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.ABSTRACT
X-ray photoemission experiments were performed_on sahp1es of magnesium and
| aluminum prepared with atomically clean surféces in ultréhigh vacuum. Core-level
binding energies wgre in excellent agreement with x-ray emission data. Asymmetries
in core-level peaks were observed and are compared wi£hlﬁhe6ry. The Mg KLL
Augér spectrum showed kinetic energies higher than the literature values. Many-
body effects,.iﬁvthg‘form of extra—atomic.relaxation, wé:e éresentbin core
levels and Auger lihes. Both KLIV and KL23V Auger peaks of Mg were observed.
Many-body effects were also manifest as rich plasmon sateilite structure accompanying
every primary peak. The valence-band spectrum wés compéred with x-ray emission

data and with the KL.,_V peak. The spectra were interpreted in terms of energy-

23 .
level diagrams rather than oné—electron "levels". t is_argued that valence=-
band spectra obtained by diffefent methods can be compared”most directly among
states with the same humber of core holes. A hierarchical classification of
hole states is suggested. The effect of the degree of 1oca1ization of the
hole~state on the réiaxation'energies in metals is discuﬁﬁed:ahd shown to be
small. Finally it was obsérved that in several light metais‘the energies

required to remove a valence-band electron or a unipositive ion core are about

equal.
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I. INTRODUCTION

Photoemiésion from a metal is manifestly a many—body process, but the
‘observed spectral features are usually labeled in terms of one-electron quantum
numbers. When interpféting photoemission spectra it is important not to take
the one-electron labels so literally as to neglect the oﬁnipresent many-electron .
effects. Accordingly this paper, which reports a high-resolution x-ray
photoemission study of maénesium {and a partial study of aluminum) under ultra-
high Vacuum conditions, is cast in a format that emphasizes the interplay
between one—electron.and maﬁy—electron aspects of each spectral feature. The
‘advantage of this complementary point of view is underscored in most instances
by superior agreemént between fheory and experiment when both aspects are

considered.

Experimental procedures and results are given in Sec. II. "One electron'
5inding energies of core levels are discussed in Sec. III, with emphasis bn
many?electron relaxation effects. Asymmetries of these peaks are discussed
and compared with theory. BAuger peaks, which involve two-hole states, are
discuséed in_Sec. iv, with relaxation effects again stressed. In Sec. V the
valence band densities of ;tates from photoemission, x-ray emission, and KLV .
spectra are compared. Hole-state localization is treated in Sec. VI. Finally,
energy losses by unbound electrons through the creation of plasmons are

reported in Sec. VII.
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II. EXPERIMENTAL PROCEDURES AND RESULTS
These x-ray photoéﬁissiqn experiments were carried out in a Hewlett-
Packard 5950A;ESCA Spectrometer that had been modified.for_ulfra-high—vacuum
opefatioh. -Sémples.with'atomically clean surfaces were prepared by Vacﬁum
evaporation of 99.55% pure magnesiu@.or 99.999% pﬁre aluminum in a sample
preparation chaﬁber having a bése pressure Qf 3 X 1'0-9 Torr, followed by
_,xapid‘transfer ig:zgggg to the analyzer chamber, whichIWas maintained at

11

6 X 10~ Torr, as measured on a nude Bayard-Alpert ion gauge. Photoemission

was achieved bY'irradiating the sample with monochromatized AlKo X-rays

1,2
(1486.6 ev).

Spéctra:covering'the electron kinetic—énérgy range 200-1500 eV were
takenjfirst.to insure sample purity. In addition to photoelectfdn'lines
expecfed from the atomic levels of Mé, there were KLL and KLV Auger lines

‘in the lQSO-lZSO;eV‘region. Also érésenf were'qharactéristic eneréy loss
(piaSmén) satellitesvassociated wiﬁh'every liné. The full-energy spectrum

» proﬁidéd ah effective in-situ chemical analysis of the first few atomic layers
of the sample: ;.e., those from which thé-electroné thatvappear invthe full-
energy‘lines are ejected. Thé absence of any lines that could not be
attributed to Mg indicated the absénce of any impuritiesiin high concentrations.
A careful study.of the kinetic energy regions where the C(ls) and O(ls)vpeaks
would 5e expected allowed us to set upper limits of 0.3 ménolayers on the
amount of each of these two elements present. Additional evidence for the
su;che cleanliness of the sample comes from two sources: the observation.of
a well-formed surface plasmon peak and the absence of oxide satellites on

' : ‘

icore—level peaks. Similar comments apply to the Al sample. Only the positions

and shapes of the Al 2s and 2p core levels will be discussed in this paper,
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for comparison with the Mg results. Characteristic binding energies or kinetic

energies are given and discussed separately in the appropriate sections below.
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III. CORE-LEVEL SPECTRA

'A. One-Electron Core-Level Binding Energqies

The 1s, 25, and 2p spectra of Mg are shoﬁn in ﬁig. i; Each>éore~leve1
.peak is accompanied by several plasmon loss_peéks, which are discussed in
Sec. VII. The core-level binding energies relative to the Fermi energy are
denoted Eg. They are set out ip Table I. Also given are values %roh an atomic
energy level cémpiiatiOn by‘Bearden and Burrl and the Eg(zp) value of
49.5 * O;i ev wﬁich we have read frqm the x-ray spectrum published by
NeddermeYer2 (the *0.1 eV error w;s assigned by us: it is our estimate of the
unéertainty entailed in defining the Fermi energy EF). The values of Eg from
Ref. 1 are less accurate than ours, but more importantly they are higher by |
from 0.85 to 2.4 eV for the 1ls, 2s, and 2p levels, while Nedderﬁéyer's vaiue
for EE(Z?) agrees within the 0.1 eV errors. We believé that this difference
can be attributed to oxidation of the surface of the magnesium samples used
in the earlier photoemission experiments from which Bearéen and Burf'S'valueé
were dérived. Siegbahn, gE_gL.,3 emphasized the importance of this problem
for active metals, and indicated that shifts of V 2 eV in binding energy may
be observed on oxidation. The recent photoemission results of Teﬁeda et al.
on clean surfaces agree with ours.

