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* ELECTRONIC DENSITIES OF STATES FROM X-RAY PHOTOELECTRON SPEC'I'ROSCOPY 

C. S. Fadley and D. A. Shirley 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 94720 

January 1970 

ABSTRACT 

In x-ray photoelectron spectroscopy (XPS), a sample is exposed to 

low energy x-rays (approximately 1 keY), 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 photoelectron spectroscopy (UPS), 

XPS has the following advantages: (1) the effects of inelastic scattering 

are less pronounced and can be corrected for by using a core reference 

level, (2) core levels can also be used to monitor the chemical state of 

the sample, (3) the free electron states iri 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. S, Atomic Energy Commission. 
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as in UPS. XPS seems to be capable of giving a very good description of 

the general shape of the density-of-states function. A decided advantage 

of UPS at the 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, CdC1
2

, and HgO. The d bands of these solids are observed to have 

systematic behavior with changes in atomic number, and to agree quali­

tatively with the results of theory and other experiments. A rigid band 

model is found to work reasonably well for Ir, Pt and Au. The d bands 

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

The energy distribution of electronic states in the valence bands
1 

of a solid is given by the density of states function, p(E). There are 

several techniques for determining p(E) at energies within "v k'r 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 probe is required to study the full p(E). 'l'he principle 

techniques presently being applied to metals are soft x-ray spectroscopy 

(SXS)
2

•
3 

ion-neutralization spectroscopy (INS),
4 

and photoelectron spec­

troscopy (by means of ultra-violet 5 or x-ray
6

• 7 excitation). 

In each of these methods, either the initial or the final state 

involves a hole in the bands under study. Thus the measuring process is 

inherently disruptive. The actual initial and final states may not be simply 

related to the undisturbed ground state,
8 

and only for this ground state 

does p(E) have precise meaning. Even if the deviations from a ground 

state description can be neglected, there are complications for each of the 

above techniques in relating measured quantities to p(E).
2

•
3

•
4

' 5 
Never-

the less, all four have been applied with some success, and, where possible, 

experimental results have been compared to the theoretical predictions of 

one-electron band theory. 

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

techniques, x-ray photoelectron spectroscopy (XPS),
6

•7 and apply it to 

/ 
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several metallic and non-metallic solids. In Sec. II, the principles of 

the technique are discussed from the point of view of relating measured 

quantities to a one-electron p(E). In Sec. III, we present results for 

the twelve 3d, 4d, and 5d transition metals Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag, 

Os, Ir, Pt, and Au, making comparisons with the results of other experimente.l 

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. 

I I . THE XPS METHOD 

The fundamental measurements in both ultra-violet photoelectron 

spectroscopy (UPS) and x-ray photoelectron spectroscopy (XPS) are identical 

and very simple. Photons of known energy impinge on a sample, expelling 

photoelectrons which are analyzed for kinetic energy in a spectrometer. 

In UPS, 5 photon energies range from threshold to""' 20 eV, whereas XPS 

utilizes primarily the Ka x-:-rays of Mg ( l. 25 keV) a~d Al( l. 49 keV). For a 

given absolute energy resolution, an XPS spectrometer must thus be ""' 100 

times higher in resolving pmrer. We have used a double-focussing air­

cored ma.gnetic spectrometer, 9 with an energy resolution corresponding to 

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

·where 

Conservation of energy requires that 

hv "'t<i is the photon energy, ·" 

(1) 

the total energy of the initial state, 

E,,f the t t l f th f" l t t b th · + d h + " t o a. energy o · e l.na s ·a e as seen y e eJ ecve p OvOe:Lec ron, 

·• 

.0 I 
i 
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E the electron kinetic energy, and ~ the contact potential between the 
'+'c 

sample surface and the spectrometer. If Ef corresponds simply to a hole 

in some electronic level j, then the binding energy of an electron in 

level j is by definition Ebv = Ef- Ei, where the superscript v 

denotes the vacuum level as a reference. The Fermi level can also be used 

as a reference and a simple transformation yields 

hv = -E + E + cpsp (2) 

where cpsp is the. work function of the spectrometer, a known constant. 

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 remain the same. This effect 

is negligible for metals. 

Returning to Eq. (1), we see that the fundamental XPS (or UPS) 

experiment measures the kinetic energy spectrum from which we attempt to 

deduce the final-state spectrum. This spectrum must then be related to 

p(E), as discussed below. 

In addition to p(E) modulated by an appropriate transition pro-

bability, there will be six major contributors to lineshape in an XPS 

spectrum. •rogether with their approximate shapes and widths, these are: 

l. Linewidth of exciting radiation--Lorentzian, "'0.8 eV FWPJ-1 for 

the unresolved MgKa
1 2 

doublet used as "monochromatic" radiation in this , 

study. 

" 2. Spectrometer resolution--slightly skew, with higher intensity 

on the low-kinetic-energy side, "' 0.6 eV FWHM at 0.06% resolution. 
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3. Hole lifetime in the sample--Lorentzian, rv 0.1 to 1.0 eV for 

the cases studied here. 

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

rv 0.1 eV. 

5. Inelastic scattering of escaping photoelectrons--all peaks 

have an inelastic "tail" on the low kinetic-energy side, whic:h usually 

extends for 10 eV or more. 

6. Various effects due to deviations of the final state from a 

simple one-electron-transition model. 

