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

Charles Sherwood Fadley

ABSTRACT (.
X-ray photoélectron spectroscopy (XPS) is applied to two sebarate ®
studie; of electronic structure: (1) Ekperimehfal and thedretical results
are presenfed for metal-atom electron binding energy splittings 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 electronAbinding energy
is split into two components with a separation as large as 7.0 eV. The
instrumental resolution is Vv 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 aﬁd 3p electron eﬁergies also
appear to exhibit such splittings. - XPS results for monatomic Eu also give
evidence for multiplet effects. Photoelectroﬁ peaks due to the Fu L4d and
L electrons show certain anomalies in shépe and width that are consistent
with multiplet splittings. (2) The application of XPS to studies of the
valence-band densities of states of solids is discussed. A comparisoﬁ is
made to the closely related experimental technique, ultraviolet photo-
electron spectroscopy. XPS results are presented for the fifteen solids:

Ve, Co, Ni, Cu, ZnS, Ru, Rh, P4, Ag, CdCl,, Oz, Ir, Pt, Au, and HgO. Where

2’
possible, comparisons are made to the results of other experiments and

" theory. BSystematic trends are ohserved 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—cpmponent structure. With the preseht
resolution, XPS results appear to repreéent a goqd‘description‘of the
overall shape of the density-of-states function,

Special experimental equipment and data analysis techniques necessary
for tpése studies are also discussed. A procedure for least-squares fitting
of analytic peak shapes to XPS spectra is presented. Also? a techniqﬁe is
developed fo correct XPS spectra for the effects of inelastic scattering

and a non-monochromatic x-ray 'source.



I. INTRODUCTION

Photoelectron spectroscopy represénts a recently-developed experi-
mental ﬁechnique for the s£udyﬂof atoms, molecules, and solids. The funda-
mental experiment consists of bombarding the sample to be studied with
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 which
the prpperties of emitted,.abéorbed, or scattered electromagnetic radiation
are meaéured. It also fits into the more general category of electron
spgctroscopy, which includes measurements on electrons produced not only
by photon bombardment, but also by electron impact,l by bombardment with
excited afomsl (Penning ionization), and by Auger processes within the
sample.2 (Auger electrons will be pfesent to some degree in any photo-
electron spectrum). These techniques have in common the need fér precise
analysis of electron kinetic enérgies, but the types of information obtain-
able from them are somewhat differeﬁt. |

Given a flux of electrons produced by photon bombardment, there
are basically three measureable quantities: the(kine£ic energy distri-
bution, the spatial(angular) distribution of tﬁis flux relative to certain
axes (e.g., the direction of the incoming x-ray or the crystal axes of a
solid sampie), and the spin distribution (extent of spin polarization) of
this flux. In most experiments to date, only the energy. distribution has
been measured, but data have peen obtaineq for both the angular distri-

3,k

bution and spin polarization.5 We shall restrict ourseives here to

considerations of the energy distribution.



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. Ultraviolet photoelectron
spectroscopy has been applied to studies of the valence electrons in crys-

T

talline solids6 and gaseous molecules. (A-comparison of the ultraviolet
and x-ray techniques is given in Section VI.) X-ruy photoelectron spec—
troscopy can be used to study both core and valence electronic states due
to the higher excitation energy. We shall revieﬁ 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 sémple. After a long periocd of relative inactivity in the field,
Steinhardt and Serfa539 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.,
bf in Au). In 1957 in Uppsala, Sokolowski, Nordling and Siegbahnlo
obtained photoelectron spectrg for Cu in whiéh the 1ls, 2s, and 2p photo-
electron peaks could be easily identified. THéy used a ﬁigh resolution
spectrometer developed for nuclear spectroscopy. The dominant terms in

the energy conszervation equation for the photoelectric effect give
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h\)_‘= Ebj tey . (1)

where 'hv = photon energy, EbJ = the binding éneréy‘of the Jth electronic
level, and .Ej = the kinetic energy of the photoelectron peak corresponding
to ejection from the jth level. Thus, it was éointea outlO that
photoelectron spectra provided a method for measuring core electron binding
energies very precisely. Such ﬁeasurements were subsequently used to revise
the table of electron binding energies for the'e.lements.ll

The precision with which binding energies could be méasured proved
to be sufficient to detect small shifts dependent upon the chemical state
of the alom in question.lg' For example, between Cu and CuO, the Culs level
was found to shift by L.4 eV (out of a total binding energy of 8979 eV),12
although the precise origin of the shift was not understood. In 196k,
Hagstrom, Nordling, and Siegbahn13 pointed out the‘connectioﬁ between
chemical oxidation state and electron binding enérgy shifts for certain
sulfur—céﬁtaining compounds. Sulfur atoms in higher oxidation states were
found tb have higher binding energies, conéistent with a shift in Binding
energy causecd by changes in the screening of core electrons by valence
eleétrons.l3 That is, in a higher oxidation sfate, valence electrons are
withdrawn from the sulfur atom and the core electrons.are held more tightly.

) ' .
14,15 Fadley, Hagstrom, Hollander,

In work preliminary to this thesis,
Klein énd Shirley measured such "chemical shifts" in the core electron
binding energies of i and Eu.. Theoretical calculations were also made in
an attempt to understagd both the magnitudes of the shifts and the trends

15

observed from shell to shell within the core. The experimental results
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showed shifts of v 6.3 eV between KI and K10, for eight iodine core levels
from 2s to La. The relative constancy of these Shifts over the core can
be explained by noting that the iodine core electrons experience a Coulomﬁ
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 poten-
tial, and a change in this potential shifts all core levels by the same

15

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

bear out the constancy of shifts over the core as valence electrons are
removed.15 The magnitude of the shifts observed for iodinevcannot be
explained without a considération\of the distance over which electronic
charge is actually transferred in forming a chemical bond. A free-ion
calculation overestimates any chemical shift, as valence electron charge

is removed to infinity instead of to a distance on thé order of the
nearest-neighbor separation.15 A higheg order approximation is to consider
the neighboring atoms as a point-charge lattice sgrroﬁndiﬁg the atom of
interest. It is then a simple mattér to show that the back-correction to
the free-ion calculation is a non-negligible Madelung sum over the lat-
tice.l5 Calculations using this model yield a.charge on the iodine atom
in K10) vhich is in rough agreement with that derived by Massbguer measure-
ments. Hoﬁever, the Madelung correction can be as large as 90% of the
free-ion cstimate (but with opposite.sign). Thus, 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 additicn,

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

15

are also qualitatively consistent with the above theory. The Lf electrons

which participate in bonding in the Eu compounds studied (Eu and EuAlo)

203
are spatiglly located within the core and therefore interact more strongly
with the core levels. This leads to larger chemiéal shifts fof a given
change in the occupation.of the vélence shell. Because the U4f electrons
lie within the core, the shifts are also no longer constant over the core;
sut decrease slightly from inside to outside. (These measurements on Fu
were recently repeated with somewhat higherlresolutionl6land the results
are iq essential agréement with the above conclusions.) Several small
corrections which should be considered in the interpretation 9f shift

15

measurements were also discussed. These are: sample charging, csurface
effects, the reference level used 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

7

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

Core electron binding energy shifts have by now hbeen measured for

1h-2 . .
a number of atoms,l . and more accurate molecular orbital calculations

18,19,20 Hendrickson

have been used in the analysis of some of these data.
and Jolly22 have also used a thermochemical cycle to connect binding energy
shifts with heats of formatiqn. Delgass,‘Hughes, and Fadley23 have dis-
cussed the application of shift measurements to problems in catalysis. In
summary, the subject of binding energy shifts is i; a very rapid state of

development. With careful analysis, shift data can be used to obtain

informaticen about Lthe electronic charge distribution in chemical bonds.
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As with any rapidly devcloping field, there have arisen several

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

17

acronym ESCA(Electron Spectroscopy for Chemical Analysis) is widely used,

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

2
tinct and independently-developed forms of electron spectroscopyl’ 6,7

2h
mentioned above. 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-ray Photoemission Spectroscopy) wherein the

. 05
source of excitation is specifically referred to. > The closely related

25

field of:ultraviolet photoelectron spectroscopy thén becomes simply UPS.~

UPS-ha; also been reférred to as EEg_(Photo Electron Spectroscopy7 or Photo

Emissiop Spectroscopy6) but the term PES could apply equelly well to XPS.
XPS is not restricted to studies of core levels, as the portion of

the photoelectron spectrum near zero binding éhergy 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,

17,25 25

for example, the d Dbands of transition metals. Fadley and Shirley

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

‘ . . 26,27
orbitals of gases have also been studied with XPS.

Recently, XP3 has been utilizeéd to study core electron binding

25,28,29,30

energy splittings. These splittings presumably occur within

a single atom, in contrast with the shifts discussed previously, which
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~either involve two compounds or two chemically different atoms in the same
compound. They appear to be of two types. 1In tﬁe~first type, Novakov and
Hollander28 have found that certain core levels of'heavy metals (such as
Au, Th, U, and Pu) exhib%t doublet p?)/2 photoeleptfon peaks which are not
predicted by the usual free-atom modél of the core. It is thought that
these splittings are due to ligand-field effects on the core levels,28

but no detailed theoretical interpretation of these data has as yet been
CQmpleted. The second type of splitting -has béen observed in core leveis
of paramagnetic molecules,29 and inorganic éolids containing Mn and Fe.3o
These splittings are due to the interaction of co?e electrons with elec-~

trons in unfilled valence leve1525’29’30

and depend only indirectly on the
nearest’.neighbors surrounding a given atom,30 in contrast with the liéénd—
field splittings. A primary cause of the second type of splitting is the
exchange interaction betweén core and valence electrons of the same

25,29,30

spin. Theoretical calculations predict the proper magnitude for

29,30

these splittings. Such effects have been termed "multiplet" split-

30

tings by Fadley, Shirley, Freeman, Bagus, and Maliow, as they arise
from the electronic multiplet states formed by coupling a core electron
hole to the unfilled valence shell. Binding energy splittings can thus
be uséd to obtain information that is qualitatively different from thatA
cbtained ffom.binding energy shifts. Splitting measurements also possess
the advantage that only one saﬁple is involved in each determinaﬁion;
thus, spurious effects such as sample charging and binding-energy

reference level changes can be neglected in the interpretation of such

‘duta,
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It has been pointed out in passing that XPS is not restricted to
studies on condensed phases., If a gaseous sample at sufficiently high
pressure is exposéd 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 Krause3l and later extended to studies «
of two-electron transitions in photoemission by Carlson.?g‘ Thomas has
studied core electron binding eneréy shifts for certain gases.20 Experi-
ments on gases by the Uppsala group have recently heen reported.33

In Lhls Lhesliy, ¥F3 is applied to two separate problems: the
positiVe identification of rather large multiplet splittings in the elec-
tron binaing 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. 1In Section II, we review the general theory of photoelectron
emiséion, from both an energy conservation and a transition probability
point of-view. In Section III, the experimental procedure is discussed.

In Section IV, certain processes developed for data analysis are reviewed.
In the Appendices, computer programs used for @ata analysis and theoretical

calculations are discussed.
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I7.  THEORY OF PHOTOELECTRON EMISSION

We shall divide this discussion of the theory of photoelectron
emission into two parts. Part A deals with energy conservation aud is
connected with the positions and shapes of the various peaks in a photo-
electron spéctrum (kinetic energy distribution). In Part B, the probability
that an x-ray photon will eject an.electron and forﬁ a givén final state is
considered. The relative intensities of various peaks in the photoeleétron

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

32,34 C .
one >3 ) electron is ejected in a free, continuum state. For an atom or

molecule in vacuum, the energy conservation equation is

hw=ge_g +¢ , (2)

where Eh is the total energy of the final hole state of the system as
seen by the ejected photoelectron, E* is the total energy of the initial

state of the system, and & 1s the kinetic energy of the photoelectron

which we designate as 'primary" by virtue of much higher kinetic energy

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

electron has been ejected from level j in the system, then Eh - E' is
by définition the binding energy of an electron in this level relative to

,V, where the
J

the final state corresponding to Eh. We denote this as Eb
f. Eq. (1)),

superscript v denotes the vacuum as a reference level (¢
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Eq. (2) should hold for experiments on dilute gases, but interactions

with the surrounding atoms or molecules cannot always be neglected.33’35
for solid samples, the same energy conservation equation will apply,

but a émali correction term due to thé contact potential ¢c must be

added. This term accounts for the acceleration ér deceleration éf 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 enefgy is the’

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

a change of clcctrcn kinetic energy from e' to €., We thus have

W o= EY _ BN o+ e + 9, ' (3)

v A
+ € + ¢c . (4)

hv = Ebj
If the sample and spectrometer are in thermodynamic equilibrium, their
Fermi energies (electron chemical potentials) will be equal, as shown

in Figurc 1. The Fermi energy E can thus be used as a reference for

T

binding energies and Figure 1 shows that this yields

¢ ‘
- L + C +
hv Ebj c ¢Sp R (5)
wvhere Ehjf is the Fermi-referenced binding energy and ¢sp is the work
function or the inner surfaces of the spectrometer. Since ¢sp is a

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

by some chemical action), Ebe is the quantity most easily measured for
Y). For non-metallic solids, E f s

by ! m-metallic so S, Ebj

15

solid samples (as opposed to E

not particularly easy to calculate theoretically, however.
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_ hoL '
In general, the final state energy ‘E  in Egs. (2) and (3)
will depend on all the quantum numbers describing the system. These include

