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CORE AND VALENCE ELECTRONIC STATES STUDIED WITH 
X-RAY PHOTOELECTRON SPECTROSCOPY 

Charles Sherwood Fadley 

ABSTRACT 

UCRL-19535 

X-ray photoelectron spectroscopy (XPS) is applied to two separate 

studies of electronic structure: (1) Experimental and theoretical results 

are presented for metal-atom electron binding energy sp1ittings due to 

multiplet effects in the final hole state- of the measurement. Such split-

tings are observed in several solid compounds containing Mn and Fe, as well 

as in Fe metal, Co metal, and Ni metal. The 3s electron binding energy 

is split into two components with a separation as large as 7.0 eV. fTl' J.ne 

instrumental resolution is"' 1.0 eV. Theoretical predictions are in good 

agreement with these 3s results, provided that the effects of covalency in 

chemical bonding are taken into account. 2p and 3p electron energies also 

appear to exhibit such splittings. -XPS results for monatomic Eu also give 

evidence for multiplet effects. Photoelectron peaks due to the Eu 4d and 

l~f electrons show certain anomalies in shape and width that are co:1sistent 

1-rith multiplet spli ttings. ( 2) 'l'he application of XPS to studies of the 

valence-band densities of states of solids is discussed. A comparison is 

made to the closely related experimental technique, ultraviolet photo-

electron spectroscopy. XPS results are presented for the fifteen solids: 

Fe, Co, l'Ji, Cu, ZnS, Ru, Rh, Pd, Ag, CdCl2 , Os, Ir, Pt, Au, and HgO. \'!here 

• 

• 

possible, comparisons are made to the results oi' other experj;11ents and -.' 

theory. Systematic trends are observed in the XPS-derived densities of 

states for these solids. In particular, the d bands of Ag, Ir, Pt, Au, 

.... ' 
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and HgO all show a similar two-component structure. With the present 

resolution, XPS results appear to represent a good description·of the 

ove~all shape of the density-of-states function. 

Special experimental equipment and data analysis techniques necessary 

for these studies are also discussed. A procedure for least-squares fitting 

of analytic peak shapes to XPS spectra is presented. Also,. a technique is 

developed to correct XPS spectra for the effects of inelastic scattering 

and a non-monochromatic x-ray·source. 

·. 
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I. INTRODUCTION 

Photoelectron spectroscopy represents a recently-developed experi-

mental technique for the study of atoms, molecules, and solids. The funda-

mental experiment consists of bombarding the san1ple to be studied ;.rith 

nearly monoenergetic photons and measuring the properties of the ejected 

electrons (usually their kinetic energy distribution). Photoelectron spec-

troscopy thus differs from many standard spectroscopic techniques in vrhich 

the properties of emitted, absorbed, or scattered electromagnetic radiation 

are measured. It also fits into the more general category of electron 

spectroscopy, which includes measurements on electrons produced not only 

by photon bombardment, but also by electron impact, 1 by bombardment with 

excited atoms1 (Penning ionization), and by Auger processes within the 

2 sample. (Auger electrons will be present to some degree· in any photo-· 

electron spectrum). These techniques ha-:-e in common the need for precise 

analysis of electron kinetic energies, but the types of information obtain-

able from them are somewhat different. 

Given a flux of electrons produced by photon bombardment, there 

are basically three measureable quantities: the kinetic energy dif>tri-

bution, the spatial(angular) distribution of this flux relative to certain 

axes (e.g., the direction of the incoming x-ray or the crystal axes of a 

solid sa:rrple), and the spin distribution (extent of spin polarization) of 

this flux. In most experiments to date, only the energy distribution has 

been ineasure_d, but data have been obtained for both the angular distri-

b t . 3,lt d . l . t' 5 u lon an spln po arlza lOn. Vle shall restrict ourselves here to 

considerations_of the energy distribution. 
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Photoelectron spectroscopy can at present be divided into two 

classes according to the photon energies used for excitation. In ultra-

violet photoelectron spectroscopy the photon energies are approximately 

1-25 eV, and in x-ray photoelectron spectroscopy they are 1 keV or more. 

The natural sources for monoenergetic photons with intermediate energies 

are sparse, and this area awaits development. Ultrav:i.olet photoelectrun 

spectroscopy has been applied to studies of the valence electrons in crys

talline solids 6 and gaseous molecules. 7 .(A-comparison of the ultraviolet 

and x-ray techniques is given in Section VI.) X~ray photoelectron spec-

troscopy can be used to study both core and valence electronic states due 

to the higher excitation energy. We shall review briefly the development 

of x-ray photoelectron spectroscopy, pointing out the types of information 

which can be obtained. 

As early as 1923, Robinson8 exposed solid samples to x-radiation 

and measUred electron kinetic energy distributions. However) the overall 

energy resolution available at that time was not sufficient to clearly 

distinguish the photoelectron peaks due to the various electronic levels 

of the srunple. After a long period of relative inactivity in the field, 

Steinhardt and Serfass9 pointed out the utility of x-ray produced kinetic 

energy spectra for quantitative chemical analysis, although their resolu-

tion was still not good enough to identify peaks for single levels (e.g., 

4f in Au). In 1957 in Uppsala, Sokolowski, Nordling and Siegbahn
10 

obtained photoelectron spectr:a for Cu in which the ls, 2s, and 2p photo-

electron peaks could be easily identified. They used a high resolution 

spectrometer developed for nuclear spectroscopy.· The dominant terms in 

the enercy conservation equation for the photoelectric effect Give 
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. ' (1) 

where h\J =photon energy-, Foj =the binding energy' of the jth electronic 

level, and £. =the kinetic energy of the photoelectron peak corresponding 
J 

to ejection from the jth level. 10 Thus, it was pointed out that 

photoelectron spectra provided a method for measuring core electron binding 

energies very precisely. Such measurements were subsequently used to revise 

the table of electron binding energies for the elements.
11 

The precision with which binding energies could be measured proved 

to be sufficient to detect small shifts dependent upon the chemical state 

of the atom in question. 12 . For exrunple, between Cu and CuO, the Culs level 

•ras found to shift by 4. 4 eV (out of a total binding energy of 8979 eV) , 
12 

although the precise origin of the shift was not understood. In 196l-t, 

H 
.. . . 13 agstrom, Nordllng, and Slegbahn pointed out the connection between 

chemical oxidation state and electron binding energy shifts for certain 

sulfur-containing compounds. Sulfur atoms in higher oxidation states vrere 

found to have higher binding energies, consistent with a shift in binding 

energy caused by changes in the screening of core electrons by valence 

. 13 
electrons. That is, in a higher oxidation state, valence electrons are 

withdrawn from the sulfur atom and the core electrons are held more tightly. 

111 15 
In vork preliminary to this thesis, ' Fadley, Hagstrom, Hollander, 

Klein and Srdrley measured such "chemical shifts" in the core electron 

binding energies of I and Eu. Theoretical calculations were also made in 

hll attempt to understand both the magnitudes of the shifts and the :trends 

observed from shell to shell within the core. 15 The experimental results 
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showed shifts of~ 6.3 eV between KI and Klo4 for eight iodine core levels 

from 2s to 4d. The relative constancy of these shifts over the core can 

be explained by noting that the iodine core electrons experience a Coulomb 

repulsion from the valence electrons much like that of a spherical shell 

of charge located at the average radius of the valence electron wave 

function. Thus any· point in the corE: experiences the same repulsive pot en-

tial, and a change in this potential shifts all core levels by the same 

amount. 15 Hartree-Fock calculations for various ionic states of iodine 

bear out the constancy of shifts over the core as valence electrons are 

15 
removed. The magnitude of the shifts observed for iodine cannot be 

explained without a consideration of the distance over vhich electronic 

charge is actually transferred in forming a chemical bond. A free-ion 

calculat:Lon overestimates any chemical shift, as valence electron charge 

is removed to infinity instead of to a d:Lstance on the order of the 

nearest-neighbor separation. 15 A higher order approximation is to consider 

the neighboring atoms as a point-charge lattice surrounding the atom of 

interest. It is then a simple matter to show that-the back-correction to 

the free-ion calculation is a non-negligible Madelung srun over the lat

tice.15 Calculations using this model yield a charge on the iodine atom 

in K104 vhich is in rough agreement with that derived by Mossbauer measure

ments. However, the Madelung correction can be as large as 90% of the 

free-ion estimate (but with opposite sign). 'l'hus, it is not reasonable 

to expect such a simple model to give good values for comparison to experi-

ment unless both terms are computed with very high accuracy. In addition, 

the approximation of nearest neighbors as point charges is only valid in 

-~ 
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highly ionic solids, and some more accurate treatment of chemical bonding 

would be necessary for any other system. The experimental shifts for Eu 

are also qualitatively consistent with the above theory. 15 The 4f electrons 

which participate' in bonding in the Eu compounds studied (Eu2o
3
· and EuA12 ) 

are spatially located within the core and therefore interact more strongly 

with the core levels. This leads to larger chemical shifts for a given 

change in the occupation of the valence shell. Because the 4f electrons 

lie within the core, the shifts are also no longer constant over the core, 

but decrease slightly from inside to outside. ('l'hese measurements on Eu 

. . t' 16 d th lt were recently repeated w1th somewhat h1gher resolu 1on an e resu s 

are in essential agreement with the above conclusions.) Several small 

corrections which should be considered in the interpretation of shift 

t 1 d . d 15 Th measuremen s were a so 1scusse , ese are: sample charging, surface 

effects, the reference level u~ed for binding energies, and electronic 

relaxation after photoelectron ejection. 

·The above theoretical models were also applied to the analysis of 

shift measurements for sulfur and chlorine compounds in a book by Siegbahn 

et aL ,17 which reviews the work of the Uppsala group in this area. 

Core electron binding energy shifts have by now been measured for 

. 14-21 ' a number of atoms, and more accurate molecular orbital calculations 

h b d • th l • f f th d t 18 ) 19 ' 20 
JI d • 1 ave eeri use 1n e ana ysls o some o ese a a. 1en n_cKson 

d J.olly22 ha're also d · th h · al l t t b" d" an ~ _ , use a ermoc em1c . eye e o connec 1n 1ng energy 

shifts with heats of formation. Delgass, Hughes, and Fadley23 have dis-

cussed the app1jcation of shift measurements to problems in catalysis. In 

summary, the subject of binding energy .shifts is in a very rapid state of 

deve1opment. Hith careful ana1ysis, shift data can be used to obtain 

informat:icm n1)('Ut the clectrc,ni.c chDrce distribution in chemical bonds. 
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As with any rapidly developing field, there have arisen several 

names for what we have called x-ray photoelectron spectroscopy. The 

acronym ESCA(Electron Spectroscopy for Chemical Analysis) is i-.ridely used, 17 

although a certain amount of confusion arises with the several other dis-

. . 1 2 6 7 tinct and J.ndependently-developed forms of electron spectroscopy ' ' ' 

mentioned above. 
21~ 

IEE(Induced Electron Emission) has also appeared, but 

there are several possible ways of inducing electron emission besides 

x-ray bombardment. We shall throughout this thesis use XPS (X-ray Photo-

electron Spectroscopy or X-ra;;- Photoemission Spectroscopy) wherein the 

·f · t t · · · · all f t 25 source o excl a lOTI lS speclflc y re erred o. The closely related 

field of ultraviolet photoelectron spectroscopy then becomes simply UPS. 25 

UPShas also been referred to as PES (Photo Electron Spectroscopy7 or Photo 

Emission Spectroscopy
6

) but the term PES could apply equally well to XPS. 

XPS is not restricted to studies of core levels, as the portion of 

the photoelectron spectrum near zero binding energy results from electrons 

17 25 . 
ejected from valence states. ' Although the peaks seen in this region 

are generally weaker than those of core levels, it is possible to study, 

for example, the d bands of transition metals.l7, 25 p dl d Sh" J 25 ra ey an lr.ey 

applied XPS to the metals Fe, Co, Ni, Cu, and Pt, using the core levels 

of these metals for in situ chemical analysis and to correct for the 

effects of inelastic scattering on escaping photoelectrons. The molecular 

orbitals of gases have also been studied with XPs. 26 •27 

Recently, XPS has been utilized to study core electron binding 

energy l "tt·· 25,28,29,30 'l'h l"tt" bl . sn_ l Jngs. "ese sp l lngs presuma y occur Hl thin 

a single atom, in contrast i·li th the shifts discussed previously, 'h'hich 
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either involve two compounds or two chemically different atoms in the same 

compound. They appear to be of two types. In the first type, Novakov and 

. 28 . 
Hollander have found. that certain core levels of heavy metals (such as 

Au, Th, U, and Pu) exhibit doublet p
312 

photoelectron peaks vrhich are not 

predicted by the usual free-atom model of the core. It is thought that 

28 
these splittings are due to ligand-field effects on the. core levels, 

but no detailed theoretical interpretation of these data has as yet been 

completed. 'I'he second type of splitting has been observed in core levels 

f t . l l 29 d . . l' .d t . . " d F 30 o paramagne lC mo ecu es, an 1norgan1c so 1 s con a1n1ng Jv,n an e. 

These splittings are due to the interaction of core electrons with elcc-

25 29 30 trons in.unfilled valence levels ' ' and depend only indirectly on the 

nearest. neighbors surrounding a given atom, 30 in contrast \·lith the ligond-

field splittings. A primary cause of the second type of splitting is the 

exchange interaction between core and valence electrons of the same 

. 2 5 ' 29 ' 30 . l . . . t , f sp1n. Theoret1ca calcula~1ons pred1ct the proper magn1 ·uae o:· 

these l 'tt' 29,30 sp 1 1ngs. Such effects have been termed "multiplet" split-

. 30 
tings by Fadley, Shirley, Freeman, Bagus, and Mallow, as they arise 

from the electronic multiplet states formed by coupling a core electron 

hole to the unfilled valence shell. Binding enere:,-y splHtings can thus 

be used to obtain information that is qualitatively different from that 

obtained from binding energy shifts. Splitting measure1~:ents also possess 

the advantage that only one sample is involved in each determination; 

thus, spurious effects such as sample charging and binding-energy 

l'('ference level changes can be neglected in the interpretation of such 
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It has been pointed out in passing that XPS is not restricted to 

studies on condensed phases, If a gaseous srurmlE: at sufficiently high 

pressure is exposed to x-radiation, the resultant photoelectron intensity 

is high enough to permit an energy distribution measurement. The·first 

data of this type were obtained by Krause31 and later extended to studies 

32 
of bra-electron transitions in photoemission by Carlson. · Thomas has 

studied core electron binding energy shifts for certain gases. 
20 

Experi--

33 ments on gases by the Uppsala group have recently been reported. 

In this thesis, XPS is applied to ·two separate problems: the 

positive identification of rather large multiplet splittings in the elec·-

tron binding energies of metal atoms in solids and gases, and the study 

of densities of states of the valence electrons in solids. These two 

studies are presented as self-contained papers in Sections V and·VI, 

respectively. In Section II, we review the general theory of photoelectron 

emission, from both ru1 energy conservation and a transition probability 

point of·\dew. In Section III, the experimental procedure is discussed. 

In Section IV, certain processes developed for data analysis are reviewed. 

In the Appendices, computer progrruns used for data analysis a..'1d theoretical 

calculations are discussed. 

.. 
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II. THEORY OF PHOTOELECTEON ElHSSION 

We shall divide this discussion of the theory of photoelectron 

emission into two parts. Part A deals with energy conservation and. is 

connected with the positions artd shapes of the various peaks in a photo-

electron spec-r.rum (kinetic energy distribution). In Part B, the probability 

that an x-ray photon will eject an electron and form a gj.ven final r;tate is 

considered. 'l'he relative intensities of various peaks in the photoelectron 

spectrum are controlled by such transition probabilities. 

A. Energy Conservation 

In the photoemission process, a photon with energy hV is absorbed 

by the system under study, whereupon one (or, less frequently, more than 

one
32

•
34

) electron is ejected in a free, continuum state. For an atom or 

molecule in vacuum, the energy conservation equation is 

(2) 

where Eh is the total energy of the final hole state of the system as 

seen by the ejected photoelectron, Ei is the total energy of the initial 

state of the system, and £ is the kinetic energy of the photoelectron 

which we designate as "primary" by virtue of much higher kinetic enerc;;y 

than any other electrons which may be ejected. 32 If the primary photo-

l t ~ b . t d f 1 l . . th t th Eh Ei . e. ec Ton .w.s een eJeC e rom eve J 1n e sys em, en - · lS 

by definition the binding energy of an electron in this level relative to 

the final state corresponding to Eh. We denote this as 
v . 

~j , vhere the 

"uperscript v dcnotc~s the vacuuJn as a reference level ( cf. Eq. ( l)). 
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Eq. (2) should hold for experiments on dilute gases, but interactions 

·- 33 35 with the surrounding atoms or molecules cannot ahrays be negJ.ected. ' 

For solid samples, the same energy conservation equation will apply, 

but a small correction term due to the contact potential A-. must be 't'c 

added. 'l'his term accounts for the acceleration or deceleration of elec-

trons as they pass from a region whose zero of kinetic energy is the vac-

uum level of the sample to a region whose zero of kinetic energy is the 

vacuum level of the spectrometer. The effect is indicated in Figure 1 as 

a.change of electrcn kinetic energy from £ to E. We thus have 

hv = Eh Ei + E + ¢c ( 3) 

hv ~j 
v + = E + ¢c (4) 

If the sa.Jnple and spectrometer are in thermodynamic equilibrium, their 

Fermi energies (electron chemical potentials) will be equal, as shmm 

in Figure l. The Fermi energy E 
f 

can thus be used as a reference for 

binding energies and Figure 1 sh01•s that this yields 

hV = R .f + E + ¢ 
bJ sp 

where E f 
. bj is the Fermi-referenced binding energy and 

function .of the inner surfaces of the spectrometer. Since 

( 5) 

is the worl;: 

is a 

measurable constant (provided the inner surfaces are not altered with time 

f 
by some chemical action), F0 j is the quantity most easily measured for 

solid srunples (as opposed to For non-metallic solids, ~j f is 

not particularly easy to calculate theoretically, however. 15 
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In general, the final state energy Eh in Eqs. (2) and (3) 

>Til.l depend on all 'the quantum numbers describing the system. These include 

not only electronic, but also vibrational7 •17 rotational7 •17 and trans

lational17 modes of excitation. In particular, momentwn conservation 

requires that 

1 t 17 e ec ron. 

include a contribution due to recoil from the ejected 

For all the cases studied here, this contribution can be 

H 
neglected, but this is not so for systems containing very li[~ht atoms. 

Also, 
h E as we have defined it mayoe increased by the energy of exci-

tation or ejection of other electrons in the system during the photo_emis

sion process. 32 Various other final-state effects are possible, particu-

larly in solid samples, and these are discussed in Section VI. 

Ei we may consider to be the energy of a relatively simple ground 

state of the system, provided thermal excitation or excitations due to the 

intense photon bombardment are not to9 strong. A net positive charging 

of the sample due to the loss of electrons in photoemission falls in the:: 

latter category, and this effect can be as large as a few eV. 36 ' 37 'l'his 

effect should shift all features in the photoelectron spectrum to lower 

kinetic energy by the same amount. 37 It is not a significant considera-

tion for any of the work reported here, however. 

In the simplest picture of the photoemission process, only one 

electron changes its state, with all other quantum nmnbers describing tlJe 

system rema:i ning unchanged, and w·i th all other electron orbitals being 

frozen in their initial positions. The application of the frozen-orbital 

model to the Hartree-Fock equations describing the electronic states of 

the system gives rise to Koopmans' Theorem. 38 •39 'l'his theorem states 
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that the frozen-orbital binding energy of an electron is equal to its 

energy eigenvalue as determined by a solution of Hartree-Fock equations. 

The use of this theorem is implicit in most binding energy calculations. 
"'' 

The possible effects of a breakdown of the frozen-orbital approximation 

on the analysis of XPS results have been discussed. 15 •17 •20 •40 Even with- .. .r 

in this approximation, it is possible to have multiplet splittings of the 

final state energies·, 30 provided the valence shell( s) are not completely 

filled. 'l'hese arise from various possible couplings of the hole formed 

by photoemission to the valence electrons.· In an atom, for exmnple, the 

various final states are specified in Russell-Saunders coupling by the 

total orbital angular momentum, L, and total spin angular momentu..m., S. In 

such cases, Koopmans' Theorem can only hold in the limited sense that Eh 

. 38 
is taken to be the average energy over all multiplets. . Y.le discuss such 

multiplets also in the next section (II.B.). 

As the energy Eh will probably change very rapidly in time 

(usually by means of an electron in some higher level filling the hole 

.in the jth level), uncertainty principle broadening of the photoelectron 

peak will result. Inner-shell hole lifetimes may for some cases be as 

-16 41 small as 10 sec., gi~ing rise to a broadening with ~ 1 eV full width 

at half-maximum (FilliM) and a Lorentzian shape (in first order). This is 

to be compared iii th a present instrumental linevridth of ~ 1 eV FvTHI'I. 

We have so far assumed the photoelectrons to escape from the sample 

with precisely the kinetic energy they have at- the atomic sites from l·lhich 

they are ejected. In both gases and solids, hovever, it is likely that 

many photoelectrons originating from vrithin the sample vrill be 

.- ,., 
" 
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inelastically scattered (perhaps several times) before they escape into 

the vacuum of the spectrometer. One consequence of this inelastic scat-

tering is that the electrons which do not suffer appreciable inelastic 

energy losses come from only a thin surface layer of a solid sample. As 

it is only for these electrons that Eqs. (2) to (5) have a simple 

interpretation, relatively subtle effects at the surface of the sample 

can have a pronounced infiuence on the corresponding photoelectron 

15 17 25 spectra. ' ' Estimates of the thickness of this surface layer range 

from 50 A17 •25 to only a few A. 23 Thus, surface conditions must be con-

trolled if there is reason to believe any sort of chemical reaction will 

23,25 occur. A second consequence of inelastic scattering is that each 

photoelectron peak will have an inelastic "tail" on the low kinetic energy 

side. This is illustrated in Figure 2. 

B. Transition Probabilities 

The basic theory of photon absorption in a one-electron approxi-

42 43 41+ 
mation has been reviewed by Bethe and Salpeter. Bates and Cooper 

have applied this theory to many-electron atoms. Recently, Fano and 

31~ 
Cooper have discussed the experimental and theoretical data available 

for neutral atoms from the general point of view of the spectral distri-

bution of oscillator strengths. They also review several many-body effects 

34 beyond one-electron theory. vle shall present the simple one-electron 

theory, in sufficient generality to apply to atoms, molecules, or solids. 

An electron in the bound state is excited to a continuwn 

state ~!Clc ·..rherc · j ,k are appropriate quantum numbers (for a non-

relativif;tic atom, j = n, 9., m,Q,, ms) and t: is the energy of the 
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continuum state, 

£ (5) 

All other electrons are assumed to remain in the same states. In treating 

the interaction of the radiation field with the electron, several simpli-

. t. d 42 fylng assump lons are ma e: 

(1) The Schrodinger equation is used to describe the system instead of 

the Dirac or Pauli equations. No relativistic effects are included. 

(2) The interaction of the radiation field w-ith the electron is treated 

as a perturbation. 

( 3) If the -vravelength of the photon is large compared to the extent of 

1/J. ('V l A), then the form of the interaction can be simplified to an 
J 

electric dipole operator acting between 1/Jj and 1/Jck' Since the typical 

x-rays used in XPS have w-avelengths of 'V 10 A, this dipole approximation 

should hold reasonably well. The effects of slight deviations from it 

. d 45 have been dJscusse . 

We now consider and I/J£k to be one-electron orbitals in 

44 Slater determinants describing an N-electron system. Thus the initial 

state· wave function will be described by: 

i -r -r -r 1/2 
':!' (r1 ,r2 ,· · · r) = (N!) 

.N 
(6) 

" 
• . 
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and the final state wave function by 

= (N! )-1/2 

1/Ji(1) 1Jli(2) • 

1JJi (1) tj;;(2) • 

1/J~(N) 

(7) 

The orbitals 1/J.' (i ¥ j) will be very nearly equal to the orbitals ~ .. 
l l 

The dipole matrix element describing the transition will be 

. -+ f J i·lf ~ ~ ~ . EN ~ h ~ ~ ~ 
( u1l 1 r 1 111 ) ( ) lll ( ) d r r = '¥ r 1 ,r2 ,· · •rN . ri r r 1 ,r2 ,· · ·rN T 

i=l 
( 8) 

where the integration is over the space and spin coordinates of all elec-

trans. It is customary to express the transition probability as a cross 

section for photoabsorption cr. k' which is defined as the probability 
J,E 

that in one second an atom exposed to a unit photon flux will undergo the 

j ~ Ek t . t. 42 Th t. ' . b 44 rans2 2on. e cross sec 2on lS g2ven y 

.(J = 
j,Ek 

where a is the fine structure constant and a is the Bohr radius. 
0 

Using standard techniques for the computation of matrix elements beh;een 

Slater determinants,
46 

Eq. (9) simplifies to 



aj,Ek = 
4rraa 2 

--'--..:..
0

- h v · 
3 1f 

i 
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2 
(10) 

-+ 
vrhere the product is over the passive orbitals i and r is nmr a one-

electron operator. It is common to assume the product of overlap inte

grals to be unity42 implying that the passive orbitals have not been 

altered during photoabsorption. This gives 

4 2 I a j 'ck = _rr_cx_;_o_ hv J~; ;. ~ck d-r 12 (11) 

For an atom with j = n, £, m£, ms' and k = n', £', mt', ms', the dipole 

selection rules imply that ~.R, = £' - £ = ± 1, and ~ ~ mt'- m.R, = 0, ± 1. 

As only the energy of the emitted photoelectron is measured and not its 

quantum n~~bers k, Eq. (10) can be summed over all possible final states 

to yield a. E, and perhaps averaged over the various sto.tes 
J ' 

j \·rith a 

b
. , . 44 common J.nalng energy. For atoms, such summing and averaging yields the 

individual subs hell cross-sections, which should be proportional to peal\: 

heights observed in XPS spectra. Cross sections for photon energies 

relevant to XPS have recently been calculated by Bearden, 47 Rakavy and 

48 49 Ron, Brysk and Zerby and Hanson and Cooper. 50 Where comparisons with 

d 47,48,49,50 "1 t• experiment are possible, the agreement is goo . A compl a lon 

of XPS cross sections for the entire periodic table is in preparation. 51 

He have so far considered 'fi and ':Pf to be single Slater deter-

minants, so that only for special cases are they eigenfunctions of the 

s -+ -+ 
total syr:unetry operators of the systern' (for example, L and S for atoms). 

In the analysis of multiplet splittings of core electron binding energies, 

.. -!':' 

•r 
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the quantum numbers L and S . d h 30 must be consldere , owevcr. 'Vlave-

functions which are eigenfunctions of the appropriate operators can be 

constructed by using sums of Slater determinants. 34 The calculations 

represented by Eqs. (9) to (11) are somewhat complicated by this change, 

as are the sum over final states and average over initial states. The 

fundamental problem is to calculate the relative intensities of certain 

final states, all of which result from an electron being ejected from a 

single subshell, but which differ in their total quantum numbers. For 

the case of two final states, the tram;i tions are illustrated below: 

(12) 

where j and p are quantum numbers describing two different subshells, 

a and b are the integral occupation numbers of those subshe1ls, LS, 

L'S', and L"S" represent the total quantum numbers for the initial and 

final states, and k represents the continuum electron. An electron has 

been ejected from subshell j. The quantum numbers of the continuum elec-

tron are again unimportant. Thus the transition probability must be 

averaged over initial states and summed over final states subject only to 

constraints of certain total quantum numbers. 43 Bates has done this for 

several simple cases. A more general technique due to Racah 52 •53 can be 

employed for the case of interest here. 
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The individual matrix elements to be computed can be vrri tten as: 

(((ja-l)A. 1a. 1 (pb)>. 1 a 1 )1 1 S 1 (k)):\ a > 
J J p p .. uu 

(13) 

where angular momenta in parentheses are coupled to total values given at 

the right of these parentheses. Thus, electron configurations ja and 

b 
p are initially coupled to A.a. 

J J 
and ).. a , respectively. 

p p . 
A.a. 

J J 
and 

A o are further coupled to give the total orbital and spin angular . 
p p 

momenta L and S. A similar situation holds for the final state except 

that L 1 and S 1 of the bound electrons plus hole couple also to the 

continuum electron to give the unobserved angular momenta Au and au. 

The z-components of angular momentum have been omitted as labels for 

simplicity. Because we have assumed the transition to be one-electron 

38,51+ + 
in nature, A I = A and a I = a Also, since r commutes with p' . 

p p p 
+ .a s, s = a . We shall also consider J to be a filled level, so that u 

)..J = o a = o 38 
' . j ' A. 1 = ~. = orbital angular momentum associated with 

J J 

level j, and a I 
j 

= 1/2.38 Thus, Eq. (13) simplifies to 

(((ja-l)~.l/2(pb)LS)1 1 S 1 (k))A S) 
J u 

(14) 

The various quantum numbers must satisfy the following relations: 

~ = ~. ± 1; A - L = O, ± l; S 1 
- S = ± 1/2; and 1 1 

- 1 = 0, 
k J u 



~ ... 
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The total transition probability p for LS-+ L'S' 

can thus be obtained by summing on k, A , and various z-components of u . 

angular momentum, 

P(LS-+ L'S') a: 

k ,A ,m,M 
u 

(15) 

The calculation of the matrix element in Eq. (14) can be much 

-+ 
simplified by noting that r is an irreducible tensor operator of 

52 degree 1. Then, making use of transformation coefficients between dif-

ferent coupling schemes of three angular momenta (the 6-j symbols or 

Racah coefficients) and fractional parentage coefficients for various 

coupling schemes in a given configuration giving rise to the same total 

angular momentum, Racah 52 , 53 has derived matrix elements for such an 

operator between simple electron configurations involving two levels. 

These results can be extended in a simple way to more general cases such 

as Eq. (13), ,.,hich involve three levels. 53 Rohrlich 55 has done this for 

several types of transition, and has also carried out the summations 

implicit in Eq. (15), in order to derive line strengths in radiative 

electronic transitions. 55 , 56 A radial integral between the j and k 

orbitals is a co~non factor in all transition probabilities (cf. Eq. (ll)), 

and so cancels in taking intensity ratios. In particular, Rohrlich treats 

the case j 2 pb-+ jpbk, with coupling appropriate to Eqs. (13) or (14). 55 •56 

The·actual syste~ of interest in Section V is 3s 23d5 -+ 3s3d5p, so Rohrlich's 

re81llts (:Gq. 23, Ref. 56) were used to compute the relative intensities 

of the ·L' :.:: 0, S' = 3 and L' = o, S' = 2 final states. 

. . . . . . 
; •• 1 



The calculation of relative intensities is also complicated 

slightly by the presence of more than one state of the bound electrons 

plus hole with L'S' coupling (cf. Eq. (14)), 

(15b) 

These states differ only in the coupling of 
b p , but not in any other 

quantum numbers. . ·1'herefore, the energy ei.genfunctions for L 1 S 1 coupling 

will be some linear combination of these states, 

I If h > 
q 

such.that 

C ( A 0 ) \fh ( A 0 ) 
q p p p p 

(16) 

( 17) 

The C (>. 0 ) are expansion coefficients for the qth eigenfunction. J(h 
q. p p 

is the Hamiltonian of the bound electrons plus hole (analogous to the 

orbitals 1/J. I 
l 

in Eq. (7)), and 1i' h 
.w 

q 
is the energy eigenvalue .. Each 

E h will give rise to a peak at a certain position in the photoelectron 
q 

spectrum (cf. Eqs. (2) and (3)), and the relative heights of these peru~s 

vill be given by !c (Ls)!
2

. The latter result is due to the one-electron 
q 

nature of the transition, as expressed in Eq. (14). 38 • 54 This result is 

used for a case in which three S 1 = 2, L 1 = 1 states arise in Section V. 

. ~- . 
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III. EXPERIMENTAL PROCEDURE 

The experimental apparatus is illustrated schematically in Fig. 

3. The x-ray tube consists of a 1heated-filament cathode from vhich elec

trons are accelerated toward an anode (usually magnesium or aluminum). 

The excitation of electrons in the anode causes x-rays characteristic of 

the anode material to be emitted and they pass through a thin Be 1-rindow 

to impinge on the sample. Both x-ray tube and s&'!lple are contained within 

the source housing. Electrons emitted from the sample pass through a 

slit which defines the electron source for the spectrometer. The electrons 

are then deflected in roughly circular orbits by the magnetic field of two 

concentric solenoidal coils. For a given current in these coi1s, e1ectrons 

of a narrow energy range are brought to a focus at a slit immediately in 

front of the detector. The detector, a glass channel electron· mu1tiplier, 

generates one pulse for each electron passing through the detector slit. 

The width of the energy range determines the resolution of the spectrometer 

and can be selected by means of a movable baffle system. Th_e entire region 

from sarnp1e to detector is evacuated to prevent inelastic scattering of 

electrons by gas molecules. An electron kinetic energy distribution is 

thus measured by stepping the solenoid current in small increments over 

the region of interest and recording the number of pulses counted in e. 

fixed time interval at each current. (The distribution so recorded is 

actually an electron momentum distribution, 57 but the conversion to energy 

does not affect a typical spectrum appreciably.) Figure 3 shows a spec-

trum obtained by exposing graphite to Mg x-rays. 

The primary pieces of electronic equipment are thus the x-ray tube 

power supply, the detector electronics, the current supply for the 
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solenoidal deflection coils, and a control system to increment current 

and store counts. The input/output and logic operations of the control 

system are executed by a small digital computer. As the spectrometer is 

sensitive to extraneous magnetic fields, t1vo sets of Helmholtz coils are 

used to provide a low residual field. 

The source housing, x-ray tube, various. sample holders, and 

detector housing were specially constructed to modify the spectrometer 

for use in XPS. 58 The primary materials of construction were low-permea--

bility stainless steel and, to a lesser extent, non-magnetic metals such 

as brass and aluminum. 

We consider below the major components of this system in more 

detaiL 

A. Spectrometer 

The spectrometer was designed for use in nuclear spectroscopy and 

has been described previously. 57 •59 It is iron-free in the sense that 

the presence of any high-permeability materials will distort the magnetic 

field of the air-cored solenoids from the desired form, thereby distur

bing the electron focussing properties. The field form, varying as 

roughly 1//Y near the optic circle radius of 50 em, permits focussing 

of electrons with both a finite radial departure angle (as shown in Fig. 

3) and a finite axial departure angle (out of the plane of Fig. 3). This 

occurs at a distance around the optic circle corresponding to n/:2 

radians(rv 254°). This feature is termed "double-focussing" and permits 

analysis of electrons over a J.arger solid angle of emission. Bergkvist 

. ,, . 

.. 
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. 60 
and Hollander have added a set of empirical correction coils to the two 

primary coils in order to bring the performance closer to that of the 

desired theoretical field. An improved design for a spectrometer of this 

general type has recently been 
. 61 

developed by Fadley, Miner, and Hollander. 

'l'he overall resolution (including co~tributions from finite source 

and detector slit widths) vras set to b.t./£ = 0. 06% full vridth at half-maxi-

mum intensity (FWHM). This resolution gives a 0.6 ~V FHHM contribution to 

the linewidth of 1 keV electrons. At: this resolution, the solid angle of 

. 60 
the source subtended by the resolution baffle is. 'V .12% of 4lT. 'l'he 

source arid detector slits vrere 0. 038 em = 0. 015" wide, and 1 em high. 

The primary calibration of the· spectrometer was made using a direct 

. . .. 36 
voltage technique developed by Fadley, Geoffroy, Hagstrom and Hollander. 

This technique yields not only the calibration constant of the spec-. 

36 trometer, but also a standard photoelectron peak. This peak·is due 

to carbon ls electrons expelled from graphite by the unresolved AlKa
1 2 , 

doublet (denoted Cls, graphite _(AlKa
1

,
2

)). This peak has a kinetic 

energy of 1197.80 ± 0.05 eV, corresponding to a magnetic rigidity (Bp) of 

116.776 G--em. Any change in the 'vork function of the spectrometer will 

alter these values slightly (see Eq. (5)), so they apply only to the 

spectrometer under discussion. The calibration constant is defined as 

C = Bp/I, where I is the spectrometer current. Standard tables can be 

used to determine kinetic energy from Bp. 17 The value of C depends 

critically on the radial placement of the source and detector defininG 

slits, vrhich idealJy are located on the optic circle radius p 0 

0 
The 

error introduced in c 

given by 6C = C·6p/p • 
0 

by displacing a slit by b.p from will be 

Si:1.::-= p = 50 em, a 6p of 0. 01 em ~ 0. OOll 11 

0 
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will give ~C/C = 0.0002; this corresponds to a shift in measured elec-

t:r·on ki1'letic energy of "' 0. 3 eV for 1 keV electrons. 'rhus, for very 

accurate vork, each sample holder with a unique source slit mounting 

must be calibrated independently. Also, the positioning of each slit 

should be done in such a way as to be highly reproducible. The use of an 

internal standard for each set of experiments is advisable if peak posi-

tions are to be measured to an absolute accuracy of a fevr tenths eV. The 

swnple hoJder for room temperature solids (Section III. C .1.) ~oms cali-

brated in Refere~ce 36, and a value of C = 78.6949 G-em/A was found. Th~ 

high temperature solid assembly (Section III. C. 2.) vras calibrated using 

the CJ.s, graphite (A1Ka
1 2

) peak as a sta.11dard. This gave , 
C = 78.6716 G-em/A. Accurate calibration was not essential for the gas-

eous smnple holders, as absolute energy measurements verc not the .primary 

objective in this work. Absolute energies in gas phase spectra are thus 

onl;y ·accurate to ± 0. 5 eV .. Thomas 27 has discussed a calibration pro-

cedure for room temperattire gaser3. A convenient conversion from current 

to energy scales for approximate work lS: 

eV/mA = 1.09 · I (18) 

where I is the average current of a spectrum. The vork function of the 

spectrometer is 3.9 ± 0.4 ev. 19 •62 

Pt can also be used in an auxiliary calibration techni.qnc, as the 

Fermi ene:r·gy is located at a well-defined point on the 5d valence band 

peak. rl'he inflection point of the high-kinetic-enercy edge of this lJeak 

coincides well with the location of E 
f 

as determined by the prim~ry 

spectrometer cs.libration and Eq. ( 5). Fur1.}1f.:n:ore, this is the Joe ·ltiun 

:t.' .. 

.. 
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of E 
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expected on theoretical grounds (see Fig. 16 in Section VI). It 

should thus be possible to locate . Ef ~ori th an accuracy of "-' ± 0. 4 eV 

using this procedure. An additional advantage of Pt for such a cali

bration is that no in situ surface cleaning is necessary, as the location 

and shape of the valence band peak do not change significantly between 

room temperature and high temperature reduction inhydrogen. 

The spectrometer vacuum chamber is kept at rv 10-5 torr with a 

liquid-nitrogen-trapped oil diffusion pump. 

B. Source Housing and X-nay 'l'ube 

Figure 4 sho;.rs the x-ray tube and a sample holder in place in the 

source housing. High voltage for the x-ray tube cathode is supplied to 

the split corona ball on the end of the white ceramic insulator. An ac 

voltage app,lied between the two halves of the corona ball results in cur

rent for heating the cathode filament. The x-ray tube is attached to the 

source housing with four cap screws. "Viton" 0-rings are used for all 

vacuum seals to the source housing. 

All samples are inserted through an opening on top of the source 

housing. 'rhe knob shown in Fig. 4 can be used to move a sample holder 

vertically, bringing any one of three samples into position in front of 

the x-ray tube vrindov and source defining slit (see Fie. 5). Tbe two 

ports on the right side of the source housing are used for rough vacuum 

pumping and external x-ray flux monitoring. The rear side of the source 

housing as seen in Fie. 4 is fastened to the spectrometer vacuum tank 

( cf. Fir,. 3). G:1te valves sep~;xate both tl1e source housing a.nd detectc'r 
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The x-ray tube is shmm in· Fig. 6. The two tubing connections 

near the insulator are· for cooling \-rater to prevent vaporization or melting 

of the anode. 'l'he cooling \or<3:ter passes through thin channels in a copper 

cooling block which is clamped directly on the base of the anode. The Be 

window is circular and clamped in place.with a thin copper ring. The pri

mary purpose of this window is to prevent electrons from the cathode from 

entering the spectrometer, and therefore giving a very high baclcground 

counting rate. The Be is 0.00125 em thick. Al has also been used, 15 but 

is less resistent to thermal deterioration. 

'l'he X-'-ray tube is shown disassembled in Fig. 1, with the relative 

positions of the parts the s2.1ne as in Fig. 6. ·From the left, the pB.rts 

are: cathode assembly, main mounting flange B.nd tube body, anode (a solid 

piece of magnesium or aluminum), and copper cooling block with water con

nections. The anode is thus easily reulOVed for cleaning; the primary 

contaminant is tungsten evaporated from the cathode. The cathode is shOim 

in a closeup view in Fig. 8. The long, coiled filament gives a line imat~e 

on the anode whose width depends on how deeply the.filament is mounted in 

the slot in Fig. 6. Typical image dimensions were 3 rrun 'rlide by 25 mm high. 

'l'he CD.thode can be easily disassembled for filrunent replaccment. 'l'he 

cathode-to-anode separation is also variable, aJthough generally set at 

'\- 1.2 cr.1. The flat emitting surface of the anode is at an angle of 10°, 

sloping dmmvard tm-rard the x-ray tube vindow (see Fig. 3). 

A large opening in the rear of the tube body. (see Fig. 7) permits 

evacuation Of the :;.:-ray tube With the same puv,ping sJ·stei:JS US•':!cl J'or the 

rc.:st of tJ1c source: housing. (Hecentl~r, t~t: tu-oc l12.s 1!een r:~ocJif~icd sHr~1t:ly 

to pen:Jit isolation frOJn tbe rest or the S(;Urce houc.dng. 'l'his is c:::.sc:nti<1 

v.rhen c:orro.s:ivc g~:ses are prc.'3cnt in the scnplc rccicn.) 

... --'. 
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The power supply used is a General Electric XRD-5. The operating 

voltage was selected by optimizing the signal-to-noise ratio, as discussed 

63 
by Hagstrom and Karlsson. This yielded a volta.ge of approximately 12 kV 

bet-vreen cathode and anode. The cathode emission current was usually set 

at 20 JTLI\. 

'l'he x-nw dif:;tribution obtained from such a tube will contain not 

Only the S ·t· rang K'rv ll. ne but also -~everal vreal~er x-ray lines and a . '- . u,l 2 ~ 

' 
certain amount of continuous Bremsstrahlung radiation with energy up to 

64 
the fu11 x-ray tube voltage. The transitions responsible for the main 

components are Ka
1

: 2p
312 

-+ ls , and Ka
2

: 2p
112 

-~ ls. As the 2p
312 

-

2p 0 1 '1 17 ht . 
112 

separation is only about . Ll eV for Ivlg and A , t e wo llnes 

appear as an unresolved doublet with intensity ratio Ka
1

: Ka = 2:1. 
2 

Transitions analogous to these, but in atoms vrhich. initially ha,ve a 

second hole in addition to the ls hole, give rise to several groups of 

65 satellite x-rays at higher energy. 'l'he most intense of these groups 

are denoted Ka
3 

and Kal.~ and appear for Mg at 8. 4 eV and 10.1 eV above 

the Ka
1 2 

x-ray, respectively (see Fig. 2) 'l'he relative intensities of 
' . 

these x-rays in Mg are Ka
3

: Ka
1

,
2 

= 0.095:1.0 and Ka4 : Ka1 , 2 = 0.045:1.0, 

as derived by- least-squares fits of analytical peak shapes to both solid 

and gas phase XPS data (see Section IV. A.). 'I'hese ratios and separations 

. d t 'th . . . . t 65,66 T. are ln. goo agreemen vll x-ray spectroscoplc measuremen s. ne 

approximate positions of other sat~llites are also indicated in Fig. 2, 

although these are weak enough to be neglected for most work. The 

pea.k jn Fig. 2 y;ith · rv 1% of the intensity of Ka
1 2 

and appearing 

' 
at 'v 46. 5 eV a1Jove it is due to the transit ion: valence -+ ls, 
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and corresponds to a MgKS -like x-ray. The inset in Fig. 2 also indi-

cates a background with negative slope under the satellite and Ka
1 2 ) 

peaks. 'I'his slope is too steep to be due simply to a Lorentzian tail 

on the Ka
1

,
2 

peak, butrnay have to do with a more complicated 

lineshapc, the:: variation in intensity of the Bremsstrahlung continuum, or • I' 

inelastic scattering processes. Both the MgKf3 and background slope are 

discussed as 2mall spurious effects on density-of-states measurements on 

Os and Ir in Section VI. The use of·a bent-crystal monochromator has been 

suggested as a means of narroving the Ka1 2 
·' 

17 line, and would also be 

useful in reducing the intensity of the other radiation emitted by the 

anode. 

As mentioned in Section I, Auger electrons will be present to some 

degree in any XPS spectrum. They arise from non-radiative decp.y of the 

nwnerous holes formed in the sample by exposure to x-rays. It is thus 

important to determine whether a certain feature in a spectrum is due to 

Auger electrons or photoelectrons. The kinetic energy of Auger electrons 

depends only on some transition energy characteristic of the atoms in the 

sa.rnple, and not on the x-ray energy, which serves simply to create the 

ho1e leading to the transition. Thus, by changing from a Ng to anAl 

anode and noting whether the feature moves or remains fixed in kinetic 

energy, Auger peaks can be easily identified. For example, there are 

broad Fe Auger peaks at kinetic energies just belmr the Ols peaks f;llmm 

in Ji'ig. 5 of ~)ection VI; these Auger peaks give rise to the 11pvrard slope 

at th~ left side of the data for 600°C and 830°C. 
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C. Sample Holders/Sample Preparation 

Several distinct types of samples have been investigated in this 

thesis: solids at room temperature, solids at high ·temperature in a 

reducing or inert atmosphere, gases at room temperature, and gaseous metals 

at high temperature. Each of these required a slightly different holder 

and preparation technique. They are discussed individually below. 

1. Room Temperature Solids 

The sample holder shown in l<,ig. 5 was used for room temperature 

solids. The rod slides through an 0-ring seal in the flange so that three 

samples can be studied without admitting air to the system (cf. Fig. l+). 

The aluminum block serves as a sample mount and heat sink. The angle 

between the sample surface and the x-ray flux direction is fixed at 30°. 

Most samples studied in this way were powders. The powder was 

usually dusted onto one side of double-sided adhesive tape with a camel's 

hair brush until a contiguous coating resulted. In this way, the effects 

of the tape backing on the electron spectrum were minimized. The other 

side of the tape was pressed directly onto the alillninum block: For cer

tain cases, an ethyl alcohol slurry of powder was painted directly on the 

aluminum to eliminate backing effects. 190-proof ethyl alcohol evaporates 

cleanly, leaving no spurious hydrocarbon deposit on the remaining pm-rder. 

2. High 'Temperature Solids 

The high temperature sample holder is shown in Fig. 9. The small 

tubes in the upper left portion of the figure admit gas (usually hydrogen) 

to the sam1)1e area. A metal bellows permits moving the sample holder 
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vertically so that three samples can be investigated simultaneously. 

Nylon guides prevent sideways motion of the sliding assembly. Electrical 

and auxiliary vacuum pumping connections are made through copper-gasketed 

stainless steel flanges above the bellows. In Fig. 9, the sample holder 

is shovm in the position used for sample mounting. The three metal-foil 

samples are visible on the lighter background of a boron nitride heater. 

During operation, the samples are inside the rectangular stainless steel 

can. X-rays enter the can throuGh the circular opening in the top. 

Electrons are ejected through the small rectangular slot in front. 

Figure 10 shmrs a disassembled viev of the portion of the holder 

which is inside the source housing. The large square flange mounts on 

top of the source housing. 'l'he inner can has been lowered from its opera-

ting position to show the source defining slit. The two gas inlet tubes 

have been removed. The inner can has a second Be \vindmr opposite that of 

the x-ray tube to prevent gas escape. During operation, the bottom of this 

can is covered with a small plate, so that the sample is in a closed vol-

urne whose primary connection to the rest of the spectrometer is the defin-

ing slit. The two jets can be used to direct a flO\f of gas onto the 

l f 1 
. 25 ·. . 23 

sa'llp.e sur ace for purposes of c eanlng or reactlon stud1es. It proved 

necessary to orient the jets so that the first collision of an incoming 

gas molecule was probably with the sa:nple surface. Thi" led to the most 

efficient reduction of metal surfaces. The H2 rressure in the regior1 near 

the sam]Jle surface is difficult to estimate due to the lRrge gradient 

ments indicate that the p,ve~ pressure in· the inner c:m is 
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10-3 to 10-2 
torr at the usual operating conditions (a pressure of 

1 torr = 1000 Jl in the 1/4" inlet tubes approximately 1 meter from the 

sample). At such pressures, the absorption of hydrogen by the metals 

studied here will not have a significant effect on photoelectron spectra, 

with the possible exception of Pd, which \vas for this reason also studied 

in an Ar atmosphere (see Section VI). 

'l'lle heater was specially constructed so as to give a lmr extraneous 

magnetJc field in the sensitive region of the spectrometer. 67 It con-

sists cf tantalum 'dire sandiViched behreen two boron nitride plates. The 

tantalum Hire has a diameter of .025 em and is placed in parallel grooves 

.038 em x .038 em cut into one of the boron nitride plates. These grooves 

run the length of the heater (from left to right as sho1m in Fig. 10) and 

are spaced with a center-to-center distance of .b63 em. The wire is placed 

in these grooves such that the direction of current flmr is opposite for 

adjacent grooves. In this way, extraneous mat;netic fields are reduced. 

'J'he smal1 d:Lmneter wire permits lev-current operation., since the high 1-.rire 

density and resistance yield the necessary high temperatures. Grade "A" 

boron nitride Has found to be vastly SU!Jerio:r to other types for heater 

construction. Several heaters of analogous construction are sho1m in 

cross-section in Fig. ll. 

For tlw heater shown in Fig. 10, a current of approximately 3. 2A 

c;ives an operating temperature for all tllree samples of 850° ± l5°C. 

Temperatures were r.1easured by the three platinum, plat:inurn--rhodinn therpto-

COl<p1es ::_;r10Hn in :Fig. 10. Samples l1'ere al1.rays mou21ted on the o:Jtcr sur-

J'cu.:e of the £:2::00V!~.~ boron ni tr:Ld,2 plate to c:.chi eve higher temperatul'e. 
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For operation at 800°C or less, heater lifetimes are in excess of 100 hours. 

At higher temperatures, lifetime falls off rapidly. Special de current-

regulating pmrer suppl.ies were constructed for this heater and also for 

those discussed in Section III.C.4. 68 

Samples ·.rere prepared either as sanded, high--purity foils fastened 

directly to the heater surface 1vith screvrs or as ethyl al.cohol slurries 

which were painted on a tantalum foil backing. Ru and Os samples were 

prepared in the latter way. The intense Ta4f photoelectron peaks were 

not observed in the spectra from Ru and Os, so the backing foil should have 

no effect on the density-of-states measurements for thes.e metals. All 

sources covered the full 1-ridth of the heater surface, to avoid any spurious 

photoel.ec:tron intensity not originating in the sample. APt sample vras 

j ncluded in all runs, and the Ptl~f peaks were used as a reference to cor-

rect for possible spurious line shifts. No effects greater than 0.4 eV 

were observed, and these small shifts did not vary systernatical1y 1-:i th 

temperature. 

Although a hydrogen atmosphere and a temperature of approximately 

800°C 1.rere necessary to clean m.my the oxide layer on reactive metals such 

as Fe, the temperature cou1d be decreased after cleaning to as lm1 as 

l150°C vr:i.thout rapid buildup of oxygen on the surfa'2e. In this 1-1ay, Fe vas 

studied c:.bove and below the Curie point. 

'J'he s2Jnple holder used for room--temperature gas-phase experiments 

is shm·rn in Fig. 12. As in the: heated-ssnple exoerir.Jents, gas is o.d.rnittcd 

to a. cl(necl volwnc ' . .'itll a Be \·linr~G\·! to a('i.:ni t x-ra:,rs nnd a defining ~3li t 

- t 
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through vrhich the electrons pass. The rear 1mlls of the container are 

far enour;h from the slit and Be "i-rindmr that no electrons emitted from them 

due to x-ray bombardment ;.Till enter the spectrometer for analysis (see 

Fig. ll for an analogous situation). Theaverage gas pressure in this 

volwne 'd<tr:; rv 0. 05 torr = 50 ].1. 'l'his gave a reasonable count rate, as 

indicated in Fig. 2la. The device attached to the front edge CJf the ;.lin-

dow permits blocking out a portion of the x-ray flux which strikes the 

edges of the defining slit, giving rise to a high background count rate. 

lt. High 'J'emneraturc: Gases 

In the study of multiplet splittings reported in Section V, it was 

desired to obtain XPS spectra for gaseous metals. An oven was designed 

for this purpose. 69 The solid metal is' heated in an enclosed cavity con-

taining a Be window and a source defining sl:Lt. The solid is placed in 

the botton: of the cavity, and is not exposed to any x-rays. Vlhen the 

vapor pre~:~ sure of metal is high enough (rv 10-
2 

torr), photoelectron spectn<_ 

of the gas can be obtained. The heating of this cavity is done vrith low

C1lrrent, lm.;r-field heaters of the type described in Section III. C. 2. The 

critical design problems were to prevent condensation of' metal on the Be 

vrindows t}wough 1tlhich the x-r·ays pass, and to minimize interference of 

themetaJ vapor with the heaters surrounding the cavity. A schematic 

cross-section of the final design is shmrn in Fig. 11. This cross-section 

is taken through the mid-plane of the Be vindov and slit. An f.,xternal 

view of i.hc entire oven assembly, ready for insertion into the soun~e 

housing, if; sbmm in Fig. 13, and the oven is shm-m by itself in Fip>. 

Jl., and J'). 
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The central cavity is rectangular and heated on all six sides. 

Heat shields are placed on five sides) outside the heaters. An additional 

heater is placed on the outside of the stainless steel cs.n) facing the 

x-ray tube. The two heaters on the side next to the x-ray tube are con

nected in series) as are the five others surrounding the cavity. Two 

separate power supplies are used) .one for each set. Two Pt) Pt-Rh thermo

couples monitor the temperature of the walls of the cavity) one being 

p1aced near the Be window, the other near the s1it. By operating the two 

heaters on the ,window side at a higher curreri.t) the window temperature can 

be maintained 20-50°C higher than the slit. This difference is sufficient 

to prevent condensation on the window. 

The inner Be window serves to contain the metal vapor in the cavity. 

The outer window functions as the window of the x-ray tube) which is 

removed for such experiments. In order to make an electron-tight seal of 

this outer vrindmr to the x-,ray tube, two sets of spring-loaded molybdenwn 

foils are used (see Figs. 11 and 13). When both x-ray tube and stainless 

can are in place in the source housing, these foils press tightly against 

the x-ray tube) preventing any electrons from passing into the spectrometer. 

To prevent the metal vapor from filling the region inside the stain

less steel can where it can short-circuit heaters or condense on the outer 

window) a funne1 is placed in front of the source defining slit. This 

rectangular fw1:1el perrdts the vapor tO escape only into tbe spectrometer, 

wbere it condenses on a sma11 co1lector. 

The tiro metals successfully investigated in this -~-ra.y were Eu <i;Jd 

i'b. Jl.t the O}Wrating conditions used, the \vindu.I tempe:r::tturcs vere 60G°C 

~ ,. 
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a.nd 540°C' respectively' corresponding to a vapor pressm·e of 

10-2 torr= 10 )1 for both metals. Runs of as long as 10 hours duration 

were possible if 2-3 gm of metal were initially loaded into the cavity. 

Heater resistances slowly decreased with time during·an experiment, prob-

ably due to slight shorting effects of the metal vapor. The inner Be 

windo'<l changed in appearance to a silvery color, probably due to for-

mation of an alloy or compound related to Be
13

M, which forms for M = Eu 

10 and Yb. This absorption of metal did not significantly alter.the trans-

mission of the window for x-rays. The most troublesome feature of the 

oven assembly was a tendency of the numerous electrical connections to· 

short-ci'rcui t against heat shields, supporting structure, etc. 

Attempts to study manganese vapor met with no success, primarily 

due to the lack of a chemically stable window material. Be readily dis

solves in Mn at high temperature.7° Be windows were found to vaporize 

at conditions near those necessary for obse.rving t'L'1 vapor (T :::::: 9l40°C). 

Graphite was also tried as a 'vrindow material with no success. 

The small tubes indicated in Figs. 11, 13, and 14 enable the intro-

duct ion of a room temperature gas to· the cavity. For example, thj_s might 

be desirable in a reduction-deposition experiment in which metal vapor 

is condensed on a cooled surface while simultaneously being kept free of 

oxide by a flow of hydrogen. A study of very reactive metals in pure form 

might thus be possible. An attempt of this kind on Yb was not successful, 

but minor improvements in the a:pparatus should permit such work . 
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D. Detector 

The detector was specially ordered from Bendix Corporation and is 

a glass channel electron multiplier 71 of circular geometry. It is shmrn 

in Fig. 16.. A slot l mm by 10 mm in the side of the multiplier tube 

serves as' the entrance for electrons. Electrons are subsequently drawn 

around the interior of the tube and multiplied by 106 to 10
8

, depending 

on the. voltage applied between cathode and anode. 71 The cathode ~oras held 

at ground potential and anode voltages of +2.5 - 4.5 kV were required 

for a saturated-pulse71 mode of. operation. 

'rhe detector housing and mount are rather straightf'onvard and 

will not be discussed here. 

E. Computerized Control System 

A Digital Equipment Corporation PDP-8 computer vas interfaced to 

the spectrometer system for the primary control and input/output functions 

' . 72 
of XPS experiments. A block diagram of this control system is shown 

in Fig. 17. 

Programs can be read in on either the teletype or high-speed 

paper-tape reader. Inputs for each set of experiments are via the tele-

type and the computer Slvitch register. The computer reads and controls 

the operation of scalers Hhich count.the amplified detector pulses. It 

also controls and monitors·the current in the spectrometer deflection coils. 

Digital data outputs are on the teletype and accurate plots of spectra 

can be draV!n on a rotating-drum plotter. A CHT is used for live display 

of spectra as they are being obtained. The :r.1odel nu.'!lbe1.· or :nanufacturers 

of th<'sc 1init~ a.re indicated on Fig. l'( ;,.rhere a.s'proprjrcte. 

.. 



The inputs for each of up to 4 runs(spectra) are as follows: the 

initial (lm·rest) current of the spectrum, the current increment to be used 

in stepping over the spectrum, the number of current increments spanning 

the desired spectral region, the time interval to be spent counting at 

each increment, and the number of scans desired over the spectrum to 

accumulate statistics. The current increments for all cases reported 

here were 0.0002 A ("' 0.2- 0.3 eV), and spectra were usually scanned at 

least five times to average out any short term drifts in the system. The 

total nmnber of increments in all runs cannot exceed 512, due to memory 

Hmi tat ions. 

With the aid of the computer switch register, certain options can 

be exercised. The computer can be made to pause in mid-run. The frequency 

and nature of teletype output can be selected. The data can be accmau

lated il1 scan order (scan l..,.run 1, scan 1-run 2, .' .. ) or in run order 

(scan 1- run l, scan 2- run 1, · ··). The former mode of operation 

is veY"J useful in any comparison of relative intensities or positions of 

peaks from a single sample, as long-term drifts of the system tend to 

affect all peaks equally. All such comparisons described here are based 

on data obtained in this mode of operation. A final switch register 

option calls for a plot of the spectrum. 



IV-38 

IV. DATA ANALYSIS 

Two different forms of analysis were applied to the experimental 

data. In the first, least-squares methods were used to fit analytical 

peak shapes to the spectra. Such fitting permits a very accurate deter-

ruination of peak positions, peak widths, peak area ratios, and the relative ~ r 

importance o.f inelastic scattering. The second type of analysis, used 

only on density-of-states measurements, corrects the observed spectra for 

the effects of inelastic scattering and satellite x--rays. These are dis-

cussed belovr. 

A. Least-Squares Fits of Analytical Peak Shapes 

The major contributions to the peak shapes observed in a photo-

electron spectrUm are: 

1. The natural lineshape of the exciting x-ray. This should have 

a roughly Lorentzian shape and a FHHH of rv 0.8 eV. Due to the two com-

ponents ·of unequal intensity in the Ka1 2 x-ray, a slight asymmetry \·rill 
' 

'be introduced, with higher intensity on the low energy side. 

2. The spectrometer lineshape for a flux of monoenergetic; elec-

trans. This will have a sharp leading edge and decrease more slowly on 

the low kinetic energy side. 57 This skew lineshape will have a FWHM ~ 0.6 eV 

for the spectrometer resolution of these experiments. 

3. The lineshape due to the natural lifetime of the hole created 

in the level under study. This will be Lorentzian and of variable width. •' 

4. Inelastic scattering will lead to a "tail" of some sort on the 

lmr-kinet:ic-energy side of all peaks (see Fig. 2). For solids, numerous 
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investigations indicate that this tail is relatively flat and extends for 

many eV. A high probability of inelastic losses in a narrow energy range 

may r.esult in peaks in the inelastic tail (for example, see the discussion 

of Ni and Pd in Section VI.C.2). For most cases, these peaks are either 

small or very broad, however. 

Thermal broadening and final state effects vrill also contribute to the 

structure in an XPS spectrum, but they do not affect in a significant way 

the funadmental shape of a peak corresponding to a single final state 

energy (see discussion of these effects in Section VI.B). The fundamental 

lineshape will thus be a convolution of four separate contributions, none 

of which can be predicted with accuracy~ E£iori. Qualitatively, a con

sideration of the relative magnitudes of (1), (2) and (3) indicates that any 

peak will probably be a slightly skew Lorentzian with an inelastic tail. 

T'ne lower limit of the width of this peak is rv l. 0 eV for the conditions 

of the present experiments. Peaks much, wider than this may be dominated 

by the hole state lifetime or more complicated final-state effects. 

The selection of an analytical peakshape to describe such data is 

thus somewhat arbitrary and the final test must be empirical, based on hmr 

vell the mathematical function matches the data. For solids, a reasonable 

choice is a Lorentzian or Gaussian peak vith a smoothly joining constant 

tail. 'rhe technique for joining the tail is again arbitrary, and ve have 

chosen to let it increase from the center of the peak vi th the same func

tional form as the peak itself. This is illustra.ted for a Lorentzian

l,a:3ed veak sL~l)e in Fig. 18. The fw1ctional form of this peal<:: shape is 

thus very simpJ.e: 
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A(B + (1-B)·F(E-t:.)] fort< €. 
l l 

Q. (£) = 
l 

(19) 

A·F(E-€.) forE> E. 
l l 

Here A= an intensity factor, B =the ratio ofthe tail height to the 

peak height at E = E. 
l 

and F( E - E.) is a Lorentzian or Gaussian centered 
l 

at F(E- E.) contains a suitable normalization factor such that 
l 

F(O) = l. With a Lorentzian F, this yields 

A[B/(f/2) 2 + (l-B)/((E-s.)
2 

+ (f/2)
2

)] forE< E. 
. l . l 

Qi(E) = (20) 

A/((E-E.) 2 + (f/2) 2 ) forE> E. 
l ' l 

and with a Gaussian F, 

Q. ( £) = 
. l 

2 2 -(E-E.) /20 
A[B + (1-B)e 1 

] for E < E. 
l 

2 2 -(E-E.) /20 
l 

Ae . for E > E. 
l 

( 21) 

·For each of the functions in Eqs. (20) and (21), there are four independent 

parameters: the width (a or r)' the position ( [i)' the tail-height-to

peak-height ratio (B), and the intensity factor (A). Families of these 

curves are shown in Fig. 19 for fixed a (or r) , c. , and A, but varying B. 
l 

There are bw more peak shapes which might be applicable to data 

with very asyr.unetric peaks and/or inelastic tails that decrease rapidly 

to zero. These can be constructed as Gaussians or Lorentzians with 

. - 1. 
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variable exponential tails. The Gaussian-based shape has been used in 

fitting x~ray pulse height spectra by Rugge, Watson, and Wilhelmy.
73 

Req_uiring continuity of both the function and its first derivative at 

the poin:t €. - b 
l 

-a( t:. -b-E:) 
where the exponential, e l , joins the Lorentzian 

or Gaussian yields the following final forms: 

Lorentzian -

-2b(t:.-b-d/(b
2 

+ (f/2)
2

) 2 2 
Ae 2 

- - I (b + ( f/2) ) for t: < t: -b 
i 

Q.(E:) = 
l 

A/({t:-t:.) 2 
+ (f/2) 2 ) for s > t: -b 

l . . i 

and Gaussian - 73 

-b(2(t:.-t:)-b)/2cr
2 

Ae 2 for t: < t:. -b 

for t: > t:.-b 
l 

l 

(22) 

(23) 

The constant a is eliminated in both cases and there .are thus also four 

independent parruneters in these peakshapes. The parameter b replaces B 

for the tail specification. Families of these curves are shown in Fig. 20 

for fixed cr(or r), t:., and A, but varying b. A minor peculiarity of 
l 

the Lorentzian curve is that for the approximate region .3f < b < 2.or, 

the tail is lower than the unperturbed I,orentzian. Thus, the useful 

values of b are in the range 0 < b < • 3f. 

An additional complication in analyzing data with any of the 

above functions is that the background under a peak is often not negli-

gible (see Fie. 2) and may have a certain slope. Thus it is desirable to 
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fit the observed spectrum with a linear background added to a sum of one 

type of these peakshapes. The slope and intercept specify this background. 

A computer program was written to perform a least-squares fit sub

ject to the above requirements. 74 The least-squares solution 1vas obtained 

by a standard method. 75 The satellite x-rays are automatically allo-vred 

for in the analysis of a complex spectrum by using a relat.ively simple 

spectrum to derive their separations and intensities relative to the 

Ka
1 2 

peak. These separations and intensities define a new fundamental 
' 

peak shape including the effects of a non-monochromatic x-ray source. The 

tail and width parameters of the peaks for all x-rays are asswned to be 

equal, as the inelastic scattering effects should be very nearly identical 

and any w·idth differences would constitute a minor error. In the -vrork 

reported here, only the ,66 a x-rays were 

allowed for, but in principle the technique could be extended to the 

others noted j_n Fig. 2. The separations and intensities used in defining 

the fundamental peak shape forMg radiation are: a'-5.000 eV, 0.006:1.0; 

a
3 

-8,1~12 eV, 0.0948:1.0; and a
4 

-10.142 eV, 0.01~54:1.0. 

The progrrun converts the experimental spectrum of counts vs. current 

(a momentum distribution) to an energy distribution57 and does all fitting 

to this energy distribution. The total mLmber of peaks ca.n be divided · 

into groups, within which ratios and separations can be fixed (in addition 

to the automatic allmrance for satellite x-rays). Also, the vidths and 

tails cari be independent for all peaks or constrained to be equal vithin 

a group or over the entire spectrur;). For example, for a group of peal\.s 

closely spaced in kinetic em:rgy and with approx:imately tl1e same vlidtl1, 

.• 
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the inelastic tail parameters should be very nearly equal. Any of the 

parameters describing the background and peaks can also be fixed at an 

initial guess during the fit. Many of the fits described in Sections V and 

VI were made with the background slope fixed at zero, as shown in Fig. 1 

of Section VI. Accurate plots of the data and/or fitted f-q.nctions can also 

be obtained from this program. 

Other fits using this program are shown in Figs. 2la and 2lb. These 

figures are computer-drawn. For these c.ases, it is clear that the Gaussian-

based shape under.estimates the intensity of the spectrum on both sides of 

the main Ka
1 2 peaks. 'rhus, a Lorentzian-based shape gives the best des-

' 
cription for simple peaks in both gases and solids. For peaks such as 

those in valence bands, where numerous closely spaced binding energies are 

involved, Gaussian shapes may be more useful. Certain peaks discussed in 

Section V are also found to be more nearly Gaussian in shape. 

Intensity ratios of closely-spaced spin:...orbit doublets (such as 

Au4f
512

_
712

) have been.derived for several metals from fits of Lorentzians 

with constant tails (see Section VI). The values found are very near. to 

·the ratios of the level multiplicities, as expected from both simple 

theoretical grounds and more realistic relativistic calculations. 48 Fits 

to gas phase spectra for 02 indicate that the peak shapes with exponential 

tails do not give particularly accurate intensity ratios. Again, the use 

of a Lorentzian with constant tail gives the best overal1 description of 

the data, provided that the tail is fitted only within a few FHHM of the 

.peak posi.tiom;. Thus, the analysis of spectra in terms of such peak shapes 

seems quite reasonable from an empi.rical point of view. 
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B. Correction for Inelastic Scattering and Satellite X-Rays 

Photoelectron peaks due to the valence bands in solids are often 

broad and may exhibit non-simple structure connected to the density of 

electronic states.rr, 25 In order to extract precise information from XPS 

spectra· about the density of states, it is thus desirable to correct for 

the effects of inelastic scattering and satellite x-rays. ·The corrected 

spectra can then be more simply related to theoretical density of. states 

functions (see Section VI.B.). 

This correction can be made by noting that photoelectrons with 

very nearly the same kinetic energy will be affected by inelastic scat-

tering in an almost identical way, regardless of the level from vrhich they 

are emitted. 25 Also, the effects of satellite x~rays are identical for 

all photoelectron peaks, if considered as perturbations to the a 
2 

peak. 
1, 

'I'hus, core level photoelectron peaks close in kinetic energy to those of 

the valence levels can be used to quantitatively measure both these effects. 

25 The effects can then be corrected for in the valence level peaks. 

The fundamental assumption is that all structure in the core level 

spectra deviating from symmetric a
1 2 

peaks is due to inelastic scattering, 
' 

the non-riJonochromatic nature of the x-rays, and perhaps a slight spectra-

meter line shape asyniJlletry. Thus, if such effects as mult;iplet splitting 

30 . t . t. 32 of core levels or two-electron rans1 1ons are not properly alloved for 

this assw1~tion will be invalid. For all cases studied here, these effects 

do not introduce significant. error, hovrever. 

'I'l1e measured core and valence photoelectron spectra are considered 

• b t T (c) d I ( ) L·O e· vee ors -c c. an v E: , respective.ly, with typically 100 elecents. 

', ... ·,. 



Each element consists of the number of counts at, a given c. We now con-

struct an "unperturbed" core spectrum I '(c) from pure Lorentzian peak 
c 

shapes with the same mean positions as those in Ic(£), but with slightly 

narrower FWHM. I (£) and I '(c) can then be connected by a response 
C C, 

matrix R describing the perturbations: 

I(£)= R(c,c') I '(c) 
c c 

(24) 

Thus, provided we can deriveR, the corrected valence band spectrum 

I '(c) will be given by 
v 

, I '(c) = R-1 (c,c') I (£) 
v v 

(25) 

A slight change in notation, such that I (t:.)- I., I '(c.)-
C 1 Cl ,C 1 

I . ' and R( c. , c. ) = R. : , yields 
C1 l J lJ 

I cl 

I 
c2 

I p 
Cd 

= 

I I 
, cl 

I I 
c2 

I I 
eN 

(25a) 

Here, N is taken to be the number of elements in I ( £). He further asswne 
c 

that ci+l - Ei = 6£ = a positive constant for all i. R can be simplified 

by noting that it must affect elements of I ' at different energies in an 
c 

identicaJ 1n;_y. That is, a peak at £. must be distorted in exactly the 
1 



same way as a peak at e:. :f. e: .• 
J l 
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This means that the elements R .. will be lJ . 

equal for i-j equal to a certain integral value. With the notation R(k) 

for the simplified matrix elements, Eq. (25) becomes 

I cl 

I . 
c2 

I · eN 

= 

R(N) · · · R(2N-2) R(2N-1) 

R(N) R(2N-2) 

R(3) 

R(2)R(3) 

R(l)R(2)R(3) R(N) 

I I 

c2 

(26) 

Thus, there are only 2N-l independent elements in R. If this number can 

be reduced toN or less, Eq. (26) can be solved for R. One such pro-

cedure is outlined below. 

A. physically reasonable assmnption for the form of R is shown in 

Fig. 22. Elements R(l) to R(L), corresponding to energies above the 

a
3

, 4 satellites, are set equal to zero. Elements R(L + l) to R(M- 1), 

which spanthe region of the a
1 2

, a' , and peaks, are independent. 

Elements R(M) to R(2N-l) are computed as a linear interpolation between 

R(~!;-1) and. R(2N-l); these elements correspond to a linear inelastic tail 

with arbitrary slope. Thus, ·any peak in the region R(M-1) to R(2N-l) due 

to discrete electron energy losses will be accounted for in an average 

sense. If M-1 = N, Eq. (26) represents a set of N equations in N unkno',ms 

and if Jvl-1 < N, R can be obtained by a least-squ::a·es solution of the over-

determined system. 
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A minor source of error in the use of Eqs. (24) and (25) stems 

from the fact that I (e:) and I (e:) do not decrease to zero at their low 
c v 

kinetic energy limit. (We assume any conqtant background to be subtracted 

from both spectra, so that at high kinetic energy they do approach zero.) 

Thus, I (e:), I (e:), and the elements in R have been truncated at non-. c . v . 

negligible values in·the inelastic tail region. By expanding the nu.tnber 

of elements in I (e:) and I (e:) to ~ 2N, the magnitude of the errors intro-
c v 

duced by this truncation can be estimatedL These errors Hill be small as 

long as the following conditions are met: ( 1) I cl 1 
, I eN' , Iv2 

1 
, and IvN 1 

should be small rrith respect to the maximum amplitudes in these vectors. 

This requires centering the peaks in both I (e:) and I (E). (2) The ele-
c v 

ments of R in the inelastic tail should be no greater than about 0. 2 R(!I). 

These conditi.ons were met for all cases studied in Section VI. 

Computer progr&~s were written to carry out the derivation of R 

according to the model of Fig. 22, and also to calculate I 1 (£) from 
. v 

Eq. (25). These are described in more detail in Appendix A. A response 

matrix derived for Ag (based on the Ag 3d
312 

and 3d
512 

core levels) is shmm 

in Fig. 23. TI1e a
3

, 4 peaks are clearly distinguishable. I ( e:) and 
v 

I '(e:) for Cu are shown in Fig. 2 of Section VI. The correction brings 
v 

the Cu spectrum down to a flat background on either side of the strong 

peak due to the d bands. For all cases investigated in Section VI, this 

correction procedure proved to be adequate. Minor problems were encoun-

tered for a few cases in that rather large unphysical oscillations 

developed in the solutions for R or I 1 (£). These oscillations were 
v 

eliminated by smoothing both the data a.'1d solutions at various stages of 

the calculation and also by linearly connectinc; the elements in I '(c) 
v 

(see Appendix A). 
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V. PAPER: MULTIPLET SPLITTING OF METAL-ATOM 
ELECTRON BIHDING ENERGIES 

ABSTRACT 

X-ray photoelectron spectroscopy (XPS) j_s used to measure spli ttings 

of metal-atom electron binding energies, in both inorganic solids and 

gases. These splittings are due to the various possible multiplet states 

formed by. coupling a hole in a metal-atom subshell to an unfilled valence 

subshell. 

Splittings are observed in various solids containing 3d series atoms. 

·In particular, the 3s binding energy is split into a doublet with as much 

as 7.0 eV separation between the two components. The instrumental reso-

lution is rv 1.0 eV. 3s splittings are exhibited by inorganic compounds 

containing Mn and Fe, as well as by Fe metal, Co metal, and Ni metal. 

Theoretical predictions are in good agreement with experiment, provided 

that the effects of covalency in chemical bonding are taken into account. 

For Fe metal, the 3s splitting is identical both above and below the Curie 

point~ The 3p binding energies·of these solids also appear to show multi-

plet effects, but the interpretation of these results is less straight-

forward. The 2p binding energies in MnF2 are broadened by at least 1.3 eV, 

and this is shmm to be consistent with r:mltiplet splitting. 

XPS results for gaseous monatomic Eu also indicate the presence of 

·multiplet splittings. The two components in the 4d photoelectron spectrum 

are found to have an intensity ratio in disagreement with observed ratios 

for neighboring atoms with fillec'i valence subs hells. Also, the viidth of 

the 4f photoelectron peak al1ove the instrmnental contribution can be 

explained in te1.·ms of multiplet effects. 
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A. Introduction 

. In any atomic system with unpaired valence electrons, the exchange 

interaction affects spin-up and spin-down core electrons unequally. Since 

exchange acts only between electrons with the same spin,
1 

core electrons 

with spins parallel to those of the unpaired valence electrons will experi-

ence a valence-electron exchange potential, whereas core electrons with 

spins antiparallel will not. Since the exchange interaction tends to 

l 
reduce the average Coulombic repulsion between two electrons, the spin-

parallel core electrons will be favored energetically. ExchanGe inter-

actions within or between closed shells balance exactly, as the numbers 

of electrons with each spin are equal. This interaction between core and 

unpaired valence electrons is responsible for core-polarization contri-

2 
butions to magnetic hyperfine structure. Due to the non-equivalent 

exchange interactions felt by core electrons with different spins, the 

spin-up and spin-down wave functions are slightly displaced spatially from 

2 
one another. In atomic iron, for example, the 3sa and 3sB wave-

functions are predicted to have average radii of 0.433 A and 0.435 A 

respectively. 3 Here we hav~ used a to denote a spin parallel to the 

unpaired 3d electrons. This relatively slight difference of ~ 0.5% in 

average radius creates a large net spin density at the nucleus. This spin 

density results in a large magnetic field in the Hamiltonian describing 

4 
the hyperfine interactions between nucleus and electrons. Numerous studies 

4 5 of the systematics of this hyperfine field have been made. ' 

In addition to slight spatial polarizations caused by unpaired 

valence electrons, the binding energies of core electrons should be 



V-50 

-~ 

affected. Spin-unrestricted Hartree-Fock calculations predict differences 

in the spin-up and spin-down core-electron energy eigenvalues of tran-· 

sition metal ions. 2 ' 3 Such differences are ~ 12 eV for the 3sa and 

3sB electrons in atomic iron, 3 for example. It has been pointed out that 

these differences ought to be reflected as splittings in the measured 

6 binding energies of these electrons. By means of x-ray photoelectron 

spectroscopy (XPS), 1-rhich has a resolution of ·~ 1 eV, an attempt was T!l3.de 

to detect such splittings in core-level photoelectron peaks from iron and 

6 6 cobalt metal. However, no pronounced effects \vere observed. Recently, 

splittings of ~ 1 eV have been found in paramagnetic molecules 7 and 

larger effects have been observed in solids containing Mn and Fe.
8 

In 

8 
particular, Fadley, Shirley, Freeman, Bagus, and Mallow observed ~ 6 eV 

splittings in the 3s binding energies for ~he transition metal ions 

Mn 2
+ 3d5 and Fe3+ 3d5 in certain solids~ These splittings are considerably 

reduced from free-ion predictions, and a major source of this reduction 

appears to be covalent-bonding effects. 8 The 3p binding energies in these 

so1ids a1so give evidence for splittings, but from both a theoretical and 

experimental point of view, the interpretation of this data is less straight

forward. 8 

In this paper, we review the results obtained previously for I~n 'and 

Fe,
8 

and also present data for 3s electrons in Co meta1 and Hi metal which 

indicate simi1ar effects. Photoelectron spectra for the Mr12p electrons in 

NnF 2 are. sho1-rn to exhibit similar, but smaller, spli ttings tha..11 Mn3s, as 

expected from free-ion theoretical calcu1ations. We also discuss photo-

electron spectra obtained from gaseous Eu which show certain anomalies 
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probably connected to such splittings. The experimental procedure is 

discussed in Section B. Experimeqtal and theoretical results are pre

sented and discussed in Section C. Our conclusions appear in Section D. 
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B. Exnerjmental Procedure 

The experimental procedure has been described elsewhere.
8•9 Samples 

were bombarded with x-rays of "-' l keV energy- (primarily with the unresolved 

MgKa1 , 2 doublet, which has an energy of 1.2536 keV). The ejected electrons 

were analyzed for kinetic energy in a magnetic spectrometer. The kinetic 

energy distributions obtained in this way contain photoelectron peaks cor-

responding to excitation from all the core and valence electronic levels 

in the srunple whose binding energies are less than the excitation energy 

hv. The.pertinent energy conservation equation is 

hV = Eh- Ei + E +work function and charging corrections, (l) 

where E
11 is the total energy of the final state of the system with a 

hole in some subshell, Ei is the total energy of the initial state of 

the system, and E is the kinetic energy of the electron ejected from 

that subshell. Work function and charging correction will acceler~te or 

decelerate all electrons. equally, and so can be disregarded in the measure-

ment of splittings within a single sample. 9•10 The quantity Eh 

by definition the binding energy of an electron in the subshell, relative 

to the final hole state corresponding to Eh. If the ejection of an elec-

tron from a subshell can result in several final states of the system 

(i.e., several Eh values), a corresponding number of photoelectron peaks 

will be observed. Thus, the energy splittings of these final states are 

in principle directly measurable. The instrumental contribution to line-

width for these experiments i·ras "-' 1.0 eV full i.ridth at half-maxim1:m 

j ntcn:: i L.Y (V.I'llt·1). 'J'J1j ::; width nr:i !3E'S primarily from the nn.tur2.l width :::f 

the cxciLing radiation. 
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Measurements were made on several inorganic solids containing Mn 

and Fe, as these atoms possess a large nwnber of unpaired d electrons 

(neutral atom electron configurations: Mn°- 3d54s
2

; Fe
0

- 3d
6

4s
2

). Com

pounds were studied at room temperatures and a pressure of 'V 10-5 torr. 

These samples were usually prepared by dusting the powdered crystal onto 

an adhesive backing to form a contiguous coating} In a few cases, samples 

were prepared by painting an ethyl alcohol slurry of the powder directly 

on a metal backing. 9 Pure 3d series metals were also studied, and these 

samples were heated in a hydrogen atmosphere ('V 10-3 torr) to free them 

f f ' . d t . 6 , 9 , 11 o sur ace ox1 a 1on. -

The choice of solid samples to be studied was restricted by hro 

factors: (1) The sample must be in a vacuum if photoelectrons are to be 

analyzed for kinetic energy without appreciable inelastic scattering. 

(2) The vacuum in our spectrometer was rather poor, with pressures in the 

-5 10 torr r9.nge. These factors pr~cluded the study of well-defined 

hydrated salts, as these salts •rill either lose water of hydration at 

room temperature or condense material from the residual gas in the system 

if .cooled to very low temperatures. Also, transition metals which react 

6 9 11 to any degree with oxygen had to be reduced in an atmosphere of hydrogen. ' ' 

For room temperature studies, anhydrous salts of metals with strongly 

electronegative anions represented the most useful samples. In certain 

cases, metal ·oxides were stable enough to be studied under the conditions 

of our experiments. Both ir9n and manganese have at least three oxides. 

From the point of view of ·observil".g multiplet splittings, the most 

desir<:cbJe oxide of mA.nganese j s l-1n0, which contains J-1n2
+ ions in a 
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5 6 ·. . . 3d · S electronlc state. ·However, MnO is slightly unstable to oxidation 

by residual 0
2 

gas via the reactions: 

and 

The other oxides of Mn and Fe are often non-stoichiometric and therefore 

do hot constitute particularly well-defined systems. The metal halides 

present another possibility, but among these, only the fluorides have 

sufficient stability to be used with confidence. For example, the equili-

brium constant for the reaction 

is 
5 .. 

'V 10 · , while that for the reaction 

is 'V lo- 50 . MnF2 and, to .alesser extent, FeF
3

, thus represent good 

systems for the study of multiplet splittings. He have also studied the 

compounds MnO, Hn02 , K4Fe(CN) 6 , and Na4Fe(CN) 6 , for which no major chemical 

instability problems were noted. Minor effects of surface reaction are 

discussed below. 

12 9 The monatomic gases Eu and Yb were also studied. Eu possesses 

a half-filled 4f shell (electron configuration Eu0 

0 14 2 expected to sho>,' splj ttings, whereas Yb has a filled 4f shell (Yb - l1f 6s ) , 

.. 
.. 
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and should not show these effects. A special oven was constructed for 

these experiments. 9 In this oven, solid metal was heated to a temperature 

at which the metal vapor pressure vras rv 10-2 torr (rv 600°C for Eu and 

rv 540°C for Yb). At these conditions, reasonable photoelectron counting 

rates were obtained from the gas phase. 9 No significant Doppler broadening 

of photoelectron peaks should result at these temperatures; 

'rhe only form of data analysis applied to photoelectron spectra 

was a least-squares fit of empirically-selected, analytical peak shapes. 9 

This procedure permitted accurate determinations of peak positions, widths, 

relative shapes, and intensities, and also of the importance of inelastic 

scattering effects. The selection of peak shapes has been described 

elsewhere. 9 The most useful shapes are Lorentzian or Gaussian with 

smoothly-connected constant tails of adjustable height on the low kinetic 

energy side. These tails represent reasonably vrell the effects of inelas

tic scattering on electrons escaping from the srunple. 9 It was also pos-

sible in this fitting procedure to allow automatically for the effects 

of the weak Ka 
3 

satellite x-rays separated by rv 10 eV from 

the main J{a
1

, 2 component in the Mg x,...ray spectrum. 9 Photoelectron peaks 

due to these satellites are indicated as "a 4" in Fig. l, for example. 
3' > 
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C. Results and Discussion 

1. Solids Containing 3d Series Atoms 

Figure 1 shmrs photoelectron spectra obtained from MnF 2 , JvinO, and 

Mn02 in the region corresponding to ejection from the Mn3s and Mn3p 

core levels. Figure 2 shows spectra in a similar region from the iron-

containing soJ.ids, FeF
3

, Fe metal, K4Fe(CN) 6 and N.a4Fe(CN)6. The strong 

peaks in these spectra are labelled with the arbitrary notation 3s (1) 

3s(2), · · · and 3p(l), 3p(2) · · ·, unless they can be assigned to some 

obvious cause other than ejection from 3s or 3p levels by MgKa1 2 x-rays. 
' 

In the latter category are the peaks due to the a
3 

.and a 11 satellite 

x-rays and the Na2s peak in Na4Fe(CN) 6 . The relative shifts in kinetic 

energy of the 3p(l) peaks in either Fig. 1 or Fig. 2 do not have special 

significance, as absolute energy measurements were not made with high 

precision. Therefore, some of these shifts could be due to such effects 

as charging of the sample. Within a given. spectrum, hmrever, relative 

peak loca:t.;ions can be determined quite accurately. 

We concentrate first on the 3s regions of Figs. 1 and 2. Table I 

summarizes our experimental results as obtained by least-squares fits of 

Lorentzian-based peak shapes9 to the data, and also gives the approximate 

free-ion electron configurations for the transition metal ions in these 

solids. Also noted in Fig. 2 and Table I are those cases for which known 

properties and/or the observation ofbroadening of certain photoelectron 

peaks seem to indicate slight chemical alteration of the sa..rnple. As the 

photoelectrons in the> full-energy, inelastic peaks such as those label]ed 

jn F:igs. 1 ancl 2 COJ~E' from only a Ud.n ("-' Jf -6 . ,) Cin) surface layer of a solj::l 

.. 

' I. 

I ~ 
! . 

I, 

I I 

'. 
I 
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sample) a relatively small amount of surface reaction can alter photo-

. 6 9 10 
electron spectra apprec1ably. ' ' For example, .Mno

2 
samples prepared 

from an ethyl-alcohol slurry exhibit an enhanced 3s(2) peak relative to 
... 

samples prepared by dusting powder directly on an adhesive backing. The 

separation of the 3s(l) and 3s(2) peaks is the same for both cases, hovr-

ever. ']'his change in relative intensity may be due to slight surface 

reduction in the alcohol, as noted in Table I. Spectra for HnF
2

, on the 

other hand, exhibited no significant changes dependent upon sample pre-

paration technique, and this is consistent with the higher chemical sta-

bili ty of this compound . 

. . 
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In the 3s region, the 3d5 compounds exhibit tvro peaks, denoted 

3s(l) and 3s(2). Mn0
2 

shows a somewhat weaker 3s(2) peak at smal1er 

separation. K4Fe(CN) 6 and Na4Fe(CN) 6 shows essentially no 3s(2) peak. 

Iron metal exhibits a distinct shoulder which persists with no appreciable 

change :from 810°C (40°C above the Curie point) to 565°C, as shmm in 

Fig. 3. (This shoulder was not·observed in ~arlier work
6 

due to poor 

statistics;) These results are fully consistent with the peaks 3s(l) 

and 3s(2) representing two final states of the Mn or Fe ion split pri-

marily by the exchange interaction. That is, the 3s(2) peak is observed 

for cases where d electrons are known to couple to a high spin ground 

st~te (MnF
2

, MnO, FeF
3

, and.ferromagnetic Fe) and is reduced in separation 

and intensity relative to 3s(l) for cases in which the number of unpaired 

3d electrons is smaller (Mn02 ) or the transition metal ion exists in a 

diamagnetic ground state (K4Fe(CN) 6 and Na4Fe(CN)
6
). Also consistent 

with this interpretation is an analogous spectrum from Cu metal (d elec

tron configuration 3d
10

) which shows a·narrow, single 3s peak as observed 

in the ferrocyanides (see Fig. 3 and Table I). 

We note at this point several other possible sources of the extra 

peak 3s(2), all of which can be ruled out: (1) Auger electron peaks can 

be distinguished by a constant·kinetic energy regardless of exciting x-ray 

energy. Mg and Al x-rays were used for this purpose. (2) A surface 

contaminant or incompletely hidden portion of the sample holder could 

give rise to unexpected phot~electron peaks, but these should be present 

on all sc.mples at the sa.7Jle kinetic energy and probably with varying inten-

sity relative to Mn or Fe peaks. 'I'he 3s(2) peak does not behs.ve in this 

... 
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way. (3) If surface chemical reaction produces two different types of 

metal atoms, shifts of the 3s binding energies due to changes in valence 

10 
electron screening could give rise to two photoelectron peaks. However, 

10 
in this case, both 3s and 3p peaks should show the same structure and 

this is not observed. (We note a small effect of this kind on the 3p(l) 

peak of FeF..,.) (4) Quantized energy losses suffered by photoelectrons 
_) 

in leaving the solid can give rise to peaks on the low kinetic energy side 

t . k" 13 b t . 3 d 3 of an elastic photoelec ron pea , ut _he_ loss mechanlsms for s an p 

photoelectrons should be essentially ident-ical due to their proximity in 

kinetic energy. No peak with relative intensity and separation correspond-

ing to the 3s(2) peak is seen near the 3p(l) peaks of MnF
2 

and MnO. Also, 

most quard:.ized losses would contribute some inherent line width to the 

secondary peaks, but Table I indicates that the 3s,( 2) peaks are essentially 

equal in width to the 3s(l) peaks for MnF
2 

and MnO. (5) A photoemission 

process resulting in simultaneous excitation of both a photoelectron and 

14 15 some quantized mode of excitation could give rise to such a peak. ' 

However, the high intensity of the 3s(2) peak, the specificity of its 

appearance near 3s and not 3p, and the nearly equal widths of the 3s(2) 

and 3s(l) peaks for MnO and MnF
2 

make this explanation seem unlikely. 

The origins of such splittings have been considered from a theo..:. 

2+ . 8 
retical point of view, with the free Mn lOn as an illustrative exa111ple. 

The initial state is 3d5 6s and the ejection of a 3s or 3p electron gives 

. ~ ~ rise to final states whlch are denoted as Mn [ 3s] and JvJn [ 3p], respec-

tiveJ.y. In first approximation, Koopmans' Theorem1 can be used to com-

:rmte binding er:~rgies. This theorem states that the binding energy of an 
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electron is given by its Hartree-Fock energy eigenvalue, E, calculated 

2+ 
for the ground state configuration of Mn . A detailed allm.,rance for 

exchange predicts that for any subshell 
a . S j , E. ¥- E . (where 

J J 
a,S denote 

spin directions). Thus, two peaks are predicted as a result of photo-

emission from both the 3s and 3p levels. The simplest estimate of this 

effect treats the exchange interaction as a perturbation vrhich splits the 

restricted Hartree-Fock(RHF) 3s and 3p one-electron eigenvalues, and yields 

the values given in Table II, line 1. 
8 Spin-unrestricted Hartree-Fock 

( SUHF) c~lculations represent a higher-order estims:te in that a and B 

electrons-are permitted to have slightly different radial wave functions, 

but the energy spli ttings are not appreciably altered (see •rabJe II, line 

2). The signs of. the splittings reported in Table II are such that elec-

tron kinetic energy increases to the right; that is, it requires less 

energy to form an anti-parallel 3sS or 3pB hole, and such photoelectrons 

are predicted to have more kinetic energy as a result. 

This-use of Koopmans' Theorem to equate binding energies·to ground 

state energy eigenvalues is kn01m to have shortcomings, in particular for 

l systems with unfilled valence shells. The correct definition of electron 

binding energy is the difference betvreen computed total energies for initial 

states and final hole states [ cf. Eq. ( l)]. The possible final hole states 

7 5 3+ 7 5 3+ are S and S for Mn [ 3s] and P and P for .tv1n . [ 3p] . But unlike the 

5 other final states just given, the P state can be formed in three dif-

ferent ~-rays from parent d5 terms of 6s, 4
P, and 4D. 1 There are thus a 

tot a , of· l1 f · l "t-'- • l t t t f " 3+ [ 3 ] · t ' " 2 f · l + t ~ 1na mu. L-lp e s a es . or 1•1n p 1ns eaa 01 1na s c. a es 

as found in an approximation based on 1\oopmans' Theorem. Such multiplet 

• 1 
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effects ruJe out the simpJe connection of 3p splittings (or splittings 

of anv non-s electron) to ground state one-electron energies.
8 

The total ___._ 

energies of these final hole states have been calculated vith tvo "multi-

" ( ) 8 plet hole t'fleory MHT methods: diagonalization of the appropriate energy 

matrix based on Coulomb and exchange integrals for an RHF single determi-

nant of. the initial state (a frozen-orbital approximation)~ and more 

accurate multi-configuration Hartree-Fock (MCHF) calculations on the 

final hole states (an optimized~orbital c·alculation). In the frozen-

orbital calculation, matrix elements vere computed as linear combinations 

of Slater_Fk and Gk integrals for the initial state; the coefficients 

multiplying each Fk or Gk integral vere obtained from standard tables. 1 

Diagonalization of th"is matrix gave the three 5P eigenvectors and eigen

values. 8 , 9 Separate MCHF calculations >-rere made to obtain each opti

mized-orbital eigenvector and its energy eigenvalue.
8 

The results of 

these tvo sets of calcuJations are _presented in Table II, lines 4 and 5. 

The 5P eigenvectors are given in Table.III. The agreement betveen frozen-

orbital and optimized-orbital splitting estimates is very good, with slightly 

larger values for the optimized orbitals. A comparison of lines 1 and 2 

with lines 4 and 5 also confirms the essential equivalence of the MHT and 

Koopmans' Theorem calculations of the spli ttings of s electron binding 

energies; bo such equivalence exists for non-s electron binding energies. 8 

The results of Table II are borne out quaJitatively by our 3s 

spectra from MnF2 , MnO, and FeF
3

. If we identify peak 3s(J) with a 7s 

final ste .. te, and 3s(:C') with 5s, the intensity ratios of these peaks are 

in ruugh agrecr.1c:nt vi th a caJculated ·r S: 5s rc:lati ve intensity of 

- ' . 
:' ·, 
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7:5 = 1.4:1.0. This calculation is based on a one-electron-transition 

d] flt .. 9 mo e _ o plo-oemlSSlOn. However, the observed separation of approxi-

mately 6 eV is only about half the value predicted by the free-ion calcu

lations. One possible reason for the reduced experimental splittings
6 

is that electron-electron correlation between electrons with like spin 

is partially allowed for by the exchange interaction, but rio allowance 

is made.in such theoretical calculations for correlation between elec

trons with unlike spins. 4 Thus, spatial
4- or energy6 asymmetries calculated 

without taldng correlation into account may represent s1ight overesti-

·mates. Hovrever, it seems doubtful that a proper allowance for correlation 

would a~count for a factor of two reduction in theoretical estimates. 8•16 

Another possible effect is that of covalency in chemica1 bonding, 8 which 

will act not only to pair valence electrons, but also to delocalize them, 

thereby weakening their interaction with the core. This effect can be 

estimated from the spin-and orbital-unrestricted Hartree-Fock (UHF) calcu-

. . 4- . 17 
lations of Ellis and Freeman for the (MnF6) cluster. Their predicted 

splittings of energy eigenvalues, listed in Table II, line 3, show a 

substantial decrease from the free-ion values and rather remarkable agree-

ment with the measured splittings in MnF2 . The reduced splitting in MnO 

relative to MnF2 is consistent with known effects of covalency in that 

oxygen·bonding is more covalent than fluorine bonding. 8 On the other hand, 

the larger splitting observed for FeF 
3 

over Jvl,.nF 2 is consistent with free-

ion calculations, 8 which give greater 3+ a exchange splitting for Fe than 

2+ 
for Mn- . The measured ratio of separations for I-1nF

2 
and Mn0

2 
(1.111:1.00) 

is J.arger th<m the computed free-ion ratio for Mn 2+ and .f.1n 4
+ (1.22:1.00)~ 

. ~ 8 
as expected from increased covalent bonding effects for oxygen l1ganos. 

.. 
~-

·-

I. 
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The observed 3s(l):3s(2) intensity ratio of approximately 2.0:1.0 

. 7 ~ . ) for MnF
2 

ancl MnO is not in good agreement with the S:'S rat1o of 1 . .t:l.O 

obtained from a free-atom calculation based on one-electron transitions.
8•9 

'l'he 1. 5:1.0 ratio for FeF
3 

does agree, but the apparent surface reaction 

indicates that this c.greement may be fortuitous.· There are several 

reasons for a discrepancy between such simple one-elect:ron estimates and 

experiment: 8 ( l) If the :initial and final states- are described in terms 

of SURF wave functions, the dipole matrix. elements between 3sa and 3s8 

and their corresponding p-wave continuum states may be significantly 

different. (2) Overlap integrals between initial and final state orbi-

tals of pa:ssi ve eiectrons· may be different for different final states. 

Implicit in the one-electron estimate is an assumption that these overlap 

integrals are unity for all final states. ( 3) Hulti-elcctron transitions 

may be significant enough to alter observed intensity ratios from one-

l t '. t. 15 e ec ron prea1c .1ons. (4) Bonding effects will distort initial and 

final states from a free-atom description, as has been found in UHF 

cluster calculations. 17 (5) A small fraction of the photoelectron-

producing atoms may exist as surface states of different electron config-

uration. 

In Fig. 3, we present 3s spectra for the metals Fe, Co, Ni, and Cu. 

'l'he temperatures of these measurements are not~ed, as well as the T /T 
c 

ratios for the ferromagnets Fe, Co, and rJi. 18 We have noted that Fe shows 

a splitting for temperatures .below and above the Curie point, whereas 

paranmgnetic Cu sh01.,rs a single, sy:mc!letric 3s peak, as expected. Fig:.n·e 3 

a1so indicates that Ni has a 3s splitting very much like that for Fe, 
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and the results for Co, though not conclusive, certainly exhibit con-

siderable broadening and asymmetry in the 3s peak. The 3p peaks for 

Fe (see Fig. 2), Co, Ni, and Cu can all be well approximated by a single 

Lorentzian with a constant tail, whereas the 3s peaks cannot. The analy-

sis of the 3s peaks into two components as shown in Fig. 3 is somewhat 

arbitrary, but is analogous to the simpler results obtained for inorganic 

compounds. This analysis serves as a rough indicator of the magnitude 

of the splitting and the shape of the peak. Thus, all three ferromagnets 

exhibit subtle effects similar to those observed in inorganic co1npounds. 

We attribute these to a coupling of the final state 3s hole with localized 

3d electrons 1-rhich have some net unpaired spin or local moment. The 

observation of identical effects for Fe at temperatures above and belov 

T 
18 

indicates that single-atom coupling 
c 

( -16 ) in the short time duration '\J 10 sec 

of the 3d electrons as detected 

of the Photoemission process does 

not depend on the degree of long-r~nge ferromagnetic ordering. Although 

this statement may seem inconsistent with the observed disappearanye of 

the hyperfine magnetic field above T ,19 the latter measurements are made 
c 

on a time scale of~ l0-
12 

sec, and thus are sensitive to the effects of 

a time-averaged 3d electron coupling. 

Let us consider now the 3p regions of the spectra shown in Figs. 

1 and 2. 8 
There are several extra peaks and these have been labelled. 