Contributions analogous to (3.), (4.) and (6.) will be common to all tech­

niques used for studying p(E). A UPS spectrum vill exhibit analogous 

effects from all six causes. In XPS, there is thus a lower limit of 

"' 1.0 eV FWtW. Core levels with this width are well-described by Lorent­

zian peaks with smoothly joining constant tails
10 

(see Fig. 1), verifying 

that the major contribution to linewidth is the exciting x-ray. The cor-

responding lower limit for UPS appears to be 0.2 to 0.3 eV, so that XPS 

cannot at present be expected to give the same fine structure details as 

UPS. 

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

can be corrected for in both UPS 5 and XPS.
6 

This correction is particu-

larly simple for XPS, however, because narrmr core levels can be used to 

study the scattering mechanisms. As the kinetic energies of electrons 

expelled from core levels rv 100 eV below the valence bands are very near 

to those of electrons expelled from the valence bands (i.e., 1150 eV 

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

for both cases are nearly identical. 

.. i 
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Subject to this assumption,
11 

we can correct an observed valence 

band spectrum, I ( E:), by using an appropriate core level spectrum, I ( E:), 
v c 

6 10 
as a reference. ' If we construct a core level spectrum in the absence 

of scattering, I'(s' ), from pure Lorentzian peak shapes, then I (E) and 
c . c 

I~(s') can be connected by a response function, R(s,c'). Since XPS data 

is accumulated in discrete channels, I ( E:) and I' ( E:') can be treated as 
c c 

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

. these quantities being related by 

I (€) = R(s,E') I'(E') 
c c 

(3) 

If we now make certain physically reasonable assumptions about the form of 

R(s,s'), the effective nunilier of matrix elements to be computed can be 

reduced to < 100. This permits a direct calculation of R(E,E:' ). The next 

step is to apply R-
1

(s,E') to the observed valence band spectrum, I (s), 
v 

to yield the corrected spectrum, I'(c'). The Lorentzian widths in I'(s') 
v c 

are selected to be 0.6 - 0.8 times the observed widths so that no resolution 

enhancement is accomplished by this correction. In addition to inelastic 

scattering, we can also easily allmv for the extra peaks present in any 

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

of which are Ka
3

,
4

. In XPS spectra produced by bombardment with magnesium 

x-rays, these satellites produce a doublet approximately 10 eV above the 

main (Ka
1 2

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

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

elsewhere. 
10 
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The application of this procedure to data on the valence bands of 

copper is illustrated in Fig. 2. The strong similarity between corrected 

and observed spectra indicates the subtle nRture of this correction: the 

essential shape and position of the d-band peru~ is obvious in the uncor-

rected spectrum. By comparison, this relatively high information content 

5 4 
in raw data is not found in UPS or ion-neutralization spectroscopy. 

An additional advantage of XPS is that the chemical state of the 

sample can be monitored via observation of core level photoelectron peMs 

from the sample and possible contaminants.
6 

In this way it is possible 

to detect chemical reactions occurring in the thin surface layer (~ 100 A) 

responsible for the unscattered photoelectrons of primary interest. 

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

. t . t f d . t . 6 , 12 
more sens1 1ve o sur ace con 1 1ons. 

The relationship of corrected XPS spectra to p (E) can be c;on-

sidered in two steps: (1) a one-electron-transition model, in which the 

appropriate transition probability is expressed-in terms of the photo-

electric cross section, and (2) deviations from the one-electron-tran-

sition model. 

The cross section for photoemission from a one-electron state ,i 

at energy E ·will be proportional to the square of the dipole matrix ele-

ment between that state and the final continuum state, 

( 4) 

where a. (E) is the cross section and 1/J(h'J + E) is the wave function of 
J. 

a continuum electron with energy h'J + E. If there are no appreciable 

·-
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deviations of the final state from a one-electron transition model, the 

corrected kinetic energy spectru.'ll will be related to p (E) by 

I' ( hv + E - ¢ ) a: 
sp 

J 00 

a(E' )p(E' )p' (hv + E' )F(E' )L(E- E' )dE' 
_oo 

where o(E') is an average cross section for all states j at E', 

' ( 5) 

p'(hv + E') is the density of final continuum states, F(E') is the Fermi 

function describing thermal excitation of electrons near the Fermi surface 

and L(E ~ E') is the lineshape due to contributions (1), (2), (3), and (4) 

discussed above (essentially a Lorentzian). 

The factor p' (hv + E) can be considered constant over the energy 

range pertinent to the valence bands, as the final state electrons are 

rv 1250 eV into the continuum and the lattice potential affects them very 

little. 
6

•13 
Therefore, the appro:priate final state density will be pro-

portional simply to 
l/2 

E • This function is only negligibly smaller for 

electrons ejected from the bottom of the valence bands (E == 1240 eV) than 

for those emitted from the top of these bands (E 3: 1250 eV). This con-

stancy of p'(hv +E) cannot be assumed in the analysis of UPS data, how­

ever.5 

Any changes in cr(E) from the top to the bottom of the bands will 

modulate the XPS spectrum in a way not simply connected to p(E). From 

Eq. (4) it is apparent that these changes can be introduced by variations 

in either or 1j;(hv + E) across the bands. The differences in 1/Jj 

from the top to the bottom of the 3d band in transition metals have been 

discussed previously, 
2 

•
14 

but no accurate quantitative estimates of this 

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

''., 1/ ·.· 
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It is thus possible that in both XPS and UPS o(E) varies substantially 

from the bottom to the top of the valence bands because of variation in 

the initial-state "rave functions. This question deserves further study. 