7,17 7,17

not only electronic, but also vibrational rotaﬁional and trans-
lational17 modes of excitation. In particular, momentum conservétion
requires £hat Eh include a contribution due to recoil from thé ejected
electron.17 For all the cases sludied here, this contribution can be
neglected, but this is not so for systems containing very light atoms.17
Alsé, Eh as we have defined it may be increased by thé energy of exci-
tation or ejection of other elect;ons in the system during the photoemis-
sion proce_ss.32 Various other final~state effects are possible, pafticu—
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 too strong. A net positive charging
of the sample due to the loss of electfons in photoeﬁission falls in the

36,37

latter éategory, and this effect can be as large as a few eV. This

effeét‘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
electfoh_changes its state, with all other quantum numbers describing the
system remaining unchanged, and with all other electron orbitals being
frozen in their initial positious. The application of the frozen-orbital
model:fo the Hurlree-Fock equations describing the electronic states of

38,39

the system gives rise to Koopmans' Theorem. This 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 Hértreé—Fock equations.
The use. of this theorem is impliecit in most binding energ& calculations.
The.possiblg effects of a breakdown of the frozen-orbital approximation

5
15,17,20,k40 Even with-

on the anélysis of XPS results have been discussed.
in this approximation, it is possible to have multiplet splittings of the
final state energies;3o provided the valence shell(s) are not completely
filled. These arise from various po;sible couplings of the hole formed
by photoeMission to the valence electrons. In an atom, for example, the
‘ various‘final states are specified in Russell-Saunders coupling by the
total orbital angular momentum, L, and total spin angular momentum, S. In
such cases; Koopmans' Theorem can only hold in the limited sense that Eh
is takénvto be the avefage.energy over all multiplets.38 Ve 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 p?inciple broadening of the photoelectron
peak will result. Inner-shell hole lifetimes may for some cases be as
small'as 10_16 sec.,hl giVing.rise to a broadening with ™~ 1 eV full width
al half-maximum (FWHM) and a Lorentzian shape (in first order). This is
to be compared with a present instrumental linewidth of " 1 eV.FWHM.

We have so far assumed the photoelectrons to escape from the sample
with precisely the kinetic energy they have at the aﬁbmic sites from which
they are ejected. In both gases and sclids, however; it is likely that

many photoelectrons originating from within the sample will be

H
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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 Egs. (2) to (5) have a simple
interpretation, relatively subtle effects at the sﬁrface of the sample
can have a pronounced influence on the correspoﬁding photoélectron

spectra.ls’17’25

a17,25

Estimates of the thickness of this surface layer range

from 50 to only a few 5423 Thus, surface conditions must be con-

trolled if there is reason to believe any sort of chemical reaction will
23,25 . . s .

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 Probabilitieé

The basic theory of photon absorption in a one-electron approxi-
. . . ho 43 L)
mation has been reviewed by Bethe and Salpeter, Bates and Cooper
have applied this theory to many-electron atoms. Recently, Fano and
) 4 o
Cooper3 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

beyond one-electron theory.3h

We shall present the simple one-electron
theory, in sufficient generality to apply to atoms, moleccules, or solids.
An electron in the bound state wj is excited to a continuum

state wek where j,k are appropriate quantum'nunmers (for a non-

relativistic atom, j = n, &, Mo s ms) and € 1is the energy of the
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continuum state,
: v
€=hv - E . (5)
._ E s | |

All other electrons are assumed to remain in the same states. 1In treating
the interaction of the radiation field with the electron, several simpli-
fying assumptions are made: |
(L) ihe Schrodinger equation is used to describe the system instead of
the Dirsc or Pauli equations. No relativistic effects are included.
>(2) The interaction of the radiation field with the electron is treated
as a pertufbation.
'(3) Ifr fhe wavelength of the photon is large-coﬁpared to the extent of
wj (v 1 A), then the form of the interaction can be simplified to an
electric dipole operator acting between wJ apd wék' Since the typical
x-rays used in XPS have wavelengths of v 10 A, this dipole approximation
-should hold reasonably well. The.éffects of slight deviations from it
have heen discussad. ) | .

“We now consider wJ and wek to be 6hé—e1ectron orbitals in
Slater determinants describing an N-electron sYstem‘.hh Thus the initial

state wave function will be described by: -

V(1) y(2) - vy ()
Pp(1) vy(2) + - vy (W)

FE T R = Y2l ea) gy2) ey | ()
U (1) (2) + v e g (1)




o
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and the final state wave function by

V(@) pi(2) - - e g
Pr(1) wi(2) - - Pp(H)

The orbitals ' (i # j) will be very nearly equal to the orbitals Vs .
The dipole’matrix element describing the transition will be
<i+‘f> i% > o > N—> h,»> - -> (8
y Irl? =. y (rl,r2,° . 'rN) E: r Y (r « o+ ey ) artr o, )
where the integration is over the space and spin coordinates of all elec-
trons. It is customary to express the transition probability as a cross
section for photoabsorption Gj £k which is défined as the probability
. s

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

J * €k transition.h2 The cross section is given by

Lo . o ‘ ,
. (o) 112yt 2
T e (YT 2|y ) | , - (9)
where a 1is the fine structure constant and ao is the Bohr radius.

Using standard techniques for the computation of matrix elements between

Slater determinants,h6 Eq. (9) simplifies to
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Sty
wi wi dt

A ->
where the product is over the passive orbitals i and r 1s now a one-

2

2
hraa
= o .
05 ex = 3 hv |l| R (10)

electron operator. It is common to assume ‘the product of overlap inte-
grals to be unityh2 implying that the passive orbitals have not been

altered during photoabsorption. This gives

* o
WJ r wsk at

For an atom with j = n, %, Mo, M, and k =n', ', mz', mS', the dipole

hnoa
J.gk = 3

2
o 2

o hv (12)

selection rules imply that AR = &' - & = £ 1, and Am = mR' - my

As only the energy of the emitted photoelectron is measured and not its
quantum numbers k, Eq. (10) can be summed over all possible final states

to yield o,
2

3,6’ and perhaps averaged over the various states j with a

common binding energy.hh For atoms, such summing and averaging yields the
individual subshell cross-sections, which should be proportional to peak

heights observed in XPS spectra. Cross sections for photon energies

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

Q -
Ron,hu Brysk and Zerbyug and Manson and Cooper.bo Where comparisons with

Lh7,48,49,50

experiment are pbssible, the agreement is good. A compilation
of XPS cross sections for the entire periodic table is in preparation.sl
We have so far considered Wi and Wf to be single Slater deter-
ninants, so that only for special cases'are they eigenfunctions of the
H

4 : N
total symmetry operators of the system (for example, f and S for atoms).

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

=0, 1.

.
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the gquantum numbers L and S must be considered, however.30 Wave-
functions which are eigenfunctions of the appropfiatg operators can be
constructed by using sums of Slater‘determinants.Bh 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
fundamenéal problem is to calculate the relative intensities of certain
final stétes, all of which result from an electron béing ejected from a
single subshell, but which differ in their toﬁal quﬁntum mumbhers.. For

the case of two final states, the transitions are illustrated below:

v (32 1%)Lrst + k)

vl | (12)

\\\\\siﬂk(ja-l b

P )Lllsll + k.)

where j and p are quantum numbers describing two different subshells,
a and b are ﬁhe integral occupation numbers of those subshells, LS,
L's', aﬂd L"S" represent the total quantum numﬁérs for the initial and
final statcs, and k represents the contlnuum electron. An electron has
been ejected from subshell Jj. The gquantum 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

43

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

52,53

several simple cases. A more general techniquc duc to Racah caun be

employed for the case of interest herc.
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The individual matrix elements to be computed can be written as:
A ZYE ) = (3o, (0D)A o LS| E
17| (3240, (2° )2 o )8 ||

(((Ja'l)kj'oj'(pb)xp'op')L'S'(k))AuOu Yo, (13)

where angular momenta in parentheses are coupled to total values given at
the right of these parentheses. Thus, electron cénfigurétions ja and
pb are initielly coupled‘to Ajdj and Apcp, respectively. Ajoj and
Apop are further coupled to give the total Qrbitél and spin angnlar
momenta L and S. A similar situation'holds for the final state except
that L' and S' of the bound electrons plus hole couple also to the
continuum electron to give the unobserved angulér momenta Au' and 0.
The z-components of angular momentﬁm have heen omitted as labels for

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

; = i
in nature, A ' = A, and 0 ' =0 .j8’>4 Also, since ; commutes with
T p p P )2 . ‘
8, 5 =u,. We shall alsa eonsider §% to be a filled level, o thot
Aj = 0, dj = O,38 Aj' = Rj = orbital angular momentum associated with

level j, and Oj' = 1/2.38 Thus, Eq. (13) simplifies to

P EYE Y = (((3®)00(p°)1S) LS | 7]

(((Ja_l)ljl/Q(pb)LS)L'S'(k))AuS Yoo (k)

1he various quantum numbers must satisfy the following relations:

QP =42,%*1, A -L=0,2%1; S8'-8S=4%1/2; and L' - L = 0,

- —
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43

1 .. .02 QJ. The total transition probability P for LS - L'S'

can thus be obtained by summing on k, Au’ and various z-components of

angular momentum,

P(LS » L'S') « Z Kot |Zefy 2. | : (15)
. k,Au,m,M ‘

The calculation of the matrix element in Eq. (1L) can be much

simplified by noting that ; is an irreduclble.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

52,53

angular momentum, Racah 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

55

as Eq. (13), which involve three levels. S Rohrlich”” 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

55,56

electronic transitions. A radial integral between the j and k

“orbitals is a common factor in all transition probabilities (cf. Eq. (11)),

and so cancels in taking intensity ratios. 1In particular, Rohrlich treats

. 2 . . .
the case j pb > jpbk, with coupling appropriate to Egs. (13) or (1h).55’56

2 353dS

U . . . 2 .
The actual system of interest in Section V is 3s73d p, so Rohrlich's
results (Eg. 23, Ref. 56) were used to compute the relative intensities

of the L' = 0, S* =3 and L' =0, S' =2 final states.
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The calculation of relative intensities is also complicated
slightly by the prescnce of more than one state of the bound electrons

plus hole with L'S' coupling (cf. Eq. (1k)),
h . a-1 b
y = j 2.1/2 A L's' ) . (1
(XPOP) [((3577) j /2(p") pcp) | ‘ 5b)

These states differ only in the coupling of pb, but not in any other
guantum numbers. Thercfore, the energy eigenfunctions for L'S' coupling
will be some linear combination of thesec states,
,‘Ph)=ZC()\O)‘i’h()\G) . . (16)
9 PP PP

4 A O
PP

such that

achpy By Sty y B (17)
q q q

The. Cq(ApOp) are expansion coefficients for"the qth elgenfunction. 3fh
is the Hamiltonian of the bound electrons plus ﬁole (analogous to the
orbitals wi' in Eq. (7)), and th is the energy eigenvalue. Each

. th will give rise to a peak at a certain position in the photoclectron
spectrum (cf. Egs. (2) and (3)), and the relative heights of these peaks
will be given by qu(LS)l2. The latter result is due to the one-electron
lh).38,5h

nature of the transition, as expressed in Eq. ( This result is

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

The experimental apparatus is illustrated échematically in Fig.
3. The x-ray tube consists of a heated-filament cathode from which 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 window
to impinge on the sample. Both x-ray tube and sample 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 coils, electrons
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‘mu}tiplier,
generates one pulse for each electron passing through the detector slit.
Tﬁe width of the energy range determines thelresolution of the spectrometer
and can be selected by means of a movable baffle system. The entire region
from sample to detector is evacuated to prgvent 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 =&
fixed time interval at each current. (The'distribution so recorded is

ST

actually an electron momentum distribution, 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 clectrenics, 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 operafions of the control
system are executed by a small digital computer. As the spectrometer is
sensitive‘to extraneous magnetic fields, t&o 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
f'or 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. Spectromcter

The spectrometer was designed for use in nuclear‘spectroscopy and
has beén described previously.sn59 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//r near the optic circle radius of 50 cm, permits focussing
of_electrbns with both a finite radial departﬁre 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 optié circle corresponding to /2
radians(v 254°), ‘This feature is termed "dauhleafocussing” and permits

analysis of electrons over a larger solid angle of emission. Bersgkvist
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- and Hol;a‘nder6O have added a set of empiricgl correction coils to the two
primary éoils in order to bring the performancé'closer to tﬁat‘of theA
desired theoretical field. An improved degign for a spectrometer of this
general type has recently been developed by Fadlgy, Miner, and Hollander.61

Thé'overall resolution (including cont;ibutions from finite source
and detecﬁqr slit widths) vas set to Ae/e = 0.06%‘fﬁ11 width at halffmaxi—A
mum intensity (FWHM). This resolution givés 8 0.6 éV FWHM contribution to
the lineyidth of 1 keV electrops. At this resolution, the solid angle of
the source subtended by the resolution baffle is ~ .12% of hn;so The
source and detector slits were 0.038 em = 0.015" wide, and 1 cm high.

