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ABSTRACT
In x-ray photoelectron spectroscopy (XPS), a sample is exposed'to
low energy x-rays (approximately 1 keV), and the resultant photoelectrons

are analyzed with high precision for kinetic energy. After correction for

 inelastic scattering, the measured photoelectron spectrum should reflect

the valence band density of states, as well as the binding energies of
several core electronic levels. All features in this spectrum will be

modulated by appropriate photoelectric cross sections, and there are

"several types of final-state effects which could complicate the inter-

pretation further.

In comparison with ultraviolet fhotoelectron spectroscopy (UPS),
XPS has the following advéntages: (1) the effects of inelastic scattering
are less pronounced and can be éorrected for by using a core reference
level, (2) cqre'levels can also be used to monitor thé chemical state of
the sample, (3) the free electron states irn the photoemission process do
not introduce significant distortion of the photoelectron spectrum, and.

(4) the surface condition of the sample does not appear to be as critical

. Work performed under the auspices of the U. 5. Atomic Energy Commission.
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as in UPS. XPS seems to be capable of giving a very good descriﬁtion of
the general shape of the density-of-states function. . A decided advantage
of UPS atAthe present time, however, is approximately a fourfold higher
resolution.

We have used XPS to study the densities of states of the metals
Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag; Os, Ir, Pt, and Au, and also the compounds
ZnS, CdCle, and HgO. The‘ d bands of these solids are obsefvgd to have
systematic behavior with changes ih atomic number, and to agree quali-
tatively with the results of theory and other experiménts. A rigid band
model is found to work reasonably well for Ir, Pt and Au. The d bands

of Ag, Ir, Pt, Au and HgC are found to have a similar two-component shape.



I. INTRODUCTION

‘The energy distribution of electronic states in the valence_bandsl
of a solid is given by the density of states function; p(E). There are
several techniques for determining p(E) at energies within Vv kT of the
Fermi energy, Ef, where relatively small perturbations can excite electrons
to nearby unoccupied states. However, because of the nature of Fermi
statistics, an electron at energy E, well below Ef (in the sense that
Ef - E >> kT), can respond only to excitations of.energy Ef - E or greater.
Because the valence bands are typically several eV wide, a versatile,
higher energy ﬁrobe is required to study the full p(E). The principle
techniques presenﬁly being applied to metals are soft x-ray spectroscopy
(SXS)2’3 ion-neutralization spectroscopy (INS),br and photoelectron épecfb

6,7

troscopy (by means of ultra—violet5 or Xx-ray excitation).

In each of these methods, either the initial or the final staﬁe
involves a hole in the bands under study. Thus the measuring proéessvis
inheréntly disruptive. The actual initial and final states may not'bevsimply
related to the undisturbed ground state,8 and only for this ground_state
does p(E) have precise meaning. Even if the deviatiéns from a ground
vstate description can be neglected, there are complications fér each of the

2,3,4,5

above techniques in relating measured quantities to p(E) Never-
theless, all four have been appiied with some success, and, where possible,
exﬁerimental results have been compared to the theoretical predictiqﬁs Qf
one-electron band theory.

In this paper, we outline the most recently developed of these

techniques, x-ray photoelectron spectroscopy (XPS),G’7 and apply it to



several metallic and non-metallic solids. In Sec. II, the principles of
the technique are discussed from the point of view of relating measured
gquantities to a one-electron p(E). In Sec. III, we present results for

the twelve 3d, U4d, and 53 transition metals Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag,

Os, Ir, Pt, and Au, making comparisons with the results of other experimental

“techniques and theory where appropriate. In addition, results for non-
metallic solids containing the elements Zn, Cd and Hg are presented, to
clarify certain trends observed as each d shell is filled. In Sec. IV,

we summarize our findings.

II. THE XpPS METHOD
The fundamental measurements in both ultra-violet photoelectron
spectroscopy (UPS) and x-ray photoelectron spectroscopy (XPS) are identical
and véry simple. Photons of known energy impinge on a sample, expelling
photoeleéthns which are analyzed for kinetic energy in a spectrometer. |

p

In UPS5,” photon energies range from thresﬁold to Vv 20 eV, whereas XPS
utilizes primerily the Ka x-rays of Mg (1.25 keV) and A1(1.L49 keV). For a
given absolute energy resolution, an XPS spectrometer must thus be v 100
times highef in resolving powér. We have used a double—fééussing air-
cored magnetic épectrometer,g with an energy resolution cofresponding to

0.06% full width at half maximum intensity (FWHM).

Conservation of energy requires that

w =58 B e+ b s (1)

‘where hv is the photon’ energy, E* the total energy of the initial state,

i the total energy of the final state as seen by the ejected photoelectron,




€ the electron kinetic energy, and ¢C the contact potential between the
sample surface and the spectrometer. If Ef corrésponds simply to a hole
in some electronic level j, then the binding energy of an electron in

f

level j 1is by definition E V=g - El; where the superscript v

b

denotes the vacuum level as a reference. The Fermi level can also be used
as a reference and a simple transformation yields

£ _ ' _ '
=R 4+ g + =_E + ¢ + o
hv hb £ cbsp € d>sp > (2)

where ¢sp is the work function of the spectrometer, a known-éonstant.
Positive charging of the sample due to electron emission can shift the
kinetic energy spectrum to lower energies by as much as l’eV for insulating
samples. but relative peak positions should remgin the same. This effect

is negligible for metals.

Returning to Eq. (1), we see that the fundamental XPS (or UPS)
experiment measures the.kinetic enefgy spectrum from whicﬁ we attempt to
deduce the final-state spectrum. This spectrum must then be related to
p(E), as discussed below.

In addition to o(E) modulated by an appropriate transition pro-
bability, there will be six major contributors to lineshape in an XPS'
spectrum. Together with their approximate shabes and widths, these are:

1. Liﬁewidth of exciting radiation--Lorentzian, v 0.8 eV FWHM for

the unresolved MgKo. doublet used as "monochromatic" radiation in this

1,2
study.

2. Speétrometer resolutioﬁ——slightly skew, with higher intensity

on the low-kinetic-energy side, v 0.6 eV FWHM at 0.06% resolution.



3. Hole lifetime in the sample——Lorentiian, v 0.1 to 1.0 eV for
the cases studied here. |

4.  Thermal broadening of the ground state--roughly Gaussian,
V0.1 eV,

5. Inelastic scattering.of escaping photoeiectrons——ali peaks
have an inelastic "tail" on the low kinetic-energy side, which usually
extends for 10 eV or more.