In XPS, there should be little difference in the final-state "rave function, 

~(hv +E), between the top and bottom of a band, as a 1240 eV continu~~ 

state should look very much like a 1250 eV continuum state. The effects 

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

in a UPS spectrum, however. 

Our discussion up to this point has assumed that the photoemission 

process is strictly one~electron; i.e., that we can describe the process 

by changing the occupation of only a single one-electron orbital with all 

other orbitals remaining frozen. This assumption permits the use of 

Koopmans' Theorem,
15 

which states that binding energies can be equated to 

the energy eigenvalues arising from a solution of Hartree-Fock equations. 

16 
Or, with some admitted errors, the one-electron energies obtained from 

non-Hartree-Fock band structure calculations in which simplifying approxi-

mations have been made can be compared directly to a measured binding energy 

spectrUm. We illustrate the use of Koopmans' Theorem in Fig. 3a, using 

a hypothetical level distribution for a 3d transition metal. There are, 

however, several types of potentia~ly significant deviations from this 

one-electron model. We shall discuss these briefly. 

The final-state effects leading to these deviations C@1 be separ-

ated into several categories, although >ire note that there is considerable 

overlap. In a more rigorous treatment some of these separations might 

. not be meaningful, but 1.:re retain them here for heuristic purposes. 

~. 

! 
I· I 
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'I'he effects are: 

(1) Electrons in the sample may be polarized around a localized 

positive hole, thereby increasing the kinetic energy of the outgoing 

electron. 
8 

In this way, the entire I ( E:) spectrum would be shifted toward 

higher kinetic energy. Polarization might also occur to a different extent 

for different core levels, for different energies within the valence bands, 

and for levels at the same energy in the valence hands, but with different 

wave vector. The latter two effects could act to broaden I (E) relative 

to p(E). These polarization effects are schematically illustrated in 

Fig. 3b. Polarizations will only affect I(E) to the extent that the 

kinetic energy of the outgoing electron is altered, however ( cf. Eq. l). 

Since both polarization and photoemission occur on a'time scale of rv lo-
16 

sec, it is difficult to assess the importance of this effect. As the 

velocity of an XPS photoelectron is rv 10 times that of a UPS photoelectron, 

the influence of polarization should be some1-rhat less on an XP:3 spectrum, 

however. 

(2) In addition to a simple P()l~i~ation, a'" lo.c.alized hole can 

couple strongly with localized valence electrons
17 

or with non-localized 

18 
valence electrons. In iron metal, for example, a 3s hole is found to 

couple in several ways with the localized d electron moment, giving rise 

to an approximately 4 eV "multiplet splitting" in the 3s photoelectron 

peak.
17 

Also, it has been predicted that non-localized conduction electrons 

should couple with a localized core or valence hole yielding asymmetric line 

shapes in electron and x-ray emission .
18 

Both of the above effects would· 

act to bro<.lden I(E::) spectra, with the former being more important for sys-

tems •rith a d or f shell approximately half-filled. These effects are 

indicated in Fig. 3c: 
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It has also been predicted that the removal of a core or valence 

1 t . b . db t l" t 1 "ll t• 19 
e ec ron wlll . e accompanle y s rong coup lng o p asma oscl a lons. 

This coupling would lead to broad sideb.ands separated from the one-electron 

. 19 
spectrum by as much as 20.eV. 

(3) It is also possible that not just one electron is fundamentally 

affected in the photoemission process, but that other electrons or phonons 

. lt 1 •t d 20 
are Slmu aneous y excl e . Electrons may be excited to unoccupied bound 

states or they may be ejected from the sample, and this effect is indicated 

in Fig. 3d. 'I'he only direct observations of such electronic excitations 

during photoemission have been on monatomic gases, where two-electron pro­

cesses are found with as high as 20% probability. 
21 

Vibrational excitations 

22 
have a marked effect on the UPS spectra of light gaseous molecules, ·but 

it is difficult to estimate their importance in solids. A classical calcu-

lation indicates that for such heavy atoms as transition metals, the recoil 

energy available for such excitations in XPS is ~ 10-
2 

ev.
7 

Also, the 

observation of core.reference levels with linewidths very close to the 

lower limit of the technique (see Fig. 1) seems to indicate that vibrational 

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. This effect is schematically indicated in Fig. 3e. 

For several reasons, then, XPS seems to be capable of giving more 

reliable informat j_ on about the overall shape of p (E) than does UPS. 

However, the present XPS linewidth limit of 1.0 eV precludes determination 

of anything beyond fairly gross structural features. With these observa-

tions in mind, we now turn to a 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) 

. . 23 24 
studies in two other papers of these proceedlngs. ' 
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III. DENSITY-OF-STATES RESULTS FOR SEVERAL 

3d, 4d, AND 5d SERIES METALS 

A. Introduction 

Figure 4 shows the portion of the Periodic Table relevant to this 

work. The twelve elements Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag, Os, Ir, Pt, a.nd 

Au were studied as metals, while the three elements Zn, Cd, and Hg were 

studied in the compounds ZnS, CdC1
2

, and HgO to illustrate the positions, 

widths, and shapes of filled core-like 3d, 4d, and 5d shells. 