The primary calibration of the spectrometer was made using a direct
voltagé‘téchnique developed by Fadley, Geoffroy; Hagstrom and Hollander.36
This technique yields not only the calibration éonstant of the spec-
trometer,36 but also a standard photoelectron peak. This peak is due
to carbon 1ls electrons expelled fromigraphitenby the unresolved AlK(xl,2

doublet (denoted Cls, graphite (AlKo. ,)). This peak has a kinetic

1,2
energy of 1197.80 # 0.05 eV, corresponding to a magnetic rigidity (Bp) of
116.776‘G~cm. Any change in the work function of the spectrometer will
alter theée values slightly (see Eq. (5)), so they apply only to the
spectrometer under discussion. The calibration constant is defined as

C = Bp/I, vhere I 1is the spectrometer current. Standard tables can be

T

used to determine kinetic encrgy from Bp. The value of C depends
critically on the radial placement of the source and detector defining.
slits, which ideally arc located on the optic circle radius po. The

error introduced in C by displacing a slit by Ap from po will be

gliven by AC = C*Ap/po. Sirce Py, = 50 cm, a Ap of 0.01 cm = 0.00W"
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will give AC/C = 0.0002; this corresponds to a shift in measured elec-
tion kinetic energy of 7~ 0.3 eV for'l keV electrons. Thus, for very
accurate work, each sample holder with a unique source slit mounting

must be calibrated independently. Also, the pdsitioning of each slit
should be done in such a way as to be highly réproducible. 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 few tenths eV. 'The
sample holder for room temperature solids (Section III.C.1.) was cali-
brated in Reference 36,1and a value of C = 78.6949 G-em/A was found. The
high temperature solid assembly (Section III.C.2.) was calibrated using

the Cls, graphite (AlKa, ,) peak as a standard. This gave

1,2

C = 78.6716 G-cm/A. Accurate calibration was not essential for the gas-
eous sample holders, as absolute energy measurements werc not the .primary

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

2
only accurate to * 0.5 eV. Thomas T has discussed a calibration pro-

cedure for room temperature gases. A convenient conversion from current

to energy scales for approximate work is:

ev/mA = 1.090 - I . (1R)

where- I 1is the average current of a spectrum. The work function of the
spectrometer is 3.9 * 0.k eV.19’62
Pt can also be used in an auxiliary calibration technique, as the

Fermi energy is located at a well-defined point on the 54 valence band

m

peak. The inflection point of the high-kinetic-energy cdge of this peak

coincides well with the location of E_. as determined by the primury

spectrometer calibration and Bg. (5%). Furthermeore, this is the location
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of E. expected on theoretical grounds (see Fig. 16 in Section VI). Tt

should thus be possible to locate E_ with an accuracy of ~ * 0.k eV

f
using this procedure. An additional adyantage 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 temperatufe and high temperature reduction in hydrogemn.

5

The spectrometer vacuum chamber is kept at " 107 ° torr with a

liguid-nitrogen-tropped oil diffuscion pump.

B. Source Housing and X-Rav Tube

Figure 4 shows the x-ray tube and a sémple 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 applied 5etween 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" Q-rings are used for all
vacuuﬁ seals to the source héusing.

All samples are inserted through an opening on top of the source
housing. The 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 window and éource defining slit (see Fig. 5). The two
ports'on the right side of the éource housing are used for rough vacuum
pumping and external x-ray flux monitoring. The rear side of the source
hous;ﬁg as seen in Fig. L is fastened to the spectrometer vacuum tank
(cf. Fig. 3). Gate valves separate both the source housing end detector

honsing Mo the nain vaoimm chenbher,



The x-ray tube is shown in Fig. 6. The two tubing connections
near the insulator are for cooling water to pfevent vaporization or melting
of the anode. The cooling water passes through thin channels in a copper
cooling blqck 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 é very high background

15 but

counting réte. The Be is 0.00125 cm.thick. Al has also been used,
is less resistcnt to thermal deterioration.

The x—r;y tube is shown disassembled in Fig. 7, with the relative
positions of the parts the same as in Fig. 6. From the left, the parts
are: cathode assembly, main mounting flange and tube body, anode (a solid
piccefbf magnesium or aluminum), and copper cooling block with wéter con-
nections. The anode is thus easily removed for cleaning; tﬁe.primary
contaminant 1s tungsten evaporated from the cathode. The cathode is shown
in & closeup view in Kig. 8. ‘''he long, coiléd filament gives a line image
on the anode whose width depenaé on how deeply the filament is mounted in
the slot in Fig. 8. Typical image dimensions were 3 mm wide by 25 mnm higﬁ.
The cathode can be easily disassembled for filament replaccment. 'The
calhode-to-anode separation is also variable, although generally set at
v 1.2 cm. The {lat emitting surface of the anode is at an angle of 10°,
slopiﬁg downward toward the x-ray tube window (see Fig. 3).

A large opeping in the rear of the tﬁbe body'(see Fig. 7) permits
evacuation of the x-ray tube with the same punping systems used ior the
rest of the souréc housing. (Recently, the tube has been moditied slightly
to permit isolation from the rest of the scuree honsing., This is esseniicd

when corrosive gases are presenl in the sample region.)
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The power supply uéed is a General Electric XRD-5. The.operating'
voltage was selectéd by optimizing the signal~to;noise ratio, as discussed
by Hagstraﬁ‘and Karlsson.63 This yielded a voltage of approximately 12 kV
betwveen cathode and anode. The cathqde emission current was usually set
at 20 mA.

The x-ray distribution obtained from such a tube will contain not

only the strong Ko line but also several weaker X-ray lines and a

1,2
certain amount of continuous Bremsstfahlung radiation with encrgy up to

the full x-ray tube voltage.6h The transitions responsible for the main

- . . . -> -—
components are Kal. 2p3/2 ls, and Kag. 2pl/2 1s. As the 2p3/2
2pj/2 separation is only about 0.4 eV for Mg and-Al,l7 the two lines
appear as an unresolved doublet with'intensity‘rétio Kal: Ka2 = 2:1.

Transitions analogous to these, but in atoms which initially have a

second hole in addition to the 1s hble, give rise to several groups of

65

satellite x-rays at higher energy. The mecst intense of these groupc

are denoted Ka3 and th and appear for Mg at 8.4 eV and 10.1 eV above

the Ko x-ray, respectively (see Fig. 2) The relative intensities of

1,2

30 Koy

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

these x—fays in Mg are Ko = 0.095:1.0 and Kah: Ka = 0.0hS:l.O,

1,2

and gas phase XPS data (see Section IV. A.). These ratios and separations

. e . . o 65,66 .
are in.-good agreement with x-ray spectroscopic measurements. The

approximate positions of other satellites are also indicated in Fig. 2,
although these are weak enough to be neglectea_for most work. The

peak in Fig. 2 with "~ 1% of the intensity of Ka and appearing

1,2

at " b6.5 eV above it is due to the transition: valence + 1s,
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and corresponds to a MgKB -like x-ray. The inset in Fig. 2 also indi-
cates a background with negative slope under the satellite and Kal,g
peéks. This slope is too steep to be due simply to a Lorentzian tail

on the Kal,g peak, but may have to do with a more complicated Kal,2
lineshape, the variation in intensity of the Bremsstrahlung continuum, or
inelastic scattering processes. Both the MgK@ .and background slope are
discussed as small 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 narrowing the Kal’2 line,lT and would also be
useful iﬁ reducing the inténsity of the other radiation emitted by the
~anode.

" As mentioned in Section I, Auger electrpns will be present to some
degree-in any XPS spectrum. They arise from non-radiative decay of the
nuﬁerous holecs formed in the sample by exposure to x-rays. It is lhus
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
sample, and not on the x-ray energy, which serves simply to create the
hole leading to the transition. Thus, by changiﬁg from é Mg to an Al
anode and noting whether the feature moves or remains fixed in kinelic
energy, Auger peaks can be easily identified. Tor example, there are
broadkFe Auger peaks -at kinetic energies just below the Ols‘peaks shown
in ¥Fig. Y of Section VI; these Auger pegks give rise to the upward slope

at the 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 dr inertlatmosphere, gases at room température, and gaseous metals
at high temperature. ﬁach of these required a slightly different holdér

and preparation technique. They are discussed individually below.

1. Room Temperature Solids

The sample holder shown in Fig. 5 was hse& for room temperature
solids. The rod slides through-an O-ring seal in ﬁhe flange so that three
samples can be studied without admitting air to the system (cf. Fig. 4).
The.alﬁminum block serves as a sample mount and heat §ink. The angle
between the sample surface and the x-ray flux direction is fixed at 30°.

Most samples studied in this way were powdgré; 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 tﬁis way, tﬁe effects
of the tape backing on the electron spectrum were‘minimized. The other
side of the tape was pressed directly onto the aiuminum block. For cer-
tain cases, an ethyl alcohol slurry of powder Qaslpainted directly on the
aluminum to eliminate backing effects. 190-proof ethyl alcohol evaporates

cleanly, leaving no spuriousAhydrocarbon deposit on the remaining powder.

.2. High Temperature Solids

'ne 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 sample area. A metal bellows permits moving the sample holder



III-30

vertically so that three samples can be investigated simultaneoﬁsly.
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 shéwn in the position used for sample mounting. The three metal-foil
samples are visible on the lighfer background of a boron nitride hcater.
During,operdtion, the samples are inside the rectangular.stainless steel
can. X-rays cnter the can through the circuler obening in the top.

' Electfons are ejected through the small recténgular slot in front.

Figure 10 shows a disassembled view of the portion of the holder
which is‘inside the source housing. The large square flange mounts on
.top of the sourcé housing.  The inner can haé been lowvered 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 Re windov 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-
ume whose primary connection to the rest of the spectromecter is the defin-
ing slit. The two Jjets can be used to direct a flow of gas onto the
_sample surface for purposes of cleaning25 or reaction studies.23 It proved
necessary to orient the jets so Lhat the first collision of an incoming
gas molecule was probably with the sample surface. This led to the most
efficient'reduction of metal surfaces. The H2 pressﬁre in the region near
the sqmplé surface is difficult to estimate due to the larpge gradient
céused by leakage.through the slit., Ton gaugf and MacLecod gauze moasure.-

ments indicate that the averagse pressure in the inner can is
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"3 £6 1072 torr at the usual operating conditions (a pressure of

10
1 torr - 1000 p  in the 1/4" inlet tubes approximately 1 meter from the
sample). At such pressures, the absorﬁtion of hydrogen by the metalg
studied here will not have a significant effect on photoelectfon spectra,
with the pbssible exception of Pd, which was for this reason also studied
in an Ar atmosphere (see.Section vI).

The healter was specially constructed so as to give a low extraneous
magnetic Tield in the sensitive region of the spectrometer.67 It con-
sists of tantalum wire sandwiched between two boron nitride plates. The
tentalum wire has a diameter of .025 cm and is placed in parallel grooves
.038-cm X .038 cm cut into one of the boron nitride plates. These grooves
run the length of the heater (from left to right as shown in Fig. 10) and
are spaccd with a center-to-center distance of .063 cm. The wire is placed
in these grooves such that the direction of current flow is opposite for
adjuacent grooves. In.this way, extraneous magnetic fields are reduced.

The small diameter wire permits low-current Qperation, since the high wire
density and resistance yield the neéessary high temperatures. Grade "A"
boron nitride was found to be vastly superior to other types for heater
ponstructjon. Several heaters of analogous coéstfuctioﬁ are shown in
cross-section in Fig. 11.

For the héater shown in Tig. 10, a current of approximately-3.2A
gives an UQQTaLiug'LvmperaLure for all fhree sariples ot 850° % 15°C.
Temperatures were measured by the three platinum, platinum-rhodium thermo-
couples shown in Fig. 10, OSamples were alwvayvs mounﬁed on the ocuter sur-

face of the grooved boron nitride plate to achieve higher temperature.
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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 dc current-
regulating pover supplies were constructed for this heater and also for
those discussed in Section III.C.M.68

Samples were prepared either as sanded, high-purity foils Tastened
directly to-the heater surface with screws or as ethyllalcohol slurries
which were painted on a tantalum foil backing. Ru and Os samples were
prepared in the latter way. The intensc Talf photoeleCLron.peaks werel'
not observed in thé spectra from Ru and Os, so the backing foil should have
no effect on the density-of-states measurcments for‘these metals, All
sources covered the'full width of the heater surface, to avoid any spurious
photoeleqﬁron intensity not originating in the sample. A Pt sampie waé
included in all runs, and the PtUf peaks were used as a reference to cor-
rect for possible spﬁrious line shifts. ©¥No effects greater than 0.4 sV
were observed, and these small shifts did not vary systematically with
temperature. |

Althéugh a hydrogen atmosphere and a temperature of approximately
800°C were necessary to clean away the oxide layer on reactive metals such
as e, the temperature could be decreased after cleaning to as low as
MSDOC‘wiﬂhout rapid buildup of oxygen on the surface, In this way, Fe was

studied above and below the Curie point.

3. Roonm Temperature (ases
The sample holder used tor room-temperature gas-phase experiments
is shewn in Fig. 12. As in the heated-sample experiments, gas is admitted

to a closed voluwse with a Be window to adwit x-rays znd a defining slit
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through vhich the electrons pass. The rear walls of the container are
far enough from the slit and Be window that no electrons emitted from them
due to x-ray bombardment wil} enter the spectrometer for analysis (see
Fig. 11 Tor an analogous situation). The average gas pressure in this
volume was "~ 0.05 torr = 50 i. This gave a reasonable count rate, as
indicated in ¥Fig. 215. The device attached to the front edge of the win-
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.