6. Various effects due to deviations of the final state from a
simple one-electron-transition medel.

Contributions analogous to (3.), (k.) and (6.) will be tcommon to all tech-
niques used for studying p(E). A UPS spectrum will exhibit analogous
effects from all six causes. In XPS, there is thus a lower limit of

v 1.0 eV FWHM. Core levels with this width aré>well—described by Lorént~
zian peaks with smoothly joining constant tailslo (see Fig. 1), verifying
that the major contribution to linewidth is the exciting x-ray. The cor-
responding lower iimit for UPS appears to be 0.2'£o 0.3 eV, so that XPS
cannot at'preSent be expectéd to give the same.fine structure details as
uPs.

The effects of scattering of escaping photoelectrons ((5) above)

> 6

can be corrected for in both UPS and.XPS. vThis correction is particu-
larly simple for XPS, however, because narrow core levels can be used to
study the scattering mechanisms. As the kinetic energies of electrons
expelled from core levels v 100 eV below the valence bands are very near
to those of electrons expelled from the valence bands (i.e.,vllSO eV

versus 1250 eV), it is reasonable to aséume that the scattering mechanisms

for both cases are nearly identical.



Subject to this assumption,ll we can correct an observed valence
band spectrum, IV(E), by using an appropriate core level spectrum,_lc(e),

6,10
as a reference. ’

If we construct a core level:spectrum in the absence
of scattering, Ié<€'>’ from pure Lorentzian peak shapes, then Ic(s) and
Ié(s') can be connected by a response function, R(e,e'). Since XPS data
is accumulated in discrete channels, Ic(e) and Ié<€') can be treated as

vectors with typically 100 elements and R(e,e') as a 100 x 100 matrix,

_these quantities being related by

Ic(s) = R(e,e") Ié(e') . | (3)

If we now.maké certain physically reasonable assumptions about the form of
R(e,e"), the effective number of matrix elements to be combuted can be
reduced to. < 100. This permits a direct calculation of R(g,e'). The next
step is to apply R—l(e,e') to the observed valence-bana spectrum, Iv(é),

to yield the corrected spectrum, I&(e'). The Lorentzian widths in Ié(e')
are selected to be 076 - 0.87times the observed widths so that no resolution
enhancement is accomplished by this correction.‘ In addition to inelastic
scattering, we can also easily allow for the extra peaks present in any

XPS spectrum due to the satellite x-rays of the anode, the most intense

of which are Ka3,h. In XPS spectra produced by bombardment with magnesium
x-rays, these satellites produce a doublet approximately 10 eV gbove the

main ( ) peak and with about 10% of the intensity of the main peak

Koy o

(see Fig. 1). The details of this correction procedure are discussed

elsewhere.lo



The application of this procedﬁre to data on the valence bhands of
copper is illustrated in Fig. 2. The strong similarity between corrected
and observed spectra indicates the subtle nature of this correction: the
essential shape and position of the d-band peak is obvious in the uncor-
rected spectrum. By comparison, this relatively high.information contént
in raw data is not found in UPS5 or ion-neutralization spectroscopy.h

An additional advantage of XPS is that the chemical state of the
sample can be monitored via observation of core level photoelectron peaks
from the sample and possible contaminants.6 In this way it is possible
to detecﬁ chemical reactions occurring'in the thin surface layer (v 100 A)

responsible for the unscattered photoelectrons of primary interest.

Furthermore, experimental results for Fe, Co, and Ni indicate that UPS is

e L 6,12
more sensitive to surface conditions. ?

The relationship of corrected XPS spectré to p(E) can be con-
‘sidered in two steps: (1) a one—electron—transitién model;'in which the
appropriate transition probability is expressed-in terms of the photo-
electric cross section, and (2) deviations from the one—electron—tfan—v
sition model.

The cross sgction.for photoemission from a one-electron state j
at energy E will be propértional to the square of the dipole matrix ele-

ment bet&een that state and the final continuum state,
0 () = [Cy,[Fluw + B) e, (1)

where Gj(E) is the cross section and ¢(hv + E) is the wave function of

a continuum electron with energy hv + E. If there are no appreciable



deviations of the final state from a one-electron transition model, the
corrected kinetic energy spectrum will be related to p(E) by
.oo

I'(thv + E - ¢sb) « Jf o(E")p(E")o"(hv + E")F(E')L(E - E')aE' , (5)

where G(E') is an average cross section for all sﬁétes j at E',
p'(hv + E') is the density of final continuum states, F(E') is the Fermi
function déséribing thermal excitation of electroﬁs near thé Fermi.surface
énd L{E - E') is the lineshape due to contributionsA(l), (2), (3), and.(h)
discuséed aBove (essentially a‘Lorentzian).
fhe factor p'(hv + E) can be considered constant over the energy
range pertinent ﬁo the valence bandé, as the final state electrons ére
v 1250 eV into the continuum and the lattice pétential affecﬁs them very
6’13 v T

little. Therefore, the appropriate final state density will be pro-

1/2

portional simply to € This function is only negligibly smaller for

elecffons_ejéctgd from the bottom of the valence bands (€ = 1240 eV) than
for those emiﬁtéd frbm the top of these bands (g = 1250 qv). This con-
stancy of p'(hv + E) cannot be assﬁmed in the analysis of UPS data, how-
ever.5 |

' Any éhanges“in G(E) from the top to the bottom of the bands will
modulate the XPS spectrum in a way not simply connected to p(E);N Frém
Eq. (L) it is apparent that these ch;nées cé; bé.introduced by variations
in either wi or ‘w(hv + E) aéross the bands. The differences in-lbj
from the top to the bottom ofvthe 3d bend in transition metals have been

2,1k T L
discussed previously, ’ but no accurate guantitative estimates of this

effect on the appropriate dipole matrix elements have been made to date.



It is thus possible that in both XPS and UPS 0O(E) varies substantially
from the bottom to the top of the valence bands because of variationbin

the initial-state wave functions. This question deserves further study. -
In XPS, there should be littlé difference iﬁ thé_finalfstate wave function,
Y(hv + E), between the top and bottom of a band, as a 1240 eV continuum i
state should look very much like a 1250 eV continuum state. The effects

of changes in final state wave function on G(E) need not be negligible

in a UPS spectrum, however.

Our discussion up to this point has assumed that the photoemission

procéss is strictly oné;electron; i.e., that we can describe the process
by changing thevoccupation of only a single one-electron orbital with all
othef orbitals remaining frozen. This assumption permité the use of
Kdopméns‘ Theorem,15 Which states thafibinding energies can be eqguated to
the ehergy eigenvalues érising from a solution of Hartree~-Fock equations.
Or, with some admitted errors,l6 the one-electron energies obtained from
non-Hartree-Fock band structure calculations in which simplifying approxi-
mations have been made can be compared direqtly tG a measured binding energy
spectrumn. ‘We illustrate the use of Koopmans' Theérem in Fig. 3a, using
a hypothetiqal level distribution for a 3d transition metal. There are,
~ however, several types of potentially significant deviations from this
one—eléctfbnvmodel. We shall discuss fhese briefly.