Ultra-high vacuum conditions were not attainable during our XPS 

measurements, as the base pressure in our spectrometer is approximately 

-5 
10 torr. Surface contamination of samples is a potential :problem, because 

the layer of the sample that is active in producing essentially inelastic 

photoelectrons extends only about 100 A in from the surface (this depth is 

not accurately known). Because the contamination consists of oxide for-

mation as well as certain adsorption processes with lowerbonding energy 

for the contaminant, all the metal samples were heated to high temperature 

-3 -2 ) 
(700-900°C) in a hydrogen atmosphere (10 - 10 torr during the XPS 

6 
measurements. These conditions were found to desorb weakly-bound species, 

and to reduce any metal oxides present. 

As .mentioned previously, it is possible to do in situ chemical 

analyses of the sample by observing core-level photoelectron peaks from 

the metal and from all suspected contaminants.
6 

For all metals, the most 

important contaminant was oxygen, which we monitored via the oxygen ls 

pea.~. Because core eJ_ectron binding energies are known to be sensitive 

to the chemical state of the atom, 7 •
25 

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 such results for iron. 

At room temperature, the oxygen ls peak 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. As the 

temperature 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 disappears, leaving a narrow peak characteristic of 

iron metal. Our interpretation of' the disappearing components is tha:t the 

left oxygen peak (higher electron binding energy) represents oxygen as 

oxide, the right oxygen peak (lower electron binding energy) represents 

oxygen present as more loosely bound adsorbed gases, and that the left iron 

peak (higher electron binding energy) represents oxidized iron.
6

•25 
Thus 

at the highest temperatures indicated in Fig. 5, we could be confident 

that we were studying iron metal. Similar checks were made on all the 

other metal samples and oxygen can be ruled out as a contaminant for every 

case except Pd. (We discuss Pd below.) For example, the core level peaks 

for Ru and Ir shovm in Fig. 1 do not indicate any significant splitting or 

broadening due to chemical reaction. The results presented in Table I 

indicate similar behavior for all metals studied. The carbon ls peak was 

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 

for Ru and 6s, which were studied as powders.
10 
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The non-metallic samples (ZnS, CdCl
2

, and HgO) were studied as 

powders at room temperature. Both considerations of chemical stability 
\ 

I 

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, -vre 

shall speak 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 exreriment (e.g., the UPS "optical density 

of states", 5 or the INS "transition density function"
4

), which is related 

to p(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 

accuracy) 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- or p-

like bands in metals, and such bands are seen with enhanced sensitivity 

only in studies using ion-neutralization spectroscopy. 
4 

B. 'rhe 3d Series: Fe 2 Co 2 Ni 2 Cu and Zn 

Our results for Fe, Co, Ni, and Cu have been published elsewhere, 
6 

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

- i 

I 
!' I 

i 
j. 

\ 

.... ' 

j·· 



-15-

. 3' 12 and other experunents. There are now enough data available that it 

is worthwhile to discuss and compare results for these irori group metals 

12 
individually, as Eastman has done. 

B. l. Iron (bee) 

Hanzeley and Liefeld
3 

have studied Fe, Co, Ni, Cu, and Zn using 

soft x-ray spectroscopy (SXS). Their results for Fe, together with East­

man's UPS results
12 

and our own, are plotted in Fig. 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 order 

to facilitate comparison. Also the UPS curve is terminated at Ef and is 

12 
less reliable in the dashed portion, for E < Ef-4 eV. With these quali-

fications, the overall agreement among these results from three different 

experimental methods is really quite good. The function p(E) appears to 

be essentially triangular, peaking just below Ef and dropping more or less 

linearly to zero at E ~ Ef-8 eV. 

Upon closer inspection however, the agreement is less impressive. 

The SXS results are somewhat narro-vrer, 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 ~ l eV of the XPS curve tmrard Ef or the UPS curve in the opposite 

direction would improve their agreement, but it is unlikely that the com-

bined errors in the location of Ef location are that great. 

In Fig. 6b, the XPS results are compared to the one-electron 

. ( ) . 26 t. . Th theoretlcal p E calculated by Connolly for ferromagne lC lron. . e 

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 lineshape of 1.0 eV FWHM. It should thus 

represent a hypothetical "best-possible" XPf. experiment in a one-electron 

model (i.e., Eq. 5 with cr(E') and p'(hv + E') constant). The agreement 

between theory and experiment is good, particularly above Ef-5 eV. The 

XPS (or SXS) results give somewhat higher intensity below Ef-5 eV than 

theory. We note that hybridization of the d bands can lead to signi­

ficant broadening of the theoretical p(E) of Ni.
14 

A similar sensitivity 

of the iron p(E) to the amount of hybridization could account for the 

discrepancy in width between XPS and theory. 

Our reason for comparing experimental results to ferromagnetic 

instead of paramagnetic theoretical prediCtions is as follows: In experi-

ments on.ferromagnetic metals, no significant differences are observed 

between XPs
6•17 

and INS
4 

results obtained above and below the Curie tempera-

ture (Tc' where long-range ferromagnetic order should disappear). Further­

more, exchange-induced splittings of core electronic levels in iron are the 

same above and below T 
c 

17 It thus appears that localized moments persist 

above T for times at least as long as the duration of the photoemission 
c 

process. Local moments might be expected to affect the kinetic energy 

distributions of electrons ejected from valence bands and core levels
17 

in 

much the same way, independent of the presence of long range order. Thus 

a comparison of experiment with a para.ma.gnetic p(E) ·may be ~ priori 

irrelevant, inasmuch as a ferromagnetic p(E) takes these effects into 

account in an approximate way. 
12 

Eastman has also noted that UPS results 

for Fe, Co, and Ni be.low Tc are .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 curves 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. 7a. The comparison is quite similar to that for iron. 