A good test of the accuracy of the photoemission binding energies
is given by compéring them with x-ray enérgies in magnesium. X-ray energiés
are measured on bulk ﬁaterial ané'are therefore not sensitive to surface
6xidation. An energy-level diagram that illustrates the connection between
x-ray emission and x-ray photoemission energies is shown in Fig. 2. This
'diégram éepicts the hole-state enefgy-level spectrum that is generated by

ejecting an electron from a ls, 2s, 2p, or valence-band orbital in magnesium.
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"Thé lévels are the tfué many-particle energy levels of thevs§stem, with
many;bﬁdy‘relaﬁafion energiés,'etc.; included. The energies of these levels
above the ground étate are equal to the one—eléctron binding energies relative
to the “vécuuﬁ 1é§e1", Eg. Since the binding energy of an electron at the

Fermi energy E_ is just the work function, ¢, it follows that the binding

F

energy of a core level i relative to EF is given by
_F V...
E (1) = i - .
B(1) = EBgl) b . » v (1)

In our experiments the Fermi edge was clearly evident in the valenée—band
. P . g |
spectrum, so EB(1) was measured directly.
The energies of characteristic x-rays are given by the differences

'between pairs of binding ehergies. Thus, for example,

R ' v,.
) = EB(}S) - EB(ZP)

AE(KOL12

| =_E§(ls) - Eg(Zp) . | - (2)

Thus x-ray photoemission energies can be compared directly with x-ray emission
energies. The values of Eg obtained in this work sth excellent agreeﬁent
with x-ray Valueé, as.indicated by columns 6 and 7 of Table I. fhus all three
" of our core-level energies for Mg--1s, 2s, and 2p--are in coﬁplete agreement
~with'x-ray_values.

“The Al gs and‘2p binding ehergies agree only fairly well with x-ray
values. This is.aﬁtributabie in part to thé difficulty of assigning a conQ
sistent Fermi energy, and probably in part to an erroneous xfray 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 environmenf of core-
hole states in oxidized magneéium atoms increases the binding energies ‘of these

states relative to the reference energy E The latter is unshifted in the

-
su:face—oxidizea.éample if no charge buildup occurs. Thus the épparent

binding energies will be too large, as observed in the earlier Mg work

(Table I, column 3). .

Figﬁrev3'shows thevconvénfional ground-state oﬁe—electroh “energy;
level" diagram that has been used traditionally in discussing both x-ray
emission and photoemission d'ata.5a’b Since theée one-electron “leveis"
dovnot really exist, this type of diagram is of course only an approximation
to reality. As such, it can be very useful in discussing gross structure, such
as the identities of transitions. In explaining subtle effects such as chemical
shifts or many-body relaxation eﬁergies, however, in both of which the final

' state plays a large role, diagrams such as Fig. 3 are inadequate of even
misleading. The reader can easily verify thié statement by aftempting to
interpret the resﬁlts reported in this paper using Fig. 3. We therefore
advocate using diagrams like Fig. 2, thch depict the true energy levels of
the system. ParrattSc has discussed this point in more detail. - A

The measured core-level binding energies are in good agreement with'
theory. To make the comparison we must first add to Eg(i) the measured wogk
functions ¢ = 3.7 eV for Mg and 4.2 eV for.Al6 to obtain the "vacuum"” binding
energ? Eg(i), accdrding to Eg. (1). The values of Eg(i) so obtained are

listed in Table II. Theoretical core-level binding energies for free atoms,

Y . '
EB(l), are also listed. These values were calculated by Siegbahn, et al.

o
<
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using an optimized Hartree-Fock-Slater approach devised by Rosén and Lindgrén.8
As relativistic.héle-state calculations, these E:(i) values contain every
sizable effect'ekéept electron correlation. A fairly accurate estimate of
: corrélation effects on the 1ls and 2s binaing energies can be obtained by simply
.using results of Verhaegen, gE_gl.g and of Moser, gg_gl,,lo for neon binding
energies. Atomic binding energies of Mg and Al corrected in this Qay for cor-
relation in the 1ls and 2s cases, are listed as Eg(i,corf) in Table II. These
~estimates of the atomic bindingvenergies are believed to be accurate to 1.0 eV
or better.

‘Comparison of thé best estimates of the core-level binding energies
in free atoms,'Eg(i,corr) (Table II, Col. 3) with the experimentgl values
E;(i) for metallic Mg and Al (Table II, Col. 6) shows the latter to bé lower
by 4-8 eV. This is attributable to a many-body effect: the extra-atomic
relaxation of conduction-band states toward the coré—holé state during photo-
emission to form a semi-localized exciton state in which the positive charge

11 A théoretical model that estimates the core-level

of the hole is shielded.
binding-energy shift due to extra-atomic relaxation in terms of atomic two-
electron integ:aié was described earlier.12 Application of this model to Mg,

for example, gives the estimates of extra-atomic relaxation energies due to

the hole-state polarization potential

1

O |

< ea - ) ~ 0 _
1s]vp |1s Mg [F(1s,3p)

1
G (2s,3p)]Al-

o=

(25]v®®|2s Y = r%(2s,3p) -
[voil2s Y, p

IR

o=

(2 ea ) 0 - _ 0 _ i 2 .
plvp [2p Mg [F~ (2p,3p) G (2p,3p) - 75 G (2p,3p) ],
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Similar expressions apply to Al. The binding-energy shifts are then given by

v ~ A _ 1 _
Ej(theo) = E_ (Vp ) . S (3)

. .
~

Relaxation-energy shifts, eétiﬁated using this model ;hdfﬁénh's integrals,13

are given iq Table II, column 4. Column 5 lists theoretical estimates of Eg

in Mg metal, after correction for this many-body screening effect. These

values are to be éompared to the experimental results'invéolﬁmn 6. Considerin?.
the estimated accuracy of #1.0 eV in E:(corr)'and the-ééptéximate néture of

our relaxation model, the agreement is gratifying. Cqﬁpdiison of columns 3, 5,

and 6 in Table II underlineé the importance of extra;étOmig relaxation and supports
the above model as a reasonably accurate method for esfiﬁating the sizelof this

effect.