The final-state effects leading to theée deviations can be separ- |
ated into several categories, although we note ﬁhat there is considerable V%
overlap.: In a more rigorous treatment some of these separétions might

.not be meaningful, but we retain them here for heuristic purposes.



The\effects are: . ,

(1) ﬁléctrohs in the sample may be polarized around é localized
pdéitiVe’hole, thereby increasing the kinetic energy of the ouﬁgoing
.electron.g In this way, the entire I(e) spectﬁum would bé shifted toward
highef kinetic energy. Poiarization might also occur to ardifferént eXtént;
vfor diffefeﬂt ébre levels, fof different enéfgies'within»the valenceibands,
and forvlevels‘at the samevenéréy_in the Valenée bands, but with different
'wave'vectof{ The latter two effects could act to broaden I(e) reléti?e |
to p(E). . These polarization effects are‘schematically illustrated.in'
Fig. 3b. 'Polarizétiohs will only affect I{g) to the extent that‘the{
Rinetic_engrgy.bf the outgoing electron is aitered, howéver.(cf.'Eq; l).
Sinéé both:poiarization ahd photoemission occur on,a;time scalé of v 16‘16
Sec; it is difficult to aséess the importance ofvthis effect.v‘As thé'.
'Velocity-of aﬁvXPS photoelectron is Vv 10 times that of a UPS phoﬁéelectfon?
the influence of polarization should be somewhat less on an XP35 specﬁfum;;
_héwe?er.

- (2) In addition to a simple,pélgpi;a?iop,,a;logalizedlholegéan
éouﬁlévéfrohgly With localized valence éleé%ronsl7 or with non-localized
valence éle_ctrons.l8 In iroﬁ metal, for example, a 3s hole is found ﬁo
couple invseVeral ways with the 1dcalized d electron moment, giving risé.'

‘to an approximately 4 eV "mulfiplet.splitting" in the 3s photoelectron
béak.lT‘ Also; it has beén predicted ﬁﬂét nog;iocaiized conduction-eléctrons
should cohplé‘with a'localized core or valence hole yielding asymmeﬁric‘liﬁe
shapes in electrcn and x-ray emiséion.la ‘Both of the above éffects;wouiélm
._aét‘to broadenbl(é) spectra, with thevformerLbeing more importani'féf'sys_

tems with a 4 or f shell approximately half-filled. These'effects are

indicated in Fig. 3c.
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It has élso been predicted that the removal of a core or valence
electron.wiil be accomparied by strong coﬁpling to plasma oscillations.lo
This coupling would lead to broad sidebands separated from the one-electron
spectrum by és much és QOVeV.lg

(3) It is alsovpossible that not just one electron is fundamentally
affected in the photoemission process, but'thatvothef electrons or phonons
are simultaneously excited.gO Electrons may be excited to unoccupied bound
states or they may be ejec%ed from fhe sample, and this effect is indicated
in Fig. 3d. The only direct observationé of such electronic excitations
during photoemission have been on monatomic gases, where two—eléctron pro-
cesses are Tound with‘as high_as 20% probability.21 Vibrational exciﬁgtions
have a marked effect on the UPS spe&tra of light gaseous moleculés,egjbut
it is difficﬁlt to estimate their importance in solids. A classical calcu-
latioﬁ indicates that for such heavy atoms as transition metals, the recoil
energy available for such excitations in XPS is < 16—2 éV.7 Also, fhe
observatibn of core,refefence levels with linewidths very close to the
lower limit of the techniéue (see Fig. 1) seems to indicate that vibrétiohal

‘excitation does not account for more than a few tenths eV broadening and
shifting to lower kinetic energy of features observed in the valence-band
region. Thié effect is schematically indicated in Fig. 3e.

For several réasons, then, XPS seems to be capable of giving.mére
reliable information about the overall shape of Vp(E) than does UPS.
However, the present XPS linewidth 1imit of 1.0 eV precludes determination
of any?hing beyond fairly gross strﬁctural features.. With these observa-

tions in mind, we now turn to & detailed study of the XPS spectra.for
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several solids. We note also that the XPS method is applied to p(E)

. . o 5 4
studies in two other papers of these proceedings. 3,2



TIT. DENSITY-OF-STATES RESULTS FOR SEVERAL
3d, 4d, AND 5d SERIES METALS

A. Introduction

Figure b shows.the portion of the Periodic Table relevant to this
work. The fwelve elements ¥e, Co, Ni, Cu, Ru, Rh, Pd, Ag, Os, Ir, Pt; and
Au were studied as metals, while the three elements Zn, Cd, and Hg were
studied in the compounds ZnS, CdCle, and HgO‘to illustrate the positions,
widths, and shapes of filled core-like 3d, L4d, and 54 shells.

Ultra-high vacuum conditions were not attainable during our XPS
measurements, as the base pressure in our spectrometer is approximately
10" 7 torr. Surface contamination of samples is a potential problem, because
the layer:df thé sémple that is active in producing essentially ineiastic
photoelectrons extends only about 100 A in from thé surface (this depth is
not accurétely known ). .Because the contamination consists of oxide for-
mation as well as certain adsorption processes with lower bonding energy
for fhe contaminant, all‘the metal samples were heatéd to high temﬁerature
(700-900°C) in a hydrogen atmosphere (ZLO“3 - lO.—2 torr) during the XPS
measurements.6 These conditions were found to desorb weakly-bound species,
and to reduce any metal oxides present.

As mentioned preyiously, it is possible to do in situ chemical
analyses of the sample by 6bserving core-level photoelectron peaks from
the metai and from all suspected contaminants.6 For all metals, the most
important contaminant was oxygen, which we monitored via the cxygen 1ls.
peak. Because core electron binding energies are known to be sensitive
to the chemical state of the atom?T’QS the observation of core peaks for

! :
metal and oxygen should indicate something about the surface chemistry of-
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the sample. The intensities of contaminant peaks should also be a good
indicator of the amounts present. Figure 5 shows sﬁch results for iron.