Good overall agreement is apparent, with less agreement in detail. Eastman's 

UPS curves
12 

in both cases show structure near the Fermi energy that is 

missing from the SXS
3 

and XPS results, and at lower energies the UPS curve 

tends to be higher than the others, especially in the dashed portion where 

it is less reliable .
12 

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 5eV for 

SXS, XPS, and UPS, respectively. 

In Fig. 7b, we compare our XPS results to a ferromagnetic theo-

27 ( retical curve of Wong, Wohlfarth, and Hum for hcp Co our experiments 

were done on fcc Co, for which no detailed 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 are somewhat high below t~at point. In fact, the overall agree-

ment is probably best between theory and SXS (cf. Fig. 7a). 

B. 3. Nicke~ (fcc) 

E t lt f TT' t d . F' 8 3,12 xperimen al resu s or ~l are presen e 1n 1g. a. 

a slight decrease in the XPS results in the region E < E -1~ eV 
f 

We note 

relative 

to our earlier work.
6 

'This decrease is due to a more accurate allowance 
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for a >veak inelastic loss peak appearing at rv 5 eV below the primary 

photoelectron peaks. The three sets of data show poor agreement, with the 

widths of the main peak decreasing in the order UPS, XPS, SXS. The SXS 

results are considerably narrower than the other two (FWHM ~ 2 eV, 3 eV, 

and 5 eV for SXS, XPS, and UPS, respectively), but agree in overall shape 

with XPS. The SXS results iP Fig. Sa were obtained from measurements of 

L x-rays. 
3 

Similar work on M x-rays (for •rhich transition probability 

2 
modulation may be a smaller effect ) shows somewhat more fine structure 

and a FWHM of rv 3 eV,
2 

agreeing rather well with XPS. Nickel has also been 

4 
investigated by INS and a smooth peak of roughly the same position and 

vTidth as the XPS peal-;: is observed. Even with an allowance for the poorer 

resolution 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 

. 1 2,12 preVlOUS y. The FWHM of these estimates vary from rv 3 to 4.5 eV, with 

the smallest width coming from an unhybridized calculation.
14 

we compare our XPS results to a hybridized, ferromagnetic p(E) 

In Fig. 8b, 

lh 
for Ni · 

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 
14 

p(E) ), and that, allowing for our broadening, the 

UPS results are in best agreement with theory. In view of the considerable 

diserepancies between UPS and XPS, SXS, or INS, however, we conclude that 

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

with Eastman's conclusions.
12 

~. 
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B. 4. Copper (fcc) 

The experimental curves from UPS,
12

•
28 

SXS,
3 

and XPS are shown in 

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

and 3.3 eV below Ef, but witb UPS showing more detailed structure and a 

somewhat uncertain overall vridth. 
12 

•
28 

The widths and shapes of XPS and 

SXS are in good agreement thougb shifted relative to one another by "-·' 1 eV. 

(A more accurate Ef location has shifted our XPS curve relative to our 

previous results.
6

) In recent UPS work at higher photon energy 

(hv = 21.2 eV), Eastman
29 

has obtained results with more intensity in the 

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

with XPS and SXS. For this case it appears that even a slight increase 

in photon energy in the UPS measurement causes the results to .look a great 

deal more like those of XPS. Copper has also been studied by INS
1
-l and 

the results for the d-band peak are in essential agreement with XPS and 

sxs. 

In Fig. 9b, we compare a. broadened version of the theoretical 

p(E) due to Snow
30 

with our XPS results. The agreement is excellent, 

and would also be so for SXS if we permit a shift of ~ 1 eV in Ef. The 

coincidence in energy of structure in the UPS curve with structure in the 

unbroadened theoretical p(E) has been discussed previously,
28 

but we 

note that the relative intensities of the various features noted do not 

in fact coincide with theory. 

B. 5. Zinc (as ZnS) 

Zinc has been studied by XPS on1y 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 3d electronic states show up as a narrow intense 

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

of this peak from Ef may be too large, because of charging of the sarnple.
25

) 

The valence bands are just above the d peak. The d states of metallic 

zinc have been studied also by SXS, 
3 

and a peak of FltlHM = 1. l15 eV, at 8 eV 

below Ef, was obtained. Thus AT-'S and SXS are in good agreement on the 

-vridth of these core-like 3d states, which are only about 10 e'V below Ef. 

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

The corrected XPS spectra for the four metals Ru, Rh, Pd, and Ag 

are shown in Fig. 11. The metals are discussed separately below. 

C. 1. Ruthenium (hcp) 

Our results for Ru are characterized by a single peak of ~ 4. 9 eV 

FWHM. The high energy edge is quite sharp, reaching a maximum value at 

about Ef-1. 7 eV. The peak is rather flat, and there is some evidence for 

a shoulder at Ef-4. 5 eV. 'l'he peak falls off more slowly with energy on 

the low energy side than near Ef. The reference core level 1ridths in Ru 

-vrere quite narrow, as indicated in Table I, and spurious effects due to 

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

theoretical results on Ru presently available for comparison 'with our 

data. 

C. 2. Rhodium (fcc) 

'l'he XPS-deri ved p(E) can be described by a single triangular 

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

Ef-1. 3 eV. There is little evidence for structure on the low energy side, 

which falls off monotonically. The peak FWHM of~ 4.4 eV is slightly 
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smaller than that for Ru. No other experj_mental or theoretical results 

on Rh are available for comparison. 

C. 3. Palladium (fcc) 

Our corrected results for Pd have much the same appearance as those 

for Rh, but the Pd peak is sJightly narrower with a FWHM of rv 4.1 eV and. 

the maximum occurs at Ef-1. 7 eV. 'rhe 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 sharp at Ef. 

The resuJts presented in Fig. 11 have been corrected for a weak 

inelastic loss peak at 6 eV, and also for the presence of a smalJ peak 

at Ef-10 eV, arising from oxygen present as a surface contaminant. Samples 

of Pd were heated in hydrogen to approximately 700°C and then studied at 

this temperature with either a hydrogen or argon atmosphere. It was not 

possible under these conditions (or ever:. by heating to as high as 900°C) 

to get rid of the oxygen ls peak completely. Fortunately, the only effect 

of a slight oxygen contamination on the valence band XPS spectrum of 

certain metals appears to be a sharp peak at Ef-10 eV (probably caused 

by photoemission from 2p-like oxygen leveJs). 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 agreement 

with our results.
31 

32 33 
Palla.di um has also been studied by UPS, ' and the agreement with 

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

. . 32 33 
results below approximately Ef-3.5 eV 1s uncerta1n. ' 
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In Fig. 12, we compare our results with the theoretical predictions 

31+ 
of Freeman, Dimn10ck, and Furdyna. 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 

behreen XPS and theory is good, although the shape of the peal.;_ is somewhat 

different. 

C. 4. Silver (fcc) 

Our results for Ag also appear in Fig. 11. They differ in several 

.respects from the Pd curve. The d bands are filled and below Ef, gi.ving 

rise to a narrow peak (FWHM = 3. 5 eV) with its most intense component at 

Ef-5. 3 eV. The edges of this peak are quite sharp, in view of the instru--

mental contributions of XPS. 'rhe .3d
312 

and 3d
512 

levels of Ag are also 

very narrow (see Table I), indi eating no spurious linewidth contributions 

from instrumental or cont,amination effects. There is also strong evidence 

f'or a weaker component at rv Ef-6. 6 eV. This tHo-component structure has 

7.31 
also been verified by Siegbahn and co-workers in uncorrected XPS spectra. ~ 

Very similar structure appears in the d bands of several 5d metals and 

we discuss the possible significance of this below (Sec. E.). 

Silver has also been studied by means of UPs,
5

•
29

•
35 

using radiation 

up to 21.2 ev
29 

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 rv 3 eV FWHM at Ef-5. 0 eV. 

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

present time. 
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C. 5. Cadmium (as CdC1
2

) 

A corrected XPS-spectrum for CdC1
2 

is shown in Fig. 13. The 4d 

peak appears at rv Ef-14. 5 eV and the valence bands fall between roughly 

5 and 10 eV below Ef" The 4d peak is very narrow (a TilHM of l. 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 

splitting (into d
312 

and d
512 

components). There is no evidence for 

splitting of this peak, but its shape is consistent with a theoretical free-

t d . t· f 1 8 V . b't l'tt' 36 Th 1 a.om pre lC lon o on y a . e spln-or l sp l lng. e ana ogous 

5d-series levels in HgO do exhibit resolvable spin-orbit splitting, however 

(Sec. D. 5.). 

D. The 5d Series: Os, Ir, Pt, Au, arid Hg 

The corrected XPS spectra for the metals Os, Ir, Pt, and Au are 

shm·m in Fig. 14. 

D. 1. Osmium (hcp) 

Hexagonal Os gives a valence band spectrum similar to that of 

hexagonal. Ru. As in the Ru case, the Os peak rises sharply near Ef to 

a plateau beginning at Ef-1.7 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 Os4f levels in energy 

(See Table I). These core levels appear to interact with very weak Mg 

x-rays whose energies are as high as rv 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
1

, 
2 

x-rays. Similar problems w·ere encountered with Ir, but 

they do not affect our conclusions as to pe8.k shapes and structure. An 

additional problem was encountered in correcting for the MgKa
3

,
4 

x-rays 

in both Os and Ir, as the low intensity 5p
112 

and 5p
312 

photoelectron peaks 

overlap the a? 
4 

regions of' the reference l~f peaks. For example, this 
..)' 

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 a
3

, 4 correction 

is a small one and could nonetheless be made with sufficient accuracy not 

to affect our fundam.ental conclusions. 

D. 2. Iridium (fcc) 

The corrected XPS results for iridium are similar to those of Os 

in overaJ.l shape and width, but give evidence for two peaks, at approxi-

' 
mately Ef-1. 5 eV and Ef-4. 5 eV. This two-peak structure is even clearer 

in the uncorrected XPS spectrum for Ir shown in Fig. 15. The higher-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 results for Pt exhibit two partially-resolved 

peaks at Ef-1. 6 eV and Ef-4. 0 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 Fermi surface cutting through the d bands in a 

region of very high p (E). The separa.t'Lons of the two components observed 

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

intensities are different. 

;. 
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'l'heoretical results are available for Pt. The band-structure 

calculations of Mueller et al. 
37 

are shown in Fig. 16, together wHh our 

data. The theoretical p(E) is also shown after broadening, to facilitate 

comparison. \.Je note that both theory and experiment show roughly two major 

peak.s but that the relative intensities are in I)OOr agreement. The dis-

agreement as to shape is the same as that observed for Pd in Fig. 12. 

(Relative intensities are arbitrary in both of these. figures.) In additir_:m, 

the band-structure calculations give a total width at half height of 8 eV, 

while the XPS data show a width of only 6 eV. Thus the overall agreement 

is only fair. 

D. 4. Gold (Sec) 

The d bands of gold are filled and should He several eV below 

Ef, as our results in Fig. 14 indicate. 1'wo :peaks are again evident in 

the corrected XPS results for gold, and these have been verified in uncor-

7 31 
rected XPS spectra obtained by Siegbahn and co-workers. ' The statistical 

accuracy of our data is quite good, and we can say that the 1m-rer intensity 

peak at Ef-6.8 eV is narrower than the higher intensity peak at Ef-4.1 eV . 

.Apart from this, the shape of the d-band peak for Au is very similar to 

that for Pt. 

Gold has also been studied by means of UPs.
29

•
38 

In experiments 

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

components at Ef-3.4 eV and Ef-6.1 eV. The component at -3.4 eV is also 

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

width in the .A'PS results. Furthermore, a spectrum obtained 1-ri th 

hV = 26.9 eV
29 (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 quickly to those of XPS. 

There are no theoretical p(E) estimates at present available 

for Au. 

D. 5. Mercury (as HgO) 

In HgO, the filled 5d levels should be tightly-bound and core-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-5 eV. The intenE;ity ratio of the two peaks, as derived by least-squares 

fitting of Lorentzian curves to our data, is 1.!-t:l.O. The separation and 

intensity ratio are consistent with a. d
312

-d
512 

spin-orbit doublet, as the 

free-atom theoretical prediction :is for a 2.1 eV separation
36 

and the 

intensity ratio should be given by the level multiplicities (i.e., 

6:4 = 1.5:1.0). (We have verified that the intensity ratios for the 

~d 312 -3d 512 core levels of the 4d metals in Table I follow this rule to 

within experimental accuracy (±0.1)). Thus the 5d levels of HgO 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 case~> studied are presented in Fig. 18. 

In Table I are given the binding energies and widths of the reference core 

levels used for correcting valence band spectra, as 1-rell as the 1-lidth of 

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 bands for Fe, Ru, and Os than for 

Cu, Ag, and Au, respectively, and even narrower core-like states ~ 10 eV 

below Ef for ZnS, CdC1
2

, 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 
17 

electrons 

(see Fig. 3c and Sec. II). The 4d bands studied are only slightly 1-rider 

than their 3d counterparts; the 5d bands are considerably wider and show 

gross structure. 

Within two isomorphous series--Rh, Pd, Ag and Ir, Pt, Au, all 

members of which are face-centered cubic--ther.e is sufficient similarity 

of the shapes of the d-band 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 Fermi energy to allow for partial filling of 

the d bands, then this mociel would apply. The peaks for Rh and Pel 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 (as though it were a broader 

peak cut off by the Fermi energy). The application of this model to the 

prediction of the experimental p(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 probab1y indicates some similarity in the d bands in 
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these metals, but we do not take it as a verification of the rigid band 

model~ se. 

The t1vo-component structure observer~ in the d-band peaks of Pt 

and Au.is very similar to the unresolved structure found in Ag. That is, 

a more intense component appears nearer Ef. To estimate the intensity 

ratios of these corr,ponents more accurately, we have least-squares fitted 

two Gaussian peaks of equal width to our data for these three metals. 

The ratios and separations so derived are: Ag--1. 51: l. 00, l. 8 eV; 

Pt--1.60:1.00, 3.3 eV; and Au--l.l-18:1.00, 3.1 eV. As our accuracy in 

determining these ratios is "-· ±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 5d levels of HgO). Thus, one might argue that as the 

4d and 5d shells move nearer to the Fermi surface with decreasing Z, they 

must go continuously from core states to valence states, perhaps retaining 

some degree of simple spin-orbit character in the process. The observed 

separations are l. .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, 

however, is our obs€rvation (verified in UPS results
29

,
38

) that for Au 

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

hV < 21.2 eV show this component split into two peaks. 
29 

'
32 

In vie>¥ of 

this, our intensity ratio estima.tes based on tvro peaks of equaJ. ',.;idth may 

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

particularly between Ag and Pt or Au couJ.d be somewhat accidental. 



-29-. 

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 Ali, the recent UPS work of 

Eastman
29 

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 energles. ' ' 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 wbich 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 spectroscopy(XPS) 

in the determination of densities of states. The application of this 

technique to the d bands of 12 metals and 3 non-metallic solids seems 

tc indicate that reliable information about the overall shape of p(E) 

can be obtained. The results show systematic 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 h:1.ve placed special emphasis on com-

parison of XPS with the closely related ultra-violet photoelectron spec-

troscopy (UPS). It appears that UPS at the present time has an advantage 

in resolution, but that XPS results can be more easily corrected for 

inelastic scattering, are not significantly affected by final state 
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density, and are less susceptible to the effects of surface conta~in2~ts. 

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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'l'able 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. ~'he widths of the d-band 
peaks are also given, along with the spacing of th~ two components in these 
peak.s (if observed) . ~ ! 