4., High Temperature Gases
£0

‘In the study of multiplet splittiﬁgs 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 aefining sli£.. The solid is placed in
the botton: of the cavity, and is not exposed to any x-rays. When the
vapor pressure of metal is high enough (~ 107° torr), photéelectron spectra
of the gas can be obtained. The heating of ﬁhis cavity is doné with low-
current,‘low—field heaters of the type.described in Section III.C.2. The
critical design problemé were to prevent condensation of metal on the Be
'windowé through which the x-rays pass, and to minimize interference of
the metal. vapor>with the heaters surrounding.the‘cavity. A schematic
cross-section of the final design'is shown in Fig. 11. This cross-section
is taken through the mid-plane of thé Be window and slit. An externsl
view of ?hc entire oven assembly, ready Tor insertion into the source
housing, is shown in Fig. 13, and the oven is shown by itself in Figs.

1% and 15.



III-3k

AThe central cayity 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 can, 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
separaté power supplies are used, .one for each set. Two Pt, Pt-Rh thermo-
couples ﬁonitbr the temperature of the walls of the cavity, one being
placed near the Be window, the other near the slit. By operafing the two

heaters on the window side at a higher current, 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

removéd for such experiments. In order to make an electron-tight seal of
this outer window to the x-ray tube, two sets of spring-loaded molvbdenum
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 mctal vapor from filliug Lhie reglon inside the stain-

less steel cén where it can short-circuit heatérs or condense on theruter
window, a funnel is placed in front of the soufce defining slit. This
rectangular funnel permits the vapor to escape only into the spectrometer,
where it condenses on a small collector,

_‘The Lwo metals successifully investigated in this way were Du and

¥b. At the operating conditicns used, the window temperatures were 60G°C
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and 540°C, respectively, corresponding to a vapor pressure of
10—2‘torr-=.10 ﬂ for both metalsf 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 duriﬁg:an experiment, prob-
ably due to slight shorting effects of the metal vapor. The inner Be
window changed in appearance to a silvery color,‘ﬁrobably due to for-

mation of an alloy or compound related to Be

T0

131

This absorption of metal did not significantly alter the trans-

, which forms for M = Eu
and Yb. |
mission of the window for x-rays. The most troublesome feature of the

oven asseumbly was a tendency of the numerous electrical connections to’
short—éircuit against heat shields,.supporting'structure, etc.

Attempls to study manganese vapor met with no success, primarily -
due to the lack of a chémically stable window material. Be readily dis-
solves in Mn at high temperature.70 ' Be windows were found to vaporize
at conditions near those necessary for observihg Mn vapor (T =~ 9kLo°C).
Graphite was also trie@'as a'window material with no success.

The small tubes indicéted in Figs. 11, 13;Aand 14 enable the intro-
duction of a room temperature gas to the cavity. For.example, this might
be desirable in a reduction—depositioﬁ experiﬁent in which metal vapor |
is condensed on a cooled surface while simultaneously being kept frée of
oxide by a flow of hydrogen. A stud& of very reactive metals in pure form
might thus be possible. An attempt of this kind oanb was not successful,

but minor improvements in the apparatus should permit such work.
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D. Detector

The dctcctor was specially ordered from Bendix Corporation and is
a glass channel electron multiplier71 of circular geometry. It is shown
in Fig. 16. A slot 1 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 i06 to 108, depending
on the voltage applied between cathode and a.node.?l The cathode was held
at ground potential and anode voltages of +2.5 - L.,5 kV were required

T1

for a saturated-pulse’ = mode of operation.
The detector housing and mount are rather straightforward and

w1ill not be discussed here.

E. Computerized Control System
A Digital Equipment Corporation PDP-8 computer was interfaced to
the spectrometer system for the primary control and input/output functions

of XPS éxperiments.72

A block diagram of this control system is shown
in Fig. 1T7. |

Programs can be read in on either the teletype or ﬁighrspeed
paper-tape reader, Inputs for each set of experiments are via the tele-
“type and the computer switch'register. The computer reads and controls
the operation of scalers which count.the amplified detector pulses. It
also confrOls and monitors the current in the spectrometer deflection cnils.
Digital data outputs are on the teletype and accurate plots of spectra
can be dfawn on a rotating-drum plotter. A CRT is usced for live display
of spectra as they are being obtained. ‘he model number or manufacturers

o thase wnits are indicated on Fig. 17 where aprropriate.
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The inputs for each of up to b4 runs(spectra) are as follows: Athe
initial.(lowest) current of the spectrum, thg current increment to he used
in stepping over the spectrum, the number of éurrent increments spanning
the desired spectral region, the time intervalvfo be spent counting at
each increment, and the number of scang desired oﬁer the spectrum to
accumulate statistics. The current increments.fof all cases reported
here were 0.0002 A (v 0.2 - 0.3 eV), and spectra were usually scaﬁned at
least.five times to average out any short tefm drifts in the system. The
total numbgr of increments in all runs cannot exceéd SlQ,_due to memory
limitations.

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
end nature of telétype output can be sélected. ‘The data can be accumu-
lated in scan order (scan l-run l, scan l—run-?, :--) or in run ofder
(scan1 - run 1, scan 2 -~ run 1, +++). The former mode of operation
is very useful in any comparison of relative inténsities or pos;tions of
peaks from a single sample, as long-term driffs 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.
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IV. DATA ANALYSIS

‘Two different forms of analysis were applied to the experimental
data. In fhe firsf, least-squares methods weré,used to fit analytical
peak shapes to the spectra. Such fitting permité A'Qery accurate deter-
mination of peak positions, peak widths, peak area ratios, and the relative
importanceiof inelastic écattering. The secondAtype of analysis, used
only on deﬁsity—of—statés measurements, éorrects the bbserved épectra for
the effects of inelastic scattering and satellite x-rays. These aré dis-

cussed below.

- A. - Least-Sqguares Fits of Analytical Peak Shapes

Thé major contributions to the peak'shapes'observed in a phpto—
electron spectrumlare:

1. The natural lineshapc of the exciting x-ray. This should have
a roughly Lorentzian shape and a FWHM of "~ 0.8 eV. Due to the two com~

ponents of unequal intensity in the x~ray, a slight asymmetry will

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

2. The spectrometer lineshape for a flux of monoenergetic elec-
trons. This will have a sharp leading edge and deéerease more slovly on

o7

the lo& kinetic energy side. This skew lineshape will have a FWHM = (0.6 eV

for tﬁe sﬁectrometer resolution of these experiments. |
3. ''he lineshape due to the natural lifetime of thc hole created

in the le#el under study. This will be Lorentzian and of variable width;

L. Inelastic scattering will lead to o "teil" of seme sort on the

low-~kinetic-energy side of all peaks (see Fig. 2). .For solids, numerous



Iv-39

investigations indicate that this tail is relatively flat ana exteﬁds for
many eV. A high probability of iﬁelastic lossés in a narrow energy range
may'result in peaks in the inelastic tail (for.exémple, see the dispussioh
of Ni and Pd in Section VI.C.2). For most cases, these peaks are éither

small or very broad, however.

Thermal broadéning and final state effects will'also céntribute 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 (éee discussion of -these effects in Secﬁioh VlfB). The fundamental
lineshape-will thus be a convolution of four separate contributions, none
of which can be predicted with accuracy g.Eziggif AQuélitatively, a con-
sideration of the relative magnitudes of (l),'(é) and (3) indicates that any
peak will probably be a slightly skew Lorentzian with an inelastic tail.
The lower'limit of the‘width of this peak is ™ 1.0 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 énalytical peakshape to describe such data is
.thus somewhatvarbitrary and the final test must be empirical, based on how
well the.mathematical functibn matches the.data. For solids, a reasonable
choice is a Lorentéian or Gaussian peak with a smoothly joining constant
tail. The technique for joining the tail is again arbitrary, and we have
chosen'ﬁu:leL it increase frpm the center of the peak with the same func-
tional form a5 the peak itself. This is illustrated for a Lorentzian-
based péqk stype in Fig. 18, The funétional form of this peék shape is

thus very cimple:
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' A[B + (1—B)~F(é—ei)] for € < g,
Q(e) = ' (19)

A‘F(e-€.) for € > €,
1 1

Here A = an intensity factor, B = the ratio of the tail height to the
peak height at € = Ei and F(e - Ei) is a Lorentzian or Gaussian centered
at €y Fle - Ei) contains a suitable normalization factor such that

F(0) = 1. With a Lorentzian F, this yields

A[B/(1/2)% + (1-B)/((e-e)% + (1/2)%)] for € < ¢,
Q;{e) = ¢ (20)

A/((e--ei)2 + (F/2)2) for € > €,

and with a Gaussian F,
-(e-ei)2/202
A[B + (1-B)e ] for € < €,
Ql(b) = (21)

—(e—si)d/Qoé
Ae v for € > Ei

"For eachAof the functions in Egs. (20) and (21), there are foﬁr indepéndent
parameters: the width (o or.F), the position (ei), the tail-height-to-
peak—height ratio (B), and the intensity factor (A)., TFamilies of these
curves‘are shown in Fig. 19 for fixed o(or T), €. and A, but varying B,
There are two more péak shapes which might be applicable'to data
with very asymmetric peaks and/or.inelastic tails that decrease rapidiy

to zero. These can be constructed as Gaussians or Lorentzians with
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variable exponential tails. The Gaussian-based shape has been used in
fitting x-ray pulse height spectra by Rugge, Wétéon, and \rsli;l.helmy.'-{3
Requirihg continuity of both the function and its first derivative at

—a(si-b-e)

the point Ci - b where the exponential, e , joins the Lorentzian

or Gaussian yields the following final forms:

_ Lorentzian -

—2b(€.—b—€)/(b2 + (F/2)2) 5 5 '
Ae + - /(b" + (r/2)t) for € < ;i—b
Q. (g) = . (22)

A((ee)? + (1/2)?) for ¢ > €i-—b

73

. and Gaussian -
~b(2(€i-s)—b)/202

Ae for € < ei-bA

(é-¢,)?/20° :
Ae * - for € > g,-b
‘'he constant a is eliminated in both cases and there are thus also four
indepghdent parameters in these peakshapes. Thé parameter b replaces B
for the tail specification. Families of thesé éﬁrves are shown in Fig. 20
~for fixed" o(or T), €,» and ‘A, but varying b. A minor peculiarity of’
the Lorcﬁtzian curve is that for the'approximéte fegion 3 < b < 2.0T,
the tail'is lower than the unperturbed ILorentzian. Thus, the usefui
values of b. are in the range 'O <b < .3T.

‘An additional complication in analyzing data with ény of the

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

gible (see Fig. 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 peakéhapes. The slope and intercept specify this background.
A computer program was written to perform'a leasﬁ—Squares fit sub-
Ject té the above requiremeﬁts.Tu The least-squares solution was obtained
by a standard method.75~ The satellite x~rays are automatically -allowed
fof in the analysis of a comple# spectrum by using a relatively simple
spectrum to derive their separations and intensities relative to the

K peakQ These separations and intensities define a new fundamental

%1,2
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 assumed to be
equal, as the inelastic scattering effects should be very nearly identical
and any width differences would constitute a minor error. In the work
reported here, only the a3, ah’ aﬁd much weaker a'66 X-rays were
allowed for, but in principle the tcchnique could be extended to the
others noted in Fig. 2. The‘separafions and intensities used in defining
the fundamental peak shape for Mg ?adiation aré: a'-5.000 eV, 0.006:1.0;
oy ~8.412 eV, 0.0948:1.0; and @) =10.1k2 eV,..O.‘OhSM:l.O.

The program converﬁs,the experimental spectrum of counts vs. current
(2 momentum distribution) to an energy distriﬁution57 and does all fitting
to this energy distribution. The total number'of peaks can be divided
.into groﬁps, within which ratios and separations can be fixed (in addition
to the automatic éllowance for satellite x—réys), Also, the widths and
tails can be independent for all peaks or constrained to be equal within
a group or over the entire spectrum., For example, for a éroup of peaks

‘closely spaccd in kinetic energy and with approximately the same width,
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the inelastic tail parameters shéuldvbe very nearly-equal. Any of the
parameters describing the background and peaks canfalso be fixed at an
initial guess during the fit. Many of the fits deécribed in Sections V and
VI were made with the background slope fixea aﬁ'zefo, as shown in Fig. 1

of SecfioanI. Accurate plots of the data and/or fitted functions can also
be obtainea'from this program.

Cther fits using'this program are shownvin Figs.'Zla and 21b. These
figures are computer-drawn. For these cases, it is clear that the Gaussian-
based shape underestimates the intensity of thé épéctrum on both sides of
the main Kal,Z peaks. Thus, a Lorentzian-based shapé 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 méy be more useful. vbértain peaks discussed in
Section V are also found to be more nearly Gaussién in shape.

intensity ratios of closely-spaced spin-orbit doublets (such as

Aulf ) have been derived for several metals from fits of Lorentzians

5/2-1/2 |
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. 8 Fits

to gas phase spectra for O indicdte that the peak shapes with exponential

2
tails do not give particularly accurate intensity ratios. Again, the use
of a Lorentzian with constant tail gives the best overall description of
the data, provided that the tail is fitted only within a few FWHM of the

peak positions. Thus, the analysis of spectra in termé of such peak sheapes

seems quite reasonatble from an empirical point of view,
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B. Correclion 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

17,25 In order to extract precise information from XPS

electronic states.
spectra -about the density of states, it is thﬁs desirable to correct for
the effects of inelastic scattering and satellitg x-rays. -The corrected
spectra caﬁ then be more simply relatéd to thepretical density of states
functions (see Section VI.B.).
This correction can be made by noting that photoelectrong'with

very nearly the same kinetic energy will be affected by inelastic scat-
tering in an almost identical way, regardless of the level from which they‘

25

are emittéd. Also,‘the effects of satellitg x-rays are identical for

all photoelectron peaks, if considered as perﬁur?gtions to the al,2 peak,
Thus, core level phoétoelectron peaks close in kiretic energy to those of
the vélence levels can be used to'quantitatively measure both these effects.
The effgéts can then be corrected for in the valéhce level peaks.25

'ne fundamental assumption is that all structure in fhe core level

spectra deviating from symmetric o 5 'peaks is due to inelastic scattering,
. 3> .