At room temperature, the oxygen 1ls ?eak is strong, and it possesses at
least.two components. The iron 3p peak is also complex and appears as a
doublet due to oxidation of a thin surface layer of the sample. Aé the
température is increased in the presence of hydrogen, the oxygen peak
disappears (the right component disappearing first) and the left component -
of the iron peak also diséppears, leaving a narrow peak characteristic of
iron metal. Our interpretation of the disappearing cémponents is fhaf the
left oxygen peak (higher electron'binding energy) fepresents oxygen as
oxide, the right oxygen peak (lower electron binding enefgy) represehts
~oxygen present as more loosely bound adsorbed gases, and that the left iron

6,25 Thus

peak (higher electron binding energy) represents oxidized iron.
at thevhighest temperatures indicated in Fig. 5, we could be confident
that we were studying iron metal. Similar checks were made on all the
other metai samples and oxygen can be ruled out as a contaminant for evéry
case except Pd. (We discuss Pd below.) For example, the core level peaks
for Ru and Ir shown in Fig. 1 do not indicate any significant splitting or
broadening due to chemicsal reacticn. The results presented in Table I
indicate similar behavior for all metals studied. The carbon ls peak Qas
also observed and found to disappear for all cases at the temperature of
our measurements.

All metals were studied as high purity polycrystalline foils, except

: 1
for Ru and Os, which were studied as powders.



i .

The non-metallic samples (ZnS, CdCl,, and HgO) were studied as

powders at room temperature.  Both considerations of chemical stability

1

!
and observations of core levels indicated no significant surface con-

tamination, although high purity for these cases was not of paramount
importance. \

We present below our experimental results for these d group
metals, as well as the results of other experiments and theory. Statistical
error limits are shown on all XPS results. Throughout our discussion, we
shall spéék of "p(E)" as determined by a certain technique, bearing in mind
that no experimental technique directly measures p(E), but rather some
distribution peculiar to the experiment (e.g., the UPS "optical density
of states",5 or the INS "transition density function"h), which is related
to pe(E) in some way (e.g., by our Eq. 5).>

Our estimated accuracy in determining Ef is *0.5 eV, so that pre-
cise comparison of features in XPS spectra with features present in the
results of other experiments (all of which have roughly the same Ef
accuraéy) is not always possible.

Finally, we note that the dominant feature in our results for all
cases is a peak due to the bands derived from d atomic orbitals. The
XPS method is not particularly sensitive to the very broad,»flat, S— O p-
like bands in metals,.and such bands are seen with enhanced sensitivity

only in studies using ion-neutralization spectroscopy.

B. The 3d Series: Fe, Co, Ni, Cu and Zn

. 7
Our results for Fe, Co, Ni, and Cu have been published elsewhere,O

but it is of interest to compare them with more recent results from theory

-
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and other experiments.3’l2 There are now enough data available ﬁhat it
is worthwhilé to discuss .and compare results.for these iron group metals
individually, as Eastman12 has done.

B. 1. l{ég (bcc)

Hanzeley and Liefeld3 have studied Fe, Co, Ni, Cu, and Zn using
soft x-ray spectroscopy (SXS). Their results for Fe, tégether with East-
man's UPS results'12 and our own, are plotted in Fié. 6a. In comparing the
three p(E) curves we note that their relative heights and areas have no
significance: we have adjusted the heights to be roughly equal, in.ofder
-to facilitate comparison. Also the UPS curve is termipated at Ef and is
less reliable in the dashed portioﬁ, for E < Ef—h eV.12 With these gquali-
fications, the overall agreement aﬁong these results from three different
experimental methods 1s really quite good. The functicn p(Ej appears to
be essentially triangular, peaking just below Ef and dropping more or less
linearly to Zer§ at B v Ef—8 eV.

Upon closer inspection however, the agreement is less impressive.
The SXS results are somewhat narrower, but with more intensity above Ef,
probably due to spurious effects.3 There is little coincidence of struc-
ture, although the maxima for XPS and SXS coincide fairly well. A shift

of v 1 eV of the XPS curve toward E_. or the UPS curve in the opposite

£

direction would improve their agreement, but it is unlikely that the com-
bined errors in the lo¢ation of Ef location are that great.

In Fig; 6b, the XPS results are compared to the one-electron
theoretical p(E) calculated by Connolly26 for ferromagnetic iron. The

theoretical p(E) has been smeared at the Fermi surface with a Fermi
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function corresponding to the temperature of our experiment (780°C) and
then broadened with a Lorentzian linesﬁape of 1.0 eV FWHM. It should thus
represent a hypotheticai "best;possible” ¥XPS. experiment in a one-electron
model (i.e.? Eq. 5 with S(E') and p'(hv + E') constant). The agreement
between theory and experiment ié good, particularly above Ef—S eV. The
XPS (or SXS) results give somewhat higher intensity BelOW Ef—5 eV than
theory.  We note that hybridization of the d banas can lead to signi-
ficant broadening of the theoretical p(E) ofv'Ni.lh A similar sensitivity
of the iron p(E) to the amount of hybridization could account for the
discrepancy in width beﬁween XPS and theory.

Our reason for compariﬂg exPerimental.reéults to ﬁggzgmagnetic
instead of ﬁgggmagnetic theoretical prediétions is as follows; In experi-
ments on.ferromagneticvmetals, no significant differences are observed

17

between XPS6’ and INSh results obtaineéd above and below the Curie teupera-

ture (Tc’ where long-range ferromagnetic order shéuld disappear). Further-
more, exchange-induced splittings of cére eiectrdnic levels in iron are the
same above and below TC.17 It thUs appears that localized moments persist
above Tc'for times at least as long as the duration of the photoemission
process. Local moments might.be expected to affect the kinetic energy
distributions of electrons ejected from valence bands and core levelle in
much the same way, independent of the pfesence of long range order. Thus
a comparison'of experiment with a paramagnetic o(E) ‘may be a priori
irrelevant, inasmuch as a ferromagnetic p(E) takes these effects into

account in an approximate way. Eastman12 has also noted that UPS results

for Fe, Co, and Ni below TC ere in general in better agreement with
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ferromagnetic theoretical p(E)'s. Accordingly, we shall compare our
results only with ferromagnetic theoretical cur&es for Ni and Co in the
next sections.

B. 2. Cobalt (fcc)

The experimental situation is illustrated by the three density-of-
states curves in Fig. Ta. The Compariéon is quite similér to that for iron.
Good o&erall agreement is apparent, with less agreement in detail. Eastman's
UpPs curves12 in both cases show structure near the Fermi energy_tha£ is
missing from the SXS3 and XPS results, and at lower energiés the UPS curve
~tends to be higher than the others, especially in the dashed portion where

it is less.reliable.l2

In this region the XPS curve lies between the other
two for Co as well as for Fe. One index of agreement among the three curves
in the full width at half-maximum height, which is about 3, 4, and 5.V for
5X8, XPS, and UPS, respectively.

In‘Fig. Tb, we compare our XPS results to a ferromagnetic theo-
retical curve of Wong, Wohlforth, and Hum27 for hep Co (our experiments
were done on fce Co, for which no détailed theoretical results are avail-
able). The theoretical curve has been broadened in an analogous fashion
to that for iron. The agreement is good for E > Ef—3 eV, but the XPS
results aré somewhat high below that point. In fact, the dverall agree~
ment is probably best bétween theory and SXS (cf. Fig. Ta).