Ref. core 

Solid 
Reference level bind-

levels ing energya core 
(eV) 

Fe 
· 3Pl/2-3/2 

(unresolved)c 
52 

Co " 57 

Ni " 66 

Cu II 
75 

ZnS " 90 

Ru 3d3/2-5/2 
280 

Rh " 301 

Pd " 335 

Ag " 368 

CdC1
2 " )+08 

Os L_f 
' 5/2-7/2 

50 

Ir 
II 60 

Pt II 71 

Au " 81-t 

HgO " 103 

aB. d. . J.n 1ng energy of the 9., + 1/2 

FWHM of b 
core levels 

(eV) 

2.3 

2.5 

3.4 

4.2 

5.4 

1.1 

1.3 

1.3 

1.0 

1.2 

1.3 

l. )+ 

1.5 

1.2 

1.5 

component, relative 

FWHM of 

d-b and 

peak 
(eV) 

4.2 

4.0 

3.0 

3.0 

1.7 

4.9 

4.4 

)_Ll 

? r.; 
->·/ 

2.0 

6.5 

6.3 

5.8 

5.7 

3.8 

Separation of 

2 components in 

d-band peal<.:. 
(eV) 

l. 5-l. 8 

3.3 

3.3 

3.1 

1.8 

to the Fermi energy . 

j 

.. 
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'I.'able I. continued 

bEqual widths assumed for both components in the least-squares fits for 3d 

and 4f levels 

cThe theoretical spin-orbit splitting for the 3p levels in this series range 

from 1.6 eV for Fe to 3.1 eV for Zn (Ref. 36). 'l'he partially resolved 

doublet in ZnS is found to have a separation of 2.8 eV, in good agreement. 
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FIGURE CAPTIONS 

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

Ir to Mg x-rays. The levels are Ru 3d
312

-3d
512 

and Ir 4r
512

-4f
712

. 

The peaks due to the MgKa
1 2 

and .MgKa
3 4 

x-rays are noted, as 1vell as 

' ' 
the tail observed on each peak due to inelastic scattering. The analy-

sis of these spectra into pairs of Lorentzian-based shapes is described 

in the text and Ref. 10. 

Fig. 2. Valence band photoelectron spectrum produced by exposure of Cu 

to Mg x-rays, together with the corrected spectrum obtained after 

allowance for the effects of inelastic scattering and MgKa
3

, 4 x-rays 

in the raw data. A peak due to the 3d bands of Cu is the dominant fea-

ture of these spectra. 

Fig. 3. Schematic illustration of various final-state effects on the photo-

electron spectrum of a hypothetical 3d transition metal: (a) the 

Koop:r;nans' 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 coupling between a localized hole and the valence 

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 photoemission . 

. t'lg. 4. The portion of the periodic ta-::>le studied in this work. The atomic 

number, free-atom electronic configuration, a.nd metal crystal struc-

tures are given. Zn, Cd, and Hg were studied as compounds. The crystal 
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structures are those appropriate at the temperatures of our metal 

experiments ( '700-900°C) . 

Fig. 5. Oxygen ls 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 peaks. 

Fig. 6. Results for iron metal. The XPS data were obtained at 780°C and 

have been corrected for the effects of inelastic scattering and 

MgKa
3

, 
4 

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

and SXS (Hef. 3) curves. In (b) the XPS data are shown together with 

a theoretical curve obtained by broa:dening the ferromagnetic density-

of-states function of Ref. 26. Right ordinate is thousands of counts 

in the XPS data. 

Fig. 7. Results for cobalt metal. The XPS data were taken at 925°C and 

have been corrected for inelastic scattering and MgKa
3

, 4 x-rays. 

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 are based on 

measurements at 870°C. In (a), they are compared with L~S (Ref. 12) 

and SXS ( Ref. 3) curv-es. In (b), they are compared to the ferro­

magnetic theoretical density-of-states function from Ref. 14, 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 MgKa
3 

,l+ x-rays. 
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Curves from UPS (Refs. 12 and 28) and SXS (Ref. 3) are compared to 

the XPS results in (a). In (b) the XPS results are compared to a 

broadened theoretical curve based on Ref. 30. 

Fig. 10. Corrected XPS spectrum for ZnS, showing a narrow intense peak 

from the 3d levels, as well as the broad, flat valence bands. 

Fig. 11. Corrected XPS spectra for the 4d metals Bu, Rh, Pd, and 

Ag. 

Fig. 12. Comparison of Pd XPS results with theory: (a) theoretical densitv­

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 CdC1 2 ~ The filled 4d states appear at 

E-Ef ~ -14.5 eV. The broader peak at E-Ef ~ -7 eV represents valence 

bands. 

Fig. 14. Corrected XPS spectra for the 5d meta1s 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 resu1ts with theory: (a) the theoretical 

density of states function of Ref. 37, (b) the broadened theoretical 

curve is compared to our XPS results. 

Fig. 17. Corrected XPS spectrillll for HgO. The intense doublet at 

. E-Ef ~ -12 eV is dut to the core-like 5d
312 

and 5d
512 

states. 

Fig. 18. Summary of the XPS results for the fifteen solids studied.· 

(cf. Table I). The peaks for ZnS, CdC1
2

, and HgO lie at 

E-Ef ~ -13 eV, -14 eV, and -12 eV, respectively. 

~I 
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Fig. 19. An attempt to reproduce the shapes of the experimental XPS 

spectra for the 5d metals 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 piacess disclosed 1n 1his report may-iiot 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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