1
the non-monochromatic nature of the x-rays, and perhaps a slight spectro-
meter lineshape asymmetry. 'Thus, if such effects as multiplet splitting

of Coré‘levels3o or two-electron transitions32 are not prorerly allowved for
this assumption will be invalid. TFor all casés studied here, these effects
do not.introduce signifiéant.error, however. |

"The measured core and valence photoeclcctron spectra are considered

to be vectors Ic(e) and IV(E), respectively, with typically 100 elements.



IV-k4S

Each element consists of the number of counts at a given €. We now con-
struct an?”unperturbed" core speétrum Ic'(e) frém pure‘Lorentziaﬂ peak
shapes.with the same mean positions as those in i;(e), but with slightly
narrower FWHM. ic(e) and Icf(e) can then be connected by a.response

matrix R describing the perturbations:

Ic(e) = R(e,e')AIc'(e) . | l , ' (24)

Thus, provided we can derive R, the corrected valence band spectrum

Iv'(e) will be given by

IV'(E) = R"l(e,e')_IV(e) . | | (25)

I}
-

A w14 o L . ; , '
A slight change in notation, such that Ic(ei) ei” Lo (ei)

I .' and R(ei,ej) = Rij, yields

cl

e e | '

LY Ry Ryp Ry Te1

R

Teo Ry Bop ] ez

' = . . . (25a)

]

| Ten B Ry Ien
L - L - oL .

-Here, N is taken to be the number of elements in IC(E). We further assume
that €1~ & = Ae = a positive constant for all i. R can be simplified

by noting that it must affect elements of IC' at different energies in an

identical way. That is, a peak at Ei must be distorted in exactly the
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same way as a peak at ej # e;- This means that the elements Rii will be
equal for i-j equal to a certain integral value. With the notation R(k)

for the simplified matrix elements, Eq. (25) becomes

P.'I-cl- [ R(v) - - - R(21-2) R(21\T..‘1')—1 T Icl.-1
I, R(N) R(21-2). I
- |- ' ' (26)
R(3)
R(2)R(3)
| RESY R(LR(2)R(3).+ + - R(N) _IC&'

Thus, tﬁefe are only 2N-1 independent elements in-R. If this number can
be reduced to N or less, Eq. (26) can be solvea fo? R. One such pro-
cedure is outlined below. |

‘A physically reasonable assumption for the form of R is shown in
Fig. 22. Elements R(1) to R(L), corresponding to energies above the
a3,h satellites, are set equal to.zero. Elements R(L + 1) to R(M - 1),
which,s?ag the region of the al,é’ a' and 'q3¥& peaks, are independent.
Elements R(M) to R(2N-1) are compuﬁed as a linear interpolation between
R(¥-1) and R(2N-1); these elements correspond £b‘a linear inelastic tail
With arbitfary slope. Thus, -any peak in the region R(M-1) to R(2N-1) due
to discrete electron energy losses will be accounted for in an average
sense. If M-L = N, Eq. (26) represents a set;of Il equations in N unknnuns
and if M-L < N, R can be obtained by a lesst-sgusres solution of the over-

determined system.
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A minor source of error in the use of Egs. (24) and (25) stems
from the fact that IC(E) and Iv(e) do not decrease to zero at their low
kinetic enérgy limit. (We assumé any constant bgckground to be subtracted
from both spectra, so that at high kinetic energy they do approach zero.)
Thus,‘Ic(e), Iv(e), and the elemepts in R have been truncated at non-
negligible values in the inelastic tail region, By expanding the number
of éléments‘in Ic(e) and IV(E) to ~ 2N, the magnitude of the errors intro-
Aducea by thié truncatibn can be estimated. These errors will be §mall as

long'as the following conditions are met: (1) 1 !

? H L
Loa's Ten o Typ's 308 Loy

should be small with respect to the maximum amplitudes in these vectors.
This requires centering the peaks in both Ic(e) and Iv(s). (2) The ele-
ments of R in the inelastic tail should be no greater than about 0.2 R(N).
Thése conditions were met for all cases studied in Section VI.

Computer programs were written to carr&'oﬁt the derivation of R.
according to the ﬁodel of Fié. 22, and also to'cglculate Iv'(e) from
Eq. (25). These are described in more detail in Appendix A. A response
matrix derived for Ag (bésed on the Ag 3d3/2 and 3d5/2 core levels) is shown
in Fig. 23. The 053,,‘l peaks are clearly distipguishable. Iv(e) and
Iv'(€) for Cu are shown iﬁ Fig. 2 of Section‘VI; The correction brings
the Cu specfrum 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 ih the solutions for.R or I#'(e). T'hese oscillations were
.eliminated by smoothing both the data and solutions at various stages'of
‘the qalculation and also by linearly coﬁnecting the elements in Iv'(C)

(see Avppendix A).
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V. PAPER: MULTIPLET SPLITTING OF METAL-ATOM
ELECTRON BINDING ENERGILS

ABSTRACT

X-ray photoelectron spectroscopy (XPS) is used to measure splittings
of metal-atom electfon binding energies, in both inorganic solids and
gases. These splittings are due to the various péssible mﬁltiplet states
formed by coupling a hole in a metal-atom subshé;i to an unfilled valence
subshell.

Splittings are observed in various soiids 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 inétrumental reso-
lution is " 1.0 eV. 3s splittings are exhibited by inorganic compounds
containing Mn and Fe, as well as by Fe metal, Cotmétal, and Ni metal.
Theoretical predictidns are in good agreement thh experiment, provided
that the effects of covalency in chemical bondﬁng are taken into account.
For Fe metél. the 3s splitting is identical hntﬁ ahnve snd helow the Curie
point. The 3p binding energies of these solids glso appear to show multi-
plet effeéts, but the interpretation of these results is less straight-

are broadened by at least 1.3 eV,

forward. The 2p binding energies in MnF2

and tﬁié is shown to be consistent with'multipléﬁf5plitting.‘

XPS results for gaseous monatomic Eu also indicate the presence of
multip;et splittings. The two components in.the 4d photoelectron spectrum
are found to have an intensiﬁy ratio in disagreement with observed ratios
for neighboring atoms with filled valence subshells. Also, the width of
the 4f photoelectron peak above the instrumental contribution can be

explained in terms of multiplet effects.
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A. Introduction

_in‘any atomic system with unpaired valence electrons, the exchange
interactibﬁ affects spin-up and spin—down core électrons uﬁequally. Since
exchange- acts only between electrons with the same‘sPin,l core electrons
with spins parallel to those of the unpaired v@lence electrons will experi-
ence a valence-electron exchange potentiél, whereas core electrons with
spins antiparallel will not. Sihce the ekchangeAinteraction tends to
reducevthe average Coulombic fepulsion bgtween twé electrons,l the spin-
parallel core electrons will be favored energétically. Exchange inter-
actions within or between closed shells balanéé,exactly, as the numbers
of electrons with each spin are equal. This interaction between core and |
unpaired valence electrons is responsible for corg—pblarization contri-
butions to magnetic hyperfine structure.2 Dﬁe:£o the non-equivalent
exchange intefactions'felt by core electrons with different spins, the
spin-up and spin-down wave functions are‘slightly displaced spatially from
one another.2 In atomic iron, for.example, the'BSd and 3sB wave- -
functions are predicted to have average radii of 0.L433 A and 0.435 A
respecﬁively.3 Here we have used a to denote a spin parallel to the
unpaired 3d electrons. This relatively siighf difference of "~ 0.5% in
average radius creates a large net spin densitf at the nucleus. This spin
density results in a large magnetic field in fhe Hamiltonian describing
the hypéffine interactions between nucleus and electrons.h Numerous studies
of the_systematics of this hyperfine field have been made.h’5
In addition to sligh£ spatial polarizations caused by unpaired

valence electrons, the binding energies of core electrons should be
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affected. Spin—unrestrictea Hartree-~Fock calculations predict differences
in the spin-up and spin-down core-electron energy eigenvalues of tran--

sition metal iohs.z’3

Such differences are "~ 12 eV for the 3§a and

3sB electrons in atomic.iron,3 for example. It has been poiﬁted out that
these differences ought to be reflected as splittings in the méaéured
binding energies of these electrons.6 By means of x-ray photoelectron
spectroscopy (XPS), which has a resolution of " 1 eV, an attempt was made
to detect such splittings in éore#level photoelectron peaks from iron and
cobalt metal.G However, no pronounced effects were observed.6 Recently,
splittings of v 1 eV have been found in paramagnetic molemiles7 and
larger effects have been observed in solids containing Mn and Fe.8 In
particular, Fadley, Shirley, Freeman, Bagus, and Mallow8 observed ¢.6 ev
splittings in the 33 binding energies for the frausition metal ions

5

Mn2+ 3d5 and Fe3f 3d” in certain solids. Theée splittings are considerably
reduced frpm free-ion predictions, and a major source of this reduction
"appears to be covalent-bonding effects.B The 3p binding energies in thece
solids also give evidence for splittings, but frdm both a theoretical and
experimental point of view, the interpretation of this data is less straight-
forward. |

" In this paper, we review the resulls obtained previously tor Mn and
Fe, apa.also present data for 3s electrqns in Co metal and Ni metal which
indicate éimilar effects. Photoelectron spectra for the Mn2p electrons in
Mnr‘2 are . shown to exhibit similar, but smaller, splittings than Mn3s, as

expected from free-ion theoretical caleculations. We also discuss photo-

electron spectra obtained from gaseous Zu which show certain anomalies
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probably connected to such splittings. The experimental procedure is
discussed in Section B. Experimental and theoretical results are pre-

sented and discussed in Section C. Our conclusions appear in Section D.
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B. Experimental Procedure

The experimental procedure has been described elsewhere. ’

Samples
were bdmbarded with x-rays of v 1 keV energy (primarily with the unresolved

MgKa doublet, which has an energy of 1.2536 keV). The ejected electrons

1,2
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 lévels

in the éémple whose binding energies are less than the excitation energy

hv. The pertinent energy conservation equation' is

hv = E' - E' + € + work function and charging corrections, (1)

where Eh is the‘EQEgl 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 € is the kinetic energy of the electron ejected from
that suﬁéhell. Work function and charging correction will accelerate or
decelerate all electrons equally, and soxcan bé disregarded in the measurc
ment of splittings willilu g single s‘s<":11‘11p1e.9"1n ''he quantity Eh - Ei is
by defihition the binding energy of an electroﬁ in the subshell, relative
to fhe final hole state corresponding to Eh. .If.the ejection of an elec-
tron from a subshell can result in severul final states of the system
(i.e., several Eh ‘values), a corresponding numbér of‘photoelectron peaks
will be observed, Thus, the energy splittings of the3e final states are
in prihciple directly measurahle. The instruméntél contribution to line-
width for these experiments Qas v 1.0 eV full_width‘at half-maximum
intcnﬁity(FWHM). This width arises primarily ffom the natural width of

the ecxciting radiation.
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Measurements were made on several inorganic solids containing Mn
and Fe, as these atoms possess a large number of'unpaired d electrons
2 _0 .6 2

4bs®).

(neutrai»éfom electron configurations: Mn0 —‘3d5hs , Fe - 3d Com-

pounds were studied at room temperatures and a pressufe of lO_5 torr.,

These samples were usually prepared by dusting the'powdered'crystal onto

an adhesive backing to form a contiguous cdatiné;9 In a few cases, samples

were prepared by painting an ethyl alcohdi slurry of the powder directly

on a metal backing.9 Pure 3d series metals were-also studied, and these

sampleé-were heated in a hydrogen atmosphere (< 1073 torr) to free them

of surface oxidation.6’9’ll |
The choice of solid samples to be studied was restricted by two

faclors: (1) The sample must be in a vacuum if photoelectrons are to be

analyied’for kinetic energy without aﬁpreciable iﬂelastic scattering.

(2) The vacuum in our spectrometer was rather p;or, wifh pressufes in the

lO_5 torr:range. These factors precluded the study of well-defined

hydrated salts, as these salts will 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, trgﬁsitioh metals which react

to any degree with oxygen had to be rgduced in an atmosphere of hydrogen.6’9’ll

For room temperature studies, anhydrous salts of metals with strongly

electfoneéative anions represented the most useful samples. Iﬁ certain

cases,:méﬁal oxides were stable enough to be studied under the conditions

of ouf:eﬁperiments. "Both iron and manganese have at leést three oxides.