None of these peaks are due to Auger transitions. The peaks 3p(2) and 

3p(3) of K1/'e(CN) 6 appear to.be associated 1.;ith two-electron transitions 

of potassium, and are not observed in similar spectra from Na4Fe(CN) 6 
and (Im4 \ Fe( CH) 6. 'l'hese peaks are observed to some degree in other 

-.r 

. -· 

... _ 
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potassium-containing salts such as K
2
so4• The perucs denoted 3p(2) and 

3p(3) for MnF
2

, Mn0
2

, and FeF
3 

may be connected -vrith multiplet splittings, 

however. There is at least qualitative agreement -vrith predictions from 

multiplet-hole-theory calculations, 8 in that peaks resulting from p 

electron ejection are spread out in intensity over a broad region (see 

Table II). We note that in a one-electron transition the intensity of 

each 5r state -vri1l be proportional to the square of the coefficient of 

the d5( 6s)p5 5r term in the eigenvector. 8 , 9 Thus, the relat~_ve intensities 

obtained from frozen-orbital MHT calculations on Mn 3+ are: 5P1 , 0.66; 
5 5 ·. 89 5 
P

2
, 0.01; and r

3
, 0.32. ' The P

2 
peak would thus probably be too 

weak to observe. Spectra for MnF
2 

in fact show two weaker components 

(3p(2) and 3p(3)) in addition to 3p(l). One of these is close to the 

main peak ("-' 2 eV) and the other much further a1vay ("-' 17 eV). 'l'he identi-

5- 5 fication of peak 3p(2) with the final state P
3 

and of 3p(3) \-T:ith P1 is 

thus roughly consistent with non-relativistic free-ion theoretical cal~u-

lations. He note, however, that any realistic theoretical treatment of 

3p splittings must include spin-orbit and crystal-field effects, as well 

as p~ssible decreases in th~ magnitudes of predicted splittings due to 

covalent bonding. Spin-orbit splitting of the ground state Mn3p levels 

20 will be approximately 1. 3 eV in magnitude, for example. Furthermore, 

the experimental data in the 3p regions are not good enough to assign 

accurate positions and intensities to the observed peaks. Thus, while 

it appears that pealcs due to- multiplet spli ttings may be present in the 

3p regjons of our spectra, further e>.-perimental and theoretical study 

vill be necessary to assign the observed peaks to specific final hole states. 
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The splittings reported up to this point have been in subshells 

vri th the same principal quantum nwnber (and thus the same approximate 

radial location) as the 3d electrons. Analogous effects should be observed 

in all core levels, although the appropriate Coulomb and exchange inte-

grals describing the final state coupling \·rill ue decreased due to the 

greater average distance of separation of these inner-core.and valence 

eJectrons. An approximate indicator of this decrease is given by the 

2pa- 2pS one-electron energy difference f?r atomic Fe, compared to 

the 3sa- 3sf3 .difference. In the SUHF calculation for line 2, Table n,8 

these values are 3.5 eV and 11.1 eV, respectively, so that one might 

expect an experimental splitting of 'V 6 eV for 3s peaks to be consistent 

with only a 2 eV splitting of 2p peaks. Also, the spin-orbit splitting of 

2p
112 

and 2p
312 

levels for Mn is 'V 12 eV, so that two distj_nct 2p peal~s 

vlill be observed. In the simplest vector-coupling model, eacb of tbese 

peaks will be a mixture of a and 13 electrons, so that, at most, the 

experimental expectation would be for a broadening of 'V 2 eV in the 

2p
112 

a.nd 2p
312 

photoelectron peaks. In Fig. 4, vre show 2p photoelectron 

spectra for Fe metal and MnF 2 . In analogy wi tb the 3s spli ttings, 1.,re 

expect smaller multiplet effects for Fe than for tfi.J1 in NnF
2

. As indicated, 

the widths of the MnF 2 peaks are 3. 3 eV, or 'V l. 3 eV larger than those 

of Fe. This broadening is not due to surface chemical reaction, as the 

3p(l) peak of r.1nF2 is essentially tbe same width as the 3p(l) peak of 

Fe (2.1 eV and 2.3 eV, respectively). As mentioned previously, simple 

broadening or splitting of peaks due to chemical reaction Hill affect all 

core levels in a very similar 1.,ray. The 2p peaks for iron are also sharper 

,·. 
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in the sense that they are best described by a Lorentzian peak shape, 

whereas a broader Gaussian peak shape well approximates the MnF2 data. 

Both these observations are consistent with multiplet effects of the 

expected magnitude on the binding energies of Mn2p electrons in !lmF
2

• 

These XPS results are also in agreement with splittings observed in x-ray 

emission spectra of MnF
2 

and other inorganic solids.
21 

MnKa
1 

and Ka2 

x-rays result from the transition 2p
312

-+ ls and 2p
112

-+ ls, respectively. 

Thus, the final state is Mn with a 2p hole, just as in photoemission, and 

the coupling of this hole with unpaired 3d electrons will cause splitting 

of the resultant x-ray line. Free-ion calculations of these splittings 

have been made and they predict a broadening of these MnF2 x-ray lines 

of 'V 2 ev,
21 

in good agreement with both x-ray emission and XPS results. 

The experimental widths of the Kcx
1 

and Ka
2 

x-ray lines for MnF 
2 

are 

21 
very nearly equal, in agreement with the equal Hidths observed in Fig. 

4. 'rhe relative Ka
1

: Ka
2 

widths-are predicted by theory to be rv 4:3, 

21 
however. 

Vle·also note that splittings of p
312 

electron binding energies 

have been observed in the XPS spectra of solids containing .Au, Th, U, and 

22 
Pu. These splittings are thought to be due primarily to crystal-field 

22 
effects on metal core electronic states, but no detailed theoretical analy-

sis of thj.s data has as yet been completed. In the broadest sense of the 

term "multiplet splitting," the work reported here and this earlier 

are representative of similar effects. That is, in both cases, the 

22 work 

ejection of an electron from a single nX, or n£j subshell gives rise 

to more than one possible final state, and the different final states have 
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different total energies Eh (cf. Eq. 1). The different Eh values arise 

from a detailed consideration of the Coulomb and exchange interactions in 

these final states~ perhaps including contributions from atoms neighboring 

the metal atom. Hm·rever ~ it is clear that the multiplet spli ttings reported 

here are primarily dependent on the various possible cpupling schemes in 

a single~atom-like hole state~ whereas crystal~field-induced splittings 

may be more intimately connected with the symmetry and spatial distri-

bution of the bonds around the metal atom, regardless of the presence of 

unpaired electrons. For many systems with unpaired electrons~ these two 

effects will be inseparable in an accurate theoretical analysis. 

2. Gaseous 4r Metals 

Similar multiplet effects should also be observed in gaseous mona-

tomic metals "YTi th unpaired valence electrons. The interpretation of such 

data should be more straightforwarQ., in the sense that crystal-field and 

covalent-bonding effects need not be considered. In particular, Eu, 

lvith a half-filled l1f shell,· should exhibit multiplet splittings analogous 

2+ 
to those of Mn , with a half-filled 3d shell. Treating exchange as a 

perturbation, the 4sa and 4sB one-electron energies are predicted to 

be different by ll. 7 eV, 
23 

for example. Unfortunately, the 4s and 4p 

photoelectron intensities were too weak to permit study of these levels 

with the present apparatus. The 4d photoelectron intensity is much higher, 

however, and a photoelectron-spectruni. in this region is shown in Fig. 5. 

In order to detect small multiplet effects, we compare the Eu4d spec-

trum with the l1d spectra of the nearby atoms Xe and Yb. The latter t~oro 

,·. 
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atoms have filled outer shells and should exhibit no multiplet effects. 

The ground state electron configurations of these three cases are: 

0 2 6 l 0 7 2 8 24 0 . 14 2 l 
Xe 5s 5p S, Eu - (Xe) 4f 6s s

712
, and Yb - (Xe)4f 6s S. 

The basic structure of the 4d3/2 - 4d5/2 spin-orbit doublet is 

observed for all three spectra in Fig. 5, and the separation of two con:-

20 ponents is close to that predicted by theory, as indicated in Table IV. 

The increase in the linewidth of each component 'from Xe to Eu to Yb can be 

ascribed to a decrease in the lifetime T of the 4d hole state such that 

T > T >·T Because a 4d hole can be filled by 4f electrons, it is Xe Eu Yb' 

to be expected that T will decrease as the 4f shell is filled. 

There are hm1ever, two peculiarities in the Eu spectrum of Fig. 5: 

the left component of the doublet has a lover rEilati ve intensity in Eu 

than in Xe or Yb, and the shapes of the peaks for Eu are more nearly 

Gaussian, as compared to Lorentzian shapes for Xe and Yb. LuF
3

, a stable 

solid compound containing Lu3+ ions with a 4f14 1s electron configuration, 

was also studied and these results show a Lorentzian line shape for the 

two 4d compondnts (see Fig. 6). The relative intensities of the two 

components as derived by least-squares fits of the appropriate shapes 

are also given in Table IV. The theoretical intensity ratio for a simple 

spin-orbit doublet is 6: 4 = l. 50: l. 00. More accurate relativistic calcu

lations yield a ratio very close to this. 25 This value is in agreement 

vrith the ratios observed for Xe, Yb, and LuF
3

. The data for Eu definitely 

deviate from this simple mod~l, however. No theoretical free-ion calcu

lations are available for the Eu1+[4d] hole state, but in analogy vlith 

' 3+ ~ 
I'm [ .:>p], ve expect severa.l possible final states. In the oversimplifi-

cation of LS coupling, the alloved final states are 4a.94r76s 2 9D and 
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4d9 4f76s 2 7n. The 9n state can only be formed from a parent term of 

4f7 8s. The 7n state can be formed from 
8s, 6P, 

6n, 6
F, and 

6
G parent 

terms, however. Thus, six photoelectron peaks are predicted in this 

model. The introduction of spin-oi·bit effects would no doubt increase 

this number. 

A further peculiarity in XPS results from Eu 4d electrons is that 

the two-component separation is larger in Eu
2
o

3 
by f\J 1.0 eV. Experiments 

on Eu
2
o

3 
powder yield a separation of 5.7 eV, in good agreement vith pre-

. 10 26 
Vlous measurements ' (see Fig. 6). Intensity ratios cannot be accurately 

derived from the Eu
2
o

3 
results, due to a high intensity of inelastic 

scattering and probable surface reduction of a small fraction of the Eu 

atoms. However, the difference.in separation might well be connected to 

bonding effects in Eu2o
3 

analogous to those discussed for Mn compounds. 

Thus, although it appears that the various peculiarities in EulJd photo-

electron spectra are connected to multiplet effects, no definite state-

ments can be made without a more detailed theoretical analysis. 

The 4f photoelectron spectrum of gaseous Eu is shmm in Fig. 7. 

An intense peak is observed, with a FWHM of f\J 2.0 eV. The 6s photoelectric 

cross section should be very small relative to 4f, 25 so it is doubtful 

that apprecjable intensity in Fig. '7 is due to photoemission of 6s elec-

trans. The lifetime of a 4f hole should also be very long, so that any 

width of' the peak in Fig. 7 above the instrUt":lental limit of' f\J 1.0 eV 

must be due to some sort of binding energy s.pli tting. LS coupling repre-

sents a reasonable description of photoemission from 4f levels, and the 

final hoJ.e state must be a 4r 6
6s 2 state which acts as a parent tern for 

,. 

•' 

·-
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7 2 8 8 the initial state 4f 6s s712 . Only the s712 initial state need be 

considered, as the nearest excited state is '\.. 1. 5 eV higher in energy
24 

and will not be populated at the temperatures of these experiments 

. ('V 600°C); The only final state possible in a one-electron transition 

is thus 4f66s 2 7F. Spin-orbit effects ;.rill split this final state into 

various· .T components. These 7F 0' 
7 F

6 
components are spread 

in energy over 
2 

'\.. 0.6 eV, and this is sufficient to explain a good frac-

tion of the extra width observed for the 4f photoelectron peak. Doppler 

broadening will also add a small contribution of '\.. 0.1 eV width. It is 

also possible that two-electron transitions 15 would yield 4f66s
2 

final 

states other than 7 F' or other final state configurations, such as 4f
6

6s 5d. 

Taken together, these effects are qualitatively consistent with the 

observed vlidth of the 4f peak. 
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D. Conclusions 

Multiplet splitting of core electron binding energies has been 

observed in several solids containing metal atoms '1-ri th unpaired 3d elec-

trons. The largest splittings are 'V 6 eV for the 3s electrons of Mn and 

8 Fe. Free-ion theoretical calculations overestimate these 3s splittings 

by roughly a factor of two. Calculations taking into account the effects 

of covalent chemical bonding17 give excellent agreement with experiment. 8 

The 3p electron binding energies also appear to show such splittings, 

although the theoretical interpretation of such data is more complicated. 
8 

The 3s photoelectron peaks for the ferromagnetic metals Fe, Co, and Ni 

also sbow evidence of such multiplet effects~ For Fe, these effects are 

identical in both the paramagnetic and ferromagnetic states. 'l'he 2p photo-

electron peaks in MnF
2 

show broadening of at least.l.3 eV. These results 

are consistent with multiplet effects predicted from free-ion calculations, 

and also agree with splittings obs~rved in x-ray emission spectra.
21 

Similar multiplet splittings are indicated in the electron binding 

energies of gaseous Eu. The 4d photoelectron peal{.S for gaseous Eu shov 

anomalous intensity ratios and shapes when compared to similar spectra 

from gaseous Xe and Eu. These anomalies appear to be linked to multiplet 

splittings. The width of the Eu4f photoelectron peak can be exp1ained 

by a consideration of multiplet effects. 

.. ,,;<i> 

. . 



.. , 

V-73 

ACKNOWLEDGMENTS 

We wish to thank A. J. Freeman, P. S. Bagus, and J. V. Mallm-1 for 

supplying 'us r,.rith the results of numerous theoretical calculations, and 

for helpful discussions. T. Nova.kov is gratefully acknowledged for use

ful comments regarding crystal-field splittings of.core electron binding 

energies and splittings in x~ray emission spectra; 



V-74 

REFERENCES 

* Work partially supported by the U. S. Atomic Energy Commission. 

1. J. C. Slater, Quantum Theorv of Atomic Structure (McGraw-Hill Book 

Co., Inc., New York, 1960) Vol. II. 

2. J. H. Wood and G. W. Pratt, Jr., Phys. Rev. 107, 995 (195'1); R. E. 

Watson and A. J. Freeman, Phys. Rev. 120, 1125, 1134 (1960); D. A. 

Goodings, Ph.D. dissertation, Cambridge University, 1960. 

3. P. S. Bagus and B. Liu, Phys. Rev. 148, 79 (1966). 

4. R. E. Watson and A. J. Freeman, !Jyperfine Interactions, ed. by A. J. 

Freeman .and R. B. Frankel (Academic Press, Inc., New York, 1967) p. 53. 

5. A. J. Freeman, Hyperfine Structure and Nuclear Radiations, ed. by E. 

Matthias and D. A. Shirley (North-Holland Pub. Co., Amsterdam, 1968) 

p. lf27. 

6. C. S. Fadley and D. A. Shirley, Phys. Rev. Letters 21, 980 (1968). 

7. J. Hedman, P. F. Heden, C. Nordling, and K. Siegbahn, Phys. Letters 

29A, l 7 8 (1969) . 

8. C. S. Fadley, D. A. Shirley, A. J. Freeman, P. S. Bagus and J. V. 

Mallmr, Phys. Rev. Letters 23, 1397 ( 1969). 

9. C. S. Fadley, Ph.D. dissertation, University of California, Berkeley, 

1970 (Lawrence Radiation Laboratory Repbrt ,UCRL-19535). 

10. C. s. Fadley, S. B. M. Hagstrom, M. P. Klein, and D. A. Shirley, J. 

Chem. Phys. 48, 3779 (1968). 

11. C. S. Fadley a..'1d D. A. Shirley, Lawrence Radiation Laboratory Report 

UCRL-189 53 (to appear in NBS J. Res.). 

12. D. R. Stull and G. C. Sinke, :fhermodyn<:u:lic ProDert:ies of the Ele~:ents, 

Adv. in Chern. Ser., no. 18 (Amer. Chem. Soc., Hashington, 1956). 

. . 
•. 

·-



.. . 

·-" ~· 

-· 

V-'75 

13~ L. Marton, J. Arol Simpson, H. A. Fowler, and N. Svranson, Phys. Rev. 

126, 182 (1962). 

14 . R. K. Nesbet and P. M. Grant, Phys. Rev. Letters 19, 222 (1967). 

15. M. 0. Krause, T. A .. Carlson, and R. D. Dismukes, Phys. Rev. 170, 37 

(1968}. 

16. R. K. Nesbet, private communication. 

17. D. E. Ellis and A. J. Freeman, to be published. 

18. C. Kittel, Introduction to Solid State Physics, 3rd ed. (1-liley Pub, 

Co., New York, 1966). 

19. See, for extllnple, K. Johansson, E. Karlsson, L. 0. Norlin, P. N. 

Tandon, and H. C. Jain. HyPerfine Structure and Nuclear Radiations, 

· ed. by E. Matthias and D. A. Shirley (North-Holland Publ. Co., Amster

dam, 1968), p. lnl, and D. A. Shirley, S. s. Rosenblum, and E. 

Matthias, .212.· cit., p. 480. 

20. F. Herman and S. Skillman, Atomic Structure Calculations (Prentice

Hall, Inc., Englewood Cliffs, New Jersey, 1963). 

21. V. I. Nefedov, Akad. Nal~. SSSR, Bull. Phys. Ser. 28, 724 (1964). 

22. T. Novakov and J. M. Hollander, Phys. Rev .. Letters 21, 1133 (1969); 

T. Novakov and J. M. Hollander, Bull. Am. Phys. Soc. 14, 524, BM4 (1969). 

23. A. J. Freeman, private communication. 

211. G. Smith and B. G. Wybourne, J. Opt. Soc. Am • .d_L, 121 (1965). 

25. G. Raka-.ry and A. Ron, Phys. Rev. 159, 50 (1967). 

26. o. Nilsson, C. H. Nordberg, J. E. Bergmark, A. Fahlr'lan, C. Nordling, 

and K. Siegbahn, Helv. Phys. Acta. 41, 106L1 (1968). 

27. E. V. Sayre and S. Freed, J. Chem. Phys. 211, 1213 ( 1956). 



V-76 

'rable I. 'l'rcmsition-metal ion electron configurations for the solids 
indicated in Figs. 1, 2, and 3, together with experimental separations, 
intensity ratios, and widths of the 3s photoelectron peaks, and the 
widths of the most intense 3p peaks. Accuracies of these values are 
± 0.1 eV for separations and vidths and ± 0.15 for intensity ratios. 
Values in parentheses have greater uncertainty. 

Atom Compound 

Mn MnF2 

MnO 

MnOb 
2 

Fe F Ji' d e 3 

Fe 

K4Fe(CN)
6 

Na
4
Fe(CN)

6 

Co Co 

Ni Ni 

Cu Cu 

Electron 
Configuration 

3d5 6s 

3d5 6s 

3d3 4
F 

3d5 6s 

(3d
6

4s
2

) 

(3d6 ) 

(3d6 ) 

(3d 7 4s 2 ) 

(3d84s
2

) 

(3d
10

4s 1 ) 

3s(l)-3s(2) 
Separation 

(eV) 

6.5 

5.7 

4.6 

1.0 

(4.4) 

(4.2) 

3s ( 1) : 3s ( 2) 3s ( 1) 
Intensity FWID-1a 

Ratio (eV) 

2.0:1.0 3.2 

1.9:1.0 3.6 

2.3:1.0 3.9c 

1.5:1.0 4.5c 

(2.6:1.0) (3.5) 

> 10:1 3.5 

> 10:1 3.2 

l+, 3 

(7.0:1.0) (3.2)c 

> 20:1 3.6 

3s(2) 
F'dHl·!a 
(eV) 

3.2 

3.5 

3.9c 

4.5c 

(4.0) 

(3.2)c 

3p(l) 
FHHMa 
(eV) 

2.1 

2.8 

2.6 

--, 6d 
..), 

2.3 

2.9 

2.6 

2.5 

3.4e 

4.2e 

aYvJHM of symmetric peak shape, excluding asymmetry introduced by the inelas-

tic tail., 

b 
Probably slightly reduced; often a non-stoichiometric compound. 

c 
FWHM for 3s(l) and 3s(2) constrained to be equal. 

~robably slightly reduced (see Fig. 1). 

e 
The primary source of increased width for these peaks is spin-orbit 

splitting into 3p
112 

and 3p
312 

components. 

==-=~-=-=.=-..==_. 

I 
' 

.. . ., 

~· 
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Table II. Theoretical predictions of 3s and 3p electron binding energy 
. . .2+ 56 spl1tt1ngs for a Mil 3d S initial state. These values are taken from 

Ref. 8. The units are eV. 

Final state: 

Koopmans' Theorem 3sa 
Description: hole 

(1) RHF + exchange 2+ 
perturbation (Mil ) 11.1 

(2) SURF (Mn2+) 11.3 

(3) UHF, (MnF ) 4-
6 

cluster (ref. 17) 6.8 

Multiplet Description: 58 

(4) MHT, Frozen 
orbitala 13.3 

(5) MilT, Optimized 
orbitalb 14.3 

· 3s8 
hole 

0 

0 

0 

7s 

0 

0 

aOrbitals obtained from an RHF calculation on 

5p 
1 

22.4 

23.8 

Mn3+[ 3p] 

3pa 
hole 

13.5 

13.7 

8.1 

5p 
2 

5p . 
3 

8.5 3.6 

9.4 4.0 

Mn2+ 3d5 6s. 

3p8 
hole 

0 

0 

0 

7p 

0 

0 

b 
Values based on multiconfiguration Hartree-Fock calculations 3+ for Mn [ 3s] 

3+ and Mn [ 3p]. 
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Table III. Frozen-orbital eigenvectors for the three 5r states of 

Mn3+ 3p5 3d5 = Mn3+[3p]. Eigenvalues relative to the 7P state are given 

in Table II. 

~ate: .. 

Exp~~~i~n~ 
coefficients: 

c( d5 ( 6s')p5 5P) 

C(d5(4D)p5 5P) 

C(d5(4P)p5 5p) 

0.816 

-0.439 

-0.375 

-0.110 0.567 

0.519 0.733 

-0.847 0.375 

.. ~· 

•. 
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Table IV. Summary of results for 4d photoelectron spectra of Xe, Eu, Yb, 
and Lu in various samples. A comparison is also made to the theoretical 
spin-orbit splitting of 4d3/2. and 4d5/2 components. Accuracies of these 
values are ± 0.1 eV for separations and widths and ± 0.15 for intensity 
ratios. 

4d 4d 'l'heo. Compo~ 4d 

Sample 
component Component spin-orbit separation component 

FWHMa separation splittingb Thea, intensity 
(eV) (eV) (eV) spin-orbit ratio 

Xe(gas) l. 07c 1.96 2.10 .94 1. 4·r: 1. oo 

Eu(gas) 3.78d 4.77 5.4oe .88 2. 44: l. 00 
Eu2o

3
(solid) 3.63C 5.73 5.4oe 1.06 

Yb(gas) 5.4lc 8.43 9.20 .. 92 l. 49:1.00 

LuF
3
(solid) 4.23c 10.24 lO.OOe 1.02 . f 

1.75:1.00 

a 
The two l+d components were assumed to have equal widths. FWHM values are 

for a s~mnetric peak shape, excluding asymmetry introduced by the inelastic 

tail. 

b 
Taken from Ref. 20. 

c Analysis vri th Lorentz ian-based peak shapes, 

d 
Analysis with Gaussian-based peak shapes. 

eValue obtained by interpolation from those given in Ref. 20. 

f 
The accuracy of this ratio is not as h~gh as for the other ratios 

reported, due to inelastic scattering effects. 
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3 p ( l) 

3p( 1) 

MnO 

1140 1160' 1180 1200 1220 
Kinetic energy (eV) 

XBL703-2529 

Fig. 1. Photoelectron spectra from MnF2 , MnO, and Mn02 in the kinetic
energy region corresponding to ejection of Mn 3s and 3p electrons by 
MgKa x-rays. 
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3p( 1) 

3p(l) 

1130 1150 1170 1190 1210 
Kinetic energy (eV) 

X8L 703 ~ 2530 

Fig. 2. Photoelectron spectra from FeF3 , Fe metal, K4Fe(CN)6 and 
Na4Fe(CN)6 in the kinetic-energy region corresponding to ejection 
of Fe 3s and 3p electrons by MgKa x-rays. 
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Fig. 3. 3s photoelectron spectra from Fe metal, Co metal, Ni metal, and 

.. :· 

Cu metal. MgKa x-rays were used for excitation. Binding energies ... 
corresponding to the intense peaks produced MgKa1 2 x-rays are also 
indicated. The vertical bars on each point indicate statistical 
error limits. 
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' Fig. 4. 2p photoelectron spectra from Fe metal and MnF2 . MgKa x-rays 
were used for excitation. The Fe data have been analyzed into two 
Lorentzian components and the MnF2 data into two Gaussian components. 
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VI. PAPER: ELECTRONIC DENSITIES OF STATES FROM 

X-RAY PHOTOELECTRON SPECTROSCOPYa 

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 

moldulated 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 in 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 

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. 

~aper delivered at the 3rd Materials Research SyP.Jposium, "Electronic Den:--
si ty of Str:!.tes", National Bureau of Standards, Gaithersburg, r·bryland, 
November 3, 1969. To appeer in the NBS Journal of Research, under co-author
ship with D. A. Shirley. · 
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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, CdCl
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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A~ Introduction 

l The energy distribution of electronic states in the valence bands 

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

several techniques for determining p(E) at energies within ~ kT of the 

Fermi energy, Ef, where relatively small perturbations can excite electrons 

to nearby unoccupied states. However, because of the nature of Fermi 

statistics, an electron at energy E, well below Ef (in the sense that 

Ef- E >> kT), can respona 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). The 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-violet5 or x-ray6 •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 

8 related to the undisturbed ground state, 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 •
11

•5 Never-

theless, 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 
6 . 

techniques, x-ray photoelectron spectroscopy (XPS), •7 and apply it to 
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several metallic and non-metallic solids. In Sec. B, the principles of 

the technique are dis cussed from the point of vie•r of relating measured 

quantities to a one-electron p(E). In Sec. C, 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 experi-

mental 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. D, 

we summarize our findings. 

B. The XPS Method 

The fundamental measurements in both ultra-violet photoelectron 

spectroscopy (UPS) and x-r~y photoelectron spectroscopy (X?S) 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 (1.25 keV) and Al(l.49 keV). For a given abso-

lute energy resolution, ·an XPS spectrometer.must thus be ~ 100 times higher 

in relative resolving power. We have used a double-focussing air-cored 

magnetic spectrometer,9 with an energy resolution of f:.£/£ = 0.06%. t:.£ 

is defined to be the full width at half maximum intensity (FHHM) of the peak 

due to a flux of monoenergetic electrons of energy £. 

Conservation of energy requires that 

h i 
hv = E - E + £ + ¢ 

c 
(l) 

where hv 
i is the photon energy, E the total energy of the initial 

t t L~h s a e, r. the total.energy of the final hole state as seen by the ejected 

·-· 
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photoelectron, £ the electron kinetic energy, and ¢c the contact potential 

between the sample surface and the spectrometer. If E
11 

corresponds simply 

to a hole in some electronic level j, then the binding energy of an elec

tron in level j is by definition ~v = Eh- 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 f + £ + ¢ - -E + £ + ¢ b sp sp 
(2) 

where ~f = -E is the Fermi-referenced binding energy~ and cpsp is the 

work function of the spectrometer (a known constant). This transformation 

makes use of the relations 
f . 

= ~ + sample work function and 

sample work function. Positive charging of the sample due to electron 

emission can shift the kinetic energy spectrum to lower energies by as 

much as 1 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 contributore to lineshape in an XPS 

spectrum. Together with their approximate shapes and widths for the con-

ditions of'our experiments, these are: 

1. Linewidth of exciting radiation--Lorentzian, ~ 0.8 eV FWHM·for 

the unresolved MgKa1 2 doublet used as "monochromatic" radiation in this 
' . 

study. The use of a bent-crystal monochromatic might permit narrowing this 

in future >wrl~. 
'( 
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2. Spectrometer resolution--slightly skew, with higher intensity 

on the lovr-kinetic-energy side, rv 0.6 eV FWHM for 1 keV electrons analyzed 

with 0.06% resolution. 

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, 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 tech

niques 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 rv 1.0 eV FWHM. 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 ~ppears 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 narrow core levels can be used to 

study the scattering mechanisms. As the kinetic energies of electrons 

expelled from core levels rv 100 eV belm.r the valence bands are very near 

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

versus 1250 eV), it is very probable that the scattering mechanisms for 

both cases are nearly identical. 

-- ,.~ 

j .. 
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. 11 Subject to this assumpt~on, we can correct an observed vaJ.ence 

band spectrum, I (£),by using an appropriate. cor~ level spectrum, I (£), v . c 

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

of scattering, I '(£') from pure Lorentzian peak shapes, then J (E) an~ 
c ' c 

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

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

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

these quantities being related by 

I(£)= R(£,£ 1
) I'(£') 

c c 
(3) 

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

R(£,£ 1 ), the effective number of matrix elements to be computed can be 

reduced to ~ 100. This permits a direct calculation of R ( £,£' ) ; The next 

step is to apply R-1 (£,£ 1 ) to the observed valence band spectrum,· I (£), 
v 

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

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

resolution enhancement is accomplished by this correction. In addition to 

inelastic scattering, we can also easily allow for the extra peaks present 

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

intense of which are 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 dis-

. h 10 cussed elsew ere. 
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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 nature of this correction: the 

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

rected spectrum. By comparison, this relatively high information content 

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

Ar1 additional advantage . of XPS is that the chemical state of the 

sample can be monitored via observation of core level photoelectron peaks 

from the sample and possible contaminants.
6 

In this way it is possible 

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

responsible for the unscattered photoelectrons of primary interest. 

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

more sensitive to surface conditio~s. 6 ' 12 

The relationship of corrected XPS spectra to p(E) 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 photo-

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

si tion model. 

The cross section for photoemission from a one-electron state j 

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

ment between that state and the final continuum state, 

a: (4) 

where a. (E) is the cross section and t/J(hv + E) is the wave flmction of 
J 

a continuwn electron with energv hv + E. If there are no appreciable 

- .. 

•. 
·-



-.. -... 

.. 

VI-95 

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

corrected kinetic energy spectrum will be related to p(E) by 

I' (hv + E - <j>sp) a: !_
00

00 

a(E' )p(E' )p' (hv + E' )F(E' )L(E- E' )dE' , (5) 

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

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 appropriate final state density will be pro-

portional simply to 1/2 
£ • This furiction is only negligibly smaller for 

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

for those emitted from the top of these bands ( £ == 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 1/J(hv + E) across the bands. The differences in 1/J. 
J 

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. 
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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 wave functions. This question deserves further study. 

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

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

state should look very much like a 1250 eV continuwn 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 alJ 

other orbitals remaining frozen. This assumption permits the use of 

15 . 
Koopmans' Theorem, 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 potentially significant deviations from this 

one-electron modeL We shall discuss these briefly. 

The final-state effects leading to these deviations can be separ-

ated 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 purposes. 

- ~' 
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The 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(£) 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(£) relative 

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

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

kinetic energy of the outgoing electron is altered, however ( cf. Eq. 1). 

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 somewhat less on an XPS spectrum, 

however. 

(2) In addition to a simple polarization, a localized hole can 

couple strongly with localized valence electrons17 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 

h . 1 t d . . 18 s apes ln e ec ron an x-ray emlsslon. Both of the above effects would 

act to broaden I(£) spectra, with the former being more important for sys-

terns -vri th 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 

electron will be accompanied by strong coupling to plasma oscillatio~s. 19 

This coupling would lead to broad sidebands separated 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 photoemission process, but that other electrons or phonons 

. lt 1 't d 20 
are s1mu aneous y exc1 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. The 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 

have a marked effect on the UPS spectra of light gaseous molecules, 22 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 lmrer 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 information 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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\ 



..... " 

VI-99 

several solids. We note also that the XPS method is applied to p{E) 

. 23 24 
studies in two other papers of these proceedlngs. ' 

C. DensHy-of-States Results for Several 3d, 4d, and 5d Series Solids 
,/ 

l. .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, and 

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

studied in the compounds ZnS, CdCl
2

, and HgO to illustrate the positions, 

widths, and shapes offilled 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 producing essentially inelastic 

photoelectrons extends only about 100 A in from the surface. 6•7 This depth 

is not accurately known, however. Because the contamination consists of 

oxide formation as well as certain adsorption processes with lower binding 

·energy for the contaminant, all the metal saniples were heated to high 

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

6 
the XPS 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 

~nalyses of the sample by observing core-level photoelectron peaks from 

the metal and from all suspected contaminants. 6 For all metals, the most 

imnortant contaminant was oxygen, which we monitored via the oxygen J.s 

peak. Because core electron binding energies are known to be sensitive 

to the ~hemical state of the atom, 7 •25 the observation of core peaks for 

meto.l and o::t.ygen should indicate somcth:lng about the surfo.ce 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 that 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 F1g. 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 shown 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 

10 
· for Ru and Os, which were studied as powders. 

... ~· 
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The non-metallic samples (ZnS, CdC1
2

, and HgO) were studied as 

powders at room temperature. Both considerations of chemical stability 

and observations of core levels indicated no significant surface contami-

·nation, although high purity for these cases was not of paramount importance. 

The results reported here were obtained with 1.25 keV MgKa radia-

tion for excitation. However, no significant changes are introduced with 
l 

' 
AlKa radiation of 1.49 keV energy. 

We present below our experimental results for these d group metals, 

as well as the results of other experiments and theory. Statistical error 

limits are shown on all XPS results. Throughout our discussion, we shall 

speak of "p(E)" as determined by a certain technique, bearing in mind that 

no experimental technique directly measures p(E), but rather some distri-

bution peculiar to the experiment (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). 

The location of the Fermi energy was determined with Eq. (2). This 

10 determination was checked against photoelectron peaks from a Pt standard. 

Our estimated accuracy in determining Ef is ±0. 5 eV, so that precise 

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 

·'· 
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2. . The 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 

and other experiments. 
3,12 

There are now enough data available that it is 

worthwhile to discuss and compare results for these iron group metals indi-

. 12 
vidually, as Eastman has done. 

2 .l. Iron (bee) 

Hanzeley and Liefeld3 have studied Fe, Co, Ni, Cu, and Zn using 

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

man's UPS results12 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 

4. 12 
less reliable in the dashed portion, for E < Ef-. 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 narrower, but with more intensity above Ef, 

. 3 
probably due to spurious effects. 'rhere 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 toward 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. 

'"',,.i· 
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In Fig. 6b, the XPS results are compared to the one-electron theo

retical p(E) calculated by Connolly26 for ferromagnetic iron. The. 
I 

theoretical p(E) has been smeared at the Fermi surface with a Fermi 

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" XPS experiment iri a one-electron 

model (i.e. , Eq. 5 with a(E 1 ) and p 1 (hv + E 1 ) 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 p&ramagnetic theoretical predictions is as follows: In experi-

ments on ferromagnetic metals, no significant differences are observed 

between XP;{) ' 17 and INS4 results obtained above and b.elow the Curie tempera-

ture (T , where long-range ferromagnetic order should disappear). Further
c 

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

17 same above and below T . It thus appears that localized moments persist 
c 

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 in 

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

a comparison of experiment with a paramagnetic 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 
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for Fe, Co, and Ni below T are in general in better agreement with ferro
c 

magnetic theoretical p(E)'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. 

2.2. 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 

12 
UPS curves 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 5 eV for 

SXS, XPS, and UPS, respectively . 

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

retical curve of Wong, Wohlfarth, and Hum27 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 forE> E -3 eV, but the XPS 
f 

results are somewhat high below that point. In fact, the overall agree-

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

2.3. Nickel (fcc) 

E . t 1 lt f N. t d · F · 8 3 ' 12 xper1men a resu s . or 1 are pres en e 1.n 1g. a. We note 

a slight decrease in the XPS results in the region E < E -4 eV relative 
f 

to our earlier work. 6 
This decrease is due to a more accurate allowance 

! ' 
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for a weak inelastic loss peak appearing at ~ 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 in Fig. 8a were obtained from measurements of 

L x-rays. 3 Similar work on M x-rays (for which transition probability 

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

and a FWHM of~ 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 

width as the XPS peak 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 prev1ous.y. The FWHM of these-estimates vary from~ 3 to 4.5 eV, with 

the smallest width coming from an unhybridized calculation. 14 In Fig. 8b, 

we compare our XPS results to a hybridized, ferromagnetic p(E) for Ni14 

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 

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 
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2. 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 pea~ between 2.3 

and 3.3 eV 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 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), Eastman29 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 4 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 Snow30 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. 

2. 5. Zinc (as ZnS) 

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

difficulty of obtaining a clean metallic surface. \ole present results for 

' 

- .f. 
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ZnS iri Fig. 10. The 3d electronic states show up as a narrow intense 

peak with a FWHM of 1. 7 eV and located 'V 13 eV below Ef. (The separation 

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

The valenc'e bands are just above the d peak. The d states of metallic 

zinc have been studied also by SXS, 3 and a· peak of FWHM = 1. 45 eV, at 8 eV 

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

width of these core-like 3d states, which are only about 10 eV below Ef. 

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 Fig. 11. The metals are discussed separately below. 

3. 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. The peak falls off more slowly with energy on 

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

were 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. 

3. 2. Rhodtum (fcc) 

The XPS-derived p(E) can be described by a single triangular 

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

Ef-1.3 eV. There is little evidence for structure on the low energy side, 

which falls off monotonically. 'l'he peak FWHMof 'V 4.4 eV is slightly 
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smaller than that for Ru. No other experimental or theoretical results 

on Rh are available for comparison. 

3. 3. Palladium (fcc) 

Our corrected results for Pd have much the same appearance 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 eV. The high-energy edge of the Pd peak is 

very steep, and most of the slope must be instrumental. Therefore, as 

-
expected, the true p(E) for Pd is apparently very sharp at Ef. 

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

inelastic loss peak at 6 eV, and also for the presence of a small 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 tmder these conditions (or even 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 levels). We have also observed this 

effect for slightly oxidized Cu and Pt. 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 

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 eV is uncertain. 32 •33 

..• 
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In Fig. 12, we compare our results with the theoretical predictions 

of Freeman, Dimmock, and Furdyna.
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 somewhat 

different. 

3. 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, giving 

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. The 3d
312 

and 3d
512 

levels of Ag are also 

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

from instrumental or contamination effects. There is also strong evidence 

for a weaker component at~ Ef-6.6 eV. This two-component structure has 

also been verified by Siegbahn and co-workers in uncorrected XPS spectra. 7 •31 
.'· 

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 ev29 in energy. The results of these studies (in particular 

those attained at 21.2 eV) are in essential agreement with our own, in that 

they show a peak of~ 3 eV F\-lHM at Ef-5.0 eV. 

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

present time. 
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3. 5. Cadinium (as CdCl2 ) 

A corrected XPS-spectrum for CdC12 is shown in Fig. 13. The 4d 

peak appears at~ Ef-14.5 eV and the valence bands fall between roughly 

5 and 10 eV below Ef. The 4d peak is very narrow (a FWHM of 1. 7 eV, com

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

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

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 l 8 V . b . t 1· tt . 36 Th . al a om pre 1c 1on o on y a • e sp1n-or 1 sp 1 1ng. e an ogous 

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

1see Sec. 4. 5.). 

4. The 5d Series: Os, Ir, Pt, Au, and Hg 

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

shown in Fig. l4. 

4. 1. Osmium (hcp) 

He~agonal Os gives a valence band spectrum similar to that of 

hexagonal Ru. As in the Ru ca~e, the Os peak rises sharply near Ef to 

a plateau beginning at Ef-l.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~ 1300 eV, giving rise to photoelectrons 

.. .,i· 
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in the same kinetic energy region as valence bands interacting with the 

1250 eV MgKa1 2 x-rays. Similar.problems were encountered with Ir, but 
' 

they do not affect our conclusions as to peak sh.apes 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
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 Fig. 1. However, the a
3

, 4 correction 

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

to affect our fundamental conclusions. 

4. 2. Iridium (fcc) 

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

in overall shape and width, but give evidence for two peaks, at approxi~ 

mately Ef-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. 

4. 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 separations 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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Theoretical results are available for Pt .. The band-structure 

calculations of Mueller et a1. 37 are shown in Fig. 16, together with our 

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

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

peaks but that the relative intensities are in poor 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 addition, 

the band-structure calculations give~ 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. 

4. 4. Gold (fcc) 

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

Ef' as our results in Fig. 14 indicate. Two peaks are again evident in 

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

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 lower intensity 

peak at Ef-6.8 eV is narrower than the higherintensity peak at Ef-4.i eV. 

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

that for Pt. 

Gold has also 

at photon energies up 

been studied by means of UPS. 29 •38 In experiments 

38 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 XPS results. Furthermore, a spectrum obtained with 

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. 

4. 5. Mercury (as HgO) 

In HgO, the filled 5d levels should be tightly-bound and core-like. 

Figure 17 shmrs a corrected XPS spectrum 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 eV. The intensity ratio of the two 5d peaks, as derived by least-squares 

fitting of Lorentzian curves to our data, is l. 4:1. 0. 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 separation36 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 

3d
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. 

5. Discussion of Results 

The XPS results for all 15 cases 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 well as the width 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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\vithin a 3d, 4d, or 5d series, the XPS results show systematic 

variation, giving somewhat wider d bands for Fe, Ru, &~d Os than for 

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

below Ef for ZnS, CdC12 , 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. B). The 4d ban:'ds 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 cubic--there 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 fi1ling of 

the d bands, then this model would apply. The peaks for Rh and Pd are 

too wide to be represented by a Ag p(E), but the shapes of both could be 

very roughly approximated in this manner. The similarity of the bro-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. 