B. 3. Wickel (fcc) |

3,12 We note

Experimental results for HNi are presénted in Fig. 8a.
a slight decrease in the XPS results in the region E < Ef—h eV relative

to our earlier work. This decrease is due to a more accurate allowance
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for a weak inelastic loss peak appearing at v 5 eV below the primary
photoelectfon peaks. The three sets of data show poor agreement, with the
widths of the main peak decreasing in the order UPS, X?S, SXS. The SXS.
resultsvare considerably narrower than the other two‘(FWHM ~ 2 eV, 3 eV,
and 5 eV for SXS, XPS, and UPS, fespectively), but agree in overall shape
with XPS. The SXS results in Fig. 8a were obtained from measurements of
L x—rays.3 Similar work on M x-rays (for which transition probability
modulation may be a smaller effect2) shows somewhat more fine structure
and a FWHM of v 3 eV,2 agreeing rather well with XPS. Nickel has also been
investigated by INSA and a smooth peak of roughly the same position and
width as the XPS peak is observéd. Even with an allowancé for the poorér
resolutioﬁ of XPS, the two peaks appearing in the UPS results are not
consistent{with the XPS curve. |

The various theoretical p(E) estimates for Ni have been discussed

previously.2’12

The FWHM of these estimates vary from v 3 to 4.5 eV, with
the smallest width coming from an unhybridized calculaéion.lh In Fig. &b,
we compare our XPS results to a hybridized, ferromagnetic p(E) for Ni1
which has been broadened . in the same manner as those for Fe and Co. It is
clear that the XPS results‘are too narrow (though they would agree in width
with the unhybridized p(E)lh), aﬁd that, allowing for our broadening, the
UPS resuits are in best agreement with theory. 1In view of the consiaerable
discrepancies between UPS and XPS, SXS, or INS, however, we conclude that

Ni does not represent a particularly well-understood case, in contrast

. . 12
with Eastman's conclusicns.

ks
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B. 4. Copper (fcc)

12,28

The experimental curves from UPS, 8,3 and XPS are shown in

Fig. 9a. There is agfeement in that all curves show a peak between 2.3

and 3.3 eV below E but with UPS showing more detailed structure and a

somewhat uncertain overall wid’th.lg’28 The widths and shapes of XPS and

f’

SXS are in;good agreement though shifted relative ﬁo one another by v 1 eV.

(A more accurate E_. location has shifted our XPS curve relative to ouf

f
previous results.6)' In recent UPS work at higher photon energy
(hv = 21.2 eV), Fastman®’ has obtained results with more intensity in the

region 2.5 to 4.0 eV below E_, and which agree very well in shape and width

f
with XPS and S8XS. For this case it appears that even a slight increase
in photon energy in the UPS measurement causes the results to,iobk a great
deal more like those of XPS. Copper has also beeﬁ studied Ey INSM and
the results for the d-band peak are in essential agreement with XPS and
SXSB.

In Fig. 9b, we compare a broadened version of the theoretiéal
o(E) due to Snow3o with our XPS results. The agfeement 1s excellent,
and would also be so for SXS if we permit a shift of v 1 eV in Ef. The
coincidence in energy of structure in the UPS curve with structure in the
unbroadenédvtheoretical p(E) has been discussed previously,28 but we
note that the relative intensities of the various features noted do npt
in fact coincide with theory.
B. 5. Zinc (as ZnS)

Zinc has been studied by XPS only in compounds, because of the

difficulty of obtaining a clean metallic surface. We present results for
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ZnS in Fig. 10. The 34 electronic states show up as a narrow intense

peak with a FWHM of 1.7 eV and located 13 eV below Ef. (The separation

OE ‘
of this peak from Ef may be too large, because of charging of the sample. )) T

The valence bands are Just above the d peak. The d states of metallic
zinc have been studied also by SXS,” and a péak of FWHM = 1.45 eV, at 8 eV

below Ef, was obtained. Thus XPS and SXS are in good agreement on the

width of these core-like 3d states, which are only about 10 €V below Ea.

C. The 4d Series: Ru, Rh, Pd, Ag and Cd

TheicorrectedFXPS spectra for the four metals Ru, Rh, Pd, and Ag
are shown in Fig. 11. The metals are discusséd separately below.
C. 1. Ruthenium (hcp) . : ' :
Our results for Ru are characterized by a single peak of v L.9 eV
- FWHM. The high energy edge is guite sharp, reaching a maximum valﬁe at
about Ef—l.T eV. The pgak is rather flat, and there is some evidence for
a. shoulder at Ef~h.5 eV. The peak falls off.more slowly with energy on

the low energy side than near E The reference core level widths in Ru

s

were quite narrow, &s indicated in Table I, and spurious effects due to

surface contamination are'uniikely. There are no other experimental or

theoretical results on Ru presently available for comparison with our

data.

C. 2. Rhodium (fce) -
The XPS-derived p(E) can be described by a single triangular

peak, very steep on the high energy side, and reaching a maximum at

E.~1.3 eV. There is little evidence for structure on the low energy side,

f
which falls off monotonically. The peak FWHM of v 4.4 eV is slightly
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smaller than that for Ru. No other experimental or theoretical results
on Rh are available for compariéon.
C. 3. Palladium (fcc)

Our corrected results for Pd have much the same appearance as tﬁose
for Rh, but the Pd peak is slightly narrower with a FWHM of ~v L.1 éV'and'
the maximum occurs at'Ef—l;Y eV. The high-energy edge of the Pd peak is
very steep, and most of the slope must be instrumental. Therefore,‘as
expected, the true p(E) for Pd is apparently very gharp~at‘Ef.

The results presented in Fig. 11 have been corrected for a weék
inelaétic loss peak at 6 eV,.and also for the presence of a small peak
at Ef—lo:eV, arising from oxygen present as a surface contaminant. Sémples
of Pd were heated in hydrogen to approximately 700°C and then studied at
this température with either a hydrogen or argén atmosphere. It was not_:
possible under these conditions (or even by heating to as high as 900°C)
to get rid of the oxygen 1ls peak completely. Fortunately; the only»effect
of a slight oxygen contamination on thei§alence band XPS spectrum of
certain metals appears to be a sharp peak at E_-10 eV (probably caused
by photoemission from 2p-like oxygen levels). We have also observed this
effect for slightly oxidized Cu. Thus we were able to correct our Pd.
results for this peak (which does not affect the region shown in Fig. 11).
A recently obtained uncorrected XPS spectrum for Pd is in good agreemeﬁt

with our results.Bl

32,33

Palladium has also been studied by UPS, and the agreement with

XPS is good in general outline. However, the precise shape of the UPS

. . 5
results below approximately Ef—B.S eV is uncertaln.3 »33



In Fig. 12, we compare our results with the theoretical predictions
of Freeman, Dimmock, and F‘ur<flyna.3)Jr The upper portion of the figure shows
the fine structure of their p(E) histogran and in the lower portion, we
compare our results to the broadened theoretical curve. The agreement
between XPS and theory is good, although the shape of the peak is somewhat
different.

C. 4. sSilver (fcc)

Our results for Ag also éppear in Fig. 11. They differ in several
respects from the Pd curve. The d Dbands are filled and below Ef’ giving
rise to a narrow peak (FWHM = 3.5 eV) with its most intense component.at
Ef—5.3 eV; _Thg edges of this peak are quite sharp, in view.of the instfu«

mental contributions of XPS. The 3d levels of Ag are also

and 3d._ .
3/2 sz
very narrow (see Table I), indicating no spurious linewidth contributions
from instrumental or contamination effects. There is also strong evidence

for a weaker component at v E_-6.6 eV. This two-component structure has

f

-

: .31
also been verified by Siegbahn and co-workers in uncorrected XPS spectra.7’J
Very similar structure appears in the d Dbands of several 5d metals and
we discuss the possible significance of this below (Sec. E.).

5,29,35

Sil&er has also been studied by means of ups, using radiation
up to 21.2 eV29 in energy. The results of these studies (in particular
those attained at 21.2 eV) are in essential agreement with our own, in that
they show a peak of v 3 eV FWHM at Ef—S.O ev.

No theoretical p(E) predictions for Ag are available at the

present time.
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C. 5. Cadmium (as CdCl,)
A corrected XPS-spectrum for CdCl, is shown in Fig. 13. The hd

peak appears. aﬁ 3 Ef—lh.S eV and the valence bands fagll between roughly

5 and 10 eV below Ef. .Thé Ld peak is very narrow (a FWHM of 1.7 eV, com-

pared to 3.5 eV for Ag). As these d levels are quite strongly bound, we

expect them to behave as core states, and perhaps to exhibit spin-orbit

and d

splitting (into d components). There is no evidence for .

3/2 5/2
splitting of this peak, but its shape is consistent with a theoretical free-
atom prediction of only a .8 eV spin-orbit splitting.36 The analogous

S5d-series levels in Hg0Q do exhibit resolvable spin-orbit splitting, however

(Sec. D. 5.).

D. The 54 Series: O0Os, Ir, Pt, Au, and Hg

The corrected XPS spectra for the metals Os, Ir, Pt, and Au are
shown in Fig. 1k,
D. 1. Osmium (hep)

Hexagonal Os gives'a valence band spectrum similar to that of
hexagonal Ru. As in the Ru case, the Os peakrrises sharply near Ef_to
a plateau beginning at Ef—lﬂT eV. The flat region of the Os peak extends
over approximately 3 eV, and is broader than that for Ru. No comparisons
with theory or other experiments are possible as yet.

The low energy tail of the Os peak does not fall to the base line
primarily because of.spurious photoelectron intensity in the valence band
‘region due to the proximity of the very intense Osif levels in energy
(See Table I). These core levels appear to interact with very weak Mg

x-rays whose energies are as high as v 1300 eV, giving rise to photoelectrons
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in the same kinetic energy region as valence bands interacting with the

1250 eV MgKa x-rays. Similar problems were encountered with Ir, but

1,2
they do not affect our conclusions as to peak shapes and structure. An

additional problem was encountered in correcting for the MgKOL3 ) X-rays

in both Os and Ir, as the low intensity Spl/2 and 5p3/2 photoelectron peaks

2

overlap the « L regions of the reference 4f peaks. For example, this
Y .

effect appears as a slight deviation of the data from the fitted function
near a kinetic energy of 1202 eV in Fig. 1. However, the a3’h correction
is a small one and could nonetheless be made with‘sufficient accuracy not
to affect our fundamental conclusions.

D. 2. Iridium (fcc)

The corrected XPS results for iridium are similar to those of Os
in overall shape and width, but give evidence for two peaks, at approxi-
mately Ef—l.S eV and Ef—h!S.éV. ‘This two-peak structure is even clearer
in the uncorrected XPS spectrum for Ir shown .in Fig. 15. The highér—energy
peak appears to be narrower, and, with allowance for this, we estimate
the two peaks to be of roughly equal intensity..

D. 3. Platinum (fcc)

Our corrected XPS resultsbfor Pt exhibit two partially-resolved
peaks at Ef—l.6 eV and Ef—h.O eV, with the more intense component lying
nearer Ef. The steep slopes of our spectra for both Ir and Pt near Ef
are consistent with the Ferml surface cutting through the d bands in a
region of very high p(E). The separations of the two components observed

in the d-bands are thus verv nearly equal for Ir and Pt, but the relative

intensities are different.



Theoretical results. are available for Pt. The band-structure
calculations of Mueller 23.21337 are shown in Fig. 16, together with our
data. The theoretical p(E) is also shown after broadening, to faciiitate
comparison. We nofe that both theory and experiment shéw roughly two major
peaks but that the relatiye intensities>are in poor agreement. The dis-
agreement as to shape is the same as that observed for ?d in Fig. 12.
(Relative intensities are arbitrary in both of these figures.) In addition,
the band-structure calcuiations give a total width at half height of 8 eV,
while thé XPS data show a width of only 6 eV. Thus the overall agreement
is only fair.

D. k. Gold (fecc)

- The d Ybands of gold are filled and should lie several eV below
Ef, as our results in Fig. 14 indicate. Two peaks are again evident in
the corrected XPS results for gold, and these have been verified in uncor-
rected XPS spectra obtained by Siegbahn and co—workers.7’31 The sfatistical
accuracy of our data is quite good, and we can say that the lower intensity
peak at Ef—6.8 eV is narrower than the higher intensit& peak at Ef—h.l eVv.
Apart from this, the shape of the d-band peak for Au is very similar to
that for ét.

29,38
Gold has also been studied by means of UPS. 9,3

In experiments
. 38 . .

at photon energies up to 21.2 eV, a two-peak structure is found, with

components at Ef—3.h eV and Ef—6.l eV. The component at -3.h eV is also

observed to be split into a doublet,38'perhaps accounting for its extra

width in the XPS results. Furthermore, a spectrum obtained with

hv = 26.9 v (but not corrected for inelastic scattering) looks very
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much like our XPS results, again indicating that with increase in photon
energy, UPS results converge rather guickly to those of XPS.

There are no theoretical o(E) estimates at present available
for Au. |
D. 5. Mercugx (as HgO)

In HgO, the filled 54 levels should be tightly-bound and coré—like.
Figure 17 shows a corrected XPS spectrum for HgO, in which the d levels
appear as a doublet whose components lie 13.6 and 12.0 eV below Ef.
Valence bands overlap the high energy edge of the d peaks and extend to
Ef—S eV. The intensity ratio of the two peaks, as derived by least-sguares
fitting of Lorenfzian curves to our data, is 1.4:1.0. The separatioh and

intensity ratio are consistent with a d spin-orbit doublet, as the

3/27%/2
free-atom theoretical predictidn is for a 2.1 eV separation36 and the
intensity ratio should be given by the lével multiplicities (i.e.,

6:4 = 1.5:1.0). (We have verified that the intensity ratios éor the
3&3/2—3d5/2 core levels of the Ld metals in Table I follow this rule to
within experimental accuracy (iO.l))ﬂ Thus the 5d levels of Hg0 appear
to be very core-like. Furthermore, the relative intensity of the two

components in the doublet is similar to those observed in Pt and Au. We

discuss the possible implications of this similarity in the next section.

E. Discussion of Results

The XPS results for all 15 cases studied are presented in Fig.'lé.
In Table I‘are given the binding energies and widths of the reference core
levels used for correcting valence band spectra, as well as the widthvof
the peak due to the d bands and (where observed? the separation of the

two primary components in this peak.
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Within a 3d, 4d, or 5d series, the XPS results show systematic
variation; giving somewhat wider d Dbands for Fe, Ru, and Os than for
Cu, Ag, and Au, respectively, and even narrower core-like states 7 10 eV
below Ef for ZnS, CdClg, and HgO. Much of this variation is no doubt
connected with a one-electron p(E), but we note also that experimental
spectra obtained from metals with partially filled -d bands might be
broadened by the coupling of a localized hole to localized d electronsrr
(see Fig. 3c and Sec. II). The Ld bands studied are only slightl;y wider
than their 3d counterparts; the 5d bands are considerably wider and show
gross structure. |

Within two isomorphous series-~Rh, Pd, Ag and If, Pt, Au, all
members of which are face-centered cubic--there is sufficient similarity
of the shapes of the d—baﬁd peaks to suggest a rigid-band model for p(E).
If p(E) of Ag(Au) can be used to generate p(E) of Rh and Pd (Ir and
Pt) simply by lowering the Ferﬁi enérgy,to allow for partial filling of
the a4 bands, then this moGel would apply. The peaks for Rh and Pd are
too wide to be represented by a Ag p(E), but the shapes of both could be
very roughly approximated in this‘manner. The similarity of the two-peak’
structure for the three metals Ir, Pt, and Au gives more evidence for the
utility of a rigid band model, especially as the uncorrected results for
Ir (Fig. 15) show a narrower peak near Ef_(aé though it were a broader
peak cut off by the Fermi energy). The application of this model to the
érediction_of the experimental g(E)'s for Ir and Pt is shown in Fig. 19.

The predictions are reasonably good. In our opinion, this limited success

for Ir, Pt and Au probably indicates some similarity in the 4 _bands'in
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these metals; but we do not take it as a verification of the rigid band
model per se.

The two-component structure observec in the d-band peaks of Pt
and Au.ls very similar to the unresolved structure fqund in Ag. That is,

a more intense component appears nearer E To estimate the intensity

£
ratios of these components more accurately, welhave least-squares fitted
two Gaussian peaks of equai width to our data for these three metals.

The ratios and separations so derived are: Ag--1.51:1.00, 1.8 eV,
Pt_1.60:1.00, 3.3 eV; and Au--1.148:1.00, 3.1 V. As our accuracy in
determining these ratios is v *0.1, they could all be represented by a
value of 1.50:1.00. A possible significance of this value is that it is
the expected (and observed) intensity ratio for a spin-orbit split d
level (e.g., the 54 levels of Hg0). Thus, one might argue that as the

4d and 53 shells move nearer to the Fermi surféce with decreasing Z, they
must go continuously from core states to valence'states, pefhaps retaining
some degree of simple spin-orbit character in the process. The observed
separations ére 1.5-2.5 times larger than free-atom theoretical spin-
orbit splittings,36 but the various perturbations of.the lattice might be
responsible for this. Speaking against such a simple interpretation,

29,38) .

however, is our observation (verified in UPS results hat for Au

the component nearer E_ is broader. In fact, the UPS results for

f
29,32 In view of

hv < 21.2 eV show this component split into two peaks.
this, our intensity ratio estimates based on two'peaks of equal width may

not have fundamental significance, and the agreement of these ratios,

narticularly between Ag and Pt or Au could be somewhat accidental.
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Nonetheless, the similarity in shape of our results for the d levels
of Ag, Pt, Au, and Hg is rather striking.

We have noted that for Cu, Ag, and Au, the recent UPS work of
29

Eastman™” at higher photon energies (21.2 to 26.9 eV) is in much better

agreement with XPS results than previous studies using a range of lower

28,35,38

photon energies. It thus appears that as the photon energy is

increased in a UPS experiment, the form of the energy distributions can

be expected to approach rather quickly that observed in XPS work. We

feel that photoelectron spectra for which XPS and UPS show agreement ought

to be much more closely related to p(E). Further UPS experiments at

greater than 20 eV photon energies would thus be most interesting.

IV. CONCLUDING REMARKS

We have discussed the use of x~ray photoelectron spectrdscopy(XPS)
in the determination of densities of states. The application 5f this
technique to the d Dbands of 12 metals and 3 non-metallic solids seems
to indicate that reliable information about the overall shape of p(E)
can be obtained. The results show systemgtic behavior with changes in
Z and crystal structure and agree qualitatively and in some cases quanti—
tatively with theoretical predictions for both unfilled valence d
levels and filled core-like d levels.

Throughout our discussion, we have piaced special emphasis on com-
parison of XPS with the closely related ultra-violet photoelectron épgc—
troscopy (UPS). It appears that UPS at the present‘time hasvan advantage
in resolution, but that XPS results can.be more easily 6orrected for |

inelastic scattering, are not signifiéantly affected by final state
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density, and are less susceptible to the effects of surface contaminants.
UPS results at photon energies = 20 eV appear to be more reliable indi-
cators of p(E) in the sense that they agree better with the rough out-
line predicted by XPS. The need for further work at higher resolution and

at all photon energies (including those in the relatively untouched range

from 20 to 1250 eV) is evident.
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Table I. Summary of pertinent results for the fifteen solids studied. The
reference core levels used for inelastic scattering correction are listed,
along with their binding energies and widths. The widths of the d-band
peaks are alsc given, along with the spacing of the two components in these
peaks (if observed). :

" Ref. core FWHM of Separation of

Solid Reference level bind- conHyeiflsb d~-band 2 components in
2o " core levels ing energy? (V) T peak d-band peak
(eV) € (eV) (eV)
. 3p
' 1/2-3/2
re (unresolved) ’2 2.3 k.2 -
Co " 57 2.5 4.0 -
Ni " 66 3.k 3.0 —-—
Cu " 75 .2 3.0 -
ZnS " 90 ‘ 5.4 1.7 --
2 } o
Ru Jd3/2~5/2 280 1.1 4,9
‘Rh " 307 1.3 by -
Pd " 335 1.3 b1 -
Ag _ ! 368 1.0 3.5 1.5-1.8
cacl, " 408 1.2 ‘ 2.0 -
Lt L 3 , _
Os L5 0 7/2 50 | 1.3 | 6.5 | }
Ir - " 60 1.k : 6.3 3.3
Pt o 71 1.5 5.8 3.3
Au " 8L 1.2 5.7 3.1
HgO " 103 1.5 3.8 1.8

aBinding energy of the £ + 1/2 component, relative to the Fermi energy.
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Table I. continued

quual widths assumed for both components in the least—équares fits for 3d
and Lf levels |
“The theoretical spin-orbitvsplitﬁing for the 3p levels in this series range
from 1.6 eV for Fe to 3.1 eV for 7 (Ref. 36). ‘The partially resolved

doublet in ZnS is found to have a separation of 2.8 eV, in gocd agreement.




Fig.

Fig.

Fig.

36

FIGURE CAPTIONS
1. Core level photoelectron spectra produced by exposure of Ru and

3/273% /2 o700

and,MgKa3 ) X-rays are noted, as well as
b

Ir to Mg x-rays. The levels are Ru 3d.,.-3d and Ir hfS

The peaks due to the MgKocl’2
the fail observed on each peak due to inelastic scattering. The analy-
sis of these spectfa inté pairs of Lorentzian-based shapes is described
in the text and Ref. 10.

2. Valence band photoelectroﬁ spéctrum produced by exposure of Cu
to Mg x—rayé, together with the corrected spectruﬁ obtaihed afterv
allowénge for the effécts of inelastic scattering and MgKa3,h X-rays
in the raw data. A peak due to the 3d bands of Cu is the dominant fea-
ture of these spectra.

3. Schematic illustration of various final-state effects on the photo—.
electron spectrum of a hypothetical 3d transition metal: (a) the
Koopmans' Theorem spectrum, in which levels are positioned according to
one~electron energies, with relative intensities determined by appro-
priate photoelectric cross sections; (b) the effect on spectrum (a) of
polarization around a localized-hole final state; {(c) the effect on
spectrum (a) of strong coppling between a localized hole and the valenée
electrons (note the splitting of the 3s level); (d) the effect on- spec-
trum (a) of two-electron excitation during photoemission; and (e) the
effect on spectrum (a) of phonon excitation during photoemissionﬁ

4. The portion of the periodic tadle studied in this work. The atomic

number, free-atom electronic configuration, and metal crystal struc-

tures are given. Zn, Cd, and Hg were studied as compounds. The crystal
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structureé are those appropriate at the temperatures of ouf metal
experiments (700-900°C).

Fig. 5. Oxygen 1ls and iron 3p photoelectron peaks from metallic iron at
various temperatures in a hydrogen atmosphere. Note that the Fe3p
component at lower kinetic energy (an "oxide'" peak) disappears at high
temperature along with the Ols peaké.

Fig. 6. Results for iron metal. The XPS data were obtained at 780°C and
have Been corrected for the effects of inelaétic scattering and

MgKo, x-rays. In (a) the XPS data are compared with UPS (Ref. 12)

3,4
and SXS (Ref. 3) curves. In (b) the XPS data are shown’togetherbwith
a theoretical curve obtained by broadening the ferroﬁagnetic density-
of-states function of Ref. 26. Right ordinate is thousands of counts
in the XPS data.

Fig. 7. ZResults for cobalt metal. The XPS data were taken at 925°C-and
have been corrected for inelastic scattering and MgKaB,h x—rayé.

In (a), these data are compared with UPS (Ref. 12) and SXS (Ref. 3)
results. In (b), the comparison is with an appropriately broadened
~ ferromagnetic theoretical curve from Ref; 27.

Fig. 8.. Results for nickel metal. The corrected XPS data afe based on
measurements at STOOC. In (a), they are compared with UPS (Ref. 12)
and SXS ( Ref. 3) curves. In (b), they are compared to the ferro-
magnetic theoretical dénsity_of—states function from Ref. lh, which
has been broadened.

Fig. 9. Results for copper metal. The XPS data were obtained at 720°C

- and have been corrected for inelastic scattering and MgKoc3 ) X-rays.
. L
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Curves from UPS (Refs. 12 and 28) and SXS (Ref. 3) are compared to
the XPS results in (a). 1In (b) the XPS results are compared to a
broadened theoretical curve based on Ref. 30. |

Fig. 10. Corrected XPS sbectrum for‘ZnS, showing a narrow intense peak
from the 34 levels, as weli aé the broad, flat Valénce bands.

Fig. 11. Corrected XPS spectra for the bd metals Ru, Rh, Pd, and
Ag. | |

Fig. 12. Comparison of Pd XPS results with theory: (a) theoretical density-
of-states function from Ref. 34, indicating the complexity of the one-
electron p{(E), (b) XPS results and a broadened theoretical curve.

Fig. 13. Corrected XPS spectrum for CdCl The filled Ld states>appear at

o
E—Ef ~ -14.5 eV. The broader peak at E—Ef ~ -T eV represents valence
bands.

Fig. lh.i Corrected XPS spectra for the 5d metals Os, Ir, Pt, and
Au. |

Fig. 15. Uncorrected XPS spectrum for Ir, in which the two-peak structure
is clearly shown;_ |

Fig. 16. Comparison of Pt XPS results with theory: (a) the theoretical
density of states function of Ref. 37, (b) the broadened theoretiéal
curve is compared to our XPS results.

Fig. 17. Corrected XPS spectrum for ﬁgO. The intense doublet at

states.

E-E_, ~ -12 eV is dut to the core-like 5d and 5d

4

3/2 5/2

Fig. 18. Summary of the XPS results for the fifteen solids studied. -
(cf. Table TI). The peaks for ZnS, CdCl,, and HgO lie at

E—Ef ~ .13 eV, -1k eV, and -12 eV, respectively.
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Fig. 19. An attempt to reﬁroduce the shapes of the experiméntal XPS
spectra for the Sd métals'Ir, Pt, ‘and Au from a Au;like rigid band
density of states. Vertical scales are arbitrary. Note that the Ir
experimental curve does not,fall to as low a value as Pt or Au at low

energy due to spurious sources of photoelectron intensity (see text).
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,

" apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used In the above, "'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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