From the point of view of observing multiplet’éplittings, the most

L . . . . . 2+ .
desirable oxide of manganese is MnQO, which. contains Mn ions in a
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34 S electronic state. However, MnO is slightly unstable to oxidation

by residual 02 gas via the reactions:

:3_Mn0 + 1/2 O2 > Mn30h

and

"2 .Mn0 + 1/2 O2 > Mn203

The othér oxi&es of Mn and Fe are offen non-stoichiometric and therefore
do not coﬁgtitute particularly well-defined systems. ‘'he 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

MnCl, + O, = MnO, + Cl

2 2 2 2
is N 105, while that for the reaction

) i + '
Mnl'2 + U2 -+ MnU2 1'2

is "~ 10—50. MnF, and, to a lesser extent, FeF_, thus represent good

3’
systemé for the study of multiplet splittings. We have also studied the

compounds MnO, Mn02, KhFe(CN)ﬁ, and NahFe(CN)6, for which no major chemical
instability problems were noted. Minor ettects of surface reaction are

discussed below.

9

: ; 12 : .
- The monatomic gases Eu and Yb were also studied. Eu possesses

a half-filled 4f shell (electron configuration £ul - hf(6sz) and might be

0 1, 2

expected to show splittings, whereas Yb has a filled Uf shell (Yb~ - Lf™ 6s%),
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and should not show these effects. A special oven was constructed for

9

these exberiments. In this oven, solid metalfﬁas heated to a temperature
at which the metal vapor pressure was ™ 1072 torr (v 600°C for Eu and

" 5h0°C for Yb). At these conditions, reasonable photoelectron counting
rates were obtained from the gas phase.9 No siénificant Doppler broadening
of phofoelectron peaks should result at these témperatures;

The only form of data analysis applied‘to photoelectron spectra
was a least-squares fit of empirically—selected,_aﬁalytical 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 shapés has beeh described

9

elsewhere. 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 well the effects of inelas-

9

tic scattering on electrons escaping from the sample. It was also pos-

sible in this fitting procedure to allow automatiéally for the effects

of the weak Ko, and Kah satellite x-rays separated by ™~ 10 eV from

9

3

the main Ko component in the Mg x-ray spectrum.

Photoelectron peaks
1,2

" "

3,4

due to these satellites are indicated as o in Fig. 1, for example.
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C. Results and_Discussion

1. Solids Containing 3d Series Atoms

Figure 1 shows photoelectron spectrg obtained from MnF2, Mn0, and
MnO2 in the ?egion corresponding to ejection from the Mn3s 'and Mn3p
core levels. Figure 2 shqws spectra in a similar region from the iron-

containing solids, FeF.,, Fe metal, KhFe(CN)6 and NauFe(CN)6. The strong

3 b ]

peaks'ih these spectra are labelled with the arbitrary notation 3s(1)

3s(2), +-- and 3p(1), 3p(2)-.-, unless they can be assigned to some

obvious cause other than ejection from 3s or 3p levels by MgKal o X-Trays.
) b

In the latter category are the peaks due to the « and o) satellite

3
x-rays and the NaZs péak in NahFe(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 suech effects
as charging of the sample. Within'a given spectrum, however, relative
peak lbca't,ions can be determined quite acmzra.’r.ve.]y‘.

We concentrate first on the 3s regions of Figs. 1 and 2., Table I
summarizes our experimental results as obtainéd‘by 1east—squéres fits of
Lorentzian-based peak shape59 to the data, and alsq gives tﬂe approxinmate
free-ion électron configurations for thé transition metal iong in these
solids. Also noted in Tig. 2 and Table I are those cases for which known
properties and/or the observation of broadening of certain photoelectron
peaks éeem to indicate sligh£ chemical alteration of the sample. As the
photoelectrons in the full-energy, inélastic peaks such as those labelled

. . : . : . -6 ) L
in Figs. 1 and 2 come from only a thin (v 10 cm) surface layer of a solid



sample, a relatively small amount of surface reaction can alter photo-

6,9,10

samples prepared

electron épectra appreciably. For example, MnO

2
from an ethyl-alcohbl slurry exhibit an enhanced 3s(2) peak relative to

samples prepared by dusting powder directly on an adhesive backing. The'
separation of the 3s(1) and 3s(2) peaks is the same for both cases, hov-
ever, Tﬁis change in relative intensity may bé due to slight surface |
reductibn_in the alcohol, as noted in Table I. Spectra for MnFZ, on the
other hahd, exhibited no significant changes depgndent upon sample pre-

paration technique, and this is consistent with the higher chemical sta-

bility of this compound.
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In the 3s region, the 3dS compounds exhibif two peaks, denoted
3s(1) and 3s(2). Mn02 shows a somewhat weaker 3s(2) peak at smaller
separatibn; KhFe(CN)6 and NahFe(CN)6 shows essentially no 3s(2) peak.
Iron metal exhibits a distinct shoulder which persists with no appreciable
change trom 810°C (LO°C above the Curie point) to 565°C, as shown in

Fig. 3. .(This shoulder was not observed in earlier work6 due to poor
sfatistics.) These results are fully consistent with the peaks 3s(1)
and’3s(2) representing two final states of the Mn or Fe ion split pri-
marily by the exchange interaction. That is, the 3s5(2) peak is observed
for cases where d electrons are known to couple to a high spin ground

state (MnF MnO, FeF3, and ferromagnetic Fe) and is reduced in separation

o>
and intensity relative to 3s(1) for cases in which the number of unpaired
3d electrons is smaller (Mn02) or the.transition métal ion exists in a
diamagnetic ground state (KhFe(CN)6 and NahFe(CN)6). Also consistent
with this interpretation is an analogous spectrum from Cu metal (4 elec-
tron configuratlion 3dlo) wﬁich showe 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 kinelic energy regardless of exciting x-fay
enefgy.'»Mg and Al x-rays were used for this burpose. (2) A surface
contaminant or incompletely hidden portion of the'sample holder could
give rise to unexpected photoelectron peaks, but these should be present
on all samples at the same kinetic energy and prﬁhah1y with varying inton

sity relative to Mn or Fe peeks. The 3s(2) peak does not behave in this
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way. (3) If surface chemical réaction produces two different types of
metal étéms, shifts of the 3s binding energies due to changes in valence
electron screening could give rise to two photoelectron.peaks.lo However.,
in this case, both 3s and 3p peaks should show the sanme étructurelo and
this is not observed. (We note a small effect.of this kind on the 3p(1)
peak of FeFS.) (4) Quantized energy losses suffered by photoelectrons

in leaving the solid can give rise to peaks on the low kinetic energy side
of an elastic photoelectron peak,13 but the loss mechanisms for 3s and 3p
photoeieétrons should be essentially identicai due to their proximity in
kinetic energy. No peak with relative intensity énd separation correspond-
ing to the 3s(2) peak is seen near the 3p(l) peaks of MnF2 and MnO. Also,
most quantized losses wpuld contribute some inherent line width to the
secondary peaks, but Table I indicates that the 3s(2) peaks aré essentially

equal in width to the 3s(1) peaks for MnF,

and MnO. (5) A photoemission

process resulting in simultaneous excitation of both a photoelectron and

14,15

some quantized mode of excitation could give riseﬂto such a peak.
Howevef, the high intensity of the 3s(2) peak, the specificify of its
appearance near 3s and not 3p, and the nearly equal widths of the 3s(2)
and 3s(1l) peaks for MnO and MnF, make this exﬁlanation seem unlikely.

The origins of such splittings have been considered from a theo-
retical point of view, with the free Mn2+ ion as an illuétrative e#ample.

6

The initial state is 3d5 S and the ejection ot a 3s or 3p electron gives

rise to final states which are denoted as Mn3+[ D+[

3s] and Mn 3pl, reépec—

e s : . . 1
tively. In first approximation, Koopmans' ''heorem™ can be used to com-

pute binding crergies. This thecrem states that the binding energy of an
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electron is éiven by its Hartree-Fock energy eigenvalue, E, calculated
for the ground state configuration of Mn2+. A defai]ed allowance for
exchange predicts that for any subshell > Eja # Ej8 (where o,8 denote
spin directions). Thus, two peaks are predicted-gs a result of photo-
emission from both the 3s and 3p levels. The simﬁlest estimate of this
effect treats the exchange interaction as a perturbation which 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
(SUHE') calculations represent a higher-order estimate in that o and B8
electroﬁs are permitted to have slightly different radial wave functions,
but the energy splittings are not appreciably'aitéred (see Table II, line
2). Tﬁe,signs of the splittings reported in Table II are such that elec-
tron kinetic energy increases to the fight; that is, it requires less
energy to form an anti-parallel 3sB8 or 3pR hole, and éuch photoelectrons
are predicted to have more kinetic energy as a reéult.

-This use of Koopmans' Theorem to equate binding energies to ground
state energy eigenvalues is known to have shortcomings, in particular for
systems with unfilled valence shells.l The correct definition of electron
binding ehergy is the difference between compufed total energies for initial
states and final hole states [cf. Eq. (1)]. The possible final holevstafes

T p) 3+[ T p

are 'S and °S for Mn 3s]) and 'P and “P for Mn3f[3p]. But unlike the

v [

other tinal states just given, the ‘P state can bc formed in three dif-
5 6. L 4.1 _

ferent ways from parent 4° terms of 'S, P, and D. There are thus a

tolal Qf‘h final multiplet states for Mnj+[3p] instead of 2 final states

as found in an approximation based on Koopmans' Theorem. Such multiplet
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effects rule out the simple connection of 3p splittings (or splittings

: 8 .
of anv non-s electron) to ground state one-electron energies. The total A

energies of these final hole states have been calculated with two "multi-
plet hole‘theory" (MHT) methods:8 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 appfoximation), and more
accura£e multi—coﬁfiguration Hartree-Fock (MCHF) calculations on the
final hole states (an optimized-orbital Calculation). In the frozen-
orbital calculation, matrix elements were comﬁuted as linear combinations
of Slater Fk and Gk integrals for the initial stéte; the céefficients
multiplying each Fk or Gk integral were obtained ffom standard tables.l
Diagonalization of this matrix gave the three SP'eigenvectors and eigen-
values.8’9' Separate MCHF calculations were made té obtain each opti-
mized-orbital eigenvector and its energy eigenvéiue.8 The results of
these fwo éets of calculations are presented in Table II, lines 4 and 5.
The 5P eigenvectors are given in 'able ll11. ''he agreement betweenlfrozen_
orbital and optimized-orbital splitting estimates is very good, with slightly
larger values for the optimized orbitalé. A comparison of lines 1 and 2
with lines 4 and 5 élso confirms the essential equivalence of the MHT and
Koopmans' Theorem calculations of the splittings of s electron binding
energies; no such equivalence exists for non-s electron binding energies.

.The results of Table II are borne out gqualitatively by ourABS

7

spectra from MnF,, MnO, and FeF,. If we identify peak 3s(1) with a 'S

final state, and 3s(2) with 5S, the intensity ratios of these peaks are

lo.5

in rough agreement with a calculated 'S:7S relative intensity of
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T:5 = llh:l.O. This calculation is based on a one;electron—transition
model inphétoemission.9 However, the observed separatioﬁ of approxi-
mately 6~éV'is only about half the value predicféd by the free-ion calcu-
lationéi' One possible reason for the reduced experimental splittings

is thaﬁ électron-electron correlation between electrons with like spin

is partiéliy-allowed for by the exchange interaction, but no allowance

is madeAéﬁ:such theoretical calculations for corrélation between elec-
trons wifh-ﬁnlike spins.h Thus, spatialh-or e_néréy6 asymmetries calculated
without;fgkiﬁg correlation into account may reprgsent slight overesti-
matés.' Hoﬁe#er, it seems doﬁbtfui that a proper allowance for correlation
would adgéﬁnt for a factof of two reduction in éheoretical estimates.8’l6
Anbthef‘éossible effect is that of covalency in éhemical bonding,8 which
will aqﬁ'th only to pair valence electrons, but also to delocalize them,
thereby wéakéning their interaction with the core; This effect can be
éstimétea.from the spin—ggg_orbital—unrestrictéd Hartree-Fock (UHF) calcu-
lations-bf-Ellis and lfreeman for the (MnFG)h(fé;uster.l7 Their predicted
splittihgs=of energy eigenvalues, listed in TablélII, line 3, show a
substantial decrease from the free-ion valueS'and rather remarkable agree-
ment Qith 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 largerASPIitting observed for FeF_ over MnFé is consistent with free-

3

ion calculations, which give a greater exchange splitting for F‘ej+ than

: . RETE
5 and Mn02 (1.%111.00)

is largef'than the computed free-ion ratio for MnZ* and Mnh+ (1,22:1.00).

: 2+
for Mn" . .The measured ratio of separatinns for MnF

. . . . ]
as expected from increased covalent bonding effects for oxygen ligands.
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The observed 3s(i):35(2) intensity ratio of.approximately'2.0:l.0

T5.%5 yatio of 1.4:1.0

8,9

for MnF2 and MnO is not in good agreement with the

obtained from a free-atom calculation based on . one-electron transitions.

The 1.5:1.0 ratio for IeF_ does agree, but the‘apﬁarent surface reaction

3
indicatés that this agreement may be fortuitouéyf‘There are several
reasons for a disc?epancy between such simple one-electron estimates and .
experiment:8 (1) If the initial and final states are described in terms -
of SUHF wave functions, the dipole matrix. elements between 3sa and 3sB
and their éorresponding p-wave continuum stateé may be significantly
different.' (2) Overlap integrals between initiél and final state orbi-
tals of passive electrons may be different for.different final states.
Impliciﬁ iﬁvthe one—electron‘estimate is an assﬁﬁption that these overlap
integréls are unity for all final states. (3) Multi-electron transitions
may be significant enough to alter observed inténsity ratios from one-

15

electrou predictions. (L) Bonding effects will distort initial and

final states from a free-atom description, as has been found in UHF

17

cluster'calculations. (5) A small fraction of fhe photoelectron-
producing atoms may exist as surface states of different electron config-
uratiqn.'A

.In Fig. 3, we present 3s spectra for thé metals Fe, Co, Ni, and'Cu.
The temperatures of these measurements arelnoféd, as well as the T/TC
ratio$ for the ferromagnets Fe, Co, and Ni.l8 We have noted that Fe shows
a Spliffing for temperatures below and above the Curie point, whereas

paramagnetic Cu shows a single, symmetric 3s peak, as expected. Figure 3

also indicates that Ni has 2 33 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 peeks 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 iﬁ 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 compounds.
We attribute these to a coupling of the final state 3s hole with localized
3d electrons which have some net unpaired spin or local moment. The
observatioh of identical effects for Fe at temperatures above and below
Tcl8 indicates that single-atom coupling of the 3& electrons as detected

16

in the short time duration (v 10 sec) of the photoemission process does
not depend on the degree of long-range ferromagnetic ordering. Althougn
this statement may seem inconsistent with the observed disappearance of

19

the hyperfine magnetic field above Tc’ the latter measurements are made

on a time scale of 2’10_12 sec, and thus are sgnsitive 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 2.5. l'here 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 KhFe(CN)6 appear to be associated with two-electron transitions

of potassium, and are not observed in similar speclra from NahFe(CN)6

and (NHh)h Fe(CN)6. These peaks are observed to some degree in other
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potassium-containing salts such as K2SOh. The peaks denoted 3p(2) and

3p(3) for MnF2, Mn02, and FeF‘3 may be connected'with multiplet splittings,

however. There is at least qualitative agreement with 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 -

5

P state will be proportional to the square of the coefficient of

5(6 ps 5. 8,9

P term in the eigenvector.

each

the 4 Thus’, the relative intensities

obtained from frozen-orbital MHT calculations on Mn3+ are: 5Pl, 0.66;
5 . 5 8,9 5
P_, 0.01; and P3, 0.32. The P2 peak would thus probably be too

2,
weak to .observe. Spectra for MnF

s)

5 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 (v 2 eV) and the other much further away (v 17 eV). The identi-
o 5

P_ is

.
fication of peak 3p(2) with the final state P 1

3 and of 3p(3) with
thus roughly consistent with ncn-relativistic free-ion theoretical calcu-
lations. We note, however, that any realistic theoretical treatment of
3p splittings must include spin-orbit and crystal-field effects, as well
as possible decreases in the magnitudes of predicted splittings due to
covalenf honding. Spin-orbit spliﬁting of the groﬁnd state Mn3p levels
will bé approximately 1.3 eV in magnitude, fof example.zo Furthgrmore,
the experimental déta in the 3p regions are not good enough to assign
accurate positions and intensities to the obéervéd'peaks. Thus, while.
it appears that peaks due to-multiplet splittings may be present in the

3p regions of our spectra, further experimental and theoretical study

will be necessary .o assign the observed peaks to specific final hole states.



-The splittings rcported up to this point have been in subshells
with the same principal quantum number (and thus the same approximate
radial locétion) as the 34 electrons. Analogous éffects should be observed
in all core levels, although the appropriate Coulomb and exchange inte-
grals describing the final state coupling will be decreased due to the
gréater average distance of separation of these inner-core and valence
electrons. An approximate indicator of this decrease is given by the
2po. - 2pf one-electron energy difference for atomic Fe, compared to
the 3sa - 3sp .dif'ference. In the SUHF calculation for line 2, Table II,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
2pl/2 and 2p3/p levels for Mn is " 12 eV, so that two distinct 2p peaks
will be obscrved. In the simplest vector-coupling model, each of these
peaks will be a mixture of o and B electrons, so that, at most, the
experimental expectation would be for a broadening of N 2 eV in the
2pl/2 and 2p3/2 photoelectron peaks. In Fig. 4, we show 2p photoelectron
spectra for Fe metal and MnF2. In analogy with the 3s splittings, we
expect smaller multiplet effects far Fe than for Mn in MnFQ. Ae indicated;
the widths of the MnF2 peaks are 3.3 eV, or "~V 1.3 eV larger than those
of Fe. . This brcadening is not due to surface chemical reaction, as the
3p(1) peak of MnF, is essentially the same width as the 3p(1) peak of
Pe (2.1 eV and 2.3 eV, respegtively). As mentioned previously, simple
broadening or splitting of peaks due to chenical reaction will affect all

.k

core levels in a very similar way. The 2p peaks for iron are also sharper
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in the sense.that they are best described by a Lorghtzian peak shape,
whereas a broader Gaussian peak shape well approximates the MnF2 daté.
Roth these observations are consistent with mulﬁiplet effects of the
expected magnitude on the binding energies of Mn2p electrons in MnFQ.
These XP5 results are also in agreement with splittings observed in x-ray

emission spectra of MnF, and other inorganic solids.21 MnKa, and Ka

2 1 2

x-rays result from the transition 2p3/2 + 1ls and 2pl/2 + 1s, respectively.
Thus, the final state is Mn with a 2p hole, just as in photoemission, and
the couﬁling of this hole with ﬁnpaired 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 MnF,_ x~ray lines

2
of ~ 2 eV,21 in good agreement with both x-ray emission and XPS results.
The experimental widths of the Kal and Ka2 x-ray lines for Man are
very nearly equal,21 in agreement with the equal widths observed in ¥ig.
4. The relative - Kal: Ka2 widths -are predipted By theory to be v L:3,
however.21 |

We also note that splittings of p3/2 electron binding energies
have heen nhserved in the XPS spectra of solids containing Au, Th, U, and
Pu.22 These splittings are thought to be due primarily to crystal-field
effects on metal core electronic states,22 but no detailed theoretical analy-
. 8158 of this data has as yet been complete@. In the bréadest sense of the
term "multiplet splitting," the work reported here and this earlier work22
are representative of similar effects. That is, in both cases, the

ejection of an electron from a single n2 or nfj subshell gives rise

to more than one possible final state, and the different final states have
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different total energies g (cf. Eq. 1). The different ' values arise
from a detailed consideration of the Coulomb and‘éxchange interactions in
these final states, perhaps including contributions from atoms neighboring
the metal atom. However, it is clear that the multiplet splittings reported
here afé_pfimarily dependent on the various possible coupling schemes in

a singlé—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. Caseous Uf Metals

Similar multiplet effects should also ﬁe observed in gaseous mona-
tomic metals with unpaired valence electrons. The interpretation of such
data should be more straightforward, in the sense that crystal-field and
covalenf—bbnding effects need not be considered. 1In particular, Eu,
with a hélf—filled Uf shell, should exhibit multiplet splittings analogous
to those of Mn2+, with a half-filled 3d shell. Treating exchange as a
perturbation, the bsa and UsB one-electron cnergies are predicted to
be dif'ferent by 11.7 eV,23 for example. Unfortunately, the Ls and lp
photoelectron intensities were too weak to permit study of these levels
with the present apparatus. The L4d photoelectron intensity is much higher,
however, and a photoelectron-spectrum in this rggion is shown in Fig. 5.
In order to detect small multiplet effects, we compare the Fulbd spec-

trum with the Ud spectra of the nearby atoms Xe and Yb. The latter two
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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:

28 2L
S7/2°

The basic structure of the hd3/2 - hd5/2 spin-orbit doublet is

0 : 0 1h, 21
Xe - 5325p6 ls, £ - (Xe) b 6s and Yb. - (Xe)lif 6s” “S.
observed for all three spectra in Fig. 5, and the separation of two cor-
ponents is close to that predicted by theory,?o as indicated in Tablg 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 44 hole state such that

Xe Lu Yb
to be expected that T will decrease as the 4f shell is filled.

T, > T, > T, . Because a L4d hole can be filled by Uf electrons, it is

There are however, two peculiarities in the Eu spectrum of Fig. 5:
the left component of the doublet has a lower relative intensity in Eu
than in Xe or Yb, and the shapes of the peaks for Eu are more nearly
Gaussian, as compared to LorentzianAshapes for Xe and Yb. LuF3, a stable
solid compound containing Lu3+ ion; with a hflh lS electron configuration,
was also studied and these results show a Lorentzian line shape for the
two Ud 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 = 1.50:1.00. More accurate relativistic calcu-
lations yield a ratio very close to this.25 This value is in agreement

with the ratios observed for Xe, Yb, and LuF The data for Eu definitely

3"
deviate from this simple model, however. No theoretical free-ion calcu-
: . 1+
lations are availeble for the Eu™ |
3+
Mnj [3p], we expect several possible final states. In the oversimplirfi-

hd] hole state, hut in analogy with

cation of LS coupling, the allowed final states are hdghf7632 9D and
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ha” hf7652 "D, The 9 state can only be formed from a parent term of
7 8. 6. 6 6.

hf7 88. The 'D state can be formed from S, P, D, F, and 6G parent
terms, however. Thus, six photoelectron peaks are pfedicted in this
model. Thé introduction of spin-orbit effects. would no doubt increase
this number. |

'A further peculiarity in XPS results from Eu Ld eléctrons is that

the two-component separation is larger in Eu by Vv 1.0 ev. Experiments

203

on Eu,0, powder yield a separation of 5.7 eV, in good agreement with pre-
[

3
vious measurementslo’26 (see Fig. 6). Intensity ratios cannot be accurately
. derived from the Eu203 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 Eu analogous to those discussed for Mn compounds.

203
Thus, although it appears that the various peculiarities in Euld photo-
electron spectra are connected to multiplet effects, no definite state-
ments can be made without a more detailed theoretjcal analvsis.

The Lf photoelectron spectrum of gaseous Eu is shown in Fig. 7.
An intense peak is observed, with a FWHM of ~ 2.0 eV. The 6s photoelectric
cross section should be very small relative to hf;zs so it is doubtful
that appréciable intensity in Fig. 7 is due to photoemission of 6s elec-
trons. The lifetime of a Uf hole chould also be very long, su Lh;L ény
width of the peak in Fig. 7 ahove the in#trumehtal limit of ™~ 1.0 ¢V
must be due to.some sort of binding energy splitting. LS coupling repre-
sents a reasonable description of photoemission from 4f levels, and ﬁhe

6

final hole state must be a Lf 632 state which acts as a parent term for
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the initial state hel6s° 83 Only the 88 initial state need be

1/2° T/2

considered, as the nearest excited state is ~ 1.5 eV higher in energy

2k

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 hf6652 7F. Spin-orbit effécts will split this final state into
| To To To .. T

various J components. These ¥ F FQ,- s

0’ F6 compbnents are spread

1’
2 ' :
in energy over ™ 0.6 eV, and this is sufficient to explain a good frac-
tion of ﬁhe extra width observed for thefhf'photoelectron_peak. Doppler
broadening will also add a small contribution.of v 0,1 eV width., It is

15 ould yield uf6652 final

also possible that two-electron transitions
- 6, _.
states other than 7F or other final state configurations, such as 4f 6s5d.

Taken together, these effects are qualitatively consistent with the

observed width 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 atoﬁs with unpaired 3d elec-
trons. The largest splittings are "~ 6 eV for the 3s electrons of Mn and
Fe. Free-ion theoretical calculations overeétimate,these 3s éplittings
by roughly a factor of two. Calculations takihg_into account the effects

17

-of covalent chemical bonding ' give excellent'aéreement with experiment.
'The 3p electron binding energiés also appear to show such spiittings,
although:the theoretical interpretation of such data is more complicated.8
The 3s photoelectron peaké for the ferromagnetip metals Fe, Co, and Ni
.élso show evidence of such multiplet effeéts. For Fe, these effects are
identical in both the parémagnetic and ferromagnetic states. The Qb photo-

electron peaks in MnF, show broadening of at least 1.3 eV. These results

2
are consistent with multiplet effects predicted from free-ion calculations,
and alsé agree with splittings observed in x-ray emission spectra.2l
Similar multiplet splittings are indicated in the electron binding
energies of gaseous Eu. The Ld photoelectron peaks for gaseous Eu show
anomalous intensity ratios and shapes when comparéd to similér spectra
trom gaseous Xe and Eu. Tﬁese anomalies appear to be linked to multiplet
SpliLLingé. The width of the Eulf photoelectron.peak can be explained.A

by a consideration of multiplet effects.
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Table I. Transition-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 widths and * 0.15 for intensity ratios.
Values in parentheses have greater uncertainty.

Atom Compound Electron 3s(1)-3s(2) 3s(1):3s(2) 3s(1) 3s(2) 3p(1)

Configuration Separation Intensity FWHM® FWHMZ FWHM2
(eV) Ratio (ev) (ev) (ev)
Mn - MnF, 3a° s 6.5 - ° 2.0:1.0 3.2 3.2 2.1
MO 33° 6s' 5.7 1.9:1.0 3.6 3.5 2.8
MnO,,° 343 bp 4.6 2.3:1.0 3.9 3.9 2.6
Fe FeFBd 3> b5 7.0 1.5:1.0 b5 4.5 3,68
Fe (3d6h52) (L.k) (2.6:1.0) (3.5) (k.0) 2.3
K)Fe(cN) (3d6) _— > 10:1 3.5 _— 2.9
Na,Fe(CN) (3a%) e >10:1 32 e 2.6
Co Co (3a"4s) j— —- b3 -em 2.5
Ni o Ni (3a%us2) (4.2) (7.0:1.0)  (3.2)° (3.2)¢ 3.4°
Cu  cu (3¢"%ust) - > 2001 3.6 - 4.2°

M of symmetric peak shape, excluding asymmetry introduced by the inelas-
tic tail.

bProbably slightly reduced; often a non-stoichiometric compourid.

CFWHM for 3s(1) and>3é(2) constrained to be equal.

dProbably slightly reduced (see Fig. 1).

e'l‘he primary source of increased width for these peaks is spin-orbit

. l.'.t.t‘ - v‘.
splitting into 3pl/2 and 3p3/2 ccmponents.
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Table I1. Theoretical predictions of 3s and 3p electron binding energy
‘ 2+.,.5 6, '

splittings for a Mn  3d” "S initial state. These values are taken from

Ref. 8. The units are eV.

T "
Final state: Mn>" [ 3s ) ‘ Mn> [3p]
Koopmans' Theorem  3so "3sB . 3po. 3pB
Description: hole hole - hole hole
(1) RHF ¥ exchange o4 4 : .
perturbation (Mn™ ) 11.1 0 13.5 0
(2)  SURF (Ma®") 11.3 0 13T 0
e S
(3)  unr, (MnFy) .
cluster (ref. 17) 6.8 0 8.1 0
Multiplet Description: 5S 7S 5Pl 5P2 5P3v 7P
(k)  MHT, Frozen
orbitald 13.3 0 ' 22.h 85 3.6 o0
(5) MHT; Optimized , _ . -
orbitalb 1k4.3 0 23.8 9.4 Lo o

aOrbitals obtained from an RHF caléulation on Mn2* 3d5 6S.

b . . : ' ' 3 -
Values based on multiconfiguration Hartree-Fock calculations for Mn~"[3s ]

and Mn3+[3p].
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5

Table III. Frozen-orbital eigenvectors for the three
+ -
Mn3 3p5 5

P states of

337 = Mn3+[3p]. Bigenvalues relative to the b state are given
in Table II.
State: 5P 5P 5P
E ; 1 2 3
xpansion ‘
coecfficients:
c(d5(6s)p5»5P) 0.816 ‘ -0.110 0.567
R
c(a’("p)p’ °p) ~0.1439 : 0.519 0.733

c(a®("r)p® 5p) -0.375 0.847 0.3s
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Table IV. Summary of results for 44 photoelectron spectra of Xe, Eu, Yb,
and Lu in various samples. A comparison is also made to the theoretical
spin-orbit splitting of kd3/p and 4d5/p components. Accuracies of these
values are * 0.1 eV for separations and widths and * 0.15 for intensity
ratios. '

Ld Lq Theo. = Component L
Sampl component Component spin-orbit separation component
anp-e FWHME separation splitting?. A Theo. intensity
(ev) (ev) (eVv) spin-orbit  ratio
Xe(gas) 1.07° 1.96 2.10 9k 1.47:1.00
Eu(gas) 3.78% .77 5.L0° ~..88 2.44:1.00
Eu,05(s0lid)  3.63¢ 5.73 5.k0¢ 1.06 -
Yb(gas) ~ 5.° 8.43 9.20 | .92 1.49:1.00
Lur (solia)  h.23° 10. 24 10.00° 1.02 1.75:1.00°

*The two hd components were assumed to have equal widths. FWHM values are
for a symmetric peak shape, excluding asymmetr& introduced by the inelastic
tail. | |

bTaken from Ref. 20.

CAnalysis-with Lorentzian-based peak shapes.

dAnalys_is with Gaussilan-based peak shapes.

“Value obtained by intérpolation,from those given in Ref. 20.

f\'I‘he a¢curacy'of this ratio is not as high as.for the other ratios

reported, due to inelastic scattering effects.
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Fig. 1. Photoelectron spectra from MnF5, MnO, and MnOp in the kinetic-
energy region corresponding to ejection of Mn 3s and 3p electrons by
_MgKo x-rays.
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Fig. 2. Photoelectron spectra from FeF3, Fe metal, K)Fe(CN)g and
NauFe(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. 4. 2p photoelectron spectra ffom Fe metal and MnF,. MgKa Xx-rays
were used for excitation. The Fe data have been analyzed into two

Lorentzian components and the MnF, data into two Gaussian components.
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VI. PAPER: ELECTRONIC DENSITIES OF STATES FROM
X-RAY PHOTOELECTRON SPECTROSCOPY™

ABSTRACT

In x~ray photoelectroﬁ spectroscopy (XPS), a sample is exposed to
low enérgy x—fays (approximately 1 keV), and the"resultant photoelectrons
are analyzed with high precision for kinetic energy. After correction for
inelastic scattering, the measured photoelectron spectrum should reflect
the valence band density of states, as well as the binding energies of
several core electronic levels. All featurés 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
(%) ﬁhe‘surface condition of the sample does not appear to be as critical
as in UP5. XP3 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 presént.time, howvever, is approximately a fourfold higher

resolution.

aPaper7delivefed at the 3rd Materials Research Symposium, "Electronic Den-
sity of States', National Bureau of Standards, Gaithersburg, Msryland,
November 3, 1989. To appear in the NBS Journal of Research, under co-author-
ship with D. A. Shirley.
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We ﬁave used XPS to study the densities of states of the metals
Fe, Co,.Ni, Cu, ﬁu, Rh, Pd, Ag, Os, Ir, Pt, and Aﬁ, and also the compounds
ZnS, CdClg,'énd Hg0. The d bands of these solids are observed to have
syétematic 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, Pf, and Au. The d Dbands

of Ag, Ip! Pt, Au and HgO are found to have a similar two-component shape.
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A. Introduction

The energy distribution of electronic states in the valence bandsl

of a solid is given by the density of states function, p(E). There are
several techniques for determining p(E) at energies within ~ kT of the
Fermi energy, Ef, where relatively small perturbations can excite electrons

to nearby unoccupied states. However, because of the nature of Fermi

¢ (in the sense that

statistics, an eléqtron at energy E, well below E
Ef - E >> kxT), can respond only ta excifations of energy Ef - E or.greater.
Because the valence bands are typically several eV wide, a versatiie,
higher energy probe is required to study the full p(E). The principle
techniques presently being applied to metals are soft x-ray spectroscopy

2:3 | on-neutralization spectroscopy (INS),h and photoelectron spec-

5 6,7

troscopy (by means of ultra-violet” or x-ray excitation).

(sx8)

In eachvof these methods, either the initial or the final state
involves‘a hole in the bands under study. - Thus the measuring process is
inherently disruptive. The actual initial and.final states may not be simply
related to the undisturbed ground state,8 and only for this ground state
does p(E) have precise meaning. Even if the deviations from a ground
state'description can‘be néglected, there are complications for each of the

9"35

above techniques in relating measured guantities to p(E).d’3 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

6,7

techniques, x-ray photoelectron spectroscopy (XPS), and apply it to
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several metallic and non-metallic solids. In Sec. B, the principles of
the technique are discussed from the point of view of relating measured
guantities to a one-electron p(E). 1In 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 witn 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 presenﬁed, to
clarify certain trends observed as each d shell.is filled. In Sec. D,

we summarize our findings.

B. The XP3 Method

The fundamental measurements in both ultra-vioclet photoelectron
spectroscopy (UPS) and n—ray phétoelectron_speétroscopy (XPS) are identical
and very simple. Photons of known energy impinge on a sample, expelling
photoelectrons wvhich are analyzed for kinetic energy in a spectrometer. 1In
UPS,5 photon energies range from threshold to " 20 eV, whereas XPS utilizes
pr1mar1ﬁy the Ko f-rays of Mg (1.25 keV) and Al{1.49 kev). fUL a glven absu-
lute energy resolution,'an.XPS spectrometer must thus be "~ 100 times higher
in relative resolving power. We have used a double-focussing air-cored

9 with an energy resolution of Ae/e = 0.06%. Ac

magnetic spectrometer,
is defined to be the full width at half maximum intensity (FWHM) of the peak
due to a flux of monoenergetic electrons of energy €.

Congervation of energy reyuires thal

Eh ol

hy = E o+ e o, (1)

c
where hv: is the photon energy, E* the total energy of the initial

1h' .
state, E the total energy of the final hole state as seen by the ejccted
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photoelectron, € the electron kinetic energy, and ¢C the contact potential

. . 1 .. .
between the sample surface and the spectrometer. - If E" corresponds simply
to a hole in some electronic level j, then the binding energy of an elec-

ho_ E*, where the superscript

tron in level Jj is by definition Ebv =E
v denotes the vacuum level as a reference. The Fermi level can also be

used as a reference and a simple transformation yields

f -
= = . + +
hy = E.~ + € + ¢Sp E+ € qbs

y , | (2)

Y

where Ebf = _F is the Fermi-referenced bindingAenergy, and ¢sp is the

work function of the Spectrometer (a known constant). This transformation
makes use of the relatiéns EbY = Ebf + sample work fuﬁction and ¢c = ¢sp -
sample work function. Positive charging of the sample due to electron
emission cén 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 Fq. (1), we see that the fundamental XPS (or UPS)
experiment measures the kinetic energy spectrﬁm-from which we attempt to
deduce the final-state spectrum. This spectru@ must then be related to
o(E), as'discussed below. |

.InAaddition to p(E) modulated by an appropriate transition pro-
bébility, there will be six major contributore to 1ine$hape in an XPS
spectruﬁ; Together with their approximate shapes and widths for the con-
ditidns of‘our experiments, these are:

"l. Linewidth of exciting radiation--Lorentzian, ~ 0.8 eV FWHM for
the unresélved MgKal,2 doublet used as '"monochromatic" radiation ip this
study. The use of a.bent-crystal moncchromatic might permit narrowing this

in future work.f
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2. Spectrometer resolution--slightly skew, with higher intensity g
on the low—kinetic;energy side, v 0.6 eV FWHM for 1 keV electrons analyzed
with 0.06% resolution. - ;
-3. Hole lifetime in the sample——Lorentéian, v 0.1 to 1.0 eV for -
the cases studied here. | : i
h. Thermal broadening of the ground state--roughly Gaussian, Vv 0.1 eV,
5. Inelastic scattering of escaping photoelectrons--all peaks have
an inelastic "tail" on the low kinetic-energy side, which usually extends
Tor 11U év.or more.
6. Various effects due to deviations of the final state from a
simple one-electron-transition model.
Contributions analogous to (3.), (k.) and (6.) will be common to all tech-
niques ;sed for studying p(E). A UPS spectrum will exhibit analogous
effects from all six causes. In XPS, thére is thu; a present lower limit
of % 1.0 eV FWHM. Core levels with this width are well-described by Lorent- f@
zian peaks with smoothly joining constant taiislo (see Fig, 1), verifying
that the major contribution to linewidth is the_exciting x-ray. The cor-
responding lower limit for UPS appears to be 0.2 to 0.3 eV, éo that XPS
cannot at present be expected to give the same fine structure details as UPS.'

. The effects of scattering of cscaping photoelectrons ((5) above)

5

can be cérrected for in both UPS” and XPS.6 This correction is particu-
larly’siﬁple fﬁr XPS, however, because narrow core levels can be uscd to -
study the scattering mechanisms. As the kinetic enefgies of elcctrons

expelled from core levels 7~ 100 eV below the valénce 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.
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Subject to this assumption,ll we can correct an observed valence
band spectrum, Iv(e), by using an appropriate core level spectrum, IC(E),

' 6,10
as a reference.

If we construct a core levél spectrum in the absence
-of scattering, Ic'(e'), from pufe Lorentzian peak shapes, then TC(E) and
IC‘(E‘) can be connected by a response functioﬁ, R(e,e'). Since XPS data
is accumulated in discrete channels, Ic(e) and Icf(e') can be treated as

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

these quantities being related by
Ic(s) = R(e,e') Ic'(e') . : (3)

If we now make certain physically reasonable assumptions about the form of
R(e,s'), the effective number of matrix elements to be computed can be
reduced to < 100. This permits a direct calculation of R(€,e'). The next
step is to apply R—l(s,e') to the observed valence band spectrum, Iv(s),

to yield the corrected spectrum, I;'(e'). The(Lofentzian<widths in Ic'(e')
are selected to be 0.6 - 0.8 times the observed Qidths so that no appreciable
resolufion enhancement is accomplished by this,correction. In addition to
inelastic scattering, we can also easily allow for the extra peaks present
in any XPS speétrum due to the satellite x—ra&s of the anode, the most
intense of which are Ka3,h. In XPS spectra produced by bombardment with
magnesium X-rays, these satellites produce a doublet approximately 10 eV
above the ﬁain Kal,2 peak and with about lOZ of the intensity of the

main peak (see Fig. 1). The details of this correction procedure are dis-

cussed elsewhere.lo
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The application of this procedure to data on the valence bands of ;
copper is illustrated in Fig.A2. The strong similarity between corrected
and observed spectra indicates the subtle nature of this correction: the
essential shape and bosition of the d-band peak is obvious in the uncor-
‘reécted spectrