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RELAXATION AND CROSS SECTION EFFECTS IN
VALENCE BAND PHOTOEMISSION SPECTROSCOPY

Fenton Read'McFeely

Materials and Molecular Research Division
Lawrence Berkeley Laboratory
_ and ‘
Department of Chemistry
University of California
Berkeley, California 94720

ABSTRACT
Various problems relating to thé interpretation of valence band
x—rdy‘pﬁotoemission (XPS) spectra of solids are discussed. The experi-
ments énd calculations reported. herein deal with the following questions:
l): To what éxtent to many-body effects manifest themselves in an XPS

valence band. spectrum, and thus invalidate a direct comparison between

- the photoemission energy distribution, I(E), and the density of states,

N(E), calculated on the bésis of ground-state one-electron theory. 2)
The effect of the bindiqg—energy—dependent photoemission cross section
on I(E) at XPS energies. 3) vIn favorable cases indicated by 1) and 2)
we examine the effect of the interaction of thé crystal field with the
apparent spin-orbit splittings of core levels observed in XPS spectra.
4) The use of tight binding band structure calculations to paramete;tze
the electronic band structure from XPS and other data is described. 5)
The use of high energy angle—rgsolved photoemissién on o;icnted singie
crystals to gain érbital sfmmetry_information is discuésed. 6) The
evolution of the shape of the pﬁotoemission energy distribution (of

<

polycrystalline Cu) as a function of photon energy from 50 < hw < 175

is discussed.
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INTRODUCTION
Oné of the most fundamental pieces of information one can obtain
about a crystal is the energy density of its occupied electronic states.

This density of states is given by

N(E) =D 8(E - E,)
: i

where the summati§n index i runs over all the occupied orbit;ls of the
system. . Having stated the objective, only twovobstaclés block the golden
road to eﬁlightment.

1) vN(E), as defined, is impossible to measure experimentally.

2) N(E)? as defined, does not exist. |

As is evident from ;he fact that this thesis apparently con;inues;
thésévdifficulties are not so serious as they might first appear. The
quantity N(E) does not exist bgcause'the one-electron states Ei defining
it are not true eigenstatés of the crys;al Hamiltonian, but rather the
eigenstates of an approximate Hamiltonian (e.g. the Hartree-Fock Hamil-
tonian or, in practice, some approximation to_it), |

It is with respect to this approximation of separability into one-
electron states that N(E) is defined. The one—electroﬁ orbitals do,
however, have a physical interpretation; if thé seli-consistent field
in which the N electrons move is uneffeéted by the removal of an elec-
tron from orbital i, the energy required to teﬁove it'is>lEi|.  This
result is known as qupmans' theorem. If Koopﬁgns' theorem is an
adequate approximétion; N(E) is equial to thé density of ionization

potentials of the crystal, and it is ionization potentials that are
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measured by photdemission spectroscopy. Chapter I deals with the impor-
tance of deviations from Koopmans' theorem behavior (which are generally
referred to as Relaxation effects) in XPS valence band spectra.
Unfortunately, XPS spectra are not direct measures of the enecrgy
densities of ionization potentials in question. Within the one-electron
approximation the intensity of a photoemission spectrum at initial state

energy Ei and photon energy hw is given by

h = - E - E. -t
I(E,, hw) _Z‘S(E E) 8B -E -hw) | |’
- 1i,F
whefe wiF is the dipole matrix element connecting an occupied initial

state,i with an empty final state F-at.energy Ei_+:hm. In this equation
we have. further neglected the details of the propagation of the excited
electron to the surface of the crystal and its escape into vacuum.

It is thus clear that even within the "frozen orbital" approxima-
tion, the photoemission intensity represents a convolution of occupied
and unoccupied densities of states, weighted by matrix elements. In
Chaper II~experiments are presented and discussed for photoemission in
the high-energy, or XPS, limit. Here the density of final states is
effectively constant and éomparisons of I(E) with tﬁeoretical N(E) curves
allows the extraction of orbital symmetry information for the solid.

In Chapter_III}the effects of the angular dependence of wiF in ekperi-
ments performed on oriented single crystals in the high energy limit
are discussed, and in Chapter IV we disguss the nature éf the onsct

of this limit for angular integrated experiments.

L &



In Chapters V and VI.we discuss two related problems. First we
consider the effect of the crystal field on the apparent spin-orbit
splitting of core level peaks. Second we attempt, with the aid of 6ther
data, to use the XPS spectrum to !'work backwards' and determine a reason-
able model for ;he band structure of Pb.

The specific experimental details of each experiment is discussed
in the chapter pertaining to it.- For a general description of the

apparatus.used, the reader is referred to the thesis of S. P. Kowalczyk.
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I. MANY-BODY EFFECTS IN X-RAY PHOTOEMISSION FROM MAGNESIUM *

Abstraét | : B | | | -
X-ray photoemission experiments were performed on samples 6f

magnésium and aluminum prepared with atdmically clean surfaces in ultra-
high Qacpum. "Core-level binding energies were.in excellent agreement
with x-ray emission'data; Asymmetries in core-level peaks were observed
and are compared with theory. ' The Mg XKLL Auger épectrum showed kinetic
energies higher than the literature values. Many-body effeéts, in the
form of extra-atomic felaxation, were present in core levelS-and Aﬁger
linés; Both KL V.and‘KL

V Auger peaks of‘Mg were observed. Many-body

1 23

effects were also manifest as rich plasmon satellite structuré accompany-
ing every primary peak. The valence-band spectrum was compared with

‘xX-ray emission -data and with the KL V peak. The spectra were inter-

23
preted in‘;érms of energy-level diagrams rather than one-electron 'levels'.
It is argued that Qalence—band spectra'obgained by different methods can -
be compared most directly among states with the same number of,éorevholes.
A hierarqhiqal classification,of holé states is suggested. The effect
of the dégreevof iocalization of the hole-state on the felaxﬁtion energieé
iﬁ metals is discuésed and shown to be small. Finally it waé observed - v

that in several light metals the energies required to remove a valence-

band electron or a unipositive ion core are about equal. . /

* Work performed in collaboration with L. Ley, S. P. Kowalczyk, J. O.
Jenkin, and D. A. Shirley, published in Phys. Rev. Bll, 600 (1974).
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A. 1Introduction
‘Photoemission from a metal is manifestly a many-body process, but
the observed spectral features are usually labeled in terms of one-elec-
. ( .

tron quantum numbers. When interpreting photoemission spectra it is

important not to take the-:one-electron labels so literally as to néglect

. the omnipresent-many—electron_effects. Accordingly this chapter, which

reports a high-resolution x-ray photoemission study of magnesium (and

a partial study of aluminum) under ultra-high vacuum éonditions, is

cast in a format that emphasizes the interplay between one-electron and

many-electron aspects of each spectral feature. The advantage of this

. complementary point of view is underscored in most instances by superior

agreement between theory and experiment wheh both aspects are cohsidered;
Experimental procedures and results are given in Section B. ''One-
electron" binding energies of core levels are Aiscussed invSection c,
with emphasis on many-elgctron relaxation effects. Asymmetries of these
peaks aré discussed and compared with theory. Auge; peaks, whigh involve
two—hole'states, are discussed in Section D, with felaxation effects
égain stressed. In Section E the valance band densities of states from
photoemission, x-ray emission, and KLB spectra are compéred. Finélly,

hole-state localization is reported in Section F.

" B. Experimental Procedures and Results
v These x-ray photoemission experiments were carried out in a Hewletté
Packard_SQSOA ESCA.Spectrometer that had becn modified‘fbr ultra-high-
vaéuum‘operation. Samples with atomically_ciean éurfaces were prepared

by vacuum evaporation of 99.95% pure magnesium or 99.997 pure aluminum
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in a sample preparation chamber having a base pressure of 3 x 10—9 Torr}
followed by rapid transfer in vacuo to the analyzer chamber, which was
‘maintained at 6 x 10‘11 Torr, as measured on a nude BaYard—Alpert ion
gauge. Photoemission was achieved by irradiating the sample with mono-
chromatized AlKoLl’2 x-rays (1486.6 eV).

Spe;tra covering the electron kinetic-energy range 200-1500 eV were
takenvfirst to insure sample burity. In addition to photoelec:fon lines
expected from the atomic levels of Mg, there were KLL and KLV Auger lines
in the.lOSO—lZSO eV region. Also préseﬁt weré characteristic energy
loss (plasmon) satellites associated with every line. -Thevfull—enérgy
speétrum provided an effective in-situ cﬁemical analysis of the first
few atomic layers of the sample: i.e., those from which the electrons
tﬁat,appear in the full-energy lines are ejected. The absence of any
lines thqt could be attributed to Mg indicated the absence of aﬁy im-
purities in high concentrations. A careful study of the kinetic energy-
regions where the C(1ls) and O(ls) peaks would be expected allowed us to
set upper limits of 0.3 monolayers on the amount of each of these th‘.
elements present. Additional evidence for the surface cleaniness of
the sample comes from two sources: the observatiﬁn of a well-formed
surface plasmon peak and the absence of oxide sapellites on core-level
peaks. Similar comments apply tévthe Al sample. Only the positions
and shapés of the Al 2s and 2p core levels will discussed in this
chapter, for compafison with the Mg results. Characteristic binding
energies or kinétic energieé are given and discﬁssed separately in the

appropriate sections below.
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C. Core-Level Spectra

" The 1s, 2s, and 2p épectra of Mg afe shown in Fig. 1. The core-
level binding energies rélative to theaFermi energy are denbtgd.Eg.
They are set out in Table I. Also given are values frqm an atomic energy
level compilation by Bearden andeurr1 and the Eg(Zp) value of 49.5 * 0.1 cV
which we‘hgvé read from the x-ray spectrum published by»Neddermeyer2

(the *0.1 eV error was assigned by us: it is our estimate of the

uncertainty entailed in defining the Fermi energy_EF). The values of

F
EB from Ref. 1 are less accurate than ours, but more importantly they

~are higher by from 0.85 to 2.4 eV for the l1ls, 2s, andA2p levels, while

Neddgrmeyer's value fdr Eg(Zp) agrees within the 0.1 eV errors. We
believe that this difference can be attributed to oxidation of the Sur—
face of the magnesium samplés used in the earlier photoemission experi-
ments from which Bearden and Burr's values were derived. Siegbahn,
et al.,  emphasized the importance of this problem for active metals,
and indicated that shifts of 2 eV in bindiﬁg'énergy may be observed on
oxidation. The recent photoemission results of Tejeda et 31.4 on clean
surfaces agree with ours.

 A good test of the accuracy of the photoemission binding energies
is given by comparing them with x-ray energies in magnesium. X-ray
energies are measured on bulk'matérial and aré therefore not sensitive
to surface o#idation. An energy-level diagram that illustrates the
connection between x-ray emission and x-ray pﬁotoemission encrgices s
shdwnvin Fig. 2. This diagram depicts the hole—étate energy-level sﬁec—
trum that is generated by ejecting an electron ffom a ls, 2s, 2p, or

valence-band orbital in magnesium. The levels are the true many-particle
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energy levels of the system, with many-body relaxation energiés, etc.,

included. The energies of these levels éboVe the ground state are equal
to the one-electron binding energies relative to the "vacuﬁm level", Eg. . *
.Since the binding energy of én electron at the Fermi energy EF is just

the work function, ¢, it follows that the binding energy of a core level

-1 relative to EF is given by
F .. _ V.. .
EB(l) EB(1) 0] . v (}):_

In our experiments the Fermi edge was clearly evident in the valence-band
spectrum, SO EB(l) was measured directly.

The energies of characteristic x-rays are given by the differences

between pairs of binding energies. Thus, for ekample,

AE (Ko

v v
12) = Eg(1s) - Ej(2p)

F F,
EB(}S) - EB(Zp) B , - | (2)

Thus x~-ray photoemission energies can be compared directly with x-ray

emission energies. The values of EF

B,obtain'ed in this work show excellent

agreement with x-ray values, as indicafed by columns‘é and 7 of Table L.
Thus all three éf our core-level energies for Mg--ls, 2s, and 2p--are in
complete agreement with x—réy values.

vThe.Al 2s and 2p binding energies agree only fairly well with X—ray ~
values. This is attributed in part to the difficulty of assigning a
cunsisﬁent Fermi encrgy, and probably in part to an crroncous x—rny

value for the 2s-2p transition.
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The effect of surface oxidation on apparent core-level energies is
illustrated in the right side of Fig. 2. The more positive environment
of core~-hole states in oxidized magnesium atoms increases the binding
F The latter

is unshifted in the surface-oxidized sample if no charge buildup occurs,

energies of these states relative to the reference energy E

Thus the appafent binding energies will be too large,vas observed in the
earlier Mg work (Table I, column 3).

Figure 3 shows the conventional ground¥state.one—electron "energy-
level" diagram that.has been used traditionally in discussing both x-ray

Sa,b ..
? Since these one-electron "levels"

emission and bhotoemission data.
do not réally exist, this type of diagram is of course only an approxima-
tioﬁ to reality. As such, it can be verybuseful in discuséing gross
structure, such as the identities of tramsitions. In explaining subtle
effects such as cﬁemical shif;s or many-body relaxation energies, howéver;
in both of which the final state plays a large role, diagrams such as

Fig. 3 are inadequate or even misleading. The reader can easily verify
this statement b& attempting to interpret the results reported in this
chapter using Fig. 3. We therefore advocate using diagrams like Flg. 2,
which dépict the true.energy leveis of the system. ParrattSC has dis-
cussed this point in more detail.

Ihe measured cofe—level binding energies are in good agreement with
theory. To make the comparison we mgst first add to Eg(i) the measuted
work functions ¢ = 3f7 eV.fdr Mg and 4.2 eV for Al6 to obtain the "vacuﬁh“
binding energy EX(i),'according to Eq. (1). The values of Ez(i) S0
ob;ained'are listed in Table-II. _Theoretical core-level binding energies

A .
for free atoms,'EB(i), are also listed. These values were calculated by
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bvaiegbahn, et al.7 usihg an optimized‘Hartree—Fock—Slater approach
dévised by Rosén and Lindgren.8 . As relativistic hole-state calculations,
these Eg(i) values contain every sizable effect except electron correla- -
tion. A fairly accurate estimate of correlation effects on the 1s and 3 ¥
2s binding energies can be obtained by simply using reéuits of Verhaegen,
et al.9 and of Moser, et ai.,lo for neon binding energies. Atomic bind-
ing energies of Mg and Al corrected in this way for correlation in the
1s ahd 2s cases, are listed as Eg(i,corr) in Table II. fhese estimates
of the étomic binding energiés are believed to be accurate to 1.0 eV or
‘better.
:Compariéon of the best estimates_of the core-level binding énergies
in free atoms, Eg(i,corr) (Table I1I, Col. 3)_with the experimental valués_”
| Eg(i)vfor metallic Mg and Al (Table 1I, Col. 6) shows tﬁe latter to be
lower by 4—8IeV.This is attributable to a many-body effect: thé'extra—
atomic relaxation of conduction-band states toward the core-hole state
during photoemission to form a seﬁi—lpcalized'exciton state in which ﬁhc
_positive charge of the hole is shielded.11 A theoretical model that
estimates the core-level binding—energy_shift due to extra-atomic relaxa-

L . . . 12
tion in terms of atomic two-electron integrals was described earller.

4

Application of this model to Mg, for example, gives the estimates of extra

atomic relaxation energies due to the hole-state polarization potential Sy

o 0 1 1
(- ea ~ _1 ]
lslVp Ils )Mg [F(1s,3p) 6 G (ls,3p)]Al

ea ;- 0 1 1 '
o - =
<2s|vp 28 ) = [F(25,3p) - 5 G (25,3p) 1,

IR

0 1.0 12
[F (2p,3p) -5 6 (2p,3p) - 73 G (2p,3p)1,, -

14

C2p|ve2]2p )
plvp | 2p Mg
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Similar expressions apply to Al. The binding energy shifts are then

given by
v A 1, ' '
EB(theo) EB > (Vp . » | | (3)

Reléxation—energy shifts, estimated using this model and Mann's inte-
grals,13 are given in Table II, column 4. Column 5 lists theoretical

. v, s . :
estimates of E_ in Mg metal, after correction for this many-body screen-

B

ing effect. These values are to be comparéd to the experimental results
' . . : . A

in column 6. Considering the estimated accuracy of *1.0 eV in EB(corr)

and the approximate nature of our relaxation model, the agfeement is

gratifying. Comparison of -columns 3, 5, and 6 in Table II underlines

the importance of extra-atomic relaxation and supports the above model

-as a reasonably accurate method for estimating the size of this effect.

D. Auger Spectra

1. The KLL Auger Spectrum

Figure 5 shows the rich KLL Auger Spectrum of Mg, observed in the

1050-1250 eV kinetic energy range. This spectrum is superficially very

different from the KLL Auger speétrum of Mg reported by Siegbahn, et al.l4

- The differences can easily be understood, however, as arising from a

-rich plasmon spectrum present in Fig. 4 but absent in the earlier work,

plus a shift of +5 eV in kinetic energy in our spectrum. This result
is expected because the earlier work did not employ ultra high vacuum;
thus the Mg surface must have been oxidized. This would account for

both the absence of plasmons and the lower kinetic energies in the

earlier work.
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Usihg the relative kinetic energies reported for tﬁe various Auger
_peaks by Siegbahn, et al.,14 together with the known plasmon energies.
and relative intensities (see Sec. VI);'it is possible to locate all
five Auger peaks corresponding to those reported by Siegbahﬁ, et.al.
The KL2L3 (lD), KLlL2 (lP) and KL2L2 (lS) assignments are obvious,

L3 (3P) assignments follow from the anoma-

11

while the KL.L (IS) and KL1

lous ‘intensities of the plasmon peaks with which they coincide. Derived
énergies are given in Table IV. Also given are the earlier valuecs of
. v 14 .
Siegbahn, et al. and a set of theoretical values that they calculated
for free atomic Mg.
- In comparing Auger energies in a metal with free-atom values, the

relation
F A,
E (KLL) = E(KLL) + ¢ + Re(TA) s (4)
. : 15
is expected to hold for each Auger component. Here
B xi) = B - Bran

is the energy differgnce betweeﬁ the initial K-hole state and the final
LL—hoie-state in the free atom, EF(KLL) is the‘Augef kinetic energy
relative to EF, and Re(TA) is the total Auger extra-atomic .relaxation
energy.that results frbm differences in the screeniﬁg—enérgy'shifts of .
the two—holé’aﬁd one-hole states that arise in the metal, as indicated

in Fig. 6. Rearranging Eq. (4) we have

R, (TA) EF(KkLL) - ¢ - EM(KLL)

EV(KLL) - EMRLL) | NG
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~ where EV(KLL) represents the Auger energy»rélative to the vacuum level.
Values of'Re(TA) derived from this relaﬁion are listed in Table III.
 To estiﬁatg theoreticdl'values of Re(TA) we can use the model
deééribed by Kowalczjk, et al..,15 in which the séreening energy was .
apﬁrdximatéd by atomic two—electfon integrals. Applying that_model td.

" magnesium, we estimate Re(TA) as
N 1,
Re(TA)Mg =2f (2p 3p)Si > f (ls_BS)Al . (6)

Héré~the equivalent-cores approximation has been used to estiméte the
two-elecffon integrals in the presénce of core-level holes. This equa-
‘ :tion aéplies specifically to KLL' lines in which bofh the L énd L' holes
.ﬁaveVZp character. Other, similar, equations would deécribe Re(TA) for
_ ZS;HOIG cases. In Eq. (6) the f terms‘describe‘two-electron multiplét

interactions, as discussed in detail elsewhere. They have the form
0 1.0 1 2 '
f(2p 3p) = F(2p 3p) - 7 G (2p 3p) ~ 75 G (2p 3p) (7)

etc. Mann's two-electron integrals were used for numerical estimates
of_Re(TA), Results are given in the last column of Table III. These
theoretical estimates are larger than the experimental values by factors
of 1.3 to 1.8. This level of agréement is similar to that found earlier

s L
for other elements. It indicates that the screening model is qualita-
tively correct, but that the screening valence electrons are, as eXpect-
ed, less localized in the metal than in the free atom.

2. KLV Auger Lines

~ Two additional low—intensity groups of peaks were observed'slightly

aBove the KLL group in kinetic energy (Fig. 5). We interpret these as
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arising from the KLIV and'KL2 3V Auger transitions plus their plasﬁon
s

: satelliteé. The mean KL, _V transition energy‘is:1251.l eV. 'Combining

‘ 2,3
this with the one-electron K,L23, and valence-band binding energies, we

have15

F,.o oy _ oFon _ o F O F o
B (KL, V) = E;(K) vEB(L23) Eg(V) - (2 3s))+ R, . (8)

Here f(2pc3sv) is the inferaétion energy between the 2p core hole and
the 3s (valence—Band)-holé, and Re is the extra—étomic relaxétioﬁ energy
" arising from the interaction with the_35 hole of ihe screening charge
attractédAby the 2p hoie, or vice versa. It is not the same as Re(TA),
because péft of Re(TA) is ‘included in the empirical cofe-level binding

o

energies. In fact R V). = 1251.1 eV,

wirn

Re(TA).l5 Using E (KL

2,3
) = 49.4 eV, and EE(V) = 2.5 eV (an average

]

. F
EB(K) = 1303.0 eV, E (L23

(=)

value), we find.
: Re-— f (ch3sv) = 0.0 eV

This result statés that interactiop energy between a 2p and a 3s ﬁole'in'
the KL23V final state 1is equal to that between one of these holes and

the screening charge. It is not clear a priori to what extents the

. 3s hole and the screening charge are localiied, but this result shows
that the-two must be 16calized to a similar degree. If both were com-

pletely localized in 3s atomic orbitals, then f(2pc3sv)wou1d be given

by

: 0 1 .1 .
= -— 2 =
f(2pc3sv)‘v [F 3 G (2p 35)]A1 12.5 eV .

. 13 3 - |
where Mann's integrals were used for the numerical estimate. If the
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3s hole and the screening charge were completely delocalized, Re and
f(2pc3év) would of course be much smaller.

There is independent evidence for the localized nature of the screen

ing charge accompanying a 2p hole in Mg. .In an earlier _discussion11
--and (more accurately) from Table II, we found that the Mg(2p) binding

energy was reduced by 3.2 eV in the metal relative to the free atom.

This is interpreted as arising from dynamic extra-atomic relaxation due
to screening{ ' The corresponding Static term would be twice as large,
i.e,; Re = 6.4 eV. The largé size of this term--about half the above

atomic estimate--indicates that the screening charge associated with a

2p hole state in Mg is "semilocalized", in agreement with earlier con-

ciusibns.ll Thus f(2pc3sv) = 6.4 eV in the KL,,V final State, implying

23
that the valence-band hole in this state is also partially localized

on the Auger-active atom.

E. Comparison of Valence-Band Spectra

It is instructive to compare the shapes of the KL, .V Auger peak,f

23

. with that of the valence-band peak in the x-ray photoemission spectrum

and with the L x-ray emission profile, as all three peak shapes are

23 _
determined by the valence-band demsity of stétes. To facilitate this
comparison we nofe that thelldcal density of states "on" a'magnesihm
atom will be different when there is a core hole present than in.the
unperturbed metél. The excited hole statés of the system can therefore
be classified naturally'according to‘the ﬁumbér of core hole states and
vélence—shell hdle states present. This is illustrated in Eig. 6, in

which states are labeled according to the Cype;df“hole present (e.g., .

1s) and the core- and valence-hole "quantum numbers" C and V.  The
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valeﬁcefband’(lqcal) density-of-states profilé will‘be different for
the C = 1 states than for C = 0 states because the core hole attracts
a screening charge. We shall denote the density of states in the C =1
level\as pl(E) and in_fhe C = 0 levels as p(E). In this notation the
selection rules are A(C + V) = O.for X-ray transitioﬁs and A(C + V) = +1
for photoemission and Auger emission, with the former going upward and
the latter downward in energy. The transitions with which we are con-
gefned in Mg are shown in Fig. 7. |
Valence—band-phogoemission to the 3s(01) state proceeds within the
C = 0 manifold: therefore it can in principle measuré p(E), in the |
appfoximation that effects such as cross—section_variation across the
band and differential final-state relaxation may be ignored. Byvtﬁis”
agrument the experimental spectrum of the Mg.Qalence bands (Fig. 7 top
panel) should give.a éood representation of p(E)f w¢ shall defgr a
discussion of whether or not it does, pending the outéome of cross-
‘section calculations currently underway. We note that the experiméntal
spectrum does not have ﬁhe simple shape that would naivély be expected_
on the free-electron model; viz; a monotonic increase of intensity with
energy to EF and_a‘sharp drop at EF'
The L X-ray emission‘spectrum of Neddefmeyer2 isireproduced in

2,3

Fig.'7 (middle panel). The sharp peak at E_ in this spectrum has been

F
variously attributed to a many-body effect--the Mahan anomaly--or to
(one-electron) band-structurc effects. There is no evidence whatever
for such a peak in the photoemission spectrum (the 0.55 ¢V FWHM instru-

mental resolution of our spectrometer would broaden such a penk-if it

weré.present, but could not obscure it completely). This does not
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necgsﬁarily mean that the peak could.not be a band-structure effect,
because the "local density-of-states"” profile'studiea in the XfS experi-
ment is that of the C = 0 states, with no core hole present. If varia- .
tions in relaxation energy and cross—section effe;ts across'thé‘band can
be ignored, XPS woﬁld therefore Yield p(E). ﬁnder similar assumptions
XES-would give pi(E), since C = 1 in the initial state (the 2p hole
étate) in this case.

A better comparison can be made between the L XES spectrum (Fig. 7,

23

‘middle panel) and a KL, .V Auger line (Fig. 7, lower panel). In the

2,3
KLéBV Auger transition, both initial and final states. belong to.the

'C = 1 manifold.  Thus,‘again'neglecting cross-section and‘reiaxation
variation across the band, this line'should méasuré pl(E), as does the

XES épectrum.

' The.KL23V peak has approximately the‘same width as the other valcnce—
bgnd peaks (6-7 eV)., Like them, it is relatively steep on the.high—
kinetié—energy (Fermi edge) side. It shape differs in detail from those
of the XPS and XES peaks, however. It shows nd strong evidence for'a
;peak at the:Ferhi edge-(a shoulder is present), thus suggesting that
the XES peak is a collective effect réther than‘a density-of-states
effec;. In ad@ition,_the KL2’3V Auger péak is mbre peaked‘aboug 2 eV

below the Fermi edge than are the XPS or XES peaks. We interpret this

as evidence that the Zp_hole state tends to attract valence states and
concentraﬁe_tﬁem on fhe host Mg atom, yielding a peak in the density

of states. It‘would be prematu?e to ihterprct che valence-band spoctrd
invFig. 7 further at this time. ‘We can, however, conclude thﬁt the

x-ray anomaly probably arises from causes other than the density of
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~ states, that pl(E) differs from p(E),,éhowing the effect of screening

of the 2p hole on the valence band, and fhat cross—séction yariation-is'

important. ' . . >

F. On Hole-State Localizdtion

It is instructive to compare the valence-electron binding energies
in free atoms with those in the corresponding metals. We wish to focus.
particulafly on the question of hole-state localization and extra-atomic
relaxation energy effects in the metals. The energy-level diagram appro-
priate for this comparison is shown in Fig. 8, for the particular case
of sodium, a simple monovalent itinerant-electron metal. Optical atomic

6 . , . 17 p .18
data”™" have been combined with the cohesive energy, the work function,
and the valence bandwidth in constructing this figure.

Let us consider two features of Fig. 8, both of which obtain for
metals generally: (1) The average binding energy of the least-bound
electron is substantially less in the metal than in the free atom; i.e.,
V_ A .

EB < EB, and (2) It takes about as much energy to remove an electron from
v

the metal as it does a unipositive .ion core; i.e. EB

a‘EZ.(M-F). Before
proceeding, leﬁ us define EX, thg average valeﬁée;electron binding énergy
relative to the vacuum level.

For monovalent metals ;Z‘presents no problem; it is simply the work -
function, ¢; plusithe'additional energy that it takes to reach thg aver-
age energy in the valence-band final-stqte peak. TFor a free—elecﬁron
band this giVes

v .
B, = ¢+ (2/5) (B, - E

)
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is the binding energy of the most_tightly—bound valence electron

Hgge EO

state (analogous to the "bottom" of the band in a one-electron initial-

state déscription), and E. ~ E_ is the total spectral (i.e., final-state)

0O F
band width.

For divalent or trivalent free-electron metals such as Mg or Al a

fairly cohsistent definition of.Ev could be obtained by integrating_the

B
final-state valence-band profile (density of states) from EF up to the

energy at which 1/4 or 1/6, respectively, of the density-of-states area

is used up. This is a somewhat arbitrary procedure. ‘Its approximate

‘Validity can be appreciated by considering a limiting case . in which the

iﬁdividual valence bands were nonoverlapping. In that case the least;

bound orbital in the free atom would correspond to the valence band

nearest E_. With this approach the coefficient of EO"- EF in the above

F

equation would become 0.17 for divalent and 0.11 for trivalent free-
electron metals. .

We can now quantitatively evaluate the first observation above-~that
Vo A ' , . |
EB < EB for valence electrons in several light metals. The results are

displayed in Table V. The difference EA

B~ EX is always positive and

ranges from 2 to 6 eV. Wigner and Bardeen19 explained the magnitude of
the work function (and thus this difference) in 1935. Their arguments

were based on free-electron description and the Wigner-Seitz sphere model,

and they considered only alkalis, obtaining good agreement with experi-

3 : 20
ment. An. interesting discussion of this model has been given by Haug.
Recently Lang and‘Kohn21 have presented a theory for the work function
based on an’inhomogenéous electron gas model with pseudopotential correc-

tions, and with surfadce effects treated carefully. Their theory predicted
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wprk functions'of simple metals well (to within 5-10%) and those of
noble metals fairly‘well,(within 15-30%). Thué the decréase in valence
electron binding energy from atoms to metals, or alternatively the yaluc

of the work function, is adequately explained on a free-electron model.

+
The second observation about--that EX = EX (M), is deduced by

. : L oA . ' .
comparing empirical values of Eg and Ec'+ EB' Since the latter sum is
T . :
the energy required to remove an ion core M and a valence electron from
, +. AV
the metal, it follows that EB(M ) = Ec + EB - EB , at least for an infi-

nite solid. That EB(M+) év%(EC + Eg) as sﬁown in Table V is less expected.
It isvsatisfying in a rather qualitétive'way, referring to a model of
freé—electron metals on the "jellium" leyel,vthat ion cores and valence
elecﬁrons should have.néarly equal binding energies? bgcause a positive
or a negative charge is being removed from the jellium in the two cases.

On reflection the reason for this binding-energy simil&rily is not
so obvious.  Valence-electron emission from a simple metal is usually
undérstood as being accompanied by negligible relaxation enery among the
remaining electrons, becaﬁse the electron leaves a smeared-out free—élec—
tron Bloch state. By contrast the ion core is manifestly localized, énd
its departure must be accompanied by substantial rearrangement of ﬁhé
remaining_electrons.

Direct compérisons can also be made of the differences between core-

level electron binding energies in atoms and metals,
| AE_(core) = EA( re) - EV(~ore)
“Epte B preore) o

and the differences between valence-electron binding energies,

AEL(v) = Eg(v) - E;(v)
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Such cdmparisoné show that the ''solid-state shifts",'AEB, decrease in a .

gradual manner in going from core to valence orbitals. There is no

abrupt change in AE nor does it‘approach zero for valence electrons.

B)

'Since the core-level shifts were attributed to relaxation of the valence-

electron gas to screen the localized final-state core hole, one might
be tempted to infer'(incorrectly) from the above variation of AEB that

\
valence band holes were also localized, whereas Wigner and Bardeen-]ﬂ9

obtained good values for the work function by éssuming the opposite—-
that the valence—électronvhole is completely delogalizea. |

. Before explaining this‘apparent contradiction, let us make two gen-
eral observations."Firsc, the distinction bétween core electfoné and

(free) valence electrons is somewhat .arbitrary. Some bands in most

metals should show properties intermediate between the two extremes.

Second, if similar values of AEB(V) or ¢ can be estimated using either

localized- or delocalized-hole-state models, then agreement of experi-

ment with these estimates does not carry implications about the degree

of localization of the hole state. Although the Wigner.—Bardeenl9 model,

based on a hole in a free electron gas, produced work functiens in good

agreement with experiment, this does not necessarily imply that the hole

»state‘is-delocalized; Even if the hole state is deloCalized'the "solid-

state shift" will be about the same as for a localized ﬁdle, as we shall
show beléw.

Lec us first compuﬁé the work Eunctions.for séverhl simple metals on
the assumption that the valence—shell hole states are completely 1Qchl-

ized on single atoms. Referring to chg'energy—leyel diagram in Fig. 8,

the expression for ¢ in an alkali metal is
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- &, - E

C
VB F’ ) )

A
¢ ﬁvEc +.EB(v) - ER

Here the cohesive energy per atom appears because the removal of one-
valence electron from a monovalent metal effectively breaks one atom's

A . . ; L - . :
bonds. The EB(V) term, which can be obtained from optical data, gives ~
the energy required to remove a valence electron from an atom considered

has been discussed earlier,

alone. The extra-atomic relaxation energy, ER’

particularly in connection with core hole states. These three terms
taken together give the average energy of the valence bands or levels,

EVB' Since the complete valence-electron photoemission spectrum is usu-
ally available, the difference (E&B - EF) can be obtained empirically
and subtracted to obtain the work-function energy ¢. Assuming the val-

ence-band hole to reside on a single atom, we can estimate the extra-

atomic relaxation energy from atomic integrals as
| _ 1.0, .
ER(Na) = 2 F (3s,3s) .

for sodium, for example. Here‘the valence-band hole is assumed fo be

shielded~5y-sfband valence eiectrons. The factor of 1/2 ariées becausé‘

this is a dynamic relaxation process. Table vaives work functions cal-

cﬁlated bﬁ this model. The results for monovalent metals agree. quite

well with'experimént._ Also given in Table V are values calcdlated by

Lang and_KohnZl on an itinerant electron model. - o ' ~
For polyvalent metals this simple model can give qualitatively

reasonable results, but it is not clear what fraction of the cohesive

energy ;hoqld be.included.in the expression for ¢. 'If all of EC is

in;luded, the values of ¢ estimated for Mg and Al (Table V) are about
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one eV too high. If only a fraction of Ec is included the agreement

~ would be improved.

It is no accident that this model gives estimates of‘¢:very similar
tovthbse oBtained from fhe Wigner—Bar&éen model. In facﬁ thé terms in.
EheﬁexpfessioﬁS'for ¢ in the two ﬁodels can be related term'by‘ﬁerm, ahd
it is instructive to do so. Equation (9)vof tﬁe Wigher—Bardeen paper is,

in their original notation,

- _2 006 a2 20 2 v '
¢ —,I + H 3 F 0.6 e /rs + 0.458 e /?rS e3rsf (rs) + eb . (10) -

Here their I and H are identical to our Eg(v) and_EC, respectively. F-

is the mean kinetic energy of an electron above the bottom of the band.

AN

Since the band width is F, the g-F term is just the energy difference

3 3

between the mean energy and the Fermi energy. - This is exactly equivalent

to ourl(EvB —_EF) term, which measures the différence between the mean

binding energy and that of the least-bound electron. The 0.6 _ez/rs and

’0.458'e2/3rs terms are Coulomb and exchange energies, respectively. The

correlation energy term, in,f'(rS),-is not inéluded in our simple'apbrodch
(it could be§, but it is small. Estimates of ezrsf‘(rs) for Na based on.
the Wigner-Bardeen model and the Bma—Pines model give 0.11 eV and 0.14 eV,
;espectively. Fihall? the égrface term eD, although interesting, is also
relatively émail. It could Be included in our simple model but we shall
omit it for brevity. Wigner and Bardeen_19 set b ; 0. "Lang and Kohn21
have.discussed the eD'term in detail. |

With the last two terms in Eq. (10) neglectéd and the first three
identified with‘three in Eq. (8) the agreement of these two expresstons

for ¢ rests on the similarity between the remaining term in each; i.e.,
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between ER and 0.447 ez/rs (= 0.6 e2/rS - 0.458 e2/3rs)}b Both of ﬁhese
terms arg made up of Coulomb and exchaﬁge contributions. The first
describes the dynamic relaxation energy associated with valence-band
electrons relaxing to shield an electron hole localized on a single atom.
vBy aﬁalogy one WOuld expect the second to be the dynamic relaxation encrgy
of the valence band electroné relaxing to éhield an itinerant electron
hole (a "Coulomb hole" for the Coulomb energy and a "Fermi hole" for the
exchaﬁge_energy). That this is a valid interpréfation can éasily'be

shown by ré—deriving the Wignef—Bardeenﬂresult using this picture. IWG
shall do so for the thiomb energy. First we note the ER for‘ﬁhe local-
ized—héle model is readily obtained as a matrix element of the "polariza-

*

tion potential" Vp = V® - V' of Hedin and thans_son,22 where V¥ is the

Coulomb potential with the hole present and V is the potential with the

state occupied." Specifically,

1,. .
ER_=§(1|VPI1> ,

where 1 denotes the eigenstate of the electron in question. Applying

this approach‘to the ffée—electron model and using the expréssion

2 2:2, 3 o . .
3e /rs - er /ZrS_as the potential due to the s sphere, we find, on
integrating over the s sphere, a Coulombic relaxation energy

2 5 2 22,3 T - 2,
f 41r ™ (3e /2r - e"r /2r7)dr 4nr”/3 =0.6e /1

s s s $

0 .

N

- This is of course the result given by Wigner and Bardeen, but derived
from the point of view of relaxation of the valencce-clectron gas toward

the itinerant hole state.

P
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A numerical comparison of the relaxation energies calculated on the

two models is very encouraging. For Na, the values are

Localized 3s hole state:

_ 1.0 S |
ER = 2vF (33,3S)Atomic Na 2.93 eV ..

Delocalized hole state:

) ) o, )
ER = 0.6 e./rs 0.458 e /3rS = 3.05 eV .

Simildf;agréémenﬁ is obtained for other alkali metals (Tab1e VI).

V'. We.may,éumﬁarize this secfion by noting that the'binding energy
accompanyiﬁg'the removal of a charged particle froﬁ a metal contains a
mahy body term—-the relaxation energy arising from‘polariiafion of the
electroh_gas toward (or away from) the reéultant hole. This relaxation

energy amounts to a few electron volts and is not strongly dependent on

whether the particle is a (monovalent) ion core, a core electron, or a

‘valence electron. From the similarity of the last two cases we can draw

two important conclusions: (1) Differential relaxation across the val-

ence band is likely to bé small in metals. Therefore this effect should

not cause large discrepancies between initial densities of state and

- photoemission spectra. (2) Relaxation energies are not strongly depend-

ent on the degree of localization of the hdle'stéﬁe, and therefore vary
not only éontinudusly,'but littie, from core- to valence-electron states.
Explanation of»the work function in terms of relaxation of the electron
gas about a "Coulomb hole" closes a possiblq conceptual hiatus between
éore?electronvbinding energies, which are wellfkﬁown to havé a contribu-

tion from extra-atomic relaxation, and valence-electron binding energies,
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"which are sometimes_fegardedbas having no relaxation contribution because

the valence électrons are.delocalized in the iﬁitial state. We do ﬁot

suggest that valence-electron holes in simple métals are in fact'localized;_

" the above discussion simply shows that the exiétence of a relaxation— , v
énergyvterm, and the value‘of the work function has little bearing on

this question.
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Table I. Magnesium and aluminum core-level binding energies and differences (in eV).

Al 2p

72.84(6) 73.1(5)

ng Ep £ i Ey(n0) - E (L, 5} E () - B (L, ) Ey(al) - E (L,
~ This-work Ref. 1 Ref. 2 Ref. 4 This work x-ray, Ref..1 . Ref. 3
Mg ls  1303.0(1)  1305.4(4) - 1303.0(2) 1253.6(1) 1253.60(2) . 1256
Mg 2s 88.55(10)  89.4(4) -- - 88.5(2) 39.15(10) 39.2() ' 38
Mg 2p 49.4(1) 51.4(5)  49.5(1) 49.6(2) - - -
Al 2s 117.99(6)  117.7(4) - --  45.15(9) 42.80(15) 44.7

_62_

9 p G

0
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Table II. Comparison of core level binding energies in Mg and Al with theory.

nf. - .E:(hl)b Ei(nl,cort)c % (nllvp]nl Yd | EZ(nl,theory) EZ(nl,expt)
Mg ls 1312 | 13126 | 5.1 1307.5 1306.7(1)
Ma 25 9%.7 | %66 4.9 01.7 92.25(10)
Mg 2p 56.3 | - 49 . s1.4 53.1(1)
Al 1s 1569 ' 1569.6 | 6.3 '  1563.3 | 1562.4(5)¢
Al 2s 128 1126.9 6.0 ' 120.9 122.2(2)
Al 20 80.6 -- 6.0 | 74.6 77.0(2)

a . . :
All energies are given in eV.

thom Ref. 7.

c,. . : . , ' . '
Using correlation corrections for neon from Refs. 9 and 10.

dSee Ref. 12.

®From x-réy absorption data by K. Langer, Soft X-Ray Band Spectrum, ed. by D. J. Fabian (Academic Press,

1968), p. 62. Error estimate is ours.
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Table ITI. KLL Auger energies in magnesium (in eV).

F F A" A

’ c o E (KLL) E (KLL) E (KLL) E (KLL)- : R _(TA)

Transition Ref. 14 This work This work Ref. 26 Re(TA) e
Theo.

KLlLl (ls) '1101 1106.0(3) 1102.3(3) 1088 14.3 - 18.9

-KLle (lpl) 1135 1139.8(2) 1136.1(2) 1123 13.1 18.9

v 3 R

KL1L3 ( p0,1,2) 1150 1;54.3(6) 1150.6(6) ;137 13.6 18.9

KL2L2 (ls) ' 1175 1179.8(2) 1176.1(2) 1165 11.1 18.9

lCL2L3 (:-LD) 1180 '1185.3(2) 1181.6(2) 1171 10.6 18.9

3 .
KL3L3 { PO,Z) yot obsr not-obsf - 1175 -- 18.9

_'[C—
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Table IV. Valence-electron binding energies in atoms and solids (in ev).

Element, A ., 2 b c \ 1 A + \/ e f -
) EB(nl) Ec ed EB 3 (EB + Ec) EB(M ). EB(corr) ER(expt) | ER(theo),

Li.2s 5.39 1.66 2.4 3.4 3.53 3.65 o 1.7 3.7 ‘ 3.1

Na 3s . 5.14 1.11 2.3 3.34 . 3.13 2.92 2.78 2.4 2.9

Mg 3s 7.64 1.52 3.7 4.86 4.58 4.30 . 4.09 3.5 2.9

AL 3p 5.98 3.35 4.2 4.9 ©4.67 4.43 3.8 2.2 3.

aReferehce 28.
b . : oy _ ’
Obtained from AHv {(in Ref. 29) by Ec = AHV - RT.
‘Creference 6.

dDerived from x-ray emission data (e.g. Ref. 5) and photoemission results'és described in text.

eCox'rected for (bond energy) * (number of valence electrons).
£A =V ' '
Eg = EB(cor{).

qSee text and Ref. 11l.

'ZCf.
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Tablé V. Calculated and exper1menta1 work functions (in eV)
: ~of Li, Na, Mg, and Al. '

a a b c

Qloc »Qnon-local ' Qexpt
B} 2,95 3.37, 2.33 | 2.4
Na - 2.3 ' 2.83 2.3
Mg | 5.10 4.05(0001 face) 3.7

Al ‘ 4.63 3.97 = 4.2

3From Eq. (9).
bFrom'Ref. 33. An average of values for crystal faces is quoted
here, except for Mg. .

thom Ref. 6.
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Table VI. ‘Relaxation energies accompanying valence-electron ionization in
alkali metals, based on localized and nonlocalized hole models. Energies are
in ev.

Metal (ns) Eg (loc) = % " (ns ns)? Eptitin) = 0.445 ez/rsb
Li(2s) . 3.18 3.71

Na(3s) | 2,93 ~ 3.05

K(4s) IR 2.34 . 2.45

kb(és) o ' ~2.18 | 2.32

Cs (6s) , 1.95 2.16

aUsing Mann's integrals (Ref. 13).

bwigner—Bardeen model, with r, values from Ref. 33.
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FIGURE CAPTIONS.

‘The is,.Zs, and 2p x~-ray photoemission spectra of atomically

clean Mg metal, showing plasmon structure. Binding energies

are given relative to,EF.

The x-ray energy level diégram for magnesium metal and for

surface-oxidized magnesium. Photoemission transitions are
drawn on the left and x-ray emission lines are shown with

arrows pointing down. Oxidation of the surface removes elec- "

trons from Mg atoms, creating a more positive environment

for core—hole-fiﬁal states in photoemiésion-and raising

thgir engrgies és shown relative to EF.

The one-electron "energy—level" diagram that is conventionally
used.for discussing x-ray emission and photoemission.

The KLL and KLV Auger spectrum of atomically clean Mg metal.

. In the KLL spectrum only primary peak designations are given.
In some cases these coincide or overlap with plasmon peaks.
. : (

Effect of extra-atomic relaxation energies on one- and two-

hole states in Mg KLL Auger transitions is depicted. The

energy*levél scale is only schematic, and shifts that

cancel between the atom and metal are not shown. The extra-
atomic screening energy of the two-hole state should be:
about four times that of the one-hole state.

Schematic comparison of shapes of XL, ,V Auger peaks'with

23

XPS spectrum and L emission spectra. The various states

23

_involved are classified using C and V "quantum numbers" as

explained in Sec. E of text.
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Fig. 7. Upper panel: XPS valence band of Mg (this work),

- Middle panel: L23 x-ray emission speétrum (from Ref. 2).

Lower panel: Mg KL Auger spectrum (this work).

2,3
Fig. 8. Energy-level diagram relating the binding energy of a 3s

electron in atomic Na to that of a 3s atom in the metal

~valence. band.



Thousands of counts

-37=~

1380 1360 1340 1320 1300 1280

Binding energy (eV)

Fig. 1

| 6 -
‘ 2s
5 . ]
| . 2p
4 e
3 TR ‘-
’ .' P2 ‘i. | .o P' Y
oL P3 3PS. | o
' » F>|4 | " ;. "._ P3 P|2 ) :PS.
| A 3 Z
e A Y
| | Mg adl Y -
ol 11 1 1] L~ 1%y
I 140 120 100 80 60 |
z z
201 s B
| Pl o
sL P2 'lTs., _
| | P31l AN
, | PO TV I .
10— lﬁ.?;:nuwﬂfvnp‘ S,
eyl ‘ _ .« | :
5 - ,isV!Mh¢F°‘““*5
‘c) | | | ‘l |

XBL7311-4439



— Metal - Oxidized
| , | metal
E_\é.(Is) . /
V(o) - a
EB(ZS) 4‘ 7
| ) ' ;7/‘( v//// 7Y "
- | b
E:F: ' ‘/// 1/ /ﬁ ' A
o !

Ground state - .
' ' XBL7311-4438

Fig. 2



00U d4060 2650

. -39-

- Vacuum v — - ‘

| | ¢ | | |
EF - T 7777

//olence bon//////

L LS

2p

2s

s

XBL7311-4437

Fig. 3




~40-

Thousands of counts

T I I T T I R E— I T
BRI
e |
p . ‘
Jsp
1 P B
M“;«'?‘ 3. .
K
. KLyV? l 1
L 1 L L [ ™

- 1080 120 1160 1200 1240
Kinetic energy (eV)
| XBL7311-4436

Fig. 4



0004602685 ]

41~

ATOM . METAL

s "hol_e

I

Re(ls) = - %(1539)

N

%

EA(KLL)

,»2 1 . - | EV(KLL)"
2p© hole \ I |
. 3 |

~
=

N
N
©
W
'O

B |

XBL73H 4435



States

Sfates_

State (CV)

A

—42-

(15 (10)

- TEKWY)
Eg (Is) ]

oo s oo LN

L 2p o)

Ground (00) ‘

IR

5 (2p) E(Lx -ray)

N

o //T/ /////////7/

p(E)

| WA

LA

AN

- Fig. 6

-
%
¢

S Wa

XBL 744-2890



=43~
)] T I 1 T T T
XPS Mg VB 4
) 1500
(72}
< 1000
3 . .
3 .
(@]
500
O } 'r
- 20,000F
[ 7, .
=
3
(@]
Q
< 1 5000}
!,-"‘&'

270 8 6 4 2 0
Relative binding energy (eV)

XHLT744 2976

Fig. 7.



44—

.12

—_—— T ——

(Mostly extra-
atomic relaxation)

~354 ————'—— 040(E5Ef) -

23 — . Er

$=2.3

Na (1)

Na metal

XBL 745-3034

Fig. 8

. J



00w Uva960 286353

.,

~45—.

’ II.» X-RAY PPOTOEMISSION STUDIES OF DIAMOND GRAPHITE, AND
‘ GLASSY CARBON VALENCE BANDS *

. Abstraet

The high—resolution x-ray photoemission (XPS) spectra of the total

valence bands of atomically clean diamond, graphite, and glassy carbon,

. obtained with monochromatized Al Ka radiation, are reported and discussed.

By comparing valence-band and carbon-ls photoelectron kinetic energies,
the XPS valence-band sﬁectra I'(E) of diamond and graphite were rigorously
affixed to the same energy scale as garlier K x-ray emission spectra,
I(E). The two spectraf;l'(E) and I(E)——héve very different energy de-
pendeﬁces of intensity because séleétion rules and cross-section ratios
render I(E) sensitive only fo 2p character and 1'(E) far more sensitive
to 2s character. Taken together, I'(E) and T(E) show that the fractional
P charaéter in the diamond valence band increases from V16% at tﬁe bottom
of the band to 92% at the top, wifh an average hybridization of msl.2p2.8.
The specfra agree well with the density of states of Painter, et al.,

but indicate a valence bandwidth of 24.2(10) eV réther than their 20.8 eV.
The C(ls) binding energy of 284.63(20) eV in gtaphite‘agrees well with

a recent theoretical estimate of 284.4(3) eV by Davis and Shirley.

Analysis of.I'(E)‘and I(E) for graphite resolves the valence bands

cleanly inté o and 7 bands, with the spectrum I'(E) of the fofmer resem-
bling that of diamond, but with a stronger 2s admixture (sb2 Qersus Sp3).
The XPS érqss—section of the_(pz)_ﬂvbénqs was very low as expected byb
symmetry. . The.bandwidth of 24(1) eV somewhat exceeded Painter and Ellis's

calculated value of 19.3 eV. Glassy carbon showed an 1'(E) between those
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‘of diamond and graphite, consistent with an amorphous lattice containing

both trigonal and tetrahedral bonds.
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A.  ‘Introduction:

.‘The element carbon 'is in many respects unique among the group IV
elemeﬁts in its solid-state properties.; In its diamond modification it -
struéturally,resembles‘the‘smallfband—gaﬁ tetrahedral semiconductors. - !
silicon;»germanium,‘ana.grey'tin, while it is .a.very good,insulator, in:
c&ntrast_té,tbese materials. At -ordinary ;emperéture’and pressufe,,‘, g
ﬁowever,-the thermodynaﬁically:stableAfofm of,#arbon is not diamond-,

but graphite, a semi-metallic form without an,analog in the group IV . =

‘series. It is of interest to..compare the valencebands of the: two -forms ‘.

of carbon because the different coordination--trigonal in graphite and - -
tetrahedrél ipfdiamondféspggestsﬁsuﬁstantialydifferences in their chemi-
cal bonding. While the simple tight-bindiﬁg description of these two
forms in terms of sp2 and sp3 bonding ﬁust be greatly modified to provide
a realistic band struéture, vestiges of s+ and p héhafaéter idhthe bands
should‘stilltbe-manifest,through(ctoss—sectionimpdulation in the photo-

e ]
emission spectrum. _This,effect\was discussed .in;an earlier paper on .the
photoemission spectrum»ofﬁdiamondml} Inwthe present .paper the valence -

band xﬁray~photoemis&ionuspectfavof graphite and glassy carbon-are , i/

reported. .- ;These spectra, :together with the .earlier ,diamond spectrum, o

~are compared.and discussed in terms.both,of, K valence-band densities of. ...

. states and the relative effects of cross-sectionh modulation in‘thétphree-

lattices., Comparisons are:.made with .the lower-resolution:XPS studies
of several formstof carbon:by Thomas, et al.:. . . T TT
(.« Experimental procedures-are, given in Sec. B.: Results are presented

ini8Séc.:iC andfxdiSCﬂ,SSed‘:iﬂESGG-gD.?bﬁGQnQ.lf.@S ions~are sgiven.;ig":xsﬁszc‘- Boqynnn .
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B. 'Experimental

The diamond sample was a single crystal,3 énd the graphite sémple
was:pért of a cr&stal used previously as an x-ray ﬁonochromator.4 The
glassy.carbonfsaﬁple was in the form of a polished disc—shaped ing_qt.5
In order to.prevent contamination b& hydrocarbons and/or oxygen, the
samples were cleavgd or fractured under dry nitrogen in é glove_baé
and inserted directly into a Hewlett-Packard 5950A ESCA spécprometer
at 8 x 10“9 Térrlwithout'exposure to the atmospﬁere. They were then
irradiated with monochromatized Al Ko irradiation (1486.6 eV) and fhe
ejected photoeiectrons.were.energy—analyzed.

Energy conservation gives for the apparent binding énergy of an

electron

APP .
= . - -+
EB hv - K e¢sp ey .

where K‘ is the measured Rinetic energy of-the.photoelectron, ¢sp ;s
_the_speﬁtrbmeter work function and § is the Voita potential due to
charging of the sample. The factors governing the magnitude of the
 Volta potential and its effect on the spectra have been discussed by
Ley et al.6 Wé note here that in our spectrométer, sémple charging
merely shifts the apparent binding energies by a constant amount‘énd
does not detectably broaden the spectral features.

The .problem of obtaining an adequate reference level for the.assign-
ment of binding energies in these samples is eépecially difficult. In
a large band-gap insulator such as diamond, appreciable charging (V6 V)

occurs. Attempts to reference the binding energies relative to the Fermi
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.

vénergy of a thin layer of gold evaporated onto the sample surface have

proved to be inadequate, because the position of. the FermivenerQY'deter~

. mined in this way may not be intrinsic or reproducible.6 All binding

energies in diamoﬁd are therefore given with respect to an arbitrary
zero point. This point was chosen to be the top of the valence bands,
thaiﬁed by a 1iﬁear extrapolation'éf the region of maximum negative
slope. on the.leading edge of the valence bands to the béékground count
level. Since the onset of photoemission is sharp, this point could be
1ocated with reasonable precisioﬁ.

Graphite is a semimetal and thus has no band gap. The intrinsic
cdnductivity prevents it from charging and the Fermi level is well
defined at the top of the valence band. A Fermi edge was indeed observed
in our spectra and binding energies are‘given with respect to it; however,
the low intensity in this region leads to unavoidable inaccuracies in
this assignment. |

‘Glassy carbon is in principle an even mofe.difficult case, since
it does not have é well-defined band structure. Furthermore its photo-

emission intensity at low binding energies is even lower than in the

. case of graphite. In order to have a well-defined reference energy for.

the’purposeé of our discussion, we aligned the centroids of the strongest
valence-band peaks in graphite and glassy carbon and adopted the assigned

position of E_ in graphite as the zero of energy in glassy carbon.

F
C. Results
In Fig. 1 are shown the spectra of diamond, crystalline graphite,

miérocrystalline graphite, and glassy carbon. The intensity curves I'(E)

. _ o _
have been obtained from the raw spectra by the application of a correction
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for inelastic scattering. The corregtion was made by assuming that
the inelastic loss spéctrum could be- approximated from a disérete loss
structure determined by folding a response function obtained from the
inelastic structure of the C ls line with the valance band structure.
An.inspection of the spectra in Fig. 1 reveals th#t all four
samples display thg same groés structure. Each spgctrum shows: (1) a
fairly bfoad, intense peak 1oca;ed'between 16 and 21 eV, hereafter
refefred to as peak I, (2) a narrower, less inténse peak located at
about 10 to iS eV (peak II) and (3) a very broad and.decidedly weaker
étructure, extending from 10 to 13 eV to the cutoff energy ('peak" I1I).
There are, however, -easily noticeable and Siénificdnt differences in
‘the spectra. Peak I in diamond is less dominant than>its analog in
graphite and glassy carbon. In addition, peak III.arises sharply in
diamond-while in graphite it tails off slowly toward low binding energieé.
Also, ‘in graphite there is a well-defined minimum between peaks I and
11, whiéh persists even in fhe miérocrystalline sample. This minimum is
less prpnounced'in glassy carbon. In the next section the factors
accounting for these differences are discussed, and they.are‘shown to
arise from both density-of-states and photoemission cross-section cffects.
The spectra reporﬁed by Thomas et al.2 agreed'with ours in broad
outline. Theif valence bands were'typicallyfVBévaider tHan ours and
they showed no evidence of peak II in most cases. The excess width
probably arose from a cruder scattering correction which systematically
produces this effectf they‘sUb&racted a presuméd'backgroundvrathef than
invertihga respouée funétionf The ébsence of peak II in their spectra

\

may be a consequence of surface contamination, inhomogeneous broadening
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due to a spread in the Volta potential, or Simplyllower resolutioh.
The interprefatién given below is based entirely on our sbectra.
D. Discussion
To interéret the spectra ianig. 1 propgrly, it is first necessary
to congider the various factors which contribute to the photoemiésibn
infenéity. The photoemission intensity at a given energy E may be writteh

as
I(E) « p (E) pf(hw - E) o(hw,E) | (1)

wherevpl(E) is the density of initial states in the crystal, pf(hw - E)

"is the density of final states of the system including the final state

of the photoelectron, and'O is the cross-section for the process. A
one-electron transition model is of course assumed in this discussion.
At 1480 eV the conduction bands of these crystals are expected to be

very free-electron like and thus featuréless, reducing the intensity

expression to

LE) * p (E) o(hw,E) . (2)

In.carbon,'the cross-section term is extremely important, as o(hw,E) is
a very strong function of E in the valence-band region.

H]

It can be shown that the cross section for photoemission from

a state wk may be written as

| 2 o :
g, I(WkIPQ(q))I_ , ) (;)

-where P (q) denotes a plane wave of wavevector q. In deriving this

expression, it is necessary to assume the electric dipole approximatlion,

v
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the Born—Oppenheimer approximation, a frozen orbital approximation for
the photoemission ﬁroéess, and finally that the continuum state Qf the
photoelectron may bé represented by a plane wave. This last approximé—
tion is rather .dubious in principlé since it violates the fundamental
requirements of orthogonality. However, at large q the error introduced
by it should not be serious. |

The only problem remaining in the calculation of o, is our lack of

k
knowledge about the band state wk’ which is the object of study. Since
atomic cross sections may be determined unambiguously either by experi-
ment or caiculation, we shall adopt the approaéh of relating the band
state cross sections to their atomic components. This is in principle-
" a difficult undertaking, since fhe free atom states are eigénstates of

the angular momentum, while the band states are eigenstates of the linear

momentum. "However, Block's theorem states that an'eiggnfunction of the

“th : -
n band of momentum hk may be written

b D = w0 1T | W

=y

where 'E lies within the first Brillouid zone and unﬁ(?) is - a function
with the perio&icity of ﬁhe lattice,.debending,only parametrically on E.
For the éase of a linear one-dimensional lattiée withhlattice con-
stant a, -T/a < k < ﬂ/é.‘ Sinée A = 21/k the minimum wavélength of the
pﬁase factors in Eq. (4) will be Amin = 2a. The extension to phreu—
dimensional lattices is clear. The importance of this fesdlﬁ lies in
the form of the overlap intc;rnlv(B).v This integral can be large 1f
the curvature of the planc wave matches t.hz.lt of the Bloch state. Simtc.

the de Broglie wavelength of an electron ejected from the valence bands

+
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is V0.32 A, there can be no significant contribution from the phase

~ factor of the Bloch state. The overwhelming contribution to this

‘integral must come, then, from the overlép of the plane-wave with unz(r),
the periodié part of the Bloch function.

| In the limit of totally non—interacting electrons in a lattice,
the unK(r) reduce to the atomig functibns, losing their parametric de-
pendence on k. In the actual crystal, uh z(r) will resemble some linear

s

combination of atomic functions to a very high degree near ;he nuclei,
since.in these regions ghe perturbation duevto the presence of the other
atoms 1is relatively small. Furthermore, it is precisely in this region
neéfﬂthe nuclei that the radial nodes in the wavefunction can match the

curvature of the plane wave, yielding a large contribution to the inte-

gral. Therefore, a band counstructed from states -of the type

> >
iker

'wk ='¢zs(r) e , for example, should be expected to show qualitatively

the same cross-section behaviqr as an assembly of non-interacting 2s
states. One can therefére regard the cross section of the band state
as the sum of the cross sections of its principal atomic components.
Thus if a band is formed largely out of atomic s and 1>>orbitalé the
photoemission cross section should reflect the relative extent 6f the
s and p character of the band.

In carbon, the effect of cross-section modqlation in thevvélence
bands is particularly large. The valence bandsAérise mbstly from the
2s and 2p atomic states, énd the cross section ratio for photoemission

. , 9 v A .
by Al Ko,, x-rays is o0(2s)/o(2p) = 13. The reason for this larpge ratio

12

is that the 2s atomic function has one radial node while the 2p state

has no radial nodes. The great increase in curvature provided by the
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2s node allows for much larger overlap with the A = 0.32 A plane-wave-
like final state. With these effects in mind the valenée band spéctra
of each fbrm of carbon can now be examined.
1. : Diamond

The XPS spectrum of diamond has been discussed earlierl in connec-
tion with cross-section modulation and the theoretical density of étateé
given by Painter, et al.lo We -shall briefly discuss this spectrum again
" here for two reasons. Fi;st, it‘prdvides a useful framework for under;
standing the glassy carbon results; and second, we have.recently realizéd
that the valence-band spectrum can bg nicely related to the x~ray emission
spectrum in a.way that obviates the necessity of establishing a fiducial
energy such as EF or the tbp of the valence}bands. Figure 2 shows our
XPS spectrum I'(E), the K-emission spectrum I(E)/\)2 of Wiech and Zapf,u
ana;the density of sFatele p(E) of diamond. The abcissa is the K x-ray
emission energy, E(ls - v), to which we have referréd the valence-band

XPS spectrum in a completely figorous way by using the relation

E(ls - v) = EB(ls) —'EB(valence) s

g are binding energies with any common reference.

where the two quantities E

Our_referehce was the Fermi energy of an evaporated gold layer.1 Thus,
for example, the éharp middle peak of the XPS valence-band spectrum
(peak II) falls at 271.2 eV on the E(ls - v) scale, the difference betwecen
F ' F .1

EB(ls) = 284.44(7) eV and EB(TI) = 13.2(2) eV.

Although the above relation is rigorous and straightforward, there

exists in the literature a strong tendency to discuss x-ray emission and

XPS results in terms of initial-state one-electron orbital energies, €.
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Since orbital energies are computational artifacts rather than observa-

bles, confusion may arise in the comparison of XPS and x-ray emission
spectra due to the presénce of (différent) many-body relaxation effects.

This problem need never arise, however, if the total energies of the

system are considered. Figure 3 shows the energy-level structure of

the diamond lattice according to this description. Because x-~ray emission

connects the two states that are studied by photoemission-~the 1ls hole
state and the valence-band hole state, the energies should match up, and
indeed this appears to be the case in Fig. 2. Referring to that figure

we note that feature E in the x-ray spectrum corresponds quite well to

- our peak I, and peak D to our peak II. Peak B and shoulder C can be

interéreted as corresponding to the broad 'peak' III. in the XPS spectrum.
Especially pleasihg is the agreement between the positions of the top of
the valence band, obtained by exﬁrapolating peaks B and III. These fall

at energies of 283.7 eV (peak III) and 283.9 eV (peak B). The valence-

~ band peak energies in diamond therefore appear‘to be on a very firm ex-

perimental bésis._ The energy depehdence of fhe intensities of the x-ray
emission and XPS Spectra, I(E) and I'(E); are Very different,.however,
To interpret this observation let us relate'I(E)_and I'(E) to the elec-
tronic band structure Qf diamond.

With two atoms per unit éell, diamond has eight valence electrons‘i
fiiling four baﬁds. The lowest band, which is wide and s-1like, givéé
rise.to peak 1 in the density of states,ll to peak I in the XPS specﬁrum,_
and probably to feature E in the x-~ray emission spectrum. . The high

cross-section of the C(2s) orbital for photoemission at this energy]
2
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suppressed because the ls »'2s transition is forbiddep in the K-emission
spectrum.

The second valence band is degenerate with band 1 along the line
X-Z-W in the Brillouin zone.lO It contains a étrong mixture of s and p
character. Because peak II in I'(E) and peak D in I(E)/\)2 arise largel&
from this second band, they are enhanced (suppressed) to an intermédiate
extenf relative to peak 2 in p(E) by cross-section modﬁlation.

More dramatic changes of intenéity are observed in peaks III and B.
This is aftributable td the stronger p character of bandé.B and 4,
which largely comprisé peak 3 in p(E). For 2p electrons K x-ray
,eﬁiSSion is completely allowed, while the cross-section for x-ray photo;
emission is lower by a factor of 13 than that of é 2s electron.

Although the agreement between the XPS spectrum and p(E) as.given

"excellent",l there was

by Painter, et al.,lo was déscribed earlier as
at that time some upcertainty as to ho& the relative eﬁergies of I‘(E)
and p(E) should be compared. With the additional support of the X4réy
emission spectrum I(E)/vz, and‘pafticularly in Qiew of the agreement
between I(E)/\)2 and I'(E), we can make a more cfitical comparison of
theory and experiment. To do this we aligned peak 2 in p(E) with peaks
D and II, which agreed well with one another (although p(E) has the
same size energy scélevin Fig.‘Z as do I(E)/\)2 and'I‘(E), the transi-
tion'ene:gy on the abcissa of course does nét apély to p(E)). The
theoreticél p(E) histogram then appéars to be somewhat narrower‘tﬁdn
the exéerimental curves, both overall and with‘regard.to the euefgy

separation between characteristic features. Thus the total valence

bandwidth is 24.2 *+ 1.0 eV experimentally, with most of the uncertainty

)
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arising from the extrapolation of I'(E) to zero intensity at the bottom

of ‘the bands. Even after scattering corrections are made, Valencé~band
XPS spectra tend to show "tailiﬁg"‘at the‘low—enérgy'end. We Bgliéve
that this ariées from imperfect scattering corrections rather than
valence-band structure because théoreticélly the first band decreases

smoot@ly and parabolically in energy as it approaches the band minimum

at T in the Brillouin zone and thus P(E) should decrease rapidly.

Accordingly we have sketched in a dashed line in Fig. 2 that represents
what we believe to be thé shape of I'(E) if scéttering were fully
accounted for. This line intersects the abcissa at an energy of 259.6 eV
with an estimated accuracy of 1 eV or better. The bandwidth of (24.2 i
1.0) ev Qas obtained by subtracting th;s energy from that ofbthé tob

of fhe bands, 283.8 + 0.1 eV. The calculations of Painter, et al.lo
gave a bandwidth of about 20.8 eV. In.Table I the engrgies of several
féatures are listed,»using the top of the valence band as reference.

In a more qualigétive vein it is of interest to derive information
about s-p hybridization from the diamond vélence—band spectrum. The
tétrahedral structure of diamond leads naturally to attempts éo describe
its bonding in terms of Sp3 hybridization. Whiie this approach has

some validity at ' in the Brillouin zone, the crystal symmetry requires

5 .
the linear momentum k, rather than angular momentum, should be a good

s ' Ny . .
quantum number. For this reason an atomic-orbital basis set, and

/ o C . .
especially one that is limited to 2s and 2p functions, is inadequate
to describe the valence bands. Still, both XPS and X x-ray emission
are most sensitive to those parts of the valence-band wavefunctions

nearest the nucleus where they arc most like atomic functions. These
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hethods are thus expected to give as good an index of 2s or 2p character
as is availabler . The XPS spectrum I'(E) was compared to P(E) alone
-earlier to give a rough measure of s and'p character across the valence-

band region. With the additional intensity information and more reliable

A

reference energy provided by the x-ray emission data, we cén now carry
this'énglysis further.

Firét we make the qualitative observation that, while Fig. 2 indi-
cates_ﬁainly s character at the bottom of the valence bands and mainly
p cﬁaracter'at the top, there is clear eQidence fof considerable s-p
mixing throughdﬁt.. The finite vglue of I(E)/\)2 in feature E denotes
some p chafacter; On the other hand, the ratio

(' (E)/p(E))
(T (B)/p(E))

peak I

peak III

is significantly less than 0(2s)/0(2p) = 13, the value expected if peak I
were pure 2s and peak IiI purev2p in character.

To carry- this analysis further we defined the ratios

Repg(E) = I'(E)/0(E)

il

R (E) = (1(E)/v*)/n(E)

The values Of_RXPS(E) and RX(E), as deduced from the data iﬁ'Fig; 2,

are plotted in Fig. 4. Since p(E) did not line up exactly with the two
spectra, it was nécessary to expand the energy scale of p(E) slightly

and to smooth the rather rough curve given by point-by-point calculqtions
of RXPS<E) and RX(E). This may result in the losé of some meaﬁingful

fine structure.
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To extract the fractional s ana p characters from the ratios in
Fig. 4, we define fractions of s and.p character,'fs(E) and fp(E)’
and assume fS(E) +.fp(E) =1 fo?‘all E. Since the K .x-ray emission

cross section is zero for 2s electrons, we can write

£,(D/E (B) = Ry(T)/Ry(B) = 5.6

'

where the number 5.6 was taken from Fig. 4 and T and B denote the top
and bottom of the bands. Invoking the free-atom XPS cross-section ratio
~of 13, we have

= _XBS_~ 5.86

fp(T) + 13 fS(T) RXPS(T)

fp(B) + 13 fS(B) R (B)

Simultaneous solution of these equations gives

[}

f (B) 0.16
p .

fp(?) 0.92

aé the fractional p mixing at bottom and tob of the diamond valeﬁce
bgnds. - By comparing RXPS(E) and RX(E) separately with these two end"
points, We'éan derive two.estimates of the energy dependénce of.fp tha£
.based ﬁainly on XPS.and x-ray emission spectra, respectively.' These
are shown in Fig. 5. The two estimates-of fé_show satisfactory agree-
menf;'éspeéially considering the difficulty of éstimating fp. At a

more speculative level of interpretatibn, we can evaluate the mean

fractional p character of the diamond valence bands as
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_ ff (E) p(E) dE
£ = <L2P = 0.695

P f , ?
: p(E) dE

which implies a cpnfiguration of sl p2 8 for diamond, in good agreement

with chemical intuition, which would favor'sp3 over szp

2. Craghite

Thé graphite structure has layers of fused hexagoﬁal rings, with
fourratoms in the.primitive cell.12 Its vélence band structure has
gight filled bands instead of four. A band structure calculated by
Painter and‘El-lisl3 is shown in Fig. 6. This ab initio variational |
calculation ﬁsed an LCAO basis set of Bloch states,

> > -

_ ik+R - _
xi(if) =Ze \)ui(? -R, -0 . ‘ | (10)

1 1
\Y)

Where Ui is a vector specifying the atomic pqsition within ;he unit cell, -
and u, is an atdmi¢ fuﬁction. The matrix elements of the Hamiltonian
were evaiuated:without resorting to.tight—binding approximations.

‘The layered ﬁature of the graphite structure causes the bands to be
grouped into t&o distinct classes consisting of six 0 bands and two m
bands. The T bands are formed iargely from the functions uy =‘2pz,
while the 0 bands arevformed from the remaining orbitals.

The valence-band XPS spectrum of graphite is shown in Fig. 7,
together‘with the K x-ray emission spectra of Chalklin.la The C(ls)
binding enérgy relative to the Ferhi level, EE(C 1s) = 284.68(20) eV

was used to set the valence-band XPS spectrum on the same scale as the

. R : F
K x-rdy emission gpectrum. The value of EB(C 1s) has recently been
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estimated theoretically by Davis and Shirley15 as Eg = 284.4(3) eV
(after correction for a work function of 4.6 volts). This excellent
agreement is very encouraging, especially so because a rather large
relaxation energy term was involved in the theoretical estimate.

In contrast to diamond, peak I in the graphite structure is even
more dominant, with a broad, flat top. This peak arises from the two
nearly degenerate s-like 01 bands. Because a set of p-like atomic
orbitals, the 2pz's, are largely unmixed with the other bands, one
would expect peak I to arise from purer s-~like states than its analog
in diamond. This explains, at least qualitatively, its greater relative
intensity. The width of this feature (15 eV) corresponds reasonably
well with the value of 5.90 eV calculated by Painter and Ellis for the
width of the oy bands, while its flat top may arise from the shallowly
sloping oy and 0,y bands between Q and P in the Brillouin zone.

Proceeding to lower binding energies we find a small peak located

at 13.8 eV below EF and separated from the g, peak by a distinct minimum.

1
This peak may be interpreted in light of the band structure calculation

as being due to the high density of states near the point PI in the
Brillouin zone, with the width of the valley reflecting the separation
of the two O, and two O, bands at the symmetry point P. - This peak drops
off very sharply on the low binding energy side, reflecting the rela-

~ tively steep rise of the g, and 04 bands in this region. There is then
an inflection in this descent in the region EF - (8 -~ 12) eV. In this
energy region K emission spectrum begins to show appreciable intensity.
The ¢ and 7 bands are labeled after Tomboulian16 according to the cal-

culations of Coulson and Taylor.17 From EF - 10 eV up to E corresponding

F’
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to a K-emission. energy range of 275 ~ 285 eV, the XPS spectrum and the

K-emission spectrum are discussed together below.

From EF - 8 eV to EF - 4 eV the XPS intensity I'(E) decreases very
rapidly. We attribute this to the exhaustion of the g, and 03 bands at
NE - 4 eV.13 These bands, but not the higher T bands, can have some

2s character and hense a relatively large cross-section. The rapid
decrease in I'(E) is largely due to the location of the top of the 02
and 03 bands at I', where the phase-space factor in thé Brillouin zone

goes to zero. The K-emission spectrum of the O bands would probably
behave in a qualitatively similar manner if it could be observed alone,
but the pm bands have an appreciable intensityvof I(E), and the pm-band
peak appears as a strong shoulder in the po peak. The.drop of the XPS
intensity a low value at EF - 4 eV constitutes strong independent evidence
that the shoulder in I(E) is in fact attributable to pm bands, on the
baéis of cross-section variation. The p7 peak location at EF - (3 to 4) eV

in T'(E) is in fairly good agreement with the energy E_ - (2 to 3) eV for

F
the flat region of the T bands near Q in the band-structure (:.'1].culz1t:ion'.l3

Both I(E) and I'(E) indicate a maximum in the O-bands' density of states

at NEF - 8 eV. This is probably related to the flat region of the ©
13

3
+ . .
band near on, which lies at EF - 7.7 eV.
o

The reasons for the complete reversal of cross-section ratios in
I'(E) and I(E) in graphite are simple and illuminating. As discussed
above the XPS cross-section for 2s photoemission is about 13 times that
for 2p photoemission. The general decrease of 1I'(E) with energy from
the bottom of the valence bands to %EF -~ 5 eV, where the o bands end,

may be attributed to a decrease in the 2s/2p ratio as in diamond. It
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is interesting to note the resemblance between I'(E) for this O0-band

portion of thé graphite valence bands and I'(E) for the diamond Valehce

bands (Fig,'Z).. This similarity is pleaéing, because the two spectra

correspond respectively to two- and three—dimensional lattices of carbon
atoms. As noted above, even the'ihcreased dominance of the I'(E) features
in the bottom of the bénd in graphite relative to diamond can be explain-
ed as arising from a richer mixture of nqminal s character in the O
framework (sp? Vs §p3). The K-emission spectrum is sensitive only to

2p cﬁaracter; thus that part of I(E) that arises from pag bénhs increases
as'I{(E) décreases near the top of the 0 bands, as was the case‘for
diamond.

A further, more striking extension of the reversal in cross-section

between I'(E) and 1(E) is apparent for the pTm bands. The K-emission

"cross section for the 2pZ electrons that constitute the pm bands is

expected to be about the same as that of the 2p electrons in the O bands.

" This expectation is borne out qualitatively by the relative intensities

of the pO-band and pm-band peaks in Fig. 7 (the simple sp2 + pz'model

would give this intensity ratio as po/pm Vv 2). The cross-section of

the pm bands for photoemission is very low, however. Only part of this

low vélﬁe can be attributed to the absence of s charactgr in the p7
bans. The rest ﬁay ar;Se from changes in thevpé wavefunctions at 1arge
radii due to the delocalized nature of thé pm orbitals.

Table II compareé energies of graphite valghce band symmetry points

derived from the spectra in Fig. 7 with those calculated by Painter and

S K . . : 3 .
Ellis.”™ The comparison is somewhat tentative because no calculated

density of states:is available. However, it appears that we now have a
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good qualitative understanding of the graphite valencé bands. There is
‘some quantitative disagreemeﬁt between expériment and theory; iﬁ particu~
lar our 24-eV bandwidth substantially exceeds the 19.3 eV value of Painter
and Ellis. Two earlier estimates of the valence bandwidth shouldvbe
commeﬁted upon at this point. The agreement bétwgen their bandwidth of
19.3 eV and the'K—emission value of 18 eV noted by Painter énd Ellisla'
is not valid because the latter applies only to. p bands (Fig. 7). Also,
the béﬁdwidth of 31 * 2 eV reported by Thomas, et al.zvdiffeps from our
result mainly because of different data analyées: their raw data agree

reasonably well with ours if differences in resolution .are taken into

account,

3. Glassy Carbon

In examininé the valence band spectrum of glassy carbon, the follow-b
. ing observations can be made: 1) fhe spectrum resembles that of.graphite
more than diamond. in the region of peak III, Shbwing a gradual decredse
in intenéity rather thén a shérp cutdff, 2) The total width of thg.intense
part of I'(E) is nearer that of graphite than that of diamond. Defining
this width W aé the energy separation between the points in I'(E) bf}_,
~ half the maximum-ﬁeight.on the>low—energy side and of quarter height on
thé ﬁigh—enefgy side, we find W = 15.5 eV (graphite), 18 eV (diamond),
and 16 eV (glassy ca?bon), 3) Peak I is intermediate in rélative inten-
sity between diamond and graphite, gnd 4) The valley betweeh peaké 1
énd IT is filled in. |

Iﬁ is actually‘not surprising that the XPS spectrum of the amorﬁhogs
material should resemble the crystalliﬁe-céses.so closely. As Weaire

18 . : L
and Thorpe have pointed out and numerous XPS experiments have demonstrated,
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the'gross features of the density of states depend on atomic properties
and the short-range order in the crystal, while the long-range order is

responsible for the fine structure. The filling-in of the valley be-

~.tween peaks I and II is an example of the kind of fine-structure change

19,20

observed earlier in amorphous materials. The other features noted

above are consistent with glassy carbon.possessing both trigonally and .
.tetrahédrally coordinated carbons, with more bf the former.thqn the
latter.

-Figufe'S sﬁows the XPS spectra of the carboq 1s line and its associ-
ated characteristic energy losses (CEL's) of the four éérbdn‘specimens
of this study. The values of the CEL's areftabﬁlated in Table III. A
detailed study of the role of CEL's in the XPS spectra of solids is
giQeﬁ in Ref. 21. Qualitatively the CEL's of glassy carbon resembles

graphite more than diamond. This is particularly evident in Pl which
: ' -~ . . .. . 2 '
has been attributed to either an interband transition™ "’ or a collec-

24,25

Since diamond also Has a P, it is

tive T electron excitation. 1

more 1ikely that P, is due to an interband transition rather than a

1

collective T electron excitation. Our diamond results agree well with
: ) 23 ' I
the reflectance experiments of Whetten. Our results for graphite,

microcrystalline graphite, and glassy carbon agree reasonably well with

22,24

other -experiments for P., and P2' However, it appears P, has not

1 3

béen previously reported for graphite and glassy carbon. Ouf CEL results
furthervsupport the inté;pretation of glassy carbon as being primarily
graphitic. | |

A number of models for the structure of glassy carbon have beéﬁ

v ' 26—
proposed on the basis of x-ray diffraction data.“® 28 Our results do
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: not rule out any of these, although they specifically support tﬁdée_
that include both trigonal and tetrahedral bonding.

Fufther evidence is provided by the K-emission data of Saxena and
Bragg29 who noted that the position of the K emission band in glassy
carbon falls midway between that of diamond and grapﬁite.‘ |

E. Conclusions

HighFreéolution XPS spectra of atomically clean diamond graphite
and gléssy carbon were obtained. The diamond and graphité spéctra were
found to-agree well with band-structure calculations after photoemission
cross-section effects Qere properly taken into account; By_comparing
the difference between valeﬁce—ban& and carbon ls binding énergies_With
k x-ray emission energies,‘the XPS aﬁd X-ray eﬁission spectra of the
diamond and graphite vaienqe bands were rigorously placed on the same
energy scale. The fracfional p character increased from V167 at the
Bottom of the’diambnd valence bands to NQZ% at the top, énd an average

l'2p2'8 was derived. Comparison of XPS and x-ray

 hybridization of s
emission data divided thevgraphite valence bands cleanly into ¢ and T
bénds, with the former being essentially a two—dimensionél version of
"the diamond bands. Giassy carbon had an XPS spectrum between those

of diamond and graphite, in agreement with the presence of both trigonal

and tetrahedral coordination.
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Table I. Positions of ¢haracteristic points in the digmbﬁd valence bands (in eV).

Feature : E(x—ray)a’d - E(xPS)b’d B E(t.heo)c.'d

Midpoint of top

peak (3,8,11I) 5.5 a6 b3
Shoulder (C) . ' 9.0 ' | | - _ 7.5
Second peak. (2,b,I1) 12.9 . ‘ 12.6 . v 11.6
Minimum o -- v 4.2 12.8
Bottom peak (1,E,1) n ﬁ 17.1 oo 15.0

Bottom of valence bands e 24.2 20.8v

aReferénce-ll.
bThis work.

c

Reference 10.

dEnergy below top of valence band.
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Table II. Tentative comparison of positions of characteristic features and
symmetry points in graphite valence bands (in ev below-EF).

Experimental

Ener Theoretical Ener a
Feature &y Feature 8y
' flat 7 band
T-band peak 3-4 " hear Q 2-3
d n - L,
top ofvo bands 5 F3g 1.5
flat 04 band :
o-band peak 8+1 + ~ 7.7
. near Q
2g
sharp peak 13.8 PI 11.5
flat-top O peak 17-19 P;, QIg 13,15
bottom of bands 24 ' r{g 19.3

@These numbers were read from the plots of Painter and Ellis (Ref. 13).-

r
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Table III. VCArbon characteristic energy losses (éV),
Pl : P2, -Pj
Graphite
XPS 6.3(1) - 28.1(3) 33.3(3)
Other measurementsa 1.2‘ 7 2b.9 j -
Calc. 7.5%,12.5° - 251 -
Microcfystalline Graphite .
XPs 5.6(2) 22.0(k) 30.3(k)
Other measureﬁentsa _. - . - -
Calc. L 6.7-T.2 22.3-241
Glassy Carbon -
XPS 5.6(2) .. 26.5(3) 31.6(3)
Other measurements 5.6 21 -—
Calc. 6.1 | 20.3 -
‘Diamond
XPS' 11.3(2) - 25.4(2) 34.1(3)
Other measurements 12.5 _ ' 23 31
12.5 o - 3.1

8Reference 2k.

Y. Y. Liang end S. L.

cReference 22.

dReférence 23.

Cundy, Phil. Mag. 19, 1031 (1969).
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FIGURE CAPTIONS
Valence-band XPS spectra, before (left) and after (right)
correction for,ihelastic losses, of diamdnd, microcrystalline

graphité, crystalline graphite, and glassy cérbon.

‘Comparison for diamond of the XPS spectrum 1I'(E) (this work),
o o , .
..the K x-ray emission spectrum I(E)/v~ (Ref. 11) and the cal-

culated density of states (Ref. 10). Chéracteristic features

are denoted by roman numeralé for 1'(E), arabic numerals for
p(E), and letters forFI(E)/vz. Abcissé pertains to I'(E)

and I(E)/VZ; as described in text: p(E) was Arawn my aligning
peék 2 with peak IT in I'(E). drdinates are linear and-stdrt

from zero. Dashed line indicates extrapolation of I'(E) to

_ zero at the bottom of the valence bands to eliminate an arti-

ficial tail.

Relation between phbtoemiséion'valence—band spectra and x-ray
emission energies, diséussed in text. Because thesé are ex-
cited (hole) states the relatidﬁship between spectfal energies
is rigorous. Intenéities éan vary quite differenply across

the valence band, however, because the two'spectfoscopies'
invol&e different transitidns. Thus in Fig. 2 the é—like 5nnds

are emphasized in XPS and the b-iike bands in K x-ray emission

brelative_to p(E).

~ Plot for the diamond valence bands of the ratios R, . =

XPS
I'(E)/p(E) (top panel) and R (E) = (I(E)/v2)/n(E).
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Fractional p character for the diamond valence bands. The

endpoints were derived from XPS and K emiséion data together,
as deséribedVin.text. The intérmédiate.values were the# derived
separately from XPS and K emission spectra.

Graphite‘band structure, after Painter and Ellis. Symmetry
designations are base& on .the modified version.qﬁoted by
Willis and Fittoﬁ (Ref. 13).

Graphite valence-band- XPS specﬁrum I'(E) and_l( x-ray emlssion
éﬁectrum i(E) (Ref.‘la)fk The ordinate is linear and begins |
at zero. The dashed line ét the bottom of the bands is an
extrapolation.té eliminate artificial'ﬁhiling._ The other
dashed lines denote a resolution of the p-band'stfucture as

described in text. The Fermi energy falls at 284.68(20) eV.

Carbon 1ls and characteristic energy loss spectra of micro-

crystalline graphite, graphite, glassy carbon, and diamond.

O'héve been aligned.
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(III. d-ORBITAL DIRECTED PHOTOEMISSION FROM SILVER AND GOLD*

Abstract
v_ An angular dependence in the photoemission speCtrum from drbands,
heretofore unaﬁpreciated, has been ?rédicted and observed in siﬁglé‘
crystalé'of silver aﬁd gold. It is.a symmetryvéffect, and is predicted
to be observable widely in d shells of transition métals'and their

: coﬁp0unds independent of photon energy.

*Work pérformed in collaboration with J. Stohr, G. Apai, P..S. Wehner,
and D. A. Shirley. o
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In this chapter wé reporf the theoretical prediétion and e#perimehtal
observatioﬁ of én angular dépendence.ih the'valénce~band;¥erY‘Photoemis—.
siéﬁ’spectrum of the noble metals silver and goid._ The effect'réported.
Here should be.ubiquitoﬁs in valence-level d.shells,'as.it is,an essential
conséquence.of the hreakup of the d shell into two diétiﬁct ifreduciblé

representations, t (FZS,) and eg(Flz) in a field of cubic symmetry.

2g »
Because it is a symmetry effect, we expect it to be essentially independ-
ent of photon energy,provided oﬁly that the energy is above the region
wﬁere ﬁinal—state-effecﬁs become importan;.

High-purity single crystals of silver and gold were cut to pfoduce

a (100) surface orientation, polished to 1 micron smoothness and etched

OH:H,.0, ftor

repeatedly, in aqﬁairegia for gold and a 1:1 solution of NHQ ,0,)

siiver, to remove the damage layer formed by polishing, Back-reflection
ﬂLaue,patterns téken to orient‘the'crystals after Ehis process sthgd

sharp diffraction features, indicating the absence of a deep damage

1ayér. |

The crystals were spot-welded to fotatable plétens and inserted

into a»Hewleﬁt-Packard 5950A electron spectrometer, modified for ultra-
high vacﬁum operation; The sample preparation chémber_was then baked to
achieve a base pressure of A8 x'lO%lo torr, and ﬁhe surfaces were cleaned
by argon ion bombardment. After this cleahing procedurg_the.Cls 1ﬁtensity
indicgted less tgan 0.1 of a monolayer.' The oxygeﬁ ls;ﬁeak was undcte§— n
tabie. The crystals ﬁere then heated to v800°C for 1 hr. to anneél out
surface damage_introduced by ion bombardment. ‘Valence—band sbcé;ra
taken‘on‘annealed and unannealéd sampies showed‘definiee feproducible

A 1-3 - .
differences. Numerous spectra were run with both elements,
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analyziﬁg electrons emitted along the thO], fi11], aﬁd [110] directions.
These difections were selected by tilting and azimuthelly rotating the
crystals. The orientation ﬁas edjusted optically to a precision of_
+Y, degree. We estimate ﬁhe total angular accuracy of *2 degfees or
less, with a spectrometer solid angle of acceptance of *3 degrees: The
take?off-angles were high in each case (90°, j5.3°, and 45°, respectively).
Although we studied both annealed and unannealed ("amorphous ‘surface')
single crystals, we shall for brevity present and discuss only those
spectrabtaken with photoelectrons propagating along the [100] and [L11]
directions from well-annealed samples, es these directiens shew the
largest effeces and are the simplest to interpret.

Figuree la,b and 2a,b show the photoemission spectra obtained for
photoelectrons propagating along the [100] and [ill] axes for silvef
and gold. The spectra are distinctively different, the major differences
being the change of the‘peak height ratios fer the high—‘and low-binding~
energy d-band peaks, and the change in the shape of the leading edge of
the d—bend peak. The experimental resolution for the spectra shown in

Figs. 1 and 2, estimated from the Au 4f full width half maximum (FWHM)

7/2
was Au[100]:1.2 eV, Au[111]:0.8 eV, Ag[100]:1.0 eV, and Ag[111]:0.8 eV,
respectively. | |

To develop a physicel understanding of the effect, consider photo-
emission from the point F(K = O)Iin the Briilbuie‘zone (BZ). This is
the ligand fieldrtheory case. In the absence of spin-orbit splitting,_

the five degenerate d states are split into t2g(F ) and eg(Flz) levels.

25"

If the final state is represented as a plane wave, photoemission from
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the‘tzg orbitals in [100]—type_directioné is forbidden because matrix

elements of the form
(e *|pld_, d_  or d ) (1)

are forbidden by symmetry, while photoemission from t states is allowed

2g
along the [111] axes. The exact reverse is true for.the eg states. Thus
by selecting the photoélectfqns emitted in the [100]'and [111] directions
one. could obseryé atzg'peak or an eg peak alone. It mayvbe argued that
a_plane wave description of the final state is unrealistic since chh a
staﬁe would not be orthogonal to the initial_core_states. However, as
WaS'recéﬁtiy:showﬁ_by CadZQkAZa more'reaiistic description of the final
vstﬁte QOes not significantly alter thé initial state symmetry effects
diséussed here.  For photoexcitation from-d;states intb tﬁe'dominént‘f
'partial-wave channel, photoemissioﬁ along,the_thO} direction is also

~ found to be forbidden for t, and aliowed_fbr ey s_ta’tes.4 . For phot§4

2g

eléctrons‘emitted along the [111] direction the emission intensity for

eg states is no longer . zero but still'considérably lower than for t2?

'-stateg.a 'Spin—orbit»coUpling'would reduce the anisotropy effect by

‘mixing the‘tzg and_eg stateg gnd ?pl;t§1ng the tzg 1ev¢l into F8-agd I7

étateé; hoWever, even for Au, the crystal fieldvis_still'dominant, and

the t. -e. mixing is only 15%.
1€ FpgGg MIXING Y

‘The effect persists throughout the BZ. ‘Fqlldwing.Ehrenreiqh and .
'Hodgess wercan_write the initial band state |j>‘ in the tight binding form

o - o .
i> = (@ = N &) MORUNCES R (2)
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Here @u(;) = R(r)d“ (Qr,¢£).are atomic.wavefunctions, where the dU(Or,¢r)

are the eg.and't functions given in Table I of reference 6. The

2g

bl

coeffitients Bi(ﬁ) are obtained from the band structure calculation.5

The cross section at a general k point is given by

P> >
RN T -
. O(k, J» q) ’\'m |<e

> . |2 ’
IP|J>| , | (3)
Here we have assumed a plane wave final state..  We .shall neglect the

. s—part of the initial state wavefunction since its transition matrix
element is small. 1In any case it may be omitted in discussing angular

effects since it contribute no anisotropy to the photoemission spectrum.

Equation (3) may be evaluated to yield§

> .,'*b 1 '->3 4 o> > 2 > > > v
o, 1, D v TP I Bde @ |Ped-7-3
S ¢ boH u .

where ¢U(E) = f(q) du(Oq,¢q) is the Fodrier transform of the initial

state wavefunction ¢u(¥)‘and E is a reciprocal lattice vector. For a

given photon energy (and hence [E]), equation (4)-simplifieé to

v—>-' -+ : 1 - 2 '—r -> -»I
o 5 v I | Ted a©.0)|? sE-7-8
¢ u H q 'q
M . .

In the XPS régime-(AQ Ka) excitation) the final state wavevectors a are

more than an order of magnitude larger than the maximum kK in the first

BZ. Thus the +3° spectrometer acceptance angle is sufficiently 1argé

that k may be any value within the first BZ and still satisfy the

_K4conserving-delta function. However, in:order for a tramsition to

> ) . _
occur both k and energy must be conserved. At this point one must

»e
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realize that the true eigenstates of the (assumed infinite) crystal at

'1530 eV above.EF are nbt'plane‘waves but Bloéh statéé_of tﬁe'form
S ‘ ST > ' ‘ ' .

elker z'aG el T, The distinction is crucial. A plane wave final
Stateﬁmgdél would prgdict fhat_the bénds become'inéréaéihgly_sﬁeep at
higher energies and reﬁain‘up to 48-fold degenerate. .ihié w0uld.imp1y

that for the case of angle-resolved measurements it becomes even more

difficult'to coﬁsefve both E and k at higher energies resulting.in only
a small region of theviniﬁial states in the first BZ being sampled.
The ﬁigh energf band structure caleulations of Hoffstein,and Boudreaux
for Al show that this result is a spurious artifact of the plane-wave
model. -The mixing”éf‘thé plane waves under the influehce of the crystal
_potential lifts the 1érge degeneracies of . the plane wave bands, and
" leads to man& more_nondegenerate bands which fill tﬁe gabs in the free-
electron dispersion relation.  In addition, the individual bands thus
formed‘are less.steép than their free—electron.counterparts.' The impli-
'vgétions can bé:seen quite’easily from an éxaminagion of Fig. 6 of Hoff-
stein and Boudreaux. fhe free-electron picture places unrealistically
’severe restrictions on the initial states which may undefgo‘photoemiséion
duevto the unphyéical gaps and degeneraéies in its band structure. It
is apparent from extrapolating the resﬁlts-of Héffstein aﬁd Boudreaux
»fhatvat AL Ka ene;gies,'énd'with our angularvreéolution of $3°, all
initial Stateé in the first BZ are sampled; This points out the essen-
 tia1 difference bethén the expériment presented here and.low—energy |
UV angular resolved ﬁhotoemission experiments.g’l0 At photon eﬁefgics

of hw £ 20 eV and small spectrometer acceptance angles the experimental
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restriétion on Z places a striﬁgent restriction'qn K since 3 and K are
of comparable magnitude. The dominant effect at low energies is the
sampling of initial states only in small regibns of the‘BZ. The matrix
elemént effects‘we'discués here‘are present, but are obscuréd by this
Vlarger effect. The high energy experiment is angle—inﬁegrated with
reépect to the sampling of initial stétes, but angle-resolved with
respect to the real-space 6rientation of the.basis orbitalé which lead
to thé matrix—element dependent effegts reported here. Finuliy, we
notg that it is still approximately correct ﬁo déscribé our angle-
resolved,measurements.by.a matrix element involving a single plane wave
final state.because at XPS energies thg'plane waves that are strongly
mixedvby the lattice potentiAl have nearly the same‘direction of propa-
gation, i.e., into the analyzer. For thé case of XPS, equation (5) méy'

thus be simplified to

> - _-._} , 2 .
ok, 3, ) v | Y Bl 4 @ ,0)] , (6)
S Watte” o .

and the angular intensity distribution may be discussed in terms of the
functions du(Oq,¢q). Let us illustrate this by considering the two cases

R N o . . .
qll [100] and qfl [111]. For qll {100] we have Gq = 90°, ¢q = 0° and hence

32%-r

fa

'(compare Table I of reference 6) dxz—yz = - VI} d 2 #F 0 and-dxy, d , -

'dxz = 0. Thus the cross section given by equation (6) is just the eg

projection. Likewise for E"[lll] (Oq = 54.7°, ¢q = 45°) we obtain

d s 5 =d

2 2-=0 and d =4d =d # 0. In this case the cross
X -y 3z°-r - XYy z

yz X
section is given by the t2g projéction.

The anisotropy effects stand out most clearly in the gold spectra
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(Fig. 1). In the [100] spectrum the higher binding énergy (EB) peak is

relatively less intense (in terms of peak heights; an area ratio measure- -

ﬁent would be ambiguous), and the lower E 'peék has relatively less

B
inténsity on . the ‘low EB side. Bqth'effécts are predictedbin.the célbu—
lations. The first arises because of a sligﬁtly lerr dehsity of eg

character in the bands that contribuﬁe to the high Binding—énergy peak.
Those bands must be conéidéred in detail.to explain this effec; quénti~
-tatively§ qualitatively it can be attributed to a tendency for Bonding

to nearest neighbors at the "bottom'" of the d band. The second effect

can be identified readily with the top occupied band, which acquired

2g

responsible for nearly all of';hé state density in the low e, shoulder

predominantly t, character at L, K, and X iﬁ the BZ. This band is

ofrthe'ldw—EB beak,wwhiéh is thus.aBsent in the thO] spec;ruw;
Both of the abqvé.éffects are also cleafly present in.silve; (Fig.

,‘2),.ai£hough thg narrower bandwidth preéludes a detailed_analysisf The

:péak height ratio in»silver is 1.16(2),f0r [111] and 1.27(2) for [100].

Note also the relatiﬁely gradual onset of the d-band emission in the

Ag[lOO].spectruﬁ, éimilaf to the casevof Au. Tﬁis'arises in both cases

'becéuée.thelleast tightly.bound "pure"vd—states lie aBout the L:bolnt_

2

[100] experiment and thus the onset of d-emission is effecti&ely sup-

wherevthe bands are highly-t'g~1ike. These states are invisible in the

pressed in both Au and Ag[lOO] spectra. The observation of this aniso- -

_ trobic angular distribution in two lattices and the close correspondence

.between theory and experiment appear to establish this effect unambigu-

. ously as arising from directed d orbitals.
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d-orbital directed photoemission should be a rather general

phenomenon. It shouldvbé preéent in the valence bands of‘other transi-
tion metals, and in some (e.g., nlatinum) it ﬁay be more pronouncen than
in éilver or gold. Because it is a symmetry effect,-it should be‘present
'at all photon energies, although fhe interaction between the final state
and the ion core potential will in general leaa to more complicated
angulnr diétributions for low photon energy.. Remea;urgment of XPS -
spectra of transition metals using oriented Single crystals may Fhere—
fore be expected to yield useful new information about thevvaleuéé bandé.
Even more distinctive effects shonld be prenent in tfansiﬁion~meta1

complexes, for which the t and eg orbitals are resolved in energy.

2g
There may also be diagnostic applicatibns to orientational problems in
absorbates on single crystals.
d-orbital directed photoemission has been observed before, but not
TR | 1 . . N
explained. Nilsson and Eastman studied photoemission from single-
crystal silver films, but did not use photon energies high enough to
' ) 12 s s . _ .
reach the d bands. Shirley observed variations in the gold valence-
band spectrum with crystal face, but gave'no interpretation.  These
results can now be interpreted in terms of the electron prbpagation
direction implied by the analyzer geometry; this interpretation is con-
sistent with Fig. 1. We also note that indirect evidence for this effect
has been available for some time in the different appearanéé of singie-
.12 ., 13 - D
crystal and polycrystalline gold valence-band spectra. Recently
14 . . s
Fadley made the important step of correlating the spectrum variation
with electron propdgation direction, obtaining data very similar to

the top two panels of Fig{.l. The above model appears to explain all



of these earlier results.
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'FIGURE CAPTIONS .
X-ray photoeﬁission sﬁéctra along [100] and [111] axes, partial
. zg_state densitieé, and band structuré pf'gold metdl.
Note changes'in relative peak heights from [lOO]I(Eg) to [lli]

28 shoulder at 2-3 eV in [100] spectrum.

X-ray photoemission spectra along'[IOO] and'[lll] axési partiél

Eg and T state densities, and band structure of silver metal.

2g.
As in gold the peak height ratios change with Eg/TZO’éharacter,

o

and the le—EB edge‘of.the'd—band peak .is steeper in the [111]

case.
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IV. PHOTOEMISSION FROM Cu VALENCE BANDS
USING 50 - 175 eV SYNCHROTRON RADIATION*

. Abstract

: Photoémission spectra pf the 3q valence band of pplygrystallihe Cu
were studied uéing synchrotron radiation of energy 50 éV < hv € 175 eV.
The detailed-shape of the spéctrum was found to change distinctly with
photon energy. The.observed_energybdependence was compafed to calcu-
latea photoemission energy distributions (PED's) assuﬁing‘a direc; transi—'
‘tion model. PED's‘obtained with this model predicted the experimental
inténSity distribﬁtion quite well for hv > 70 eV and hv > 120 eV but
féiled in -the region hv = 90 eV. Fair agreement between éxperiment'and
theory waé obtained when_moﬁentuﬁ broadening'in the final state was
included. The largest broadening was réquired around hv = 90 ecV. A
minimum in the photoélectron mean.free path at this energy is discussed
as é bosSibie source of broédeniﬁg. .The obsefv;d changeé in spectfal
shape for 50 eV < hv <. 70 eV are attributed to direct traqsicions; the

changes are found to arise mainly from the angular part of the transition

matrix element. -

*Work performed in collaboration with J. Stohr, P. S. Wehner, G. Apai,
and D. A. Shirley. ‘
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A.  Introduction -

~ The phqtdemission_energyvdiétribuﬁion (PED) ﬁhich is obtainéd by
,excitihg_Qalence eiectroﬁs in solidé depends mainly on three quantiﬁies:
thé initial density of states, the photoexbitation matrix element, and
the final density of states. Thé léttef'pwo define the ﬁhocOemiésion
crpssfsection. In the past two basic types of cross section effects
_ haVeAbe¢n reportgd:in photéeﬁission'spéctro$éopy of solidsﬂ In x-ray
photoemission spectroscépyv(XPS) frequency dependeﬁt yariations in
phoﬁdemiséion.intensity from s-, ﬁ—;nde,‘and f-derived valence electrons.
hévé been obéerved.l' They arise from differeﬁﬁ radial matrix eicments
fpr the respédtiVe transitions.l In ultraviblet'photoemission spcc;fos~
éopy (UPS) variationszith photon energy in thé_PEDis obgained by exciﬁing
valeﬁce»electrons are usually Aiscussed in terms of final state effects
>which are responsible for the obsefved 1iﬁe positions and transition
@atrix'elemént modulations that determine the line intensities.l
 The photoemission ;;udies on CQ'(3d)-valence electrons reported
herevare in a sense a simple éxteﬁsion of the UPS,sfudies:mentioned

above. However, étvthe'phqton.energies (50 ev - 175 eV) used for our

angle integrated expérimenﬁs on pqucrystalline-sqmples,'éeveral new
phenomena arise. In raising the photon energy:thé number éf accessible .
:'final sﬁateé increases.2 Whilevthe UPS regime traﬁsitions occur iny
at>Special.E points of thevBrillouin zone (BZ) at higher photon energiqs
a copside;abiy largef.part of the_Zone is samblud. Therefore the
gositidns of.the peakslwhich constitute the PED predominantly reflect
the initial density-of-states structure and are expected to reméin

essentially uﬁshifted. The peak intensities on the other hand may changc



-98-~

significantiy with photon energy begause of both the angular and radial
parts of the transition.matrix.element. The study of these iﬁtensity
changes with frequency is the main purpose of the.present paper.

_‘In contrast to the.situation that prevails in the UPS regime, one
other point is of considerable intefeét at higher photon eﬁergies. The
photoeiectron mean'free path of most materials exhibits‘a:broad minimum

3

between 50 - 100 eV. As discussed by Feibelman and Eastman4 such in-
elastic damping which restricts the source region of the bhotocurrent

near the surface results in an uncertainty or spread of_the'finnl state

momentum component perpendicdular to the surface.

In the following Sections B.l. and B.2. we describe the experimental

arrangement and results, respectively. In Section C.l. we present a

. ’ ~
simple model to calculate the Cu 3d PED's under the assumption of dircct
optical trahgifions. In>Section C.2. we show how to include momentum
broadening in the final étate in évsimpie stoéhéstic‘fashion. We Qis;
FCUSS'the.resulﬁs of suéh calculations in Sections b.l. #nd D.2. In the
concluding Sectioﬁ E we consider some future problems which have bcep

stimulated by the present investigation.

B. Exgerimen;

1. §§perimental Arfangement

Experiments were performed using synchrotron radiation from the
storage ring SPEAR at the Stanford Linear Accelerdtor (SLAC). The.ultrq—
high vacuum grazing incidence monochromator hasAbeen.déscribed in detail
elsewhere.S Photoelectrons.were detected by a double pass, electrostatic
deflection cylindrical mirror ahalyzer (CMA) Qperatgd in the‘tctarding

mode (constant resolution 0.35 eV).6‘ Samples were prepared by iﬂ.ﬁiﬁﬂ

I
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evaporation of Cu from a tungsten filament onto a stainless steel sub-
o . o S ) : : : » 3 )
“strate. . The maximum pressure reached during evaporation was 2 X 10 ° torr.

Experiments were carried out at "l X 1072 torr.

2.  Experimental Results

Experimental results.for.Cu até:displayed in Fig. 1. Common features
of all specﬁra are the three peaks. at V2.4 eV, %3.5 eV, and V4.6 eV Bihd—v
ing enérgy (BE) reiatiVe to the Fermi level. The most distinct changes
in the shapé‘of the VE spectra occur between 50 and 70 eV. While the
- peak positions remain essentially unshifted the intensity of the peak
at 3.4 eV BE‘incfeases with photon enérgy; Above 70 eV tﬁis trend
’ conﬁinhes in a'1ess spectacular way. - At the highest photon_energie57
the épectra seem to approabh the PED observed with AL Ka rad'iation7

(compare Figure 2a).

b : ~C. Théorz

1. The Direct Transition Model
For the calculation of the PED's we have employed the familiar three
_ ) | o _ .
step model of photoemission. We assume independent excitation, trans-
_port and escape processes. The excitation process from an initial state

j to a final state f at a general point ﬁ of the Brillouin zone (BZ) is

fj(i).' The matrix element is caiculuted

described by a matrix element t
in the dipdle velociﬁy épproxiaation under the_aséumption of crystui
momentum consef?ation during the excitaéion process (cp. Appendix A). -
T;anéport of the excited_photoeleétron to the surfaces_is describcd by.
a term Df(g) which is proportional to the groub velocity of the elcctron
(cp. Appendix B). .In our caée of angle—integ;ated photoemiésion with.

final state energies much larger than the initial state band width a
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surface. transmission term may be neglected. The PED is then given by

I(E, hw) v fd31< D, () |th.(’1€)|2 §(E (k) - Ej(i’) - hw) 8(E - Ej(ﬁ>)
i,f BZ : -
(1)

Details of the k- integration are discussed in Appendix C. The term'
:ltfj(ﬁ)l? S(Ef(z).— Ej(ﬁ) - hw) in eqﬁation (15 corresponds tb‘the photo-
emiséion cross.section. Let us discuss it firét; |
Evaluation of the cross sectidn term requires the knowledge of

initial- and final-state energies and wave functions. At excitation
energies largervﬁhén 50 eV the description of the final Bloch state is

a noptrivial problem, as band structure calculations gederally do not
eﬁist at sﬁqh highvenergies.g. We shall therefore describe our finql
state by a free—eiectron model, for which the éigenstates in the reduced

. . 1
zone scheme are given by

B () = 2 |k + &)

2m ‘(2)

> : >
Here k is the crystal momentum within the first BZ and G is a reciprocal

' of our free electron energy bands was adjusted

‘lattice vector. The "zero'
to the bottom of the 43'type bands obtained- from a tight-binding calcula-
tion described below. The final state wave function is taken to be an -
orthogonalized plane wave (OPW), also diséussed in more detail below and
in Appendix A. Smith's11 parameterization of the linear combination of
atomic orbital (LCAO) interpolation scheme of Hodges, Ehrenreich, and
12 i S >
Lang™~ was adopted to yield the initial-state energies Ej(K) and the

. - . S . o . . ) 1
coefficients ai(k)_for the corresponding wave functions
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Here D (r) = R,(r) d (O ,9 ) are atomic d-wave functions. The real

- m - d m - r r° S T
angular functions dm(G,.¢) are tabulated in Table I ofAreference 13.
The radial parts Rd(r) in the form of Slater orbitals were taken from
reference 14. Equation (3) is the d-projection of the total LCAO wave
function. - For our calculation‘the s-part of the initial state wave
function has been negleéted'because its transition matrix element is -
relatively small. The sum in equation (3) extends over the five angular

. ' > : :
d-functions and neighbor positions R, in the fcc lattice. Assuming an’

)
: : : : > > > :
OPW final state the matrix element tfj(k) = < f|A!p|j > may be evaluated

as (Abpendix A)

E -+ 2 . 2 " j, > e > -> v > > 2 > - >
jtfj(k)| N C E l E am(k)_ A { q»Dm(q) + E Pn(q) an]l S(k + G - q) .
. G ] . ’

Here C is 'a normalizatioh’éonstant for the OPW {equation A2), 6 is a

) > . . > > o
reciprocal lattice vector, A is the vector potential and q = k + G is
the Qave vector of the_photqelectfon. The sum over n involves all wave
functions of oécupied atomic states Pn(¥)~for which the transition matrix
element an =< Dm(r)l IPn(r)>>(compare Appendix A) does not vanish.
In our case of photoemission from 3d states only the atomic 2p and 3p

) ] . | N _. . - '

Egnctlons need to be c9n51dgrgd. Dm(q) = fd(q) dm (Oq, ¢q) and
Pn(a) = fp(q) Pn(Oq, ¢q) are Fourier trausforms-of the atomic d and p
wave functions Dm(?) and Pn(?) respectively (Appendix A). The functions

pn(Q, ¢) are listed in Table III of Reference 13. The &-function in
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equation (4) represents the direct transition requirement of momentum
conservation. For polycrystalline samples effects of light polarization

may be neglected in evaluating equation (4).

2. Momentum Brdadening in the Final State

The direct transition model presented above may easily be extended
té include-momentum broadening in the final stéte. While the‘physical
reasons for such an extension are discussed in more detail below we will
at this point present a simple stochastic way to include ﬁohentum broad-
ening ihto the calculation. Thevidea of momentum broadening is to smear
only the direction of the final étate momentum vector E (i;e. the angles

‘¢q'and16q). The absolute value laf, which also defines the final state

energy, is conserved. We employ the same equations as for the direct-
transition case, except that we are less restrictive in the description

of the final state. For.a given free electron final state k+ G we
, - VE o

: . L o 1> he > 2

allow all final states with wave vectors p and energy Ef(k) = Im I

> > e > > > > '
which satisfy (k +.G) - A|2 < p < (k + G) + A|2 and the energy conserv-
. 1> L . , . B : ,
ing 8-function S(Ef(k) - Ej(k) - hw) in equation (1). Since our calcu-
lations apply for a polycrystalline sample we assume all directions

> - : > >
(k + G)i (i = x,y,z) to be equally broadened where Ai = Ik + GIB/lOO.

The broadening parameter B is chosen to minimize the difference between

experimental and calculated PED's. The effect of the broadening factor -

->
B is to ¢reate more possible final states at a given k point. While
R ' _ . 1+
all allowed final states are required to have the same energy Ef(k)
, v : . ‘ 5
they -are, however, characterized by different momentum vectors p.

: T 1 > . > > >
Except for substituting Ef(k) for Ef(k) in equation (1) and p for k + G

fa
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in equation-(4) the momentum-broadening and direct-transition calcula-
tions are identical.

D. Results and Discussion

1. Direct Transitions

Results of the calculation assuming direct transitions (compare
Appeﬁdix C) are shown in Fig. 3a.‘ The calculation predicts essentially
.constant line positiohs; i.e.? the three—peak_struéturg mentioned éarli—
er, over the/entire energy range, in completevagreement wiﬁh experiment.
When compared to the experimentalvPED's in Fig. 3b (which.have been
corrected for inelastic backgrqund) reasonable agreement in peak inten-
.sities éxiéfs for hv < 70 eV and hv =2 120 éV, The observed peak inten-
sities are not reproduced.well around hv'=_90'ev.

It is interesting to explore thevorigin of the calculated. changes
in ﬁeak intensities. At a general ﬁ point the final state of an allowed'f
direct trénsit?on (i.e., Ef(K) =.Ej(k) % hm)lis characterized by q
reciprocal ‘lattice vector E (compare equation (2)).10 Because of the
G—functiqn in equation (45 the direction offE also fixé; the direction
of 3,= K % E, i.e., the direction along which the bhotoelgctron is
ailowed tovleave.16 The direqtion of a énters through the angular
terms of the fouriér integrals ﬁm(a) and Pn(a) in‘equation (4) and it
is this angula? dependence thch largeiy determinés Itfj(z)lz.' This»
‘is especially true for Cu since the 3d wave function does ﬁot havé a
radial node.l7_ Fig. 4 sﬁdWs'a;plot of the ahgle.a§eraged radial dipole‘
matrix element squared (compare equation Al7) versus the kinetic enefgy
of thé photoelectron. It is seen that the energy dependence of the

radial part of equation (4) is negligible‘ovefvthe width (v3 eV) of the
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3d valence band. Thus, only the angular ﬁart of the transition matrix
element_can cause cﬁanges in relati?e peak intensitiés within the Cu
‘ vélence band. The differences in peak intensities with photon enefgy
is then easily underétood in our quel. At diffefent photon energies.
the final states at a given K point wiil be characterized by different

e R .
G vectors, leading to different angular matrix elements.

The effect of the angular as compared to the radial matrix element

is demonstrated in Fig. 5. Here a calculation with an angle integrated,
or because of the reasons given above essentially constant matrix

(dashed curve), is compared with a calculation including

2
.element Itfjl

fj'z (solid curve) for hv = 50 eV and

the total matrix element lt
hv = 90 eV. The former calculation yields similar results at both
photon energies while the latter shows strong modulation effects. The'
difference in the angle integrated curves at hv = 50 eV and hv = 90 eV
is a consequence only of final-state effects, which arise through the

. . . >
conserving function 6(Ef(k) - Ej(k) - hw) in equation (1).

It is intefestingvtd'note the spectral variations implied by our
model at higher photon energies. As the photon energy is raised the
number of available final states increases. In the limit of large
photon energy this causes the PED's to resemble the initial-state band
structure shown in Fig. 2b. In the high-photon-energy limit, modulation .
effects due to the transition matrix element are also expectéd to be
small, because the various allowed final states.result in an effective

: . . . L 7. 18
angular -integration. At this point we note that Nemoshkalenko, et al.

included angle-integrated matrix elements to account for the discrepancy

between the measured Cu XPS valence band spectrum and the calculated
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"density of states. They'claimed that this discrepancy arises because
‘electrons widiegsymmetry have a higher transition probability than

those with tzg'symmetry. Our expreésion for the_angle—iﬁtegfated

matrix element (compafe equation Al7) is in disagreement with their

‘result. Furthermore, equation (Al7) reveals that for a polycrystalline

sample the eg and t components of the density of states cannot be

2g
distinguished-from one another. However, such a separation is possible

ih‘angle—resolved photoemission from single crystals, which has been

reported ‘for the cases of Ag and Au using A% Ka radi‘ation.1

2. Momentum Broadening in the Final State
In Fig. 3c we presentathe results of ‘a caiculation'in whicﬁ momen-

fuﬁ brogdening in the final statefhaéhbeen calculated. Ne havé chosen
the respective broadening féctorsblisted in Fig.‘3c to achieve optimum
agreement BetWeen the calculated and experimental (Fig.'Bb) PED's. .
Except for hvv= 120 eV all calculated curves were fquhd to be quite
senSitive’to the cﬁoice of B; a finding.whiéh is deménStra;éd in more
detail in Fig. 6. The calCulatea ?ED'S including K—broadening in the
final state (Fig. 3c) are found to be in good égreement with the eprri-
menﬁél spectra shown in Fig. 3b, except for the slightly too—prbnnunced
 peak structure. However, this difference_arises.entirely from thév
Viniﬁial stafe'band strﬁétﬁre rather than from créss section effects.
| This is confirmed by Fig. 2b where the Cu 3d density of states (compareb
‘ Appendix C) is éompared to the density'of states.measured with AQ Ka
radiatioh (Fig. 2a). Note that ﬁhe peak structure_is too‘pronounccd

generally and in particular the middle peak is too high.
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The success of our calculation, which ineludes momentum broadening
in the final state in describing the experimental, PED's is striking. '
Its description of the experimental Spectrn is.considerably better than
that obtained by the pure direct trans@tion model.  The fundamental
difference between the two theoretical models lies in the descriptien
of the final state. To some extent fne momeneum broadening calculation
covers up inédeduacies in the description of the final state. It may
be argned that the direct transition model does not reproduce‘the
»experimental‘spectfa very weli because of a poor description of the
final stnte, This is indeed a ptoblen sinee'mining of the various
ffee;electren final states by.the crystal botential has been'ignored;
Tne inclusion of momentum broadening somewhat simulates thesc effects.
A direct—transitidn calculation of the kind_presented here is not a
stringent ﬁest because we are dealing with angle~integrated phetoemission
‘from a polycrystalline sanple. In this case the whole BZ is sampled
because all allowed transitions are also detected.

Despite the simplicity of the final state description employed in
our direct transieien calculation it is nevertheless very inpefesping
to explore a possibie physical reason for momentum btoadening in the
final state. Asrnas:been discussed in detail.by Feibelman and Enstmnn4
and recently by Grobmén, Eastman, and'Freeonfz.O and Feuerbaehcr and
Willis,21 momentum broadening in the final state may arise from a
minimum in ;he photoelectron mean free path. Such a ninimum is indeed
known to bccnr in the enefgy range studied in the prcsent investigationf?
The magnitudevof the broadening fecters in Fig. 3¢ indicate that the_

~region of highest surface sensitivity occurs around hv = 90 eV (or a
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kinetic energy of 87 eV), which agrees remarkedly weli with the

minimum of the mean-free-path versus energy curve in reference 3.

It is interesting that in the energy range that is most highly surface’

sensitive the PED's resemble the one-electron density of states of

the bulk. Final-state momentum broadening thus tends to -weaken angular

matrix element effects in. photoemission. This is also clearly revealed

by the model calculation in Fig. 6.
D. Con¢lusion

-The experiments and calculatioﬁs presented here may be regarded
as a step‘toward understanding the influence of cross section and sur-
face effects which arise in the transition region between UPS and XPS.
An extension of such studies to other systems, in particular to 4d and
5d"" metals, seems to be very promising. Angle-resolved photoemission
from single crystals in the soft x-ray range is another interesting
prbblemvwhich might help to clarify the role of cross-section and/versus
surface effects. Finally, we hope that calculations which treat photo-
emission as a scattering problem may be stimulated by thé present
investigation. Experimental and theoretical investigations of this
kind seem to be most important in contributing to a quantitative under-

standing of the photoemission'process per se in solids.



- -108-

E. Appendix A: Dipole Matrix Elements
: ' . ) > > > ‘
In evaluating the dipole matrix element tfj(k) = < flA-p|lj > we
follow Gadzdk13 except that we assume an OPW instead of a plane wave
(PW) final state. The initial state |[j> is given by equation (3).

The OPW final state is
le>=c ||Pw > -3 <P ()] P> IPn(r)_>1 (A1)
| ~ o7 T |

where .

C=(PW | PW>- Z |< Pn(;)l PW >|2)_1/2 (A2)

n

As has beeﬁ discussed in Section C.1. tﬁe sum over ﬁ involves the atomié
p-functions only. Following Gédzﬁkl3 the matrix element tfj(ﬁ) mﬁy n@w
bé readily evaluéted in the dipole velocity approkimation (E = ih§) to
~yield equationA(4). | .
Theievaluation of thé Fourier transforms Dm(a) and'Pn(;)\aﬁd the
matrik element §ﬁn which occur in_equation.(A) should'be\diécussed.in 

more detail. The atomic d function has the general form
DB =R, A ®. ) |
m(E) = Rg(r) d (O, ¢, - A3
For Cu(3d) the radial part has the general Siater_form_
Rd(r) = ar2e -ar / ' (A4)
The atomic p functions are

R T
P(D =R (D PO, ) (A5)



CuU U460 2684

-109-

The radial part of the 2p and 3p functions can be written

Rp(r) =-'cre—Yr + ere—Gr L ’ (A6)

For our calculations the coefficients for the radial parts of the p and
d wave functions were taken from reference 14. The Fourier transforms -

of the atomic d-function (A3) is

N 3 - > >
D_(Q) =.}rd re 4" p (7) (A7)
= f(@) 4 @, ¢) (A8)
where
f(q) = —4m fr2 i (qr)R (r)dr (A9)
a'd 1p8E 8y
For thé atomic p functions the Fourier transform is
' > 3 ~iq-¥ > o
Pm(q) = J(; re Pm(r) ’ (A10)
= f.(q) P (O, o All
p(® PO ) (A11)
wherg
£ (q) = _Ani_}rrzj,(qf) R (r)dr (A12),
p : l‘ P . ‘

The functions j (qr) in equations (A9) and (Al2) are spherical Bessel
functions.

The matrix element’

> e At -> _
M =<D(r)] V| Pn(r)t? | (A14)
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may be separated into a radial and angular part according to-

W1 ok ’ ALS
mn . mn dp - (A15)

i > - -
All non-vanishing components of Lmn are listed in Table I. The radial

integral hdp is given by

_ I TR |
hdp = <R, (r) -,'ar rl Rp(r)> (A16)

and its evaluétion_is straight forward.
/o . —_—
. . R d
Finally, the result for the angle integrated quantity ltfj(k)l2

shohld be given. A lengthy but relétiVely easy calculation neglecting:

effects of light polarizatibn;s yields
ST 2., , 2 2
leg; @12~ ¢ fsce@n? g
+ace @2 hy 2
134 ~dp
. _ . § a2 |
ey @f @ahy |3l 17 i)
m '
From equation (Al7) it is seen that for the angle integrated case the
matrix element‘separates into an'atomic paft given:by the wavy brackets
and a wave vector dependent "band-structure" part giveh by the sum.

This latter part is exactly the total d-projection of the density of

states.

F. Appendix B: Transport Term
In evaluating the transport term we have assumed that the inelastic
mean free path is much less than the photon absorption depth. The

: . . - 1
transport factor for excited electrons is then given by
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D () v (5 -V, E.() T(E). (B1)

>
where s is a unit vector normal to the surface and T(Ef) is the inelas-
>
tic scattering lifetime in the '"'random-k" or "phase-space" approxima-
. 25 . . . : ;
tion. Assuming the lifetime T(Ef) to be a slowly varying function
of the electron energy and taking the free electron value for the group

>
velocity we can approximate Df(k) er a polycrystalline .sample by

Df(—ﬁ) v 4| | | (32)

Since the photon energies used in our study are much larger than the
width of the d-band the effect of the transport term (B2) on the calcu-
lated PED's (equation (1)) is very small.

G. Appendix C: Calculation of the PiD's

The PED's were calculated on a mesh of 308 points in the. 1/48 of
the BZ defined by ky > kx > kz 2 0. Calculations carriea out at a
larger number of points (< 1729).indicated that a 308 point mesh was
vsufficient. In evaluating equation (1) the followinyg steps were taken.
At a given K point all initial (Ej(t)) and final (Ef(z)) éne?gies were
‘caiCUlated. The energy conserving 6vfunctibn in equation (1) was
treated by demanding that Ef(z) - Ej(ﬁ) - hw < W. We chose W = 0.0lEf(K)
but it waé found that the calculated PED's were insensitive to the
actual value of W. A similar observation was made by Janak, et 51.26
who,fouﬁd.their caiculations to be insensitive to brondenigg of the
elec;ron states. For each .pair éf initial and final state energies

that satisfied the energy conserving §-function in equation (1) a

‘ - , : 2
transition matrix element |tfj| was calculated. The product
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iltfjlz Df(Z) was taken as a weight factor for the density of states.

calculation. k-integration was performed using the Gilat-Raupenheimer -
21 The PED's were then convoluted with a 0.5 eV FWHM Gaussian

method.

to account for experimental resolution and lifetime broadening of the

hole. state.
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FIGURE CAPTIONS

Photoemission spectra of the 3d valence band of Cu for a

series of photon energies. The data have been corrected for

the decay in photon flux from the synchrotron but no background

~substraction or deconvolution has been carried out.

a) X-ray photoemission spectrum (AL Kd radiation) of the

Cu valénce band recorded on an Hewlett-Packard spectrometer.
b) The Cu 3d density of states (equation (35)), Using'Smith'sll

parameters. The dashed curve represents the original density

of states. The solid curve is a convolution with a FWIM =
4 . _ ‘ :

0.5 eV Gaussian.

a) PED calculated fof Cu 3d assuming k-conservation (direct

transitions).
b) Experimental results for Cu. The original data shown in
Fig. 1 have been corrected for their inelastic background.

c) PED calculation for Cu assuming k-broadening in the final

state. : The broadening factor B discussed in the text.

.lz for Cu 3d
£j ‘

Square of the -radial dipole‘matrix element |t
as a fuﬁétionrof the kiﬁetic energy of thé photoelectron.

PW means plane wave, OPW means orthogonalized p1ane waQe

final state. |

Calcqlated PED for Cu 3d at hv = 50 eV and 90 eV according to
equation (l)} The solid lines were calculated with the matrix
elements given by equation (4). The dashed lines were calcu-

lated with an angle integrated (or essentially constant)

matrix element given by equation (Al7).
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a) PED's convoluted with a FWHM = 0.5 eV Gaussian.
b) Unconvoluted.PEDis.

Calculated PED for Cu 3d at hv = 50 eV as a function of momentum

" broadening in}thé final state (B).

a) PED's convoluted with a FWHM = 0.5 eV Gaussian.

b) Unconvoluted PED'S.
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V. CRYSTAL-FIELD EFFECTS ON THE APPARENT SPIN-ORBIT SPLITTING
OF CORE AND VALENCE LEVELS OBSERVED BY X-RAY PHOTOEMISSION®

Abstract

Several anomalous relativistic effects in XPS spectra of metals
and binarf compouds are reviewed and explainéd in terms qf 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 gI-E itself. The variatioﬁ
of gl-é with charge state is not large enough to be important ih solids.
Rather for both outer p and d shells, the splitting apﬁears to be.
affected by '"crystal-field" terms that carry the iattice symmetry. In
III-V and II-VI compoﬁnds only the tellurium 4d shell may have a spin-
orBit splitting different from thé expected from ffee—atom data. How-
ever the enhanéement is smail (3%) and consistent with a tetrahedral
crystal‘field. The enhancement of d-shell spin-orbit splitting in Zn
and Cd arises from the Y2 terms in the grystal field because of the
1afge c/a ratio in.these lattices. There is no enhancement for Cd in
a cubic lattice, while.the enhancement in several lattices follows the

111

quadrupole coupling cohstant of Cd, which presumably also afises

from Yz—symmetry terms. Finally the -d-band density of states in fcc Au

>
and Ag is consistent with a ﬁI‘s and a Y, interaction. The absence of

4

enhancement splitting in valence-shell p shells in Pb and Bi isexplained

*Work performed in collaboration L. Ley, S. P. Kowalczyk, and D. A.
Shirley (Phys. Rev. B10, 4481 (1974)).
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in terms of the lower symmetry of the p-wave functions 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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A. Introduction

A feature readily -observed in x-ray photoeléctroﬁ spectioscopy
(XPS) of heavier elements is a splitting'of coré levels, commonly
referred to as spin;orbit (s-o0) spliﬁtiqg. This splitting reflects
the two'possiblg couplings of the_core hole spin g withiﬁs angular
 momentum E forming total angular momentum eigenstates differing in
energy by the differences.in the expectation value <E-Z> multiplied
by a factor &, the coupling Strengﬁh.

