F8 doublet could increase significaﬁtly_over 5/2 IEI without altering
the overall éppearance of the spectrum greatly provided that the natural width
of the component lines is fairly lar§e, as would be the case for the semi-
conductors disbussed here.

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

be observed for small A4(A4 < 1) but rather the evolution of three separate lines

~which finally (A4 > 1.5) resolve into two lines with a reversed intensity ratio
of 3:2, in contrast to experimental observation.

The 3% increase in appérent’AES o for the tellurides is therefore

of the order of v 0.5|£], or v 0.75 eV. This is

compatible with a negative A4

a magnitude eﬁtirely 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 A, is compatible only'With primarily

4

electronic contributions to the crystal field Hamiltonion, however.

Because of the absence of any enhancement of AES o for the cations of

these lattices and for the d-levels of all other binary compounds in Table I
(IA4'< 0.2l|£|) we are reluctant.to draw conclusions about possible enhancement

of the apparent AES in the tellurides.

.0,
Let us.retufn 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

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

> ) ) oo
That is, level ordering at k = 0 is not necessarily representative of the

(%]
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appear;née of the aensity of étates p(E)-as:dbseréed in an JXPS—spectrumi

The higher volume associated in reciprocallspace wi£h‘in the outer parts of

the Bfillouin zone (BZ) points makes thesé reéioné dominant‘in the determination
of p(E). * It does seem clear that the renormalization effect mentioned earlier
is not responsible for the obserVéd effects. If it were, we would expect
comparable effécts on d and p bands. This is not observed.

" The elements Ag,.Au, Pb,‘and approgimately also Bi crystallize in the
fecc structure; that is, the symmetries throughout the Brillouin zone are the1
same for all four elements. Nevertheless, therbserved differences in the
appareh? AES. .‘bétween d bands (increase)_and p bands (no increase) is strikiné
they can be understood in terms of the symmétry iﬁduced splittings at fepreéentative
points of the Briliouin zone. The d-electrons of Ag déd Au are already split

at T the cente% pf the Bz which has the

into two groups of bands, ' . and I''

12 15’

full octahedral;éymmetry. waards the outer parts»ofnthe BZ, these bands split
'furfher accompanied by a rearrangement of lévéls'acéording to the various irreducible
rep;esentations at symmetry points of 1ower than qubic symmetry. The maximum
splitting occuré at X the center Qf'the square face of the BZ. The pattern set

bf I' and X can‘be feéarded és representative for theltwo peakéd structure in the
density of states of Ag and Au. The'spin—orbit intgraction‘ehhances this splitting
further without beiﬁg the dominant_féctor, ho&evér. The lower angular symmetry of
the p-valence electrons in Pb and Bi présefves fhéir:orbital degeneracy at T. |
Along the symmetry directions on the surfaée of the BZIthis degeneracy is partially
lifted fprming a singletf and a doublett level at each symmetry pointvexcept K.

The energy disperSibn of these bands albng the surface of the BZ is in

general smaller than their splitting, giving rise to a two peaked density of states.
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In Pb an Bi, witﬁ 2 and 3lp—eledtron$ respectively,vohly the bands in thé lower
peak of p(E) are occupied, so tha£ we would observe a single peak in the XPS-
spectrum in the abéence of spin-orbit interaction. In the presence of spin-orbit *
interaction however the two fold degenerate level at W splité and an inépection

(17)ieveals, that this splitting

of the relativistic band structure of Pb by Loucks
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 hybfideation the splitting at W equals'the atomic splitting, a result

that is in good agreement with experiment.
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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 f,- Shell Lattice Sglittihg (eV) Reference
Zn II | Zn3d free ion-' 0.337 1
Zn metal o hex | ’ 0.54(2) a
cd 1T caad hex 0.669 1
cd metal,l " hex 0.95(3) a
cd metal " hex 1 0.99(5) 3
cdTe " z.b.f 0.70(5) . “p
cdTe " z.b. 0.83(20) c
cds " z.b. 0.76(12) c
CdSe " ‘Z.b. 0.87(16) c
AgCd alloy . " cubic 0.70(8) this work
In III Tnad free ion - 0.849 1
In metal " tetragonal 0.90(1) 3
In metal " tetragonal 0.88(15) b
In metal " tétragqnal 0.86(3) a
InSb 2 z.b. 0.83(3) a
InSb " z.b. 0.85(5) b
“InSb - " z.b. 0.84(8) 4
InP., " z.b. 0.84(8) 4
b v sbad free ion 1.239 1
Sb metal " rhombohedral 1.25(4) 3
Gasb " z.b. 1.2104) 4
InSb - z.b. 1.22(4) 4
InSb " z.b. 1.15(10) a
InsSb " z.b. 1.25(5) b

{continued)
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Table I. (continued) -
Elements - Shell Lattice = Splitting (eV) Reference
Te VII  Tesd free ion | ~1.409 1
Te metal oo - . hex 1.51(1) 3
ZnTe - ' " . z.b. , 1.47(2) 4
cdre v | z.b. O 1.44(2) 4
HgTe ' ST z.b. 1.44(2) 4
PbTe o . NaCl ' 1.46(2) 4
PbTe oo NaCl 1.35(10) a
Hg I , ' Hng . free atom 1.800 1
Liquid Hg " ' - ' : 1.83(9) 4
HgTe " L _ z.b. ' 1.77(2) 4
HgTe v o z.b. 1.91(10) c
HgSe o  z.b.  1.81(10) c
Hgs " . z.b. " 1.79(10) c
Pb IV © Pbaa free ion 2:643 1
Pb metal " . f.ce. . 2.62(2) 8
Pb metal o , f.c.c. 2.66(9) : a
PbS - o NaCl 2.58(2) e
PbSe - " NaCl 2.61(2) e
PbTe " | . Nacl 2.61(2) e
a
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Table II.. Free atom . spln-orblt spllttJng and the apparent- spllttlng of valence-
' - band peaks in Ag, Au, Pb-and Bi. oL

Element = . Shell . - o Lattice . Splitting (eV) Reference
Ag I 44 free atoﬁ '0.555 1.

Ag metal " f.c.c. - 1.6(1) 3.
Au I : 5d . free atom S 1.522 1.

Au metal " . . f.c.c. S 3.8(2) | , ©a

Pb I ' _ 6p free atom . 1.746 C1.

Pb metal " f.c.c. - 1.80(5) 8.

Bi I o 6p. - free atom 2.163 ‘ . b.

Bi metal : " : rhombohedral 2.16(8) 8.

®b. A. Shirley, Phys. Rev. B5, 4709 (1972).

b .
c. €. Lm, T. A. Carlson, F. B. Malik, T. C. Tucker and C. W. Nestor Jr.,

Atomlc Data 3, Nr. 1 (1971).
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Table III. Spin-orbit splitting of d-levels for various ionic charge states.

.

Element _.Configuration' . AEs.o.(ev) Reference
Cu I 3a%4s? 0.253 1.
Cu II 3a%s 0.257 5.
Cu III 38° 0.257 5.
Cu II 3a84s2 0.268 5.
Cu III 3a%4s - 0.273 5,
Cu IV 3a® 0.271 5.
Zn I 3694529_ - -
Zn II 3a%as? | 0.337 5.
Zn III 3a%as 0.281 5.
Zn IV 3a® 0.341 5.
Ag I 43”552 0.555 5.
Ag II 1a®ss 0.567 5.
Ag ITI 4a§» 0.570 5.
Ag TI 4a%s52 0.598 5.
Ag IIT 4a%ss 0.580 5.
Ag IV aa® 0.589 5.

'y
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Fig. 1. . Energies of a d9 configuration as a function of the generalized crystal
field parameter A,. (a) ideal hexagonal field: c/a ='1.63, A, = 0;

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

‘spectrum for A2 = 1.4 I5/2 €|. The line width of each'componeht is equal to &.

‘Fig. 2. The Cd‘éd-spectrum of (a) Cd metal, (b) a AgCd alloy (10% Cd), and
~[{c) surface .isolated Cd atoms.
Fig. 3. The excess in appafent spin-orbit splitting AES o. versus the electrical
1 .

quadrupole interaction strength eqo/h of ed for a number of metals.

Fig. 4. Energies of a d9 configuration in.a crystal field of octahedral symmetry.
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