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In x-ray photoelectro n spectroscopy (XPS), a sample is exposed to low energy x rays (approx imately 
keY), and the resultant photoelectrons a re analyzed with high precis ion for kineti c energy. After cor

rection for ine las ti c scattering, the measured photoelectron spectrum s hould refl ect the va lence band 
density of states , as we ll as the binding ene rgies of seve ra l core e lec tro nic levels . All features in thi s 
spectrum will be modulated by appropriate photoelec tric c ross sec tions, and there are several types of 
final -s tate effects which could co mplicate the interpretation furth er. 

[n comparison with ultraviolet photoelec tron spectroscopy (UPS), XPS has the following ad
vantages: (1 ) the effects of ine las ti c sca ttering 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 elec tron states in the photoe mission process do not introduce significant di s tortion of the photoelec
tron spec trum , and (4) the surface condition of the sample does not appear to be as critical as in UPS. 
XPS seems to be capable of giving a very good description of the general shape of the density-of-s tates 
fun ction. A decided advantage of UPS at the present tim e, however, is approximately a fourfold highe r 
resolution. 

We have used XP S 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 co mpounds ZnS, CdCb , and HgO. The d bands of these solids are o bse rved 
to have systemati c behav ior with changes in atomic number, and to agree qualitatively with the res ults 
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, I r, Pt , Au and HgO are found to have a similar two-component shape. 

Key words: CdC I,; density of states; HgO; noble metals; rigid band model; trans ition me tals; x-ray 
photoe mi ss ion; ZnS. 

1. Introduction 

The e nergy di stribution of electroni c sta tes in the 
vale nce bands [1] of a solid is gi ven by the de nsity of 
states fun cti on, p(EJ- There are several techniques for 
determining prE) at energi es within ~kT of the Fermi 
energy, Ef , whe re relatively s mall perturbations can 
excite electrons to nearby unoccupied s ta tes_ Howe ve r, 
becau se of the nature of F ermi s tati s ti cs, an electron at 
energy E , well be low Ef (in th e sense that Ef - E ~ kT), 
can respond only to excitations of e nergy Ef - E or 
greater- Because the vale nce bands are typically 

* An invited papel· presented at th e 3d Materials Researc h 
Symposium , Electron ic Density of S tates, Nove mber 3-6, 1969, 
Gaith ersb urg, Md. 

, Work pe rformed und er the auspices of the U.S. Atomic Energy 
Commission. 

several e V wide , a versatile, hi gher energy probe is 
required to study the full p (E). The principal tech
niques presently being applied to metals are soft x
ray s pectroscopy (SXS) [2,3] ion-neutralization spec
troscopy (INS) [4], and photoele ctron spectroscopy (by 
means of ultraviolet [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 disruptiv e_ 
The actual initial and final states may not be simply re
lated to the undi sturbed ground s tate [8] , a nd onl y for 
this ground state does prE) have precise meanin g. Eve n 
if the deviation s from a ground state descri ption can be 
neglected , there are co mplications for each of the 
above techniques in r elating meas ured qu a nti ties to 
prE) [2 ,3 ,4 ,5]. Neverth eless, all four have been applied 
with some success, and , where possible, experimental 
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results have been compared to the theoretical predic
tions of one-electron band theory. 

In this paper, we outline the most recently developed 
of these techniques, x-ray photoelectron s pectroscopy . 
(XPS) [6,7] , and apply it to several metallic and non
metallic solids. In section 2, the principles of the 
technique are disellil'S-ed~frDm the point of view of relat
ing measured quantities to a one-electron prE}. In sec
tion 3, 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 experimental techniques and theory where ap
propriate. In addition, results for nonmetallic solids 
containing th e ele me nts Zn, Cd and Hg are presented , 
to clarify certain trends observed as each d shell is 
filled. In section 4, we summarize our findings. 

2. The XPS Method 

The fundamental measurements in both ultraviolet 
photoelectron spectroscopy (UPS) and x-ray photoelec
tron spectroscopy (XPS) are identical and very simple. 
Photon s of known energy impinge on a sample, ex
pelling photoelectrons which are analyzed for kinetic 
energy in a spectrometer. In UPS [5] , photon energies 
range from threshold to - 20 e Y, whereas XPS utilizes 
primarily the Ka x rays of Mg (1.25 keY) and Al (1.49 
keY). For a given absolute e nergy resolution, an XPS 
spectrometer must thus be - 100 times higher in resolv
ing power. We have used a double-focussing air-cored 
magnetic spectrometer [9] , with an energy resolution 
of .1E/E= 0.06 percent. .1E is defined to be the full 
width at half maximum intensity (FWHM) of the peak 
due to a flux of monoenergeti c electrons of energy E. 

Conservation of energy requires that 

(1) 

where hv is the photon energy, Efl the total energy of the 
initial ground state , E" the total energy of the final hole 
state as seen by the ejected photoelectron, E the electron 
kin eti c energy, and 1>c the contact potential between 
the sample surface and the spectrometer. If Eh 
corresponds simply to a hole in some electronic levelj, 
then the binding energy of an electron in levelj is by 
definition Ebv = E" - EY, where the superscript v 
denotes the vacuum level as a reference. The Fermi 
level can also be used as a reference and a simple trans
formation yields 

where EJ == -E is the Fermi-referenced binding ener-

gy, and <Psp is the work function of the spectrometer (a 
known constant). This transformation makes use of the 

~ relations Ebv = EJ + sample work function and <Pc = <Psp 
- sample work function. Positive charging of the sam
ple due to electron emission can shift the kinetic energy 
spectrum to lower energies by as much as 1 e V for insu- > 

lating 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 spec
trum 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 probability, there will be six major contribu
tors to lineshape in an XPS spectrum. Together with 
their approximate shapes and widths for the conditions 
of our experiments, these are: 

1. Linewidth of exciting radiation - Lorentzian, 
-0.8 eV FWHM for the unresolved MgKa\,2 

doublet used as '"monochromatic" radiation in 
this study. The use of a bent-crystal monochro
matic might permit narrowing this in future 
work [7]. 

2. Spectrometer resolution - slightly skew, with 
higher intensity on the low-kinetic-energy side, 
- 0.6 eV FWHM for 1 keY electrons analyzed ) 
with 0.06 percent resolution. 

3. Hole lifetime in the sample - Lorentzian, -0.1 
to 1.0 e V for the cases studied here. 

4. Thermal broadening of the ground 
state -roughly Gaussian, -0.1 eV. 

5. Inelastic scattering of escaping photoelec
trons - all 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 
model. 

Contributions analogous to (3), (4), and (6) will be . 
common to all techniques used for studying p (E). 
A UPS spectrum will exhibit analogous effects from 
all six causes. In XPS , there is thus a present lower 
limit of - 1.0 eV FWHM. Core levels with this width 
are well described by Lorentzian peaks with smoothly 
joining constant tails [10] (see fig. 1), verifying that the 
major contribution to linewidth is the exciting x ray. 
The corresponding lower limit for UPS appears to be 
0.2 to 0.3 e V, so that XPS cannot at present be ex
pected 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 
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FIGURE 1. Core level photoelectron spectra produced by exposure of 
Ru and Ir to Mg x-rays. The levels are Ru 3dJ/2-3d'/2 and Ir 

4f5/2-4f'/2' The peaks due to the MgKa' . 2 and MgKa;,,4 x rays are 
noted, as well as the tail observed on each peak due to inelastic 

scattering. The analysis of these spectra into pairs of Lorentzian
based shapes is described in the text and reference 10. 

XPS [6]. This correction is parti c ularly simple for 
XPS , however, because narrow core levels can be used 
to study the scattering mechanis ms. As the kinetic 

) energies of electrons expelled from core levels - 100 eV 
below the valence bands are very near to those of elec
tron s expelled from the valence bands (i.e, 1150 e V ver
sus 1250 e V) , it is very probable that th e scattering 
mechanism s for both cases are nearly identical. 

Subject to thi s assumption [11] , we can correct an 
obse rved vale nce band s pectrum,!v(E), by using an ap
propriate core leve l s pectrum , IdE) , as a reference 
[6 ,10]. If we constru ct a core level spectrum in the 
absence of scattering, I c' (E'), from pure Lorentzian 
peak shapes, then I e(E) and Ie'(E') can be connected by 
a respon se fun ction , R(E,E'). Since XPS data is accumu
lated in di sc rete channels, Ie(E) and Ic'(E') can be 
treated as vectors with typically 100 elements and 

R(E,E') as a 100 X 100 matrix, these quantities bein g re
lated by 

(3) 

If we now make certain physically reasonable assump
ti ons about th e form of R(E ,E') , the effective number of 
matrix elements to be co mputed can be reduced to 
,,;;; 100. This permits a direct calculation of R(E,E'). The 
next step is to apply R - '(E,E') to th e observed valence 
band spectrum, Iv(E), to yield the correct ed s pec trum , 
I v'(E' ). The Lorentzian widths in Ic'(E') are selected to 
be 0.6 to 0.8 times the observed widths so that no ap
preciable resolution enhancement is accomplished by 
thi s correction. In addition to inelastic scattering, we 
can also easily allow for the extra peaks present in any 
XPS s pec trum due to the satellite x-rays of th e anode, 
the most intense of which are KCX:J.4. In XPS s pectra 
produced by bombardm e nt with magnes ium x ra ys, 
these satellites produce a doublet approximately 10 eV 
above the main (Kcx,.z) peak and with about 10 percent 
of the intensity of the main peak (see fig. 1). The detail s 
of thi s correction proc6-Ciure are discussed elsewhere 
[10] . 

The application of this procedure to data on the 
vale nce band s of co ppe r is illu strated in figure 2. The 
strong similarity be tween corrected and observed spec
tra indicates th e subtle nature of thi s correc tion: the es
sential shape and position of the d-band peak is obvious 
in the uncorrected spectrum. B y co mpa ri so n, thi s rela
tively high inform ation conte nt in raw data is not found 
in UPS [5] or ion-ne utralization spectroscopy [4]. 

An additional advantage of XPS is that the c hemi cal 
s tate of the sampl e can be monitored via observation of 
core leve l photoelectron peaks from the sa m pie and 
possible contaminants [6]. In thi s way it is possibl e to 
detect chemical reactions occurring in the thin surface 
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FIGURE 2. Valence band photoelectron spectrum produced by 
exposure ofCu to Mg x -rays, together with the corrected spectrum 
obtained after allowance for the effects of inelastic scattering and 
MgKa3,4 x-rays in the raw data. A peak due to the3d bands ofeu is 

the dominant f eature of these spectra. 
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'layer (- 100 A) responsible for the unscattered 
photoelectrons of primary interest. Furthermore, ex
perimental results for Fe, Co, and Ni indicate that UPS 
is more sensitive to surface conditions [6,12], 

The relationship of corrected XPS spectra to pre) 
can be con sidered in two steps: (1) a one-electron
transition model , in which the appropriate transition 
probability is expressed in terms of the photoelectric 
cross section, and (2) deviations from the one-electron
transition model. 

The cross section for photoemission from a one-elec
tron state j at energy E will be proportional to the 
square of the dipole matrix element between that state 
and the final continuum state, 

(Yj(E) ex 1 (t/lj 1 f 1 t/l(hv+ E» 1 2 , (4) 

where (TiE) is the cross section and t/l(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 cor
rected kinetic energy spectrum will be related to pre) 
by . 

I'(hv+E-c/>sp) ex L: ij(E')p(E')p'(~v 
+ E')F(E')L(E- E')dE', (5) 

where &(E') is an average cross section for all statesj 
at E', 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 - 1250 e V into the con
tinuum and the lattice potential affects them very little 
[6 ,13], Therefore, the appropriate final state density 
will be proportional sim ply to E1/ 2 , This function is only 
negligibly s malle r for electrons ejected from the bottom 
of the vale nce bands (E == 1240 e V) than for those 
emitted from the top of th ese bands (E == 1250 e V), This 
constanc y of p' (hv + E') cannot be assumed in the anal
ysis of UPS data , however [5] . 

Any changes in o-(E) from the top to the bottom of the 
bands will modulate the XPS spectrum in a way not 
simply connected to pre). From eq (4) it is apparent that 

,these changes can be introduced by variations in either 
t/lj or t/l(hv + E) across the bands. The differences in t/lj 
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 ap-

propriate dipole matrix elements have been made to 
date. 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 
wave functions, This question deserves further study. 
In XPS, there should be little difference in the final- ~ 

state wave function, t/l(hv + E), between the top and 
bottom of a band, as a 1240 e V continuum state should 
look very much like a 1250 eV continuum state. The ef
fects of changes in final state wave function on &(E) 
need not be negligible in a UPS spectrum, however. 

Our discussion up to this point has assumed that the t 

photoemission process is strictly one-electron; i.e., that 
we can describe the process by changing the occupa
tion 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 eigen
values arising from a solution of Hartree-Fock equa
tions. Or, with some admitted errors [16], the one·elec
tron energies obtained from non-Hartree-Fock band 
structure calculations in which simplifying approxima
tions have been made can be compared directly to a 
measured binding energy spectrum. We illustrate the 
use of Koopmans' Theorem in figure 3a, using a 
hypothetical level distribution for a 3d transition metal. 
There are , however, several types of potentially signifI
cant deviations from this one-electron model. We shall 
discuss these briefly, 

The final-state effects leading to these deviations can 
be separated into several categories, although we note 
that there is considerable overlap. In a more rigorous 
treatment some of these separations might not be 
meaningful, but we retain them here for heuristic pur
poses. The effects are: 

(1) Electrons in the sample may be polarized 
around a localized positive hole, thereby in· 
creasing 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 
bands, but with different wave vector. The 
latter two effects could act to broaden I(E) 
relative to pre). These polarization effects are 
schematically illustrated in figure 3b. Polariza· 
tions will only affect I (E) to the extent that the 
kinetic energy of the outgoing electron is al
tered, however (cf. eq (1». Since both polariza
tion and photoemission occur on a time scale 
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FIGURE 3. Schematic illustration of various final -state effects on the 
photoelectron 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 appropriate 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 3 s level); (d) the 

effect on spectrum (a) of two-electron excitation during 
photoemission; and (e) the effect on spectrum (a) of phonon excitation 

during photoemission. 

of ~ 10- 16 s, it is difficult to assess the im
portan ce of thi s effect. As the velocity of an 
XPS photoelectron is ~ 10 times that of a UPS 
photoelectron , the influe nce of polarization 
s hould be somewhat less on an XPS spectrum, 
however. 

(2) In addition to a simple polarization, a localized 
hole can couple stron gly with localized valence 
electrons [17] or with nonlocalized valence 
electrons [18]. 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 " multiple t splitting" in the 
3s photoelectron peak [17]. Also, it has been 
predicted that nonlocalized co ndu cti on elec
trons should couple with a localized core or 
valence hole yielding asymmetric line s hapes 
in electron and x-ray e mission [18J . Both of the 
above effects would act to broade n J( €) spectra , 
with the former bein g more important for 
systems with ad orf shell approximately half
filled. These effects are indicated in fi gure 3c. 
It has also been predicted that the re moval of 
a core or valence electron will be accompanied 
by strong coupling to plasma oscillations [19]. 
This coupling would lead to broad sidebands 
sep'!rated from the one-electron spectrum by 
as much as 20 eV [19]. 

(3) It is also possible that not just one electron is 
fundamentally affected in the photoe mission 
process, but that other electrons or phonons 
are simultaneously excited [20]. Electrons 
may be excited to unoccupied bound states or 
they may be ejected from the sample, and this 
effec t is indicated in figure 3d. The only direct 
observations of s uc h electronic excitations dur
ing photoemi ssion have bee n on monatomic 
gases, where two-elec tron processes are found 
with as high as 20 percent probability [21]. 
Vibrational excitations have a marked effec t on 
the UPS spectra of light gaseous molecules 
[22] , but it is difficult to es timate their im
portance in solids. A classical calculation in
dicates that for such heavy atoms as transition 
metals , the recoil energy available for such ex
citations in XPS is :;;;; 10- 2 eV [7]. Also, the ob
servation of core refere nce 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 e V broadening and 
shifting to lower kinetic energy of features ob
served in the valence-band region. This effect 
is schematically indicated in figure 3e. 

For several reasons , then , XPS seems to be capable 
of giving more reliable information about the overall 
shape of prE) than does UPS. However, the present 
XPS linewidth limit of 1.0 e V precludes dete rmination 
of anything beyond fairly gross structural features. 
With these observations in mind, we now turn to a 
detailed study of the XPS spectra for several solids. We 
note also that the XPS method is appli ed to prE) studies 
in two other papers of th ese proceedings [23,24]. 
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3. Density-of-States Results for Several 3d, 4d, 
and Sd Series Metals 

3.1. Introduction 

Figure 4 shows the portion of the Periodic Table rele
vant to this work. The twelve elements Fe, 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, CdCh, and HgO to illus
trate 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 10- 5 torr. Surface 
contamination of samples is a potential problem, 
because the layer of the sample that is active in produc
ing essentially inelastic photoelectrons extends only 
about 100 A in from the surface [6,7]. This depth is not 
accurately known, however. Because the contamina
tion consists of oxide formation as well as certain ad
sorption processes with lower bonding energy for the 
contaminant , all the metal samples were heated to high 
temperature (700 to 900 °C) in a hydrogen atmosphere 
(10- 3 to 10- 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 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 moni
tored via the oxygen Is peak. Because core electron 
binding e nergies 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 