_Qithin the accuracy obtainable in earlier XPS work these splittings
appeared to be equal in solids and gases and agreed‘asvwell as could
be expeéted with thé s-o splitting obtained from‘optical datal and
reiativistic Hartree-Fock calculations.2 Improvement in the resélution
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 these splittings could be measured to an extgnt that made
it possible to measure small deviatiqns of the spin-orbit splitting

,
in solids from those measured in the gas phase. Furthermore even
-changes in the splitting of the outermost d-levels in Zn and Cd have
been observed in going from the metal to binary compounds containing
one of these elements.”’

Ih this chapter we discuss some of the effects résponsible for
the observed splittings and their changes. In Section B we recview
the expérimental data that will be discussed; In Section C we present
the results of a simple model calculation ;hat explains some of phc
puzzling experimental findings in terms of the influence of crystal

fields of low symmetry on the encergies of final states.
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-B. The Experimental Evidence for Spin-Orbit
Like Splittings in Elements and Compounds

We shall consider oﬁly electronic excitations extendiné to about
50 eV above the ground state. This allows us to compare data obtained
from two or more of: optiqal spectroscopy, UV photoeﬁissioh, and XPS.
The resolution of photoemission spectrostoby.then further restricts
ouf study to levels éplit by a least V0.4 eV; i.e., to the outermost
d;levels of the group II to VII eiements and the p-lgvels'bf'some of
the heavier elements in the sixth row of the periodic.system. The
available data on these ievelsvaré set out in Table I. The elements
1isted in Table I haQe d—lévels bound by at least iO evV. Thése 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 TI. Although
the atomic d~levels‘are.5roadened into Bahds in these solids, thc.
determination of an average‘splitting'of the two bféad peaks is still
poésible. The same observation holds for the p-like bands in lead and
bismuth. | |

It is convenient to compare the splittings observed in solids to
thosg for the free ions as a secure starting point for the digcussion

of various solid-state effects.. To do this, we have extracted the

free-ion spin-orbit splitting from the observed term values of the con-

C . 9,2, . ' : . 1 : .
figuration (d7)"D in the optical spectra of the ions. While rendering

_the determination of the spin-orbit splitting straightlorward and

reliable, this method has the disadvantagé that we have to deal in

some cases with very highly ionized atoms. To assess the importance

hY
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of this effect, we show in Tabie IIT the effect of the ipnic charge
on the spin-orbit splitting of the d—electréns in Cu, Zn, Ag, and Cd.
The values for the spin-orbit splitting. are tgken»from_Dunn's’compilaf
tion.5 This table makes two points clear: .(i) for a given d-shell
~configuration, the spin-orbit splitting increases with increasing
‘ ionié charge by not ﬁore than 27 perAunit charge; (ii) a change in the
d;cbnfiguragion (d9 > d8) affects the spin—orbit splitting considerably
more than the corresponding increase in ionic ché:ge. |

These two points are conséquences of the approximate form of the

spin-orbit Hamiltonian-operator:

2 /.
o 1 9V >
i = = | ==
s.0. 2 ,( r or ) LS
neglecting exchange effects and the mutual spin-orbit and spin-orbit
interaction of electrons in unfilled shells.6 Here a in thé fine-
structure constant and.V is the shielded nuclear potential. The

dependence of the expectation value (3% ) . mainly on the inner part

o. Y
of the electronic wavefunction Y has been pointed out by many authors.
e s . 1 3V .
The variation in the operator T 5r Upon charge transfer in outer shells
is very small in this region.

From these considerations it is clear that the atoms chosen in
Table IIT are very favorable examples because the charge radii for nd
and (n + 1)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., Sb and Te makes the quoted

free-atom values of the spin—orbit splitting upper limits by a margin

of an estimated (3 ¢ 3)%.»
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Returning to the data obtained from solids in Table I, we can make

the fdllowing observations. . The apparent AES-O of the 4d level in

o in the atoms by 597 and 457, respec-

Do

metallic Zn and Cd exceeds AE
tively. This increase is unique among the entries of Table I." The

apparent AES of Cd in tetrahedrally-coordinated binary compounds

agrees within experimental error with the free-atom value. Combihing
the results of all three compounds, the appafent AES o lies 0.08 eV

above the free atom AEs.o.' The weighted mean vélue for the apparent
AEs.o. in In metal'lies‘at 0.89 eV, or 4.7% above theAfree—Qtom value
of 0.85 eV, Thé values for In in tetrahedral coordination agree well
with the>freé—atom AEs.o |

-The SS appargnt AEs.o. values agree within the error limits with
the free ion Qaiue, for both compounds and the metal. Tﬁe‘4d_splitting
for inSb'measured By Cardqna et a1.7‘seems to be low, as dﬁes their
value for the Te 4d splitting in PbTe. With this one ekception the
Te 4d values are higher than the free-atom épiﬁ-orbit splitting by
about 2.8% for the compoﬁnds and 77 fér the metal.

,Tﬁe entries for Hg show qovanomalous behavior, nor do those for
Pb in various surroundings; The observed_splittings in thé.valcnce :
_d—bands of Ag and Au (Table II) are considefably 1argér than the free-
atom AEs.o . The p-bands Qf Bi and Pb, however, do not exhibit such

. ' . 8 . -
an increase, as has been observed earlier. We can summarize this
section as follows:

(i) Core-like d-levels of elements in tetrahedral surroundings
.0,

show no, or only a very small (> 1%), increase in the apparent AF.g

compared to free-atom values. The only exceptions are the Te compounds
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with an_average increase of "2.8%.

(ii) 1In, Te, Cd, and Zn metéls have an apparent AEs;o. iﬁ the
ouﬁermos; d-levels which exceed 'the free atoh values by 4.7, 7, 45,
59% respectively.

(iii) Pb and Sb show no such increase.

(iv) Valence dfbénds in Ag and Au are>split_by amounts far exceed-
ing the free-atom Aﬁs.o. value, in cqntrast to the valence p~bands
(Bi, Pb) which are split by energies close to AEs.o. for the free atoms.

In‘the next séction, we willvattempt to show that this behavior
can be explaiqed by the effects ofvcrystal fields of different symmétrigs
on atomic ievels.in the solid.

C. 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 sqlid. This applies to the case of Cd and other‘elements :
which do notvshow'appreciabie band-structure broadening of the d-levels,
in contrast to, e.g., Ag,»whe;e Eﬁe width of the two components is
compafable or éven greater than the total splitting. We will refer to
the latter as "band-like" levels.

This distinction implies that in the former category energy dis-
persion with wave vectof K-may be neglectéd. That ié, we treat those
levels as if the energy ordering at E,= 6 is retained thfoughout the
Brillouin zone. Thefjustificétion for this approach is derived dircétly
from éxperimental evidenée (i.e., liné widths) rather thaﬁ from assump-
tions about overlap4integra1s_and'potentials: it therefore possessces

a high degree of validity.
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We note at the outset that we are dealing with final-state
structure following photoemission from a closed shell. This is mani-
festly a one-electron (hole) problem. The appropriate d hole state

Hamiltonian in the one-electron approximation has the form.

H=hg+th oo Fhg | o . (1)

Here hO contains the kinetic energy operator and the spherical Coulomb

potential of the nﬁclear charge7 screened by the‘innét eleétrons forming
st term summarizes the potgngials due to the
neighboring atomic cores and the valepce electrons inciuding the valence
elgctrons of the atom undef considefation, and hs.o. is the one-clectron
spin—orbit hamiltonian.

We wish to show that ;he differences in the value for the d-level

splittings, AEs ° observed in different solid environments 'is a result

of.the influence of h rather than of a modification in h . To

cryst s.0

do so, let us 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 spinning electron in an electric field U.

, ’ e 10 .o : _
The reduction to a non-relativistic form =~ gives the result (in atomlc

units):
- (1au, 32 ' (2)
. 2 r or - o . '

the expreéssion already given in Section B. The brackets indicate the

1 3U

expectation value of T 5r evaluated in the state nf. We can rewrite

the Lande factor § as:
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2
Enl - %f 0 T Ef"dr ’ : (3)
where an(r) is the normalized radial wavefunction of.thé electron in
the state nl. A genéralization of this result to a'many electron
system:is not stréightforward; 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: hs.o. for electrons in an unfilled

shell can be written as

a2 ou
h ,= E— €

|

effy, g .s.

S.0. or i i

+ terms which inclﬁde mutual spin-orbit inmteractions

and spin-orbit interaétions in the unfilled shell. (4)
The summation extends only err'electrons in unfilled shells. Replacing.
U with Ueff,'which is essentially a screened potential, including
' exhange, accounts for the mutual spin-orbit and spin-spin interaction
betweén_the open-shell and the.closed—shell electrons. It has’the
effect of reducing the spin—orbit coupling coastant.

With this operatbr in mind, let us now investigaté the 1nflucnce:
of different surroundings on hs.o. aﬁd théreby on the intrin§ic spin=
orbit splitting of outer d-electrons.

In Section B. we already showed, that the charge state of the
jon .has only a vefy small influence on (hs.d.>’ even for changes of
several gnits in |e]. Charge transfers of a fraction of the elementary .

charge that are to be expected in partially ionic solids thercfore have

a quite negligible effect on (hq o ).
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So far we have dealt with the effécts of chafge-trqnsfer_in the
valence shell of the central atom on {h ). We must also consider
diréct changes in the wavefunction of the d;electréns itself upoﬁ enter-
ingva‘solid or molecule;- These changes can be.cbnsidered in two bnrts:

(i) Renormalization of wd dueito the necesséry orthogonalization
of wd with réspect to wavefunc;ions on neighboring at0m$; In thp
simplest caée of Qrthogbnalization to one other orbital, this leads to

- . . 2,-1/2
a renormalization-factor of (1 - S7)

’ wher¢ S is the oveflap integral
between the two orbitals.. The extension to more thénAtwo orbitals has
been given by L6wdin.1l This léads to an incredsé in the coefficient
éf wd apd tﬁefefore in the Lande factor Ed. The componen;s added to
the wavefunction upon orthogonalization make only vénishing contribu-
tions for small r, the region which determines Ed.
(ii) A mixing éf the d—electrons with electrons of different
~ symmetry 1ocated at the same atom. This mixing is alwéys possible
throughout the Brillouin zone but at i = 0 it is possible.oniy for
certain symmetry compbﬁents of the potential.. This effect leads to
a decrease in the spih—orbit'splitting, bécause\gﬁe orbital that will "’
mix most strongiy to the nd wavefuncfion is (nfl)p; Qith a Lande fnctbf
smaller than that of thé.d orbital. We can therefore dispense with
the second effec; in explaining increases in thé apparent AES.O..
The renormalization discussed under (i) increases (hJ .) but the
increase is-ove;lép—dependent. Overlap also detdrmines the extent to

which an atomic'level is broadened into a band. This excludes renormali-

zation as a decisive factor in the increase of (hq o

) Fdr core-like

levels.
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Renormalization might be tthght to play a major role in the
enhanced d-band splitting of silver and gold, 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.

In summary, direct changes in the expectation value of hs _ can

not be responsible for the observed increases in the apparent AEq

over their free-atom values. The explanation must therefore be sought

in the hcryst term if we are to explain the enhancement within the

‘framework of the Hamiltonian in Eq. (1).
The matrix eleﬁent of hCryst can be expanded into a series Qf
spherical harmonics YLM(O,Q). "The angular momentum i of the state
uqder consideration limits this expansion to a sum Over even ordcfs in
L. For d electrons the last nonvanishing term has Lmax = 4, whilc
for p-electrons L = 2. The matrix element (h ). has the symmetry
‘ max cryst i

of the point group of the lattice and is in general given by

hcryst)i - E: AT E %)
L=0,2,4 -

where TL(i) is the linear combination of spﬁericél=harmonics of order L
that transforms as thé symmetrical irreducible representation“of the
point group of the lattice at the center of the Brillouin zone. AL is
the expansion cdefficient, which contains the radial integral of the
Coulomb and exchange interaction of the electroﬁ i with the valence

. . . 2
.electrons and the surrounding ion cores.
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instead'of calculating the AL we shall treat phem.as free para-
meters. It should,‘hOWever, be noted the for a normal expansion of
the type of Eq. (S)AAL decreases with increasing L. Wenshall igndre
the term with L = 0 thch'cprréSponds to a generalizéd Madelung encryy
and cannot éontribute to aZSplittiné in the atomic 1evels; In solids
which crystallize in lattices_of cubic symmetry the AZ«'T2 term in
expression (5) vanishes. . This applies to the face centered cubic (Ecc)_
lléttices‘of Ag, Au, énd Pb aﬁd to the tetrahedrally coordinated binary
.compounds. All other symmetries encountered in this inves;igatidn
require the fetentién‘of the L'= 2 term.
. ¥ .
It is evident from the data in Table I that ail-cases which exhibit

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 AE
: - s.o.
Let'us_explore this possibility in more detail using Zn and Cd as

examples. Zn and Cd cfystallize in a hexagonal lattice. In this case

it is convenient to divide the L = 2 term into three factors:

: . hex .hex, hex _hex
i ) = E- . .
<hcryst i f(a) AZ Ty +A4 A ‘ - (6)

The geometricél factory f(i) depends.on the ratio of the crystalline

axes ¢ and a. For c/a = 1.63, the ideal hexagonal la;tice, f(&) is

zero and-thé A'ZT2 vanishes for geometrical reasd?s. In Zn and Cd. however,
v c/a\is equai to 1.86 and the L = 2 term enters with a considerable
geometrical advantage (f(%) > 1 in the poinﬁ—ion model) . 'We have diag-

onalized the two operators h + h in the sub-space of the
s.0. cryst
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d-electrons. The method employed for this calculation uses standard
angular momentum algebra as outlined in EdmOnds.13 The d9 configuration
is treated in the usual way as a d1 configuration accompanied by a sign

>

change in the coefficients AL and the spin—orbit coupling constant §.
Fig. la shows the level scheme for a d9 configuration in the ideal

hexagonal field (f(%) -~ 0) as a function of A All degeneracies .are

4
lifted, yet the increase in the apparent spin—orbit‘splitting is negli-

gible for values of A which preserve the observed pattern of two d-

4
peaks, that is for |A4|< 0.4]&]. Beyond this point the energy separa-

tion between individual levels becomes comparable to the experimental
line width of each component line (V0.7 eV) and a spectrum would loose

the character of a doublet. N

Lifting the restriction of c¢/a = 1.63 introduces the Aqu term,

which changes theé level pattern appreciably (Fig. 1lb). As mentioned

is expected to be greater than A, and we have therefore -

above, A Ay

2

plotted the level scheme under the assumption that AQ = (.- For positive

values of A_ the spin-orbit split doublet evolves into a pattern of

2

two nondegenerate doublets and a single level, which would result in a

; < 0 a

three peak spectrﬁm with relative intensities 1:2:2.  For Az

drastic increase in apparent AES o

is possible without destroying the

general appearance of a spin-orbit split d-doublet with the cqrtcct

intensity ratio of 2:3. The value of A2

which gives the observed spin-

orbit splitting in Zn and Cd is about l.4|5/2€ . A spectrum generated
from the level scheme at this point does indced resemble the observed

Cd spectrum closely. The line-width was set to be 5/2 £ = 0.7 ¢V and

the increase in spin-orbit splitting as measured from the spectrum
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appears to be 587%. The_rat;o of the amglitﬁdes Of fhe two compoﬁents
isvreduced to 1.21 from the expected Value 1.5 whén éqﬁal line widths
are assumed. This is in good agreement with the.Qalue 1.3 quoted in
ref. 3. for the Cd 4d spectrum in Cd metal and lends furcher supbért to
our interprétatioﬁ.

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

4
has been tested, and is found to be compatible with the above discussion
4 is negative and does not exceed.%3OZ.of the absolute
Qalﬁé'of AZ'-'

. This‘direét evidence that'the inctease in apparent AR ;'; in Cd
and Zn ié symmétry—induced is suéﬁbrted by three picces of additional
experimgntal data. -

(i) Fig. 2 shqws the Cd 4d double énd for a AgCd alloy (10Z Cd).
The substitutional introduction.of the Cd ‘atom intovthe cubic surround-
ing of the Ag lattice reduces AES.O..to the free aﬁom value.

(ii) The photoemission SPeétfum 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 atomé which are subjected to no:crystal ficld.
The existence.of single Cd atoms in the preéence‘of surface’diffusion»

. s . . . 14
is favored by the exceptionally low dissociation energy of a Cd-cluster. -

When the Cd coverage is increased to the extent, that the formation of

- Cd clusters becomes possible, the d-level 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
. ; , ‘
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the electric field gradient at the nucleus. This field gradient can
be measured by observing the interaction of the nuclear quadrupole

moment @ with the field gradient q. Values of the coupling constant

111

eqQ/h for Cd 'in host lattices of.Pb, In, Zn, and Cdlsbare plotted

against the increase in apparent AES o‘for these metals in Fig. 3.

The plot shows a quite convincing correlation between the excess split-

ting and the quadrupole interaction of the few points available.

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

increase in AEs.o. is Sb. fhe group V semimetals As, Sb, and Bi crystal-
lize in the same rhombohedral structure which can be thought of as
being composed of two interpenetrating, ;rigonally distortgd fce
lattices.l6 The trigonél distortion decreases in this series with
increasing atomic nuﬁber. It appears that the distortion in Sb is
already too small to result in a measuraBle increase in the spiitting
of the 4d—1eyels. This cqnclusion is corroborated by the:results'of
phe quadrupdle interaction of 204Pb in the series of As, Sb, and Bi
host lattices.15 The inteféctioﬁ strength eq@Q/h decreases by factors
of two from one lattice to the next. The AES. .“enhancement in In
represénts about the smallest value measurablg by photoemission; there-
fore in Sb, whefe-qu/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 bet&een the électric field gradient and

the enhanced spin-orbit splitcing as a diagnostic tool in the last few
paragraphs; It éhould however bo.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

Wk
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involved in‘the description of these quite differéntvphenomena are
equal. ‘Thefnuclear quadrupole interaétion deals With‘the fiéld gradient
at .the nucleus.qf d;electrons in an ionized lattice atom with its
.sur?ounding.

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

the tellurium salts. The level scheme for a d9 configuration in a

tetrahedral environment is shown in Fig. 4. as a function of Al‘t .

The degeneracy of the d state is partially lifted into a singly

5/2

degenerate state T8.(excluding spin degeneracy). The degencracy of -

v

d3/2‘(F8) is preserved.

For A, < 0 the apparent splitting between the upper FB level and

4

the 1owér T7 - F8 doublet could increase significantly over 5/2|§

without altering the overall>appearance'of the sbgétrum grently pro-
.vided that the natural width of the component lines is f;irly large,
as would 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 A4(A4 < 1) but.rathef the evolution of
thrge separate lines which finally (A4 > 1;5) resolve into two lines
with a reversed intensity ratio of'3:2, in contrést to experimental

observation.

The 37 increase in apparent AE-S o for the tellurides is thercfore -

3

compatible with a negative A, of the order of 0.5 , or v0.75 eV.

4
This is a magnitude entirely consistent with expectations for a T¢ ion.
surrounded tetréhedrally by four group II ions in the 11-VI compounds

or by 6 Pb-ions in the NaCl structure of PbTe. The sign of AA is com-

patible only with primarily electronic contributions to the crystal
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field Hamiltonian, however,

Because of the absence of any enhancement of AE for the cations

 of these lattices and for the d-levels of all other binary compounds
in. Table I ([A4 < 0.2 |&|) we are reluctant to draw conclusions about
possible enhancement of ;he'apparent. Es.o.in the tellurides.

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 treatéd rigorously without taking the band character of these.statés

into account. That»is, 1eyel ordering at k = 0 is not necessarily
representative of the appeérance of the density of states p(E) as
observed in an XPS—spectrpm.v The higher volume associated in reciprocal
space with in the outer partSIOf the Brillouin zone (BZ) points mdkeé
‘these regions‘dominant in the detérmination of p(E). It does seem
clear that the renormalization effect mentioned earliertis not responsi-
bel for the observed effects. It if were, we would expect comparable
effects 6n-d and p bands. .This‘is not observed.

The elements Ag, Au, Pb, and approximately als§ Bi crystallize in
the fcc structure;.that is, the symmetries throﬁghoutbthe Brillouin
zone ére thefsame for all four elements. Nevertheless, the observed

differences in the apparent AES o between d bands (increase) and p

bands (no increase) is striking 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 proups

of bands, F12 and F'ls, at T the center of the BZ which has the full
octahedral symmetry. Towards the outer parts of the BZ, these bands

split further accompanied by a rearrangement of levels according to the
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various -irreducible representations ap symmetry psintsvof léwer than
cubicvsymmétry. The maximum splitting occurs at X the center of the
‘square face of the BZ. The pattern set by-F’and X can be regarded as
‘reéresentatiVe for the two.peakéd'structu;evin the density of states
of Ag and Aﬁ. The spin-orbit interactio;-ghhanéesvthis splitting
furthefiwiéhput being the dominant factor, however. The lower angular
symmetry of the p-valence electrons in Pb énd Bi preserves their orbital
degeneracy at T. Along the symmetry difections on the sgrface_of.thu
" BZ this degeneracy is partiéally 1ifted forming a singlét.and a doublet
level at each syﬁmetry point excebt K. | s
The energy dispersibn_of these bands along the surface of the BZ
is in generai smaller than their splitt{ng, giving rise to a two peaked
density'bf states. 1In Pb and Bi, with 2 and 3 p-electrons respectively,
only the bands in the lower peak of p(E) are occﬁpied, so that we Qould
observe a single peak in the XPS-spectrum in the ébsencc of spin-orbit
interaction. In the presence Qf spin-orbit intefaction,\however;_the
two fold degenerate level at W splits and an inspection of thé rc]utivis—
tic bana structure of Pb by-Loucks17 reveals, thaf this splitting‘is
preserved over much of the surface of the BZ giving rise to the obsérvcd
doublet in the occupiéd part of P(E). 1In the tight binding approximation,
and in the absgnce of s-p hybridyzation the spliﬁting at W equals the

atomic splitting, a result that is in good agreement with expcrimcht.
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7 Tab1e I. -Spin-orbit splittings in the frée atoms and solids. Errors are given
parenthetically. The roman numerals indicate the ionization state of the atoms

+
(ZnII = 2Zn ).

Element : Shell - ' Lattice Splitting (evV) . Reference
Zn II _ Zn3d free ion ©0.337 ' 1
Zn metal “ ' hex 0.54(2) a
cd 11 ' caad hex . 0.669 1
Cd metal . "o : hex . 0.95(3) a
cd metal - hex _ 0.99(5) 3
cdre . ) z.b.t 0.70(5) b
cdTe S _' z.b. 0.83(20) c
cds ' " z.b. 0.76(12) c
cdse " z.b. = 0.87(16) ¢
AgCd alloy » " cubic 0.70(8) this work
In III ’ Indad free ion - 0.849 1
In metal i " tetragonal v0;90(1) 3 _
In metal " tetragonal 0.88(15) b
In metal " .tetragonal 0.86(3) ‘a
Insb o z.b. - 0.83(3) a
Insb e . z.b. 0.85(5) b
InSb . Cz.b. . 0.84(8) 4
Inp o " z.b. 0.84(8) 4
sbv . ' ~ sbaa free ion 1.239 1
Sb metal " o rhombohedral 1.25(4) 3
Gasb " z.b. 1.21(4) 4
Insb " _ z.b. 1.22(4) 4
"Insb . z.b. ‘ 1.15(10) a
InSb .- z.b. ' 1.25(5) b

(contihued)
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Table I. (continued)

1655 (1972).

M. Cardona, C. Penchina, N. Schevchik, and J. Tejeda,_

“Elements : Shell ‘ Lattice Splitting (ev) Reference
Te VII Tedd free ion 1.409 1

" Te metal Toom | hex . 1.51(1) . 3
ZnTe » z.b. 1.47(2) 4
cdTe . z.b. 1.44(2) 4
HgTe ” z.b. 1.44(2) 4
PbTe o Nacl 1.46(2) 4
PbTe " NaCl 1.35(10) a
Hé I lHng . free atoh 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 . NaCl 2.61(2) e
PbTe " NaCl 2.61(2) e
aR.'T. Poole, P. c. Kemeny, J. Liesegang, J. G. Jenkln, and R. C. G. Leckey,
J. phys. F., 3, 146 (1973).
bD. E. Eastman, W. D Grobman and J. Freeouf (unpublished) D. E. Eastman,
J. Freeouf and M. Erbudak, Congres du Centenaire de 1-. Soc1ete Francaise
de physique, Vittel, France, (1973) unpublished. :

cC. J. Veseiey, R. L. Hengehold and D. W. Langer, Phys. Rev. B 5,2296 (1972).
a

Solid State Commun. 11,

®F. R. McFeely, S. P. Kowalc*yk L. Ley, R. A. Pollak, and D. A. Shirlcy, Phys.
Rev. B 7, 5228 (1973)

f2.

b. = zincblende structure
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Table IIl. Free atom spin-orbit splitting and the_apparent‘splittinq of valence-
: - band peaks in Ag, Au, Pb and Bi. . .

Element Shell Lattice Splitting (ev) Reference

Ag 1 ' 44 . free atom 0.555 1.
Ag metal ) " : f.c.c. - 1.6(1) . 3.
S S o sa free atom 1.522 1.
Au metal o S f.c.c. 3.8(2) a
PbI S 6p . free atom 1.746 S B
Pb metal . f.c.c. . 1.80(5). . ' 8.
Bi X R Gp‘ ‘ free atom - 2.163 b.
. Bimetal . " ~ rhombohedral 2.16(8) 8.

®p. A. shirley, Phys. Rev. B5, 4709 (1972).

b ' " . : :
C. €. Lu, T. A. Carlson, F. B. Malik, T. C. Tucker and C. W. Nestor Jr.,

Atomic Data 3, Nr. 1 (1971). '

e
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_Table IIXI. Spin-orbit splitting of d-levels for various ionic charge States.

44

Element ‘Configurafion 'AES;A.(eV)‘ Rgference
ou 1 3a%4s2 0.253 1.
Cu II 3a%4s 0.257 5.
Cu III 3a° 0.257 5.
Qu 11 - 3a8s? 0.268 5.
Cu 111 3a%4s 0.273. 5.
Cu IV 3° 0.271 5.
‘zﬁ‘r 3d9452p - -
Zn 1I 3d9452 0.337 5.
Zn III 3d%4s 0.281 5.
Zn TV 3a° 0.341 5.
Ag I 4a%582 0.555 5.
Ag II aa’ss 0.567 5.
Ag III 4a® 0.570 5.
Ag IX 468552 0.598 S.
Ag IIT 4a%ss 0.580 5.
Ag IV 8 0.589 5.
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(b) general hexagonal field; A, is assumed to be zero. The
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-insert shows a spectrum for A, = 1.4 IS/2 E[. The line width
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of each component is equal to £.

The Cd 4d spectrum of (a) Cd metal, (b) a AgCd alloy (10% Cd),

and'(c) surface isolated Cd atoms.

The excess in apparent - spin-orbit splitting AE; o, versus

111C

.

the electriéal quadrupole interaction strength eqQ/h of d

for a number of metals.

'Enérgies_of a d9 configuration in a crystal field of octahedral

symmetry.
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VI. THE EFFECT OF SPIN-ORBIT SPLITTING ON
THE VALENCE BAND DENSITY OF STATES OF LEAD*

Lbétract

Tight-binding calculations are reported for. the valence bands of
lead, with and without spin-orbit splitting in the 6p bands. The
addition of spin-orbit interaction is necessary to reproduce the two-
peaked structhfe in'thé 6p dehsity of states observed in x-ray photo-
emiésion;'in contrast to the ‘assertion by Breeze that crystalffield
effects aldne are enough. The observed splitting is, however, only
_ foftuitouély nearly equal to the atomic spip-orbit splitting. The
‘tight—binding band structure, wiﬁh'spin—orbit éblitting, gives better
overall agreement with optical, Fermi surfaCe,‘apd_photocmission Aata

than did any of the three earlier band structures.

*Work perfdrmed in collaboration with S. P. Kowalczyk, L. Ley and D. A.

Shirley (Solid State Comm. 17, 1415 (1975)).
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) A. Introduction

The electronic structure of metallic lead has_beén the. subject of
ﬁumerous experimental‘studies, mostly concerned witﬁ the elucidation-
of the Fermi surface. Naturally, -the ultimété aim of.these_experiments
is to provide the information necessary to construct a band étructure
which.will explain the Fermi surface, optical spectra, photoemission
spectré,,and other electronic properties; Unfortunateiy, the difficul- .
ties involved in the calculation of a full relativistic Eand strucﬁure
have appareﬁtly serQed‘to‘deter extensive first-principles calculations
of the lead band structure and density of statés. In an earlier paper,
Ley et al,;.reported a high-resélution x-ray photoemission (XPS)'sﬁec-
trum of the lead valence bands, and tentatively interpreted tﬁe CWo—bcak
. structure ap the top of the valence band as the result of spin-orbit
splitting of the p bands. Recently, howeQer, Breezezyhas asserted, on
the_basis of a non-relativistic LCAO calculation, that the XPS splitting
is iﬁstead simply the‘result of a crystal-field interaction. 1In this
chapter we shall re-examine the origins of this feature of the XPS spec-
trum by means of parameterized LCAO calculatioﬁs systematically includ-
ing and exclu@ing spin-orbit cdupling. We shall show that the inclusion
of spin;orbit effects is essential to a consistent understanding of the

XPS, optical, and Fermi surface measurements.

B. The XPS Spectrum
Fig. 1 shows the XPS spectrum obtained by Ley et al.” using a
Hewlett-Packard 5950A electron spectrometer which employed monochroma~

tized AR Ka radiation (1486.6 eV). The high excitation c¢énergy and its
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concomitant featureless density.of final-states insures that the
phbtoemiséion spectrumrreflects the density of occupied valence band
states, modulated by cross-section and final-state relaxétion effects.3
The photoemission cross—seétiéns of the 6s and 6p atomic states pf

which the valence bands are compoSéd should be essentially equal at

»this enérgy,_and outer-shell relaxation effects are small.a Thus the

features in the valence-band spectrum should be directly proportional
to the density of states N(E). .

We note again the important features in the spectrum; s-like and

~p-like bands split by ~V2.5 eV, a splitting of 1.8'eV in the p-like bands,

‘ and ‘a total occupied p-Bandwidth of V3.5 eV.

C. The Tight-Binding Calculations

The theory of tight-binding calculations, both as first—principlcs
cal’culatioﬁs5 and as the basis of»interpolapion schemés,6 has been dis-
cﬁésed extensively. ‘Basically it consists of using tight-binding quch
f;nctioné of the form;

¢;(r) -y 7K ey f (1)
9 ) ,
where Un(r-l) is an atomic function centered at site 2. There is,
however, a problem connected with this approach. The ¢2(r) ére not
orthogonal, 5ecauselthe atomic functions Un(r—l) centefed on‘different
sites are non-orthogonal. This entailé mathematical difficulties which
;én be avoided by orthbgonalizihg the Un(r—l) using a procedure duc to

B A ' X .
Lowdin which preserves the symmetry of the atomic function. Since we

“do not allow for non-orthogonality of basis functions in our Hamiltonian

5

matrix, we tacitly assume that this has been done. As Slater and Koster
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have pointed out, ﬁowever, the orthogonalization,rby mixing functiohs'
on different éites, serves to increase the distance beyond which‘the
métri* elements connecting different sites éré negligible.

In these calculations a basis of one s— and three p—-functions
(R#;py;pz) for each spin.were used. All neatest—neighbor igterdctions
were inclﬁded, and two second—nearést-neighbor interacfions of the form
s—-s and p-p were treated. Mixing between s.and p basis functions_was
treated only iﬁ nearest neighbors. ,The largest second-nearest=neighbor
integral invthe final parémetérization wasva_factor éf 6 émaller thnn.
the.smallesﬁ nearest-neighbor term; tﬁus the inclusion of third-nearesﬁ—
neighbor interactions would*have_only a negligible effect. The neglect
‘of 3-center terms was undoubtably of greater importancé;

Since Breeze? calculated a density of states which ma;ched the ob-

served spectrum width reasonably well, we began by setting the spin-

orbit cdupling constant équal to zero and attempting to réproducu

" Breeze's band structure. We were able to match Breeze's energies exact-

1ly.a£ the points T, X, W, and L in the Briilouin ane; At the pdint
K;'héweyer, while wé could fit the lowest p.band and the s band quite
easiiy; the split;ing K4 - Kl.invthe upper twqﬂp—bands,was 1.8 eV.ln
our;band strgctﬁre aé oppdsed to the Qalue of.%2.1 eV-obtaingd by
'Bfeeze. The band stfuctﬂre tﬁus obtained and the density of éﬁatcs
cﬁlculgted at 308 points in the irreducible 1/48th of the Brillopiu
zone are shown in Figs. 2 and 3. We shall hereafter refer to this
calculation as the "zero spin—orbit splittiﬁg"vgase.

Ip dealing with the spfn—orGit éplitting, {t is cléqr from the

maghitude of the atomic spin—ofbit coupling constant (£ = 0.905 eV.)8



Y

-161~-

that this term is too large to be treated by perturbation theory.
Therefore the term E6p(r) I's was inserted into the Hamiltonian and

the resulting matrix rediagonalized. We chose to use the atomic.vdlue

- for the spin-orbit coupling constant since this value must be at least

approximately cqrrect for the metal;-%-%% is dominated by the Eqrm

of the atomic potential and cannot change drasticaily. While agreement
with experimental data could be improved by adjusting £(r), we feel :
that this is physically unwarranted, since beyond a certain point
"better agreement' would merely reflect the impro&ed cancellation
with.érrors; such as the‘léct of 3-center terms, inherent in our
apﬁroach. The bandlstructure and denéity of states from this caléulh—
tion are shown in Figs. 4 and 5. The only a&justmeht nade to Eacilitatc
the agreement with exﬁerimental results was a V10% increase in the

s-p off-diagonal matfix element;

D. Comparisons with Experiment

In this section we shall compare the two aforementioned band
structures, the 4-0PW scheme of Anderson and,Gold,? and the relativistic
APW (RAPW) calculation of LouckslO with the available experimental

data. 'We shall consider the XPS, Fermi surface, and optical results

" in succession.

Thé band strugtures of Loucks10 and of'Anderson and Goldg are
both in géfious disagreement with the XPS results. Their primary error
is that they predict valuéé_of 4.5 eV and 4.0 eV.respectively for the
occupied pfbandwiath. This is somewhat in excess of the experimental
valﬁe of 3.5 eV. Since both tight-binding calcglations indicate that

N(E) drops sharply to zero at the bottom of the p-bands, this experimental
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value should be quite reliable. The OPW calculation has the further
problem of giving almost no gap between the s—.and p—bands while the
eiperimental value is 2.5 eV. This splitting is, however, well matched
by the RAPW calculation. Little more can be.said about ;hese band
structures without actual N(E) calculations. The @ajor conclusions

are that they are somewhat.too«wide, and tﬁat the OPW calculation
yields an ahomalously'small s-p band gap.

As can be seenvfrom Figs. 2 andA3, the primqry_difference between
the N(E) curves with.and without spin-orbit sblitting is the introduc-
tion of a sqeere—shaped peak roughly 1 eV wide, centered around EF'
' Tﬁe origin of this peak becomes readily apparent upon comparison of
‘the two respective band structures. In the zero spin-orbit case, thefe

is a band crossing at 1.4 eV below E_ at the point W in the Brillouin

F
zone. Since the slopes of the two bands near this point (w3) are
smbotﬁly‘varying and non-zero everywhere invthe vicinity of the cross-
ing, there ie no "peaking" of N(E) in this region. The highest energy
w—poinf, W!, is nearly degenerate (within ~0.07 eV) Wich X%,‘and the
band conﬁecting these two points is very flat; thus N(E) 'peaks" in
thie region, giving-rise to the sharp edge of the high-energy peak’
in N(E), as shown in the figure. |

When the spin—érbit term is introduced into the Hamiltonian, the
_character of the bands in the region between X and W cﬁanges. The
+

two-fold degenerate level_Xf is eplit into X;(Xg) and.X6

5 (Xl)’ separated -

by 0.75 eV, and the band crossing at w3 is lifted with the introduction
of a 1.1 eV gap’between.the two lowest p-bands at this point. It is

this lifting of degeneracies that is responsible for the changes in N(E)



00 wUod6027

-163-

near the.Fgrmi level. The primary change in ;hisvrégion is thé appear-

‘aﬁée bf a squaré-éhaped peakvfor -0.2 td -1.2 eV. Thié peak'ariseé'

~ almost totally from the middle p—bqnd between X and W. The‘upper‘

(0.2 eV) edge of this peak'is due to the high-state~density region
near szxl), while the iower‘edge arises from the w6(W3) regioﬁ. 'Iﬁ

' addition to this, the opening of the 1.1 eV_gapvbetween'w6(w3) and
w7(w3) haé important consequences. Aslcan be seen iﬁ comparing the
N(E) cufves with and without spin-orbit splitting, N(E) has a much
lower minimum at -1;5 eV with Spin;orbit splitting than without. ihc
"missing" state density shifts to lower emergy, raising the‘f3 eV peak
'in:N(E) aﬁd,giVing it a square top.

The effects of these changes on the_photqemission spectra were
exéﬁined by truncating the N(E) curves at EF and broadening them with .
a 0.6 eV fWHM Gaussian function in order to account for instrumental
resolution. The results are seen in Fig. 6; It is evi&ent that when
instrumental reéolution is considered the zero—spin—orﬁit N(E) gives
only a ﬁeak and a shoulder, while'the spin—orbit‘éplit N(E) yields
tQQ peaks. |

In order to test our assignment of the p-band splitting in the
photoemiséion spectﬁum, we systematically varied the'pﬁrameters respon-
sible for the p-band shape. This involvéd bascially 3 barametcrs, a

| p_p diagona1_matrix element (e.g. <py | H |_px)) aAp—p off-diagonal
matrix element, (e.g. <p¥ | ﬁ ] §2>) , and a matrix element miking
s- ané p—funétiohs, all between nearest heighbors. There was also a
éecond nearést neighbor p-p diagonél matrix-element in thg calcu[uLions;

however, it was a factor of seven smaller than the smallest of the
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above and had a negligible affect on N(E). The obser?ed spectrum
allowed for surprisingly little variation in these parameters. Thev
: off—diagonal term determines the position of the lerst L~point and
thus the total bandwidth. Its valué is therefore fixed very accurately
by the exper;ment. In addition the lowest X point must lie‘very near
the absolute bottom of the b;nds, since, if it did not, an ipflection
pbint on. the high—binding—energy wing of N(E) would be apparent, where
 in féct»hone is observed. This serves as a bound on thg p~p diagonal
matrix element, as it largely determiﬁes.the,position of this.X point.
The s-p mixing parameter is not essentially fixed by bandwidth consider-
ations, and thus may be varied within reasonable liﬁitswithout prodgcing
glaring inconsistenéies. The most important effect of the variatién
of this parameter is that it alters the intensity of the two peaks in‘
the spin-orbit split simulated épectrum; It had relatively little
effect on the zero-spin—orbit spectrum, never producing anything more
than a peak and shoulder structure. Our final choicé for the value of
jthis parameter represented a compromise between agreement with the
photoemission spectrum and with tﬁe Fermi surface data discussed below.
Andersonvénd Gold9 have given a very complete discussion of their
de Haas-van Alphen effect measurements for lead. The band struéture
they calculate matches the extremal areas of the Fermi surface very
well. .It'is therefore likely that this band structure 1is reasonably
accufate in predicting the values taken by the wavevector K of the bands

-‘as they cross E We have calculated some of these dimensions from our.

P

spin-orbit split band structure. These are shown in Table I compared

with the analogous dimensions calculated by Anderson and Cold,9 Loucks}o



e

'EF, so ‘that any slight adjustment of E

i
s
G
L
=
§ g

~

o
N

~165-

2, ~ . _ . - '
and Breeze. As can be seen, our calculations are -quite comparable

}to_the RAPW results, The one dimension, 3411, where the discrepancy

is Serious is a region in:ﬁhich ghe band is ﬁeafly flat in crdsslng
F could’impro?e this.value éreatly
without significantly affecting'the other dimensions.

The optical propertiés of Pb have also been measu%ed by Liljenvall
et al.ll.by an ellipsométric_technique.- Iable IT indicates the position
of Sevéral features in the spectrum with tﬁeir fentativé assignm@nts.

Our calculation and the RAPW calculation would appear to yield similar

results. A Karmers-Kronig extropolation of these data, however, implies

the '‘existence of a peak at V4.8.eV, which the authors suggest could be

due to X6(1\4

ture. If the band scheme proposed here is correct, these transitions’

X)) - XZ(Xl) transitions, on the bdsis of the RAPW band struc-

would have to originate near the L-point. Higher energy optical data
might help clarify this point. Mathewson et al.12 generated an optical

spectrum from Anderson and Gold's 4-0PW band structure9 considering

'transitions.throughout the Brillouin zone. As could be expected the

results boré only qualitative similarity to‘the’experimentél spectrum.
E. Conclusions
This analysis of the Pb photoemission spectrum has shown the
following: |
1) The 2-peak structufe in the spectrum is the direct result of

spin-orbit splitting, through the lifting of degencracics and introduc-

tion of gaps between bands and not due to the crystal field interaction,

2) The relative heights of the two peaks strongly reflects the

degree of s-p mixing in the badds,
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3) The observed splitting of 1.8 eV does not'reflect any

fundamental band splitting, but rather the placement of the Fermi level.

tha
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Table I. Comparison of Calculated Fermi Surface Dimensions.
. The Notation Follows Ref. 10. All Distances. are in Atomic units.

(Leaoy & rapw © - opw © This work 4
3-4 .161 - .158 .157 .162
5-6 .242 S .259 .250 244
7-9° | .309 ' .338 318 a2
8;9 202 184 »,_ .199 .193
10-11 | .148 < 146 141 167
Ji2-13 | 242 1239 06 251
al Ref. 2
b) Ref. 10
¢c) Ref. 9

d) with g6p = ,905 eV



‘Table II. Comparison of the Prominent Optical Transitions with
the Various' Calculations. :/All Edergiesare in eVius'-
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| FIGURE CAPTIONS
X-ray photoemission spectrum of the Pb valence band region’
from Ref. 1.

Band structure of Pb without spin-orbit coupling.

‘Band structure, density of states, and simulated XPS spectrum

of Pb; without spin-orbit coupling.

Band structure of Pb including spin-orbit coupling.

Band structure, density of states, and simulated XPS spectrum
of Pb, including spin¥orbit coupling.

a)  XPs vélence band speétrum

.b) calculated spectrum with spin-orbit coupling

. ¢) calculated spectrum without spin-orbit coupling.



tog

Thousands of counts

800

600

400

200

46027 |

R %54

-171-
T T T
S5ds/2 i
5dz/2 ; o
K : "S band" "P band"
B . : /\\ I - :

L \ 45 x40 |

fia

N

0 £
Binding energy (eV) | |

Fig. 1 XBL752-2325



Energy (éV)

-172-

Fig. 2
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