'l'he predictions are reasonably good. In our opinion, this limited success 

for Ir, Pt and Au probably 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 two-component structure observed in the d-band peaks of Pt 

&~d 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 coiL.ponents more accurately, we have least-squares fitted 

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

The ratios and ?eparations so derived are: Ag-~1.51:1.00, 1.8 eV; 

Ft--l.60:l:oo, 3.3 eV; and Au--1.48:1.00, 3.1 eV. As our accuracy in 

determining these ratios is 'V ±0.1, they could all be represented by a 

value of 1.50:1.00. A possible significance of this value is that it is 

the expected (and observed) intensity ratio for a spin-orbit split d 

level (e.g., the 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 observation (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 vie1r of 

this, our intensity ratio estimates based on two peaks of equal width may 

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

particularly bet1veen fig and Pt or Au could be somevrhat accidEm:ta1. 

~.·. . 
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Nonetheless, the similarity in shape of. our results for the d levels 

of Ag, Pt, Au, and Hg is rather striking. 

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

Eastman29 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 energ~es. ' ' It thus appears that as the photcn energy is 

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

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

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

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

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

D. 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 

to 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 have 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 
I 

- . 
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density, and are less susceptible to the effects of surface contaminants. 

UPS results at photon energies ~ 20 eV appear to be more reliable indi

cators of p(E) in the sense that they agree better with the -rough out

line predicted by XPS. The need for further work at higher resolution and 

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

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

Ref. core FWHM of Separation of 

Solid Reference level bind- FWHM of b 
core levels d-b and 2 components in 

core levels ing energya peak d...,band peak 
(e~) 

(eV) (eV) (eV) 

Fe 
3Pl/2-3/2 

(unresolved)c 52 2.3 4.2 

Co " 57 2.5 4.0 

Ni " 66 3.4 3.0 

Cu " 75 4.2 3.0 

ZnS " 90 5.4 1.7 

Ru 3d3/2-5/2 280 1.1 4.9 

Rh " 307 1.3 4.4 

Pd II 335 1.3 4.1 

Ag " 368 1.0 3.5 1. 5-l. 8 

CdC12 " 408 1.2 2.0 

Os 4f5/2-7/2 50 1.3 6.5 

Ir " 60 1.4 6.3 3.3 

Pt II 71 1.5 5.8 3.3 

Au " 84 1.2 5.7 3.1 

HgO " 103 1.5 3.8 1.8 

aBinding energy of the 9., + 1/2 component, relative to the Fermi energy. 
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Table 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). The partially resolved 

doublet in ZnS is found to have a separation of 2.8 eV, in good agreement. 
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a 1,2 peaks-
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Ru 
1.1 eV FWHM 

980 990 
Kinetic energy (eV) 

Binding energy (eV) 
60 50 40 

4f 7/2 

Ir 

1.4 eV FWHM 
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Kinetic energy (eV) 

XBL 701·2058 

Fig. 1. Core level photoelectron spectra produced by exposure of Ru and 
Ir to Ivlg x-rays. 1'he levels are Ru 3d3/2-3d5; 2 and Ir 4f5/2-4f7 /2. 
The peal\:s due to the MgKa1 2 and MgKa3,4 x-rays are noted, as \-Tell as 
the tail ·observed on each peak due to inelastic scattering. The analy
sis of these spectra into pairs of Lorentzian-based shapes is descrj.bed 
in the text and Hef. 10. 
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Fig. ·2. Valence band photoelectron spectrum produced by exposure of Cu 
to Mg x-rays, together vith the corrected spectrum obtained after 
allovance for the effects of inelastic scattering and MgKa3 4 x-rays . , . 
in the raw data. A peak due to the 3d bands of Cu lS the domlnant 
feature of these spectra. 
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Fig. 3. Schematic illustration of various final-state effects on the photo

electron spectrum of a hypothetical 3d transition metal: (a) the Koopmans' 
Theorem spectrum, in which levels are positioned according to one-electron 
energies, with relative intensities determined by appropriate photoelectric 
cross sections; (b) the effect on spectrum (a) of polarization around a 
localized-hole final state; (c) the effect on spectrlli~ (a) of strong 
coupling between a localized hole and the valence electrons (note the split
ting of t.he 3s level); (d) the effect on spectrum (a) of two-electron 
excitation during pllotoemission; and (e) the effect on spectrum (a) of 
phonon excitation during photoemission. 
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26 3d6 4s2 27 3d7 4s2 28 3d84s2 29 3d 104s 1 30 3d104s2 

Fe Co Ni Cu Zn 
bc.c fcc fcc fcc --

44 4d75s 1 45 4d8 5s 1 46 4dl0 47 4d105s 1 48 4d105s2 

Ru Rh Pd Ag Cd 

hcp fcc fcc fcc --
76 5d 6 6s2 77 5d 9 78 . 5dl0 79 5d 106s 1 80 5d106s2 

Os Ir Pt Au Hg 
hcp fcc fcc fcc --

XBL 701-2073 

Fig. 4. The portion of the periodic table studied in this work. The 
atomic number, free-atom electronic configuration, and metal crystal 
structures 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). 

., .... 

"" IIi 



.• . 

.. 

t 
If) -c: 
;:) 

0 
u 

VI-127 

Ols 250C . .Fe3p 

710 715 720 725 1195 1205 

Kinetic energy { eV) -

XBL687- 3421 

Fig. 5. 0:> . .-ygen ls and iron 3p .photoelectron ~eaks fro!':l metallic iron at 
VariOUS te:.:::.:-er~tures in a hydrogen at~:os:r•here. i;ote that t~1C r._e3~ 

co:::ponent 2.t lc·.·~cr kinetic ~nc!'r;:; (P.n "oxide" peak) disar.Tc:;.rs ~t 
hiGh te::rperatl~rc alont; ·.d th the Ols !JCE.ks. · 



w 

VI-128 

-10 -9 -8 -7 -6 -5 -4 -3 -2 -1 
E-Et (eV) 

0 +I +2 

XB L 701-2072 

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 
MgKa3, 1+ x-rays. In (a) the XPS data are compared with UPS (Ref. 12) 
SXS (1\ef. 3) curves. In (b) the XPS data are shmm together vi th 
n t.hcc)rt~ti cal cu:rve obtn..i ned by broetdening the ferromagnetic dcnsi ty
of-!~taLe~; function of Hef. 26. Hight ordinate is thousands of counts 
in the XPS data. 
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Fig. 7. Results for cobalt metal. The XPS data 1rere taken at 925°C 
and have been corrected for inelastic scatterine:; and f-lgKa3 ,l.1 _x-r::cys. 
In (a) ; these data are compared >-:ith U?S (Ref. 12) and SXS ( Pef. 3) 
result:;. In (b), the cunrp9.r:i.son :is vi th a.n appropriately broe.dened 
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Fig. 8. Results for nickel metal. The corrected XPS data are based on 
measurements at 870°C. In (a), they are compared vrith UPS (Ref. 12) 
and SXS (Ref. 3) curves. In (b), they are compared to the ferro
magnetic theoretical density-of-states function from Ref. 14, which 
has been broadened. 
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Fig, 9. Results for copper metal. The XPS data were obtained at 720°C 
and have been corrected for inelastic scattering.and MgKa3,4 x-r£::ys. 
Curves from urs (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. 
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Fig. 11. Corrected XPS spectra for the 4d metals Ru, Rh, Pd, and Ag. 
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density--of--states function fror!l ;~ef. 34, indicating the co:~!plexi t:· of 
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Fig. 13. Corrected XPS spectrum for CdCl2 . The filled 4d states appear 
at E-Ef ~ -14. 5 eV. The broader peak at :S--3::f ~ -7 eV represents 
valence bands. 
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Fig. 14. Corrected XPS spectra for the 5d metals Os, Ir, Pt, and Au. 
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Fig. 16. Co;::tparison of Pt XPS results vrith theory: (,,_) the t:Jeorctical 
density of states function in Ref. 37, (b) the broadened t~coretical 
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APPENDICES 

A. Inelastic Scattering and Satellite X-ray Correction 

Two programs are necessary for this correction, one to calculate 

the response matrix R from Eq. (26) with the model of Fig. 22, and a 

second to calculate IV (£) fr~m Eq. (25). Each of these programs will be 

briefly described, and the input formats listed. 

l. Response matrix calculation 

In the N-channel core-level photoelectron spectrum Ic, the peaks 

tq be used for correction should be centered as well as possible. Approxi-

mately half the spectrum should consist of the inelastic tail and the flat 

background above the a
3

, 4 peaks. The statistical scatter in I should 
c 

be as low as possible. Generally data with a scatter of ~ 1% of the peak 

heights were used. I is read in as data and stored in the arrays TEMP 
c 

and XDIST. The I data is also smoothed ICAV times, with a l-2-l weighting 
c 

over three points for each smoothing; i.e., I . = (I .. + 2·1 . + 
c,l c,l-J c,l 

I '+l)/4. c,l . 

I 1 is then computed from positions and widths input for the 
c 

Lorentzian_peaks, and stored in the array TDIST. The parameters for these 

peaks are usually derived from a least-squares fit of the I data using 
c 

the program described in Section IV.A. Widths equal to 0.6-0.8 times the 

I widths are used for the peaks in I 1
• This factor can be checked by c c 

calculating R using different widths. As the width in I 1 becomes larger, 
c 

R must approach a delta function in behavior and usually becomes negative 

in the regions adjacent to the peak near R(H) (see Fig. 22). The largest 

width consistent "'i th no significant negative elements in R should be used. 
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In this way, no significant attempt is made to enhance the fundamental 

resolution of the spectrum. Only inelastic scattering and satellite x-rays 

are corrected for. 

With M and L under input control, the use of Fig. 22 permits 

rewriting Eq. (26) in the following way: 

I cl 

= 

~1 -~ ,M-L 

R(L+l) 

R(L+2) 

R(M-1) (27) 

R(2N+l) 

The elements A. . are appropriate sums of the elements in Ic 1 • They are 
lJ 

stored in the array REDMAT. This system of N equations in M-L unknowns 

is solved by a least-squares subroutine (FLSQS). 

The 2N-l element vector describing R is then generated as the array 

RlVEC, and the elements of this vector are smoothed IRAVl times with a 

1-2-1 weighting. The matrix R is then constructed, and a solution vector 

S = RI 1 obtained. The difference I -'-S is smoothed ICAVl times and used 
c c 

to obtain a correction to R from 

I -S = R1 I I 
c c 

(28) 

The R' calculation is exactly the same as that for R. This cycle is repeated 

ITTl t.jr.lC:J, ~;0 -t-~:8t the final n is the l'esult of seversl iterations. 
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The inputs for this program (rv1ATIT2) are as follows: 

(1) NRUN; FORMAT (I4). The number of matrices to be derived. 

The inputs below are repeated for NRUN sets. 

(2) TITLE; FORMAT (8Al0). A one-card title used in labelling 

output. 

(3) IITl, ICAVl, IRAVl; FORMAT (3I4). IITl is the number of 

iterations used in the solution for R. ICAVl is the number of times I c 

or S is smoothed. IRAVl is the number of times R is smoothed at each 

iteration. Generally, IITl ~ 5, ICAVl ~ 3, and IRAVl ~ 3. 

(4) -N, NAV, NPU, L, M; FORMAT (5I4). N, L, and Mare defined 

above. N must be odd and less than 125. M-1 must be less than N. NAVis 

used to average over the points of an experimental spectrum to decrease 

the dimensionality toN. Successive groups of NAV points are treated as 

their average value. The use of NAV is only necessary for troublesome 

cases. Usually, NAV = 1. If NPU is non-zero, punched-card output is 

generated for the final R solution. 

(5) TEMP; FORMAT (2X 10F7.0). An array equivalent to I , with . c 

N'NAV ~ 250 entries. After averaging, I is stored in XDIST and has N 
c 

dimensions. 

(6) Xl, X2, Al, A2, FWHM; FORMAT (lOF8). Xl and X2 are the loca-

tions in channels of the two core level peaks in TEMP(= I ). Al:A2 is 
c 

the intensity ratio of the two peaks. If only one peak is used, set 

Al = 1.0, A2 = 0.0. FWHM is the full-width at half maximum of the 

Lorentzians used for both peaks, expressed in channels. 

(7) ROVEC; FORMAT (2X lOF7.0). A vector with 2N-l elements, 

used as· an initial guess for H. Usually all elements are set to 

- ~· 
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approximately zero, unless the results of a previous calculation are being 

used,. At least one element must be non-zero, so for starting a calcu

lation, set one element equal to 10-5 and all others equal to zero. 

2. Correction of Spectra 

This program solves Eq. (25) for I 1
• An exact solution of the.N 

v 

equation inN unknowns is used in one version (FINISl). In a second version 

(FINIS2), the number of independent elements in I 1 is reduced and Eq. (25) v 

is so.lved by a least-squares subroutine (FLSQS). FINIS2 proved to be use-

ful for certain cases with _unphysical oscillations in Iv' as calculated by 

FINISl. In FINIS2, the first M elements of I 1 (in the inelastic tail 
v 

region) are taken to be a linear interpolation of the 1st and Mth elements. 

Also, every other element of the remaining N-M is computed as a linear 

interpolation of its adjacent elements. The inputs for these programs· are 

listed below: 

(1) NRUN; FORMAT (I4). Number of sets of data to be corrected. 

The inputs below are repeated for NRUN sets. 

(2) TITLE; FORMAT (8Al0). A one-card title for identification of R. 

( 3) N, NPU, NCHl, NSMUF , NSMCF; FORMAT (51 4) . N is defined above and 

must be odd and less than or equal to 125. If NPU is non-zero, punched-

card butput for the corrected spectrum is generated, NCHl is the element 

in RVEC (see below) to be used as R(l) (cf. Eq. (26)). NCHl should be cho-

sen so that R(N) is at the peak position in RVEC. If N is the same for 

both I and r , NCHl = 1. NSMUF and NSMCF are the number of 1-2-1 smooth-c v 

ings applied to the uncorrected spectrum I and the corrected spectru.In I ' , 
v v 
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(4) RVEC; FORMAT (2X 10F7~0). The vector of the response matrix 

as derived in program MATIT2. Punched card output from MATIT2 can be used 

as input here. The number of elements in RVEC must be ~ 2N-l and ~ 250. 

(5) RATIO; FORMAT (F8). The ratio of the energy interval between 

elements in I to that in the response matrix. RATIO = I interval/I 
v v c 

interval. This is used to scale RVEC for use with I . 
v 

(6) N2; FORMAT (14). The number of I spectra to be corrected by 
v 

a given R. The next two inputs are repeated N2 times. 

I • v 

(7) TITLE; FORMAT (8Al0). A one-card title for identification of 

(8) UFDIST; FORMAT (2X 10F7.0). The I to be corrected; con
v 

taining N elements. 

B. Broadening of Theoretical Densities of States 

A program was written to broaden theoretical densities of states 

in order to obtain more meaningful comparisons with experiments. A similar 

procedure has been used by Cuthill, McAlister, Willi~s, and Watson. 76 

This program multiplies the theoretical p(E) by the Fermi function, 

F(E) (29) 

calculated for the temperature of the experiment. Any small shift in the 

Fermi energy due to temperature is also allowed for. The resultant high-

temperature p(E) is then broadened with a Lorentzian lineshape of variable 

width. This width was usually selected to be 1.0 eV and corresponds to 

the instrumental linewidth in these XPS measurements. 

·~. ;,;;,' 
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C. Calculation of Multiplet Energies 

This program was used to calculate the eigenvalues and eigenvectors 

of a Hamiltonian including Coulomb and exchange terms for a set of states 

specified by the same LandS (e.g., the three 5P states of'Mn3+ 3p53d5). 

Th d . th . t Sl t Fk d Gk . t 1 38 e program rea s 1n e appropr1a e a er an 1n egra s, as 

well as certain coefficients which multiply these integrals in the calcu

lation of matrix elements. 38 A standard subroutine (H¢QR) was used to 

compute the eigenvalues and eigenvectors of the resultant matrix. 
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Fig. l. · Diagram indicating the effect of the contact potential between 
sample and spectrometer on electron kinetic energy. 
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Fig. 2. Photoelectron spectrum due to excitation of Cls electrons in 
graphite by Mg x-rays. The intense peak is due to excitation qy MgKal 
and MgKa2 x-rays. The upper ordinate indicated electron binding 
energies based on these peaks. The inset makes apparent the peaks 
due to weaker MgKa satellite x-rays and MgKS x-rays. The lower 
intensity al and as satellite groups are not indicated, but they 
appear near the a 5 and a6 groups, respectively (see Ref. 65). The 
spectrum has been analyzed into its components by means of a least
squares fit of Lorentzian-based shapes (see Sec. IV. A.). The height 
of the vertical bar on each data point represents statistical error. 
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Fig. 3. Schematic illustration of the electron spectrometer, including 
the source and detector areas. 
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Chem 3996 

Fig . 4. Source housing with x-ray tube and sample holder for room 
temperature solids in place. 
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Fig. 5. Sample holder for room temperature solids. 
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Fig. 6 . X-ray tube, assembl ed . 
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Fig. 7. X-ray tube, disassembled. 



.. . 

-163-

Chem 3998 

Fig. 8. Close-up view of cathode, showing coiled filament. 
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XBB 697-4 712 

Fig. 9. Overall view of sample holder for high temperature 
solids. 
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Fig. iO. Lower portion of sarnple hOlder for high temperature 

solids, partly dis ass ern bled. 
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Fig. 11 . Cross section of oven for high temperature gases , showj ng 
relative position of x-ray tube during oper ation . The cross-l1 atched 
area in the centra l cavity is the only area effective in p r oducing 
photoelectrons. 
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XBB 702-839 

Fig. 12. Sample holder for room temperature gases. 
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XBB 697-4654 

Fig. 13. Oven assembly for high temperature gases. This 
assembly is inserted into the source housing for experiments. 
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XBB 697-4657 

Fig. 14. Oven for high temperature gases. The oven has been removed 
from the rectangular stainless steel can of Figs. 11 and 13. A gas inlet 
tube is inserted through the top of the central cavity. 
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XBB 697-4655 

Fig. 15. Oven for high temperature gases, with 2 heaters and 
a cover removed to show central cavity. 
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XBB 702-840 

Fig. 16. Glass channel electron multiplier used for detection 
(cf. Fig. 3). The overall diameter of the multiplier is 
7. 3 em. 
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Fig. 17. Block diagram of the spectrometer control system. 
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Fig. 18. Construction of an analytical peak shape with a smoothly-added 
constant tail. A symmetric Lorentzian peak is added to a tail which 
grows in with.a Lorentzian shape. 
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Fig. 19. Families of peak shapes with constant tails of different rela
tive heights, B. Lorentzian- and Gaussian-based families are shown 
(cf. Fig. 18). 
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Fig. 20 .. Families of peak shapes with exponential tails smoothly-connected 
at different points E:i-b. Lorentzian- and Gaussian-based families are 
shown. 



... 176-

BINDING ENERGY !EVl 
<>•r---~~----~----------~~--------~----~------_J~~--------~------~----Jll~ 

u 

u 

<O 
D ... 

NE!G), NE1S 

LDRENTZ.+CDNST. TI=IIL 

L 
i'' i'~, 

u ~ 
w. 
(f) 

(") 

"" 7 

' . 
(f) 

I-s s 
CJ 
u 

3 

;:; 

0 

u 

u 

u 

<D ..,, 

u 
w. 
(f) 

(") 

"" 7 

' . 
(f) 

t-s 5 

CJ 
u 

37~ 

80 
KINETIC 

BINDING 

+ 
~ ............ 

• + + 

80 
Kit-IETIC 

+ .f. ... 

390 400 
ENERGY !EVl 

ENERGY CEV l 

NECGl, NE1S 

GI=!USS:+CDt-IST. TI=IIL 

... 
390 400 

Et-IERGY !EVl 
XBL 703-634 

Fig. 2la. Least-squares fits of Lorentzian and Gaussian-based peak shapes 
with constant tails to.a photoelectron spectrum from the Nels electrons 
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Fig. 2lb. Least-squares fits of Lorentzian- and Gaussian-based peak 
shapes with constant tails to a photoelectron spectrum from the Cls 
electrons in graphite. MgKa x-rays were used for excitation. This 
figure is comp~ter-drawn. 
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Fig. 22. Model used to reduce the number of independent elements in a 
response matrix from 2N-l to M-1 < N. The 2N-l R(k) values uniquely 
specify the response matrix. 
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This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

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

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractot, 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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