26 3d 6 4s2 27 3d7 4s2 28 3dB4s2 29 3d '04si 30 3d '04s2 

Fe Co Ni Cu Zn 
bee fcc fc c fcc - -

44 4d75s ' 45 4d 85s ' 46 4d 'o 47 4d '05s I 48 4d '05s2 

Ru Rh Pd Ag Cd 
hep fcc f cc fc c - -

76 5d 6 6s2 77 5d9 78 5d 'o 79 5d '06s1 80 5d'06s2 

Os Ir Pt Au Hg 
hcp fcc fcc fcc - -

FIGURE 4. The portion of the periodic table studied in this work. The 
atomic number,free·atom electronic configuration, and metal crystal 
st ructures are given. Zn, Cd, and Hg were studied as compounds. The 

crystal structures are those appropriate at the temperatures of our 
metal experiments (700-900 °C). 

something about the surface chemistry of 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 
Is peak is strong, and it possesses at least two com
ponents. 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 com
ponent of the iron peak also disappears , leaving a nar
row peak characteristic of iron metal. Our interpreta
tion of the disappearing components is that the left ox
ygen peak (higher electron binding energy) represents 
oxygen as ~xide , the right oxygen peak (lower electron 
binding e ner gy) represents oxygen present as more 
loosely bound adsorbed gases, and that the left iron 
peak (higher electron binding energy) represents ox
idized iron [6 ,25]. Thus at the highest temperatures in
dicated in figure 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 exce pt Pd. (We di scuss 
Pd below.) For example, the core level peaks for Ru and 
Ir shown in figure 1 do not indicate any significant 
splitting or broadening due to chemical reaction. The 
results presented in table 1 indicate similar behavior 
for all metals studied. The carbon Is peak was also ob
served and found to disappear for all cases at the te m
perature of our measurements. 

~'~ 
!l1L-'~ 
l~ldL 
~~~ 
710 715 720 725 1185 1195 1205 

Kinetic energy ( eV ) -

FIGURE 5. Oxygen I s and .3p photoelectron peaks from metaLLic 
iron at various temperatures in a hydrogen atmosphere. Note that the 

Fe.3p component at lower kinetic energy (an "oxide" peak) 
disappears at high temperature along with the 01s peaks. MgKa 

radiation was usedfor excitation throughout the work reported here. 
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TABLE 1. Summary 0/ pertinent resuLts for the fifteen soLids studied. 

The reference core levels 1I sed for ine last ic sca ttering correct ion are li s ted, a long with th eir binding energies and widths. The widths of the d·band peaks are a lso given, along with the spacing 
of the two components in these peaks (if observed). 

Ref. core FWHM of FWHM of Separation of 
Solid Reference level binding core levels b d -band peak 2 co mponents 

core levels energy a (eV) (eV) in d·band peak 
(eV) (eV) 

Fe .... _ ... . 3P1 /2- 3/2 (unresolved) c . . 52 2.3 4.2 
Co ......... 3p 1/2 - 312 (unresorved)c .. 57 2.5 4.0 
Ni .......... 3P1 /2- 3/2 (unresolved) c .. 66 3.4 3.0 
Cu ......... 3P1 /2-3/2 (unresolved) c .. 75 4.2 3.0 
Zn5 .. _ .... 3P1/2-3/2 (unresolved) c .. 90 5.4 1.7 

Ru .......... 3d3/2-5/2 ..................... 280 l.l 4.9 
Rh .......... 3d3/2-5/2 .......•............. 307 1.3 4.4 
Pd .. . ... ... . 3d3/2 -5/2 .....•.•.......•..... 335 1.3 4.1 
Ag .......... 3d3/2 - 5/2 ............ . ....... 368 1.0 3.5 1.5-1.8 
CdCh ...... 3d3/2- 5/2 ..... . .... •. ...... .. 408 1.2 2.0 

Os .......... 4/5/2- 7/2 . .... . . .. . . •.. . •..... 50 1.3 6.5 
Ir.. _ ........ 4/5/2- 7/2 ... ........•...• . . ... 60 1.4 6.3 3.3 
Pt. .......... 4/'/2- 7/' .. .... · .. ........ .. .. 71 1.5 5.8 3.3 
Au .......... 4/' /2- 7/2 .. ......... .......... 84 1.2 5.7 ~.l 
HgO ....... 4/' /2- 7/2 . .... .... ............ 103 1.5 3.8 L8 

" Binding e nergy of the f + 1/2 componenl , re lative to the Fermi energy. 
b Equal widths assumed for both component s in the least-squares filS for 3d and 4flevels. . . 
cThe theoreti cal spin-orbit sp litting for the 3p levels in thi s series range from 1.6 eV for Fe to 3. 1 eV for Zn (Ref. 36), The partially resolved doublet In ZnS IS found 10 have a 

separation 01'2.8 eV, in good ag reement. 

All metal s were studied as high purity polycrystalline 
foil s, exce pt for Ru and Os, which were s tudied as pow
ders [1OJ. 

The non me ta llic sa mples (Z nS , CdCI2 , and H gO) 
were studied as powders at room tem perature. Both 

r consid erations of che mical s tability and observations 
of core levels indi cated no significa nt s urface con
tamination , although high purity for these cases was not 
of paramount importan ce. 

The results reported here were obtained with 1.25 
keY MgKa radiation for excitation . However, no signifi
cant changes are introduced with AlKa radiation of 
1.49 keY e nergy. 

We prese nt below our experim e ntal results for these 
d group metals, as well as the results of other ex peri
ments and theory. Statistical error limits are shown on 
all XPS results. Throughout our di scussion , we s hall 
speak of "p( E)" as determined by a certain technique, 
bearing in mind that no experime ntal technique 
directly measure s p(E) , but rather some distribution 
peculiar to the experi ment (e .g., the UPS "optical den
sity of states" [5J , or the INS "transition density func
tion" [4J) , which is related to prE) in so me way (e.g. , b,y 
our eq (5)). 

The location of th e Fermi e nergy was de termined by 
using eq (2). Thi s determin ation was c hecked against 
photoelectron peaks from a Pt standard [1OJ. Our esti
mated overall accuracy in de terminin gEJ is ±O.5 eV, so 
that precise comparison of features in XPS spectra 
with features present in the results of other experi-

me nts (all of whi ch have roughly the same Ej" accuracy) 
is not always possible. 

Finally, we note th at the dominant feature in our 
results for all cases is a pea k due to the bands derived 
from d atomic orbitals. The XPS method is not partic u
larly sensitive to the very broad, Aat , s- or p-]ike bands 
in metals, and such bands are seen with enhanced 
sensitivity only in studies using ion-ne utralization 
spectroscopy [4]. 

3.2. The 3d Series: Fe, Co, Ni, 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 and other 
experiments [3,12]. There are now enough data availa
ble that it is worthwhile to discuss and compare results 
for these iron group metals individually, as Eastman 
[12J has done. 

a. Iron (bee) 

Hanzely and Liefeld [3] have studied Fe, Co, Ni, 
Cu, and Zn using soft x-ray spectroscopy (SXS). Their 
results for Fe, together with Eastman's UPS results 
[l2J and our own, are plotted in figure 6a. In comparing 
the three prE) 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 com
parison. Also the UPS c urve is terminated at EJ and is 
less reliable in the dashed portion, for E < Ej"-4 eY 
[l2J. With these qualifications, the overall agreement 

549 



26 

Iron 
24 -

(a) a 
~ 

22 '" w c 

;;. ~ 

20 e 
<J) 

Il. 
X 

w 

E-E, leV) 

FIG URE 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:! .. x-rays. Tn (a) the XPS data are compared with UPS (ref 
12) and SXS (ref 3) curves. In (b) the XPS data are shown together 
with a theoretical curve obtained by broadening the ferromagnetic 

density-oJstates function of reference 26. Right ordinate is tholisands 
of counts in the XPS data 

among these results from three different experimental 
methods is really quite good. The function prE) appears 
to be essentially triangular, peaking just below EJ and 
dropping more 0; less linearly to zero at E - Ef - 8 e V. 

Upon closer inspection however, the agreement is 
less impressive. The SXS results are somewhat nar
rower, but with more intensity above Ef, probably due 
to spurious effects [3]. There is little coincidence of 
structure, although the maxima for XPS and SXS coin
cide fairly well. A shift of -1 e V of the XPS curve 
toward Ef or the UPS curve in the opposite direction 
would improve their agreement, but it is unlikely that 
the combined errors in the location of Ef location are 
that great. 

In figure 6b, the XPS results are compared to the 
one-electron theoretical prE) calculated by Connolly 
[26] for ferromagnetic iron. The theoretical prE) has 
been smeared at the Fermi surface with a Fermi func
tion corresponding to the temperature of our experi
ment (780°C) and then broadened with a Lorentzian 
lineshape of 1.0 e V FWHM. It should thus represent a 
hypothetical "best-possible" XPS experiment in a one
electron model (i_e., eq (5) with (i(E') and p'(hv + E') 
constant). The agreement between theory and experi
ment is good, particularly above Ef -5 eV. The XPS (or 

SXS) results give somewhat higher intensity below 
EJ - 5 e V than theory. We note that hybridization ofthe 
d bands can lead to significant broadening of the -I 
theoretical prE) of Ni [14]. A similar sensitivity of the 
iron prE) to the amount of hybridization could account 
for the discre~ancy in width between XPS and theory. 

Our reason for comparing experimental results to 
ferromagnetic instead of paramagnetic theoretical pre
dictions is as follows: In experiments on ferromagnetic 
metals, no significant differences are observed between 
XPS [6, 17] and INS [4] results obtained above and 
below the Curie temperature (fe, where long-range fer- -t 

romagnetic order should disappear). Furthermore , 
exchange-induced splittings of core electronic levels in 
iron are the same above and below Te [17] . It thus ap
pears that localized moments persist above Te 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 levels [l7J. in much the 
same way, independent of the presence of long range 
order. Thus a comparison of experiment with a 
paramagnetic prE) may be a priori irrelevant, in
asmuch as a ferromagnetic prE) takes these effects into 
account in an approximate way. Eastman [12] has also 

noted that UPS results for Fe, Co, and Ni below Tc are 
in general in better agreement with ferromagnetic 
theoretical prEY's than with similar paramagnetic 
theoretical results. Accordingly, we shall compare our 
results only with ferromagnetic theoretical curves for 
Ni and Co in the next sections. 

b. Cobalt (fcc) 

The experimental situation is illustrated by the three 
density-of-states curves in figure 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 I 

Fermi energy that is missing from the SXS [3] and 
XPS results, and at lower e nergies 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 5 eV for SXS, XPS, and UPS, respectively. 

In figure 7b, we compare our XPS results to a fer
romagnetic theoretical curve of Wong, Wohlfarth, and 
Hum [27] for hcp Co (our experiments were done on 
fcc Co, for which no detailed theoretical results are 
available). The theoretical curve has been broadened 
in an analogous fashion to that for iron. The agreement 
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FI GU R ~: 7. ReslIlts for cobalt metal. The XPS data were taken at 
925 °C and have been corrected/or inelastic scattering and MgKu:I , ~ 

x-rays. I II (n) these data a re compo red with U IJS (reI 12) and SXS (reI 
3) results . In (b) the comparison is with an appropriately brondened 

ferromagnetic theoretical curve/rom reference 27. 

is good for E > EJ-3 eV, but the XPS results are 
somewhat high below that point. In fact, the overall 
agreement is probably best between theory and SXS 
(cf, fig, 7a). 

c. Nickel (fcc) 

Experimental results for Ni are presented in figure 8a 
[3,12], We note a slight decrease in the XPS results in 
the region E < EJ - 4 e V relative to our earlier work [6], 
This decrease is due to a more accurate allowance for 
a weak inelastic loss peak appearing at -5 e V 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, 
respec tively), but agree in overall shape with XPS. The 

, SXS results in figure 8a were obtained from measure
ments of L x rays [3]. Similar work on M x rays (for 
which transition probability modulation may be a 
smaller effect [2]) shows somewhat more fine structure 
and a FWHM of - 3 eV [2] , agreeing rather well with 
XPS. Nickel has also been investigated by INS [4] and 
a smooth peak of roughly the same position and width 
as the XPS peak is observed. Even with an allowance 

(b) 

Broadened thea 
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FI GURE 8. Resultsfor nickel metal. The correctedXPS data are 
based on measurements at 870 °C. I Q (a) they are compared with UPS 

(reI 12) and SXS (reI 3) curves. In (b) they are compared to the 
ferromagnetic theoretical density-ofstates/unctionfrom reference 14 , 

which has been broadened. 

for the poorer resolution of XPS, the two peaks appear
ing in the UPS results are not consistent with the XPS 
curve. 

The various theoretical prE) es timates for Ni have 
been discussed previously [2,12]. The FWHM of these 
estimates vary from - 3 to 4.5 eV, with the smallest 
width coming from an un hybridized calculation [14J. 
In figure 8b, we compare our XPS results to a 
hybridized, ferromagnetic prE) for Ni [14] 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 un· 
hybridized prE) [14]), and that, allowing for our 
broadening, the UPS results are in best agreement with 
theory. In view of the considerable discrepancies 
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]. 

d . Copper (fcc) 

The experimental curves from UPS [12,28J, SXS 
[3J, and XPS are shown in figure 9a. There is agree· 
ment in that all curves show a peak between 2.3 and 3.3 
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e V below Ef , but with UPS showing more detailed 
structure and a somewhat uncertain overall width 
[12,28]. The widths and shapes of XPS and SXS are in 
good agreement though shifted relative to one another 
by ~ 1 e V. (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 in· 
tensity 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 in INS [4] and the 
results for the d ·band peak are in essential agreement 
with XPS and SXS. 

In figure 9b, we compare a broadened version of the 
theoretical pre) 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 coin
cidence in energy of structure in the UPS curve with 
structure in the unbroadened theoretical pre) has been 
discussed previously [28], but we note that the relative 
intensities of the various features noted do not in fact 
coincide with theory. 

Copper 
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FIGURE 9. Results for copper metal. the XPS data were obtained at 
720 °C and have been corrected for inelastic scattering and MgK0'3 . 4 

x·rays. Curves from UPS (refs. 12 and28) and SXS (ref 3) are com· 
pared to the XPS results in (a). In (b) the XPS results are compared 

to a broadened theoretical curve based on reference 30. 

e. 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 ZnS in figure 10. The 3d 
electronic states show up as a narrow intense peak with 
a FWHM of 1. 7 e V and located ~ 13 e V below Ef . (The 
separation of this peak from Ef may be too. large, 
because of charging of the sample [25].) The valence 
bands are just above the d peak. The d states of metal· 
lic zinc have been studied also by SXS [3], and a peak 
of FWHM = 1.45 e V, at 8 e V below EJ, was obtained. ~ 

Thus XPS and SXS are in good agreement on the width 
of these core-like 3d states, which are only about 10 eV 
below Ef . 

3.3. 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 figure 11. The metals are 
discussed separately below. 

a . Ruthenium (hcp) 

Our results for Ru are characterized by a single peak 
of ~4. 9 e V FWHM. The high energy edge is quite 
sharp, reaching a maximum value at aboutEj -1.7 eV. 
The peak is ~ather flat, and there is some evidence for 
a shoulder at Ef - 4.5 e V. The peak falls off more slowly 
with energy on the low energy side than near Ej . The 
reference core level widths in Ru were quite narrow, as 
indicated in table 1, and spurious effects due to surface 
contamination are unlikely. There are no other experi-
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FIGURE 10. CorrectedXPS spectrum/or znS, showing a narrow 
intense peakfrom the 3d levels, as well as the broad,flat valence 

bands. 
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FI GU RE 11. Corrected X PS spectraJor the 4d metals Ru , Rh, Pd, and 
Ag. 

me ntal or theoretical r es ults on Ru presently available 
for comparison with our data. 

b. Rhodium (fcc) 

The XPS-derived pre) can be described by a single 
triangular peak, very steep on the high e nergy side, and 
reaching a maximum at Ef -1.3 e V. There is little 
evidence for s tructure on the low energy side, which 
falls off monotonically. The peak FWHM of - 4.4 e V is 
slightly smaller than that for Ru. No other experimental 
or theoretical results on Rh are available for com
parison. 

c. Palladium (fcc) 

Our corrected results for Pd have much the same ap
pearance as those for Rh , but the Pd peak is slightly 
narrower with a FWHM of - 4.1 eV and the maximum 
occurs at Ef -1. 7 e V. The high-energy edge of the Pd 

, peak is very steep, and most of the slope must be in
strumental. Therefore, as expected, the true pre) for 
Pd is apparently very sharp atEf . 

The results presented in figure 11 have been cor
rected for a weak inelas tic loss peak at 6 e V, and also 
for the presence of a small peak at Ef - 10 e V, arising 
from oxyge n present as a surface contaminant. Sam
ples of Pd were heated in hydroge n to approximately 
700 °C and then studied at this temperature with either 
a hydrogen or argon atmos phere. It was not possible 
under these conditions (or eve n by heating to as high as 
900 DC) to get rid of the oxygen Is peak completely. For
tunately, the only effect of a slight oxygen contamina
tion on the valence band XPS spectrum of certain 
metals appears to be a sharp peak at Ef -l0 eV 
(probably caused by photoemission from 2p-like oxygen 
levels). We have also observed this effect for slightly 

oxidized Cu. Thus we were ab le 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] . 

Palladium has also been studied by UPS [32 ,33] , and 
the agreement with XPS is good in general outline. 
However, the precise shape of the UPS results below 
approximately Ef - 3.5 e V is uncertain [32,33]. 

In figure 12, we compare our results with the 
theoretical predictions of Freeman, Dimmoc k, and Fur
dyna [34] _ The upper portion of the figure shows the 
fine structure of their p(E) histogram 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 
so me what different. 

d. Silver (fcc) 

Our results for Ag also appear in figure 11. They 
differ in several respects from the Pd curve. The d 
bands are filled and below Ef, giving rise to a narrow 
peak (FWHM = 3.5 e V) with its most intense com
ponent at Ef -5.3 eV. The edges of this peak are quite 
sharp, in view of the instrumental contributions of XPS. 
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FIGURE 12. Comparison oj Pd XPS results with theory: (a) 
theoretical density-ofstatesJunctionJrom reJerence 34, indicating the 
complexity oj the one-electron pIE) , (b) X PS results and a broadened 

theoretical cnrve. 
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The 3d3/2 and 3ds/2 levels of Ag are also very narrow (see 
table 1), indicating no spurious linewidth contributions 
from instrumental or contamination effects. There is 
also strong evidence for a weaker component at 
-EJ-6.6 eV. This two·component structure has also 
been verified by Siegbahn and co· workers in uncor
rected XPS spectra [7,31]. Very similar structure ap
pears in the d bands of several 5d metals and we 
discuss the possible significance of this below (sec. 3.5). 

Silver has also been studied by means of UPS 
[5,29,35], using radiation up to 21.2 e V [29] in energy. 
The results of these studies (in particular those attained 
at 21.2 e V) are in essential agreement with our own, in 
that they show a peak of - 3 eV FWHM at EJ -5.0 eV. 

No theoretical pre) predictions for Ag are available 
at the present time. 

e. Cadmium (as CdCI2 ) 

A corrected XPS-spectrum for CdCl2 is shown in 
figure 13. The 4d peak appears at - EJ -14.5 e V and the 
valence bands fall between roughly 5 and 10 e V below 
EJ. The 4d peak is very narrow (a FWHM of 1. 7 e V, 
compared to 3.5 e V 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 
d3 /2 and dS/2 components). There is no evidence for 
splitting of this peak, but its shape is consistent with a 
theoretical free-atom prediction of only a 0.8 e V spin
orbit splitting [36]. The analogous 5d-series levels in 
HgO do exhibit resolvable spin-orbit splitting, however 
(sec.3.4.e). 
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FIGURE 13. CorrectedXPS spectrum for CdCl2 . The filled 4d states 
appear at E-Ef = -14.5 ev' The broader peak at E·Ef "" - 7 eV 

represents valence bands. 

3.4. The sd Series: Os, Ir, Pt, Au, and Hg 

The corrected XPS spectra for the metals Os, Ir, Pt, 
and Au are shown in figure 14. 

a. 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 EJ to a plateau beginning at EJ-1. 7 
e V. The flat region of the Os peak extends over approxi
mately 3 eV, and is broader than that for Ru. No com- < 

parisons 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 proximi
ty of the very intense Os4f levels in energy (see table 1). 
These core levels appear to interact with very weak Mg 
x rays whose energies are as high as - 1300 e V, giving 
rise to photoelectrons in the same kinetic energy region 
as valence bands interacting with the 1250 e V MgKal. 2 

x rays. Similar problems were encountered with Ir but 
they do not affect our conclusions as to peak sh~pes 
and structure. An additional problem was encountered 
in correcting for the MgKa3, 4 x rays in both Os and Ir, 
as the low intensity 5pl /2 and 5p3/2 photoelectron peaks 
overlap the a 3,4 regions of the reference 4f 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 figure 1. However, the a 3,4 correction is a 
small one and could nonetheless b e made with suffi
cient accuracy not to affect our fundamental conclu
sions. 
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Corrected XPS spectra for the Sd metals as , Jr, Pt, and 
Au. 
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b. Iridium (fcc) 

The corrected XPS results for iridium are similar to 
those of Os in overall shape and width , but give 
evide nce for two peaks, at approximately Ef -1.5 e V 
and Ef -4.5 e V. This two-peak structure is even clearer 
in the uncorrected XPS spectrum for Ir shown in figure 
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. 

c. Platinum (fcc) 

Our corrected XPS results for Pt exhibit two 
~ . partially-resolved peaks at Ef -1.6 e V and Ef -4.0 e V, 

with the more inte nse compon ent lyin g 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 separations 
of the two compone nts observed in the d bands are thus 
very nearly equal for Ir and Pt , but the relative inte nsi
ties are different. 

Theoretical res ults are available for Pt. The band· 
structure calculations of Mueller e t al. [37J are shown 
in figure 16, together with our data. The theoretical 
prE) is also shown after broadening, to facilitate com
parison. We note that both theory and experime nt show 
roughly two major peaks but that the relative intensities 
are in poor agreement. The disagree ment as to shape is 
the same as that observed for Pd in figure 12. (Relati ve 
intensities are arbitrary in both of these figures.) In ad
dition , the band-structure calculations give a total 
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F IGU RE 16. Compa rison of Pt XPS results with theory: (aJ the 
theoretical dens it y-oIstates fu nction of reference 37, (b J the broadened 

theoretical curve is compared to our XPS results . 

width at half height of 8 e V, while the XPS data show a 
width of only 6 e V. Thus the overall agreeme nt is only 
fair. 

d. Gold (fcc) 

The d band s of gold are filled and should lie several 
e V below Ef , as our results in fi gure 14 indicate . Two 
peaks are again evident in the corrected XPS results 
for gold, and these have been verified in uncorrected 
XPS spectra obtained by Siegbahn and co-workers 
[7,31]. The statistical 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 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 [29,38J. 
In experiments at photon energies up to 21.2 e V [38], 
a two-peak s tructure is found , with components at 
Ef -3.4 eV and Ef -6.1 eV. The component at - 3.4 eV 
is also observed to be split into a doublet [38J, perhaps 
accounting for its extra width in the XPS results. 
Furthermore, a spectrum obtained with hv = 26.9 eV 
[29J (but not corrected for inelas ti c scattering) looks 
very much like our XPS res ults, again indicating that 
with increase in photon e nergy, UPS res ults converge 
rather quickly to those of XPS. 
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There are no theoretical prE) estimates at present 
available for Au. 

e. Mercury (as HgO) 

In HgO, the filled 5d levels should be tightly-bound 
and core·like. Figure 17 shows a corrected XPS spec· 
trum for HgO, in which the 5d 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 e V. The intensity ratio of 
the two 5d peaks, as derived by least·squares fitting of 
Lorentzian curves to our data, is 1.4:1.0. The separation 
and intensity ratio are consis tent with a d3/2 - d5/2 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 3d3/2 - 3d5/2 core levels of the 4d metals in table 1 
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 com· 
ponents in the doublet is similar to those observed in Pt 
and Au. We discuss the possible implications of this 
similarity in the next section. 

3.5. Discussion of Results 

The XPS results for all 15 cases studied are 
presented in figure 18. In table 1 are given the binding 
energies and widths of the reference core levels used 
for correcting valence band spectra, as well as the 
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FIGURE 17. Corrected XPS spectrumJor HgO. The intense doublet at 
E·Ef = -/2 eV is due to the core-like Sd3/, and Sd'/2 states. 
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FIGURE 18. Summary oj the XPS resultsJor the fifteen solids studied 
(cf table 1). The peaks for ZnS, CdCl" and HgO lie at £·Ef = -13 eV, 

-14 eV, and -12 eV, respectively. 

width of the peak due to the d bands and (where ob
served) the separation of the two primary components 
in this peak. 

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, respective
ly, and even narrower core-like states - 10 e V below Ef 

for ZnS , CdCh, and HgO. Much of this variation is no 
doubt connected with a one·electron prE), 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 electrons [17] 
(see fig. 3c and sec. 2). The 4d bands studied are only 
slightly wider 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 cu
bic - there is sufficient similarity of the shapes of the d
band peaks to suggest a rigid-band model for prE). If 
prE) of Ag(Au) can be used to generate prE) of Rh and 
Pd (Ir and Pt) simply by lowering the Fermi energy to 
allow for partial filling of the d bands, then this model 
would apply. The peaks for Rh and Pd are too wide to 
be represented by a Ag prE), 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 ener
gy). The application of this model to the prediction of 
the experimental prEy's for Ir and Pt is shown in figure 
19. The predictions are reasonably good. In our opinion, 
this limited success for Ir, Pt and Au probably indicates 
some similarity in the d bands in these metals, but we 
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do not take it as a verification of the rigid band model 
per se. 

Th e two-component structure observed in the d-band 
peaks of Pt and Au is very similar to the unresolved 
structure found in Ag. That is, a more inte nse com
ponent appear's nearer Ej'. To estimate the inte nsity 
ratios of these components more accurately, we have 
least-squares fitted two Gaussian peaks of equal width 
to our data for these three me tals. 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-1.48:1.00, 3.1 eV. As 
our accuracy in determining these ratios is ~ ±O.l, they 
could all be represented by a value of 1.50: 1.00. A 
possible significance of this value is that it is the ex
pected (and observed) inte nsity ratio for a spin·orbit 
s plit d level (e.g., the 5d le vels ofHgO). Thus, one might 
argue that as the 4d a nd 5d shells move nearer to the 
F ermi surface with decreas ing Z, they must go continu
ously from core states to vale nce states, perhaps retain
ing so me degree of simple s pin-orbit character in the 
process. The observed separations are 1.5-2.5 times 
laro-er 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 observation (verified in 
UPS results [29,38]) that for Au the component nearer 
Ef is broader. In fact, the UPS results for hI! :s; 21.2 e V 
show this component split into two peaks [29,32]. In 

view of this, our intensity ratio estimates based on two 
peaks of equal width may not have fundame ntal s ig
nificance, and the agreement of these ra tios, particu
larly between Ag and Pt or Au could be some what ac
cidental. 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 Eastman [29] at higher photon energies 
(21.2 to 26.9 e V) is in much better agreement with XPS 
results than previous studies using a r ange of lower 
photon energies [28,35,38]. It thus appears that as the 
photon energy is increased in a UPS experiment, the 
form of the energy distributions can be expected to ap
proach rather quickly that observed in XPS work. We 
f eel that photoelectron spectra for which XPS and UPS 
show agreement ought to be much more closely related 
to prE). Further UPS experiments a t greater than 20 eV 
photon energies would thus be most interesting. 

4. Concluding Remarks 

We have disc ussed 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 nonmetallic solids seems to indicate 
that reliable inform ation about the overall shape of prE) 
can be obtained. The results show systematic behavior 
with changes in Z and crys tal structure and agree 
qualitatively and in some cases quantita tively with 
theoretical predictions for both unfilled valence dlevels 
and filled core-like d levels . 

Throughout our discussion , we have placed s pecial 
emphasis on comparison of XPS with the closely re
lated ultraviolet 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 density, and are less susceptible 
to the effects of surface contaminants. UPS results at 
photon energies ~20 e V appear to be more reliable in
dicators of prE) in the sense that they agree better with 
the rough outline predicted by XPS. The need for 
further work at higher resolution and at all photon ener· 
gies (including those in the relatively untouched range 
from 20 to 1250 e V) is evident. 
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