B. Line Asymmetry

Another manifestation of many-body relaxation‘éffgcts in the core-level
photoemission is the asymmetry of the full—energyvpeaks.; Following the earlier
work of Mahan,14 Ahderson,15 and others, which suggested that the cOﬁpling of
the final-state hole to the conduction electrons could be an importént effect
in spectra involVing electronic transitions in'siméle frée-electrdn metals,
there has been_cdn#iderable discussion of this model,l§ pé;ticular1y in
refgrence to tﬁe fheoretical understanding of experimental x-ray absorption
and emission edges in Li, Na, Mg, and Al.. Several alte£native explanations_
have also been bffered, principally by Dow and co—workérs,l7 involving Auger
and phonon’broadéning proceéses. Experimental data releQant to these questions
have not kept pacé with the theoretical developments.

Photoelectron spectra of core electron lines in.métals offer the

possibility for sensitive tests of the various theoretical models; in particular
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it is expected that such electron lines will exhibit an asymmetry, being broader
. s s ' . ... 18 . 19 _ ,
on the high binding-energy side. Citrin and Hufner et al. have recently
reported x-ray photoelectron spectra which exhibit this asymmetry to varying
degrees in sodium and in a number of 44 and 5d metals, réspectively. In the
14,16 o . . .
Mahan model © the asymmetry is due to the creation of low-energy conduction
electron-hole pairs by the coupling of the final-state hole to the conduction
| . . . 17,
electrons. This interpretation has been vigorously disputed by Dow et al. 20
There is clearly a need for quantitative measurements of the asymmetry
. . ) ) .21 Co.
in XPS core-level spectra. Doniach and Sunjic have suggested one simple way
in which this may be accomplished; namely, by measuring the peak asymmetry
index, the ratio of the absolute value of the peak energy minus the half
height energy on the hiéh binding-energy side to that on the low binding-energy

side of the 1ine; These authors have also furnished a table of the asymmetry index

versus the singularity index o, where

' Y 2
a = Z{j 2(22 + l)(ﬁ;ﬁ ,

e

62 being the phase shift of the ch partial wave for scattering of conduction
electrons from the hole potential, in the spirit of the Mahan model.

Several Mg 2s line spectré taken in the present work have excellent
statistics and are therefore amenable to acéurate analyses of this type. There
are no qomplications due to spin-orbit effects if one chooses a core s-level, and
spectfa were chosen for analysis only if there was clear evidence that the
sample was uncontamingted by surface impuriﬁies such as éxygen, carbon,‘or

water vapor. Average values for several Mg 2s line spectra are reported in
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Table III, the quoted uncertainties being derived from the deviations of

individual results from the mean.

20,22
It has been suggested to us

that the variation in asymmetry index
with valency among the simple metals may be of even greater theoretical
interest than the absolute values of such asymmetries. We have therefore

) 23 .23
re—-examined s-core-level XPS spectra from pure samples of Al and Li

with the results shown in Table III. Dow and Sonntag24 have suggested

an empirical prescription (ao = 0.068 rs) for calculating the Mahan exponent
| : 25 '

aO in terms of the electron-gas radius parameter r- This was done for Al,

Mg, and Na by use of the expression for ag obtained by Nozieres and

. . . 1le
de Dominicis, namely

26, _ 2 26 |
-2 Z So.° _ Cn ’
= - 2(25L+1)(w) = o

where £ = 0 primérily; although. the Li soft-x-ray absorption edge did not appear

to follow this rule precisely.
The present results may be expressed in terms of the measured singularity
24

25
, calculated via r and the rule o, = 0.068 r ,
0 S 0 s

indices o of Table III and q
see Table III. These results may then be compared with the form of the o versus
Q, curve as calculated from the phase shifts_ﬁg.2O Such a comparison is shown in
Fig. 4. ©No simple relationship is apparent. A quantitative measure of the
asymmetry in sodium would be of assistance in seeking to clarify this situation.

Recently Doniach22 has pointed out to us that O may be explained in terms
of the change in atomic potentials on core-level ionization. Using this concept,
he has made the rough estimate 0 Vv 1/6 for these simple metals, in fairly good

»

agreement with the present experimental results.
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IV. AUGER SPECTRA

'A. The XKLL Auger Spectrum

Figuré 5 shows the rich KLL Auger spectrum of Mg, observed in the
1050-1250 eV kinetic energy range. This spectrum is supeffiéially very
different from the XKLL Auger spectrum of Mg reported by Siegbahn, et al.

The differences can easily be understood, however, as arising from a rich
plasmon spectrum present in Fig. 5 butvabsent 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 ﬁot émploy ultra high Vacuum; thus the Mg surface
‘must have'beén oxidiéed. This woula account for both the‘absence of plasmdns
and the 1ower'kinetic energies in the earlier work.

‘Usiné the relative kinetic energies repérted for the various Auger
peaks by Siegbahn, gg_gl,,26 together with the known élasmon energies and
relati&e ihtensitiesu(see-Sec. VII), it is possible to locate all five Auger
peakslcorresponding to those repofted by Siegbahn, et al. Tﬁe KL2L3 (;D),:

KL, L (lP) and XL (lS) assignments are obvious, while the KLlL1 (IS) and

152 2Ly

KLlL3 (3P) assignments follow from the anomalous intensities of the plasmon

peaks with which they coincide. Derived energies are given in Table IV.

s : . 2 .
Also given are the earlier values of Siegbahn, et al. 6 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 5 : v ;
E (KLL) = E (KLL) + ¢ + R (TA) . _ (4)

is expected to hold for each Auger component.27 Here
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B?(KLL) = ED(K) - E(LL) , )

is the enérgy difference between the initial K-hole state and the final LL-hole
state in the free atom, E (KLL) is the Auger kinetic energy relative to EF’
and Re(TA) is the total Auger extra-atomic relaxation énergy that results from

differences in the screening-energy shifts of the two-hole and one-hole states

that arise in the metal, as indicated in Fig. 6. Rearranging Egq. (4) we have

il

Re(TA) EF(KLL) - ¢ - EA(KLL)

gV (KLL) - EM(KLL) (5)

where EV(KLL) represents the Auger energy relative to théAvacuum level. Values.
of Ré(TA) derived from this relation are listed in Table IV.

To estimate theoretical values of Re(TA) we can use the model
described by pralczyk, EE.El°'27 in which the screening energy was approximated

by atomic two-eiectron integrals. Applying that model to magnesium, ﬁe

estimate Re(TA) as

R, (TR)), =2 & (2p W, -3 Fls 39, . (6)

vHere the eéuivalent—cores approximation has been used to estimate the two-
eleétron integrals in the presence of core-lével holes. This equation applies
specificaliy to KLL' lines in which both the L and L' holes have 2p character.
Other, similar, equations would describe Re(TAj for 2s-hole cases. In Eq. (6)
the 6‘ terms aescribe two-electron multiplet interactions, as discussed in

detail elsewhere. They have the form
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G0(2p 3p)‘-bi%-G2(2p 3p) -, ' (7)

|

#(2p 3p) = FO(2p 3p) -

etc. Mann's two—electron integrals were used for numerical estimates of Re(TA).'
Resultsbére given in the last column of Table IV. These theoretical éstimateé
are larger than the experimental Qalues b? factots of 1.3 to 1.8. This level

of agreement is similar to that found earlier for other elements.27 It indicates
that thé screening model is qualitatively correct, but that the screening

valence electrons are, as expected, less localized in the metal than in the

'freefatom.
! .

B. 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 arising from the
KLIV apd KL2,3

transition-energy is 1251.1 eV. Combining this with the one~elec£ron K,L23, and

V Auger transitions plus their plasmon satellites. The mean KL2 3V
. N 14

valence-band binding energies, we have

F F F F -
E (KL, V) = Eg(K) - Eg(L,) - E (V) - #(2p_3s ) + R, . (8)

Here é‘(2pc3sv) is the interaction energy between the 2p core hole and the 3s (vglence—
band) hole, and Re is the extra-atomic relaxatién energy afising from the interacfion'
with the 3s holeuof.the scfeening charge attracted by the 2p hole, or vice

versa. It is not the same as Re(TA), because paft of Ré(TA) is included in

S ' L i a2 27 :
the empirical core-level binding energies. In fact Re =3 Re(TA). Using .

E = = = —_
(KL, V) = 1251.1 eV, Ej(K) = 1303.0 eV, E_(L,;) = 49.4 eV, and EL(V) = 2.5 eV

(an average value), we find
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R - 1;4(_29‘:,35‘,) =0.0ev .

This result statés that interactién enexrgy between a 2p'aﬁd a 3s hole in the
KL23V final state is equal to that between one of theséthles and the screening
charge. It is not élear a priori to what extents the:3éAﬁole and the screening
charge are localized, but this result shows that the tQO’mﬁst be localized to

a similar degree.v If both were completely localized inlBs atomic orbitals,

then 4#(2pc3sv) would be given by

#p 3s) = [F° - %—él(2p 3s)],, = 12.5ev
where Mann's inteéialslB were used for the numerical éé#iﬁate. If tﬂe 3s'hole
_‘and the screening'charge were completely deloéalized, Ré_and ;z(zpc3sv) would
of course be much.sﬁaller.‘- |

‘There i$ iﬁdependent evidence for the localized’nature of the screening
charge accompanying-a 2p hole in Mg. In an earlier discussionll and (more

accurately) from Table II, we found that the Mg(2p) bindingvenergy was reduced

by 3.2 eV in the metal relative to the free atom. This is interpreted as arising

from dynamic extfa?atomic relaxation due to screening.v_Thé corresponding
static term would bg twice as large, i.e., Re =6.4 eV:  The large size of this
term—-abouf half»the above atomic estimate--indicates that the screening charge
associated with a 2p hole state in Mg is'"semilocalized",fin agreement with

earlier conclusio';is.l]i Thus | Z(ch3sv) = 6.4 eV in the KL,V final state,

23
implying that the valence-band hole in this state is alsoipartiglly localized

on the Auger-active atom. - }
) . . i ) ’ !
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V. COMPARISON OF VALENCE-BAND SPECTRA
It is instructive to compare the shapes of the KL23V Auger
peak 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 determined

23
by the valenceQband density of states. To facilitate this comparison we note
that the loc;1 denéity of states "on" a magnesium atom Qill be different
whén there is a core hole present than in the unperturbed metal. The excited
hole states of the system can thérefore be classified naturally accordingvto
the number of core hole states and valence-shell Hole states presentﬁ This is.
‘illustrated in Fig. 7, in whichvstates are 1abelea according-to‘thevtype of
hole prgsent (e.qg., 1s) and the core- and valence-hole "quantum numbers" C
and V. The valence-band (local) density—of—sﬁates profile will be different
for the C =1 stafes than for C = 0 states because the core holé attracts
a scfeening charge. We shall denote the aensity of sﬁates in the C. = 1 level
és-pl(E) and in the C = 0.1evels as p(E). In this notation the selection rules
are A(C + V) = 0 for x-ray transitions and A(C + V) = +1 for photoemission and.
Auger emissién; with‘fhe fofmer going upward and the 1attef downward in ehergy.
The transitions Qith which we are concerned in Mg are shown in Fig. 8.
Valence-band photoemission to thé 35(01) state proqeeds within the
C = 0 manifold: vtherefore it can in principle measure P(E), in the approxi-
mation_that effects such as cross-section variation across the band and dif-
ferential final-state relaxation may be ignored. By this argﬁment thé expérif
" mental spectrum of the Mg Qalence.bands (Fig. 8 top panel) should give a good

representation of pP(E). We shall defer a discussion of whether or not it does,

pending the outcome of cross-section calculations currently underway. We note - .-
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that the experimental spectrum does not have the simple shape that would naively
be expected on the free-electron model; viz, a monotonic increase of intensity

and a sharp drop at E_.

with energy to EF P

v 2 _
Th x-ray emission spectrum of Neddermeyer is reproduced

e Iy,3
in Fig. 8_(middle panel). The sharp peak at EF in this spectrum has been variously.
attributed to a many-body effect--the Mahan ahomaly——or to (one-electron) band-
structure effects. There is no evidehce whatever for such_é peak in the photo-
emission spectrum (the 0.55 eV FWHM instrumental resoluﬁiQn of our spectrometer
would broaden suéh a peak if it were present, but could not.obscure it

completely). This does not necessarily mean that the peak could not be a band—_
struéture effect, because the "local density-of—sfates" profile studied in thé

XPS experiment is that of the C = 0 states, with no core hole present. If
variations in relaxation energy and cross—section effects across the band can

be ignored, XPS would therefore yield p(E). Under similar assumptions XES would
give pl(E), since C = 1 in the initial state (the 2p hole sfaté) in this case.

A better comparison can be made between the L

23 XES spectrum (Fig. 8, middle

panel) and a KL 23

V Auger line (Fig. 8, lower panel). 1In the KL,V Auger transition,

2,3
both initial and final states belong to the C = 1 manifold. Thus, again neglecting
cross-section and relaxation variation across the band, this line should measure

Ol(E), as does the XES spectrum.

The KL, .V peak has approximately the same width as the other valence-

23
band peaks (6-7 eV). Like them, it is relatively steep on the high-kinetic-
energy (Fermi edge) side. Its shape differs in detail from those of the XPS

. and XES peaks, however. It shows no strong evidence for a peak at the Fermi

edge (a shoulder is present), thus suggesting that the XES peak is a collective
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effect rather than a density-of-states effect. In addition, the KL V Auger

2,3
peak is more peaked about 2 eV below the Fermi edge than are the XPS or XES
peaks. We interpret this as evidence that the 2p hole state tends to attraét
valence.statesband éoncentraté them on the host Mg atom, yielding a peak in
the deﬁsity of states. . It would be premature to interpret the valence-band
spectra iq Fig. 8 further at this time. We cén, however, conclude that the
x-ray anomaly probably arises from causes other than the density of states,

that»pl(E) differs from p(E), showing the effect of screening of the 2p hole

on the valence band, and that cross-section variation is important.
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VI. ON HOLE-STATE LOCALIZATION

It is instructive to compare the valence-electron binding energies

in free atoms with those in the corresponding metals. We_wish to focus particularly

‘on the question of hole-state localizatidn and extra-atomic relaxation energy
effects in the metals. The energy-level diagram appropriate for this com-

parison is shown in Fig. 9, for the particular case of sodium, a simple

.y . \ . 2 .
monovalent itinerant-electron metal. Optical atomic data 8 have been combined

. . 29 . .
with the cohesive energy, the work functlon,30 and the valence bandwidth -

in constructing this figure.

Let us consider two features of Fig. 9, both of which obtain for metals

generally: (1) The average binding energy of the least-bound electron is

. . ) . . \Y A
substantially less in the metal than in the free atom; 1'e"'EB < EB, and

(2) It takes about as much energy to remove an electron from the metal as it

.. s . . V.o .V, + .
dpes a unipositive ion core; 1i.e. EB = EB(M ). Before proceeding, let us

. v , . Lo
define EB, the average valence-electron binding energy relative to the

vacuum level.
v . e
For monovalent metals EB presents no problem; it is simply

the work function, ¢, plus the additional energy that it takes to reach the

~average energy in the valence-band final-state peak. For a free-electron band

this giveé

v
B=¢+(2/5)v(EO—E) .

Here E0 is the binding energy of the most tightly-bound valence electron state

{analogous to the "bottom" of the band in a one-electron initial-state description),

and EO - EF is the total spectral (i.e., final-state) band width.
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For divalent or trivalent free-electron metals such as Mg or Al a fairly con-

sistent definition of Eg could be obtained by integrating the final-state valence-

band profile (density of States) from E_ up to the energy at which 1/4 or 1/6,

F
respectively, of the density-of-states area is used up. This is a somewhat
arbitrary procedure. Its approximate validity can be appréciated by considering
a limiting case in which the individua} valence bands Qere nonovérlapping. In
that case the least-bound orbital in the.free atom wouldvcérrespond to the

valence band nearest E.. With this approach the coefficient of’E0 - Eg in the

“above 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

Ev < EA for valence electrons in several light metals. The results are

B B o

. . A -V, .
displayed in Table V. The difference EB - EB is always positive and ranges from

2 to 6 eV. Wigner and Bardeen3lvexp1ained_the magnitude of the work function
(and thus this difference) in 1935. Their arguments were based on free--
electron description and the Wigﬁer—Seitz sphefe model,,aﬁd they considered

only alkalis, obtaining good agreement with experiment.“An interesting dis-
cussion of this model has been given by Haug.32 Recently Lang and Kohn have
presentéd a theory for the work function based on an inhomogeneous electron gas
mbdel with pseudopotential corrections, and with surface effectsvtreated |
carefully. Their theory predicted work functions of simple metais well (to
within 5-10%) and those of noble metals fairly well (within 15-30%) . Thus the
decreasé in valence electron binding energy from atoms £o metals, or alternatively
the value of the work function, is adequately explained‘dn a free-electron model.

. vV ..V .
The second observation above-~-that E_ = EB(M+)’ 1s deduced by com-

B

. .. \Y% A . ' . :
paring empirical values of EB and EC + EB. Since the latter sum is the energy
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required to remove an ion core M and a valence electron from the metal, it

—— N

A \Y . .. .
- follows that EB(M+) = EC + EB - Ey, at least for an infinite solid. That
+, o~ 1, A . " . . .
EB(M ) = E%EC + EB) as shown in Table V is less expected. It is satisfying

'in a rathef gualitative way, referring to a model of free-electron metals on
vthe "jellium" level, that ion cores and valence electrons should have nearly
equal binding ehergies, because a positive or a negative charge is being
reméved from the jellium in the two cases.

On reflection the reason for this binding—energy'similarity is not so
oﬁvious. Valence—-electron emission from a simple metal is usually understood
as being accémpanied by negligible relaxation energy‘among the remaining N
eiectrons, because the electron leaves a smeared-out frée-electron Bloch
state. By contrast the ion core is manifestly localized; and its departure
must.se accompaniedvby substantial rearrangement of the:remaining'electrons.

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

level electron binding energies in atoms and metals,
A . v
A = - ’
EB(core) EB(core) EB(core)

and the differences between valence-electron binding energies,

-

_ A \% '
AEB(V) = EB(V) - EB(v) .

; Such. comparisons 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
' AEB, nor does it approach zero for valence electrons. Since the core-

level shifts were attributed to relaxation of the valence-electron
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gas.to screen the localized final-state cére hole,‘oﬁe might be tempted to
infer (incorrectly) from the above variation of AEB that valence

band holes were also localized, whereas Wigner and Bardeen31

obtained good values for the work funqtion by assuming ihe opposite~-that the
valence-electron hole is completely delocalized.

Before explaining this apparent contradiction, let us make two general
observations. First, the distinction between core electrons and (free) valence
electrons is somewhat arbitrary. Some bands in most metals should show
properties intermediate between the two extremes. Second, if similar valﬁes
of AEB(V) or ¢ can be estimated using either localized- or delocalized-hole-state
models, then agreement of experiment‘witﬁ these estimates does not carry

-

implications about the degree of localization of the hole’state. Although

the Wigner—Bardeen31 model, based.on a hole in a free electron gas, produced
work functions in good agréeﬁent with experiment, this does not necessarily
imply'that the hole state is deloqalized. Even if the hole state is delocalized
the "solid-state shift" will be about the same as for a localized hole, as

we shall show below.

Let us first compute the work functions for several simple metals on
the assumption that the valence-shell hole states are completely localized
on single atoms. Referring to the energy-level diagram in Fig. 9, the

expression for ¢ in an alkali metal is

E._ , (9)
VB

Here the cohesive energy per atom appears because the removal of one valence

" electron from a monovalent metal effectively breaks one atom's bonds. The
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Eg(v) term, which can be obtained .from optical data, gives the energy required

to remove a valence electron from an atom considered alone. The extra-atomic

relaxation energy, ER, has been Qiscussed earlier, particularly in connéction -
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 usually available, the difference (E&B - EF) can be
obtained empirically and subtracted to obtain the work-function energy ¢;

Assuming the valence-band hole to reside on a single atom, we can estimate

the extra-atomic relaxation energy from atomic integrals as

E;(Na) = % r0(3s,3s) -
for sodium,'fbr example. Hére the valence-band hole is assumed to be shielded by
s-band valence electrons. The factor of 1/2 arises because this is a dynamic relaxétion
bProcess. Table VI gives work functions calculated on this model. The resulfs fqr
‘monovalent metals agree quite well with experiment. Aiso given in Table VI afe values
calculated by Lang and Kohn33 on an itinerant electron model.

For polyvalent metals this simple model can éive qualitatively reagonable
results, but it is not clear what fraction of the cohesive energy should be
included in the expression for ¢. 1If all of Ec is included, the yalues of ¢
estimated for Mg and Al (Table VI) are about one eV too high. If only a
fraction of Ec is included the agreement would be improved.

It is no accident that this mbdel gives estiﬁates of ¢ very similar
to those obtainéd from the Wigner-Bardeen ﬁodel. In fact the terms in the
expressiénsvfor ¢ in the two models can be related term by term, and it is
instructive to do so. Equation (9) of the Wigner-Bardeen paper is, in their

original notation,
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2 2 2 2 -
= + - =—F - 0. + 0. - .
¢$=I+H 3 F-0.6e /rs 0.458 e /3rs e rf (rs) + eD (10)

Here thei; 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. Since the
band»width is §-F, the %—F term is juet the ehergf difference between the
mean energy and the Fermi energy;' This. is e#actly»equivalent to our (EQB - EF)
term, which measures the difference between the mean binding energy and that
of the least-bound electron. The 0.6 ez/rs and 6.458 e2/3rs terms are
Coulomb and exchange energies, respectively. The correlation energy texm,
in f'(rs), is not included in our simple approach (it could be), but it is
small. Estimates ef e2rsf'(rs) for Na based on the Wigner-Bardeen model and the
Bohm-Pines model give 0.11 eV and 0.14 eV, respectively. Finally the surface
term eD, elthough interesting, is also relatively small. It could be included
in our simpie model but Qe shall omit it for brevity.' Wigner and Bardeen3
set D = 0. Lang and Kohn>° have discuesed the eD term in.detail.

With the last two.terms in Eg. (10) neglected and the first three
identified with three in Eq. (8) the agreement of these two.expressions
for ¢ rests on the similarity between the remaining term in each; i.e., between
ER and 0}447 e2/rs (= 0.6 e2/rs - 0.458 e2/3rs). Both of these terms are made
up of Coulomb and exchange contributions. . The first describes the dynamic
relaxation energy associated with valence-band electrons relaxing to shield
an electron hole localized on a single atom. By analogy one would expect the
secona to be the dynamic relaxation energy of the valence band electrons

relaxing to shield an itinerant electron hole (a "Coulomb hole" for the

Coulomb energy and a "Fermi hole" for the exchange energy). That this is a -
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valid interpretation can éasily‘be shown by re-deriving the Wigner-Bardeen result
using this picture. We shall do so for the Coulomb enérgy. First we note
that ER for the localized-hole model is readily obtained as a matrix element
of the "polarization potential™” Vp = v* -V of Hedin_anvaohansson,34 where
v* is the Coulomb potential with the hole present.and V is the potential with
the state occupied. Specifically, | |
ER=-%(ih$Li)_ .
where 1 denptes the eigenstate of the electfon in question. Applying this.
approach to the free-electron model and using the expression 3e2/r; - e2r2/2r2
as the potential due to the s sphere, we find, on inﬁegrating over’the s
'sphere, a Coulombic relaxation energy |

I

-1 .
4ﬂr2(3e2/2rs - e2r2/2r:)dr] [4ﬂrg/3] = 0.6 e2/rS .

This is of course the result given by Wigner and Bardeen, butAdefived from the
point of view of relaxation of the valence-electron gas toward the itinerant
hole state.

f A numerical comparison of the relaxation energies calculated on the
v  Ewo models is very encouraging. For Na, thé values are

Localized 3s hole state:

. 0
ER = F

N[

(3s,3s)Atomic Na = 2.93 eV .

Delocalized hole state: -

2 2
ER = 0.6 ? /rs - 0.458 e /3rs = 3.05 eV

Similar agreement is obtained for other alkali metals (Table VII).
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We_may summarize this section by noting that the!binding energy
accompanying the removél of a charged particle from a»mééal contains a many
body term--the relaxation energy arising from polarization ofvthe electron gas
toward (or away froh) the resultant hole. This relaxation energy amounts to
a few electron volts and.is not strongly dependént on whether the particle is
a (monovalent) ion core, a corevelectron, or a valence electron. Ffom the
similarity of the last two cases we can dréw two imporént conclusions: _(1)

Differential relaxation across the valence band is likely'to be small in

metals. Therefore this effect should not cause large discrepancies between
initiéifdensitiés of states and photoemission spectra. (2) Relaxation energies
are not strongly dependent on the degree of localizatioﬁ of the hole state, and
therefofe vary not only continuously, but little, from core- to valence-electron
states. Explanation of the work’function in terms of relaxation of the glectron
gas about-é "Coulomb hole" closes a possible cohceptual hiatus between core-
electron binding energies, which are well-known to have é»contribution from
extra-atomic relaxation, and valence=~electron binding energies, which are
‘sometimes regarded as having no relaxation céntribution beéausé thé vélence
electrons are delocalized ih the initial étate. We do not suggest that valence-
electfon holes in simple metals are in fact localized; the above discussion simply
showg that the existence of a reiaxation—energy term, and.the value of the work

function has little bearing on this question.
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VII. PLASMON LOSS SPECTRA

Each distinét spectral feature arising from an electron being ejected
from the'Mg_and Al samples showed ch;racteristic satellite structure cor-
responding té energy losses by some electrons through the formation of plasmons
of ¢haracteristic‘energies. Only the Mg plasmons will be discussed hefe, as
the Al plasmons have been reported_before.23 Plasmoﬁ férmation is a well-understood
many-bbdy'effect.

Even the valence band peak in Mg had thrée identifiable plasmon
satellites, as shown in Fig. 10. Also shown is the'best—reéolved plasmén
structure thatvwe were able to obtain in this work, on’ﬁhe 2p line of Mg. The
asymmetric shape of the first bulk plasmon peak is evident. °‘The surface plasmon
peak is clearly resolved from the bulk plasmon peak, and a peak that we can
assign to one bulk plus one surface plasmon (P1 + PS in Fig; 10) is partially
resolved. Sincevthis work was carried out on a polycrystallinévsource with
a wide acceptange angle, the energy reéolution is not comparabie'to that
available from electron energy-loss stqdies, but reliable plasmon energies can
nevertheless be obtained. Derivea plasmon energies are set out in Table IX.

Our weighted average values of

7.3(1) ev

flwp (surface)

hwp(bulk) 10.7(1) ev _ -
are in excellent agreement with the values of 7.1 and 10.6 eV givén by Powell

' 35
and Swan. Our ratio

w_(bulk)

wp(surface) 1'4? !
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is slightly smaller than theirs (1.49), but still well. above the value V2

" expected on the simplest theory.
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"Table I. Magnesium and aluminum core-level binding energies and differences (in eV).

F ' F

nt Ep | B . E_ (n2) - B (L, ) By - EB(L2,3) E (nd) - Eg (L, ;)
This work Ref. 1 = ° Ref. 2 Ref. 4 This work x-ray, Ref. 1 Ref. 3

Mg 1s 1303.0(1)  1305.4(4) - 1303.0(2) | 1253.6(1) . 1253.60(2) 11256

Mg 2s 88.55(10)  89.4(4) -- 88.5(2) 39.15(10) 39.2(1) " 38

Mg 2p 49.4(1) 51.4(5) 49.5(1) 49.6(2) J— - —

Al 2s 117.99(6)  117.7(4) - - 45.15(9) 42.80(15) , 44.7

Al 2p 72.84(6) 73.1(5) - - - - -

£€zee-1a1




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

nf E:(ng)b E:(ni,corr)c . %.<n2|vp|;2 yd Eg(nl;theory) Eg(nl,expt)
Mg 1s 1312 1312.6 . 5.1 ©1307.5 _‘ 1306.7(1)
Mg 2s 97.7 : 96.6 ’ ‘ 4.9 _ | 91.7 92.25(10)
Mg 2p 56.3 -- 4.9 | 51.4 . 53.1(1)
Al 1s 1569 . 1569.6 6.3 ' 1563.3 1562.4(5)¢
Al 2s 128 . 126.9 6.0 1209 , 122.2(2)
Al 2p 80.6 - 6.0 . 74.6 | 77.0(2)

a , . .
All energies are given in eV.

-g€-

bFrom Ref.'7.

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

-

dSee Ref. 12.

e L : . . ,
~From x-ray absorption data by K. Langer, Soft X-Ray Band Spectrum, ed. by D. J. Fabian (Academic Press,

1968), p. 62. Error eétimate is ours. : .

£Zee-191
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Table III. Asymmetry of XPS core-level 1ine$.
. Asymmetry ' '
Line . o , r (Ref. 25) o.(Ref. 24)
index s ‘ ) 0
Mg 2s 1.27 £ 0.04 0.132 * 0.012 2.65 0.180
Al 2s 1.35 * 0.02 0.161 * 0.008 ‘2.'0_7 - 0.141
Li 1s 1.42 * 0.10 0.18 * 0.03 3.25 0.221




Table IV.

KLL Auger energies in magnesium (in eV).

F F \"4 A
c L. E (KLL) E (KLL) E (KLL) E (KLL) R (TA)
T
ransition Ref. 14 This work This work - Ref. 26 Re(TA) N
. . Theo.
1
KLlL1 (’Ss) 1101 1106.0(3) 1102.3(3) 1088 14.3 18.9
. L _ 7
KL1L2 ( Pl) 1135 1139.8(2) 1136.1(2) 1123 13.1 18.9
3 :
KLlL3 ( P0,1,2) 1150 1154.3(6) 1150.6(6) 1137 13.6 18.9
KL2L2 (lS) 1175 1179.8(2) 1176.1(2) 1165 11.1 18.9
KL2L3 (lD) 1180 1185.3(2) 1181.6(2) 1171 10.6 .18.9 )
3 »
KL3L3 ( PO,Z) not obs. not obs. - 1175 - 18.9

_SE_

ggec~191



Table V. Valence-electron binding energies in atoms and solids (in eV).

b c | —gﬂ

Element, A a 1 A + v e ' £ g
nd | EB(nl) EC ed | EB 5 (EB + Ec) EB(M ) EB(corr) ER(expt) ER(theo)

Li 2s 5.39 1.66 2.4 . 3.4 3.53 3.65 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 3.5

?Reference 28.
bObtained from AHV (in Ref. 29) by Ec = AHV -~ RT.

cReference 6.

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

®Corrected for (bond energy) * (number of valence electrons).
fA v ‘
EB - EB(corr).

9see text and Ref. 11.
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‘Table VI; Calculated and experimental work functions (in eV)
' of Li, Na, Mg, and Al.

a b - o]

Qloc Qnon—local Qexpt
Li 2.95 3.37, 2.33 2.4
Na 2.31 2.83 2.3
Mg ~ 5.10 4.05(0001 face) 3.7
al ' 4.63 3.97 4.2

qrrom Eq. (9}.
bFrom Ref. 33. An average of values for crystal faces is quoted
here, except for Mg.

cFrom Ref. 6.
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Table VII. Relaxation energies accompanying valence-electron ionization in
alkali metals, based on localized and nonlocalized hole models. Energies are
in ev. : '

Metal (ns) ER(loc) E<% Fo(ns ns)a .'ER(itin) = 0.447 e2/rsb
Li(2s) . 3.18 o ©3.71
Na (3s) 2.93 ' ~ 3.05
K (4s) _ | 2.34 - 2.45
Rb (5s) 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.




-39~

Table VIII. Plasmon energies in magnesium (in eV).

LBL-2323

Primary

‘Kinetic Energy

Peak of Primary Psi Pl _ P2 'P3
2p 1437 7.3(1) 10.7(1) ~ 21.5(2) --
2s ’1398 7.4(3)  10.7(1)  21.6(2) --
1s 183 C7.2(3) 10.9(4) © 21.8(4) 32.0(5)
KIL (1D) 1185 - 10.8(1)  21.3(2) -
kL (1p) 1140 = 10.6(1)  21.9(5) --
Valence band 1483 - N 10.8 N o21.4 N 32

Wgtd. Ave.

7.3(1) 'lQ.7(1) 121.4(1)
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FIGURE CAPTIONS
Fig. 1. The 1s, 2s, and 2p x-ray photqemission spectra of atomically clean Mg
| metal, shoﬁing plasmon structure. Binding energies a#e given relative to EF'
Fig. 2. The x-ray energy level diagram for magnesium métal 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 electrqné from Mg atoms, creating a mdre positive environment
for core-hole final states in photoemission and raising théir energies as
shown relative to E.-
Fig. 3. The one-electron “energy—levei" diagram that is conventionally used
for discussing x-ray emission and photoemission.;
Fig. 4. vValues of thé singularity index ¢ as a function- of the Mahan exponent
ao from the present experimental reéults (-) aﬁd from the calculétions of
Dow .and Franceschetti (Ref. 20), shown ——— . See the text for details.
Fig. 5. The KLL and KLV Auger spectrum of atomicaily clean Mg metal. In the |
KLL spectrum only primary peak designations are given. 1In some cases these

coincide or overlap with plasmon peaks.

Fig. 6. Effect of extra-atomic relaxation energies on one- and two-hole states

in Mg KLL Auger transitions is depicted. The energy-level 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.

Fig. 7. Schematic comparison of shapes of KL, _V Buger peaks with XPS

23

spectrum and L emission spectra. The various states involved are classified

23

using C and V "quantum numbers” as explained in Sec. V of text.




Fig. 8.

Fig. 9.
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Uppér panel: XPS valence band of Mg (this work).
Middle panel: L23 X-ray .emission spectfum (from Ref. 2).
Iower panel: Mg KL2 3 Auger spectrum (this work).

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.

Fig. 10. Plasmon structure on the valence-band peak (top) and the 2p peak (bottom).

Note scale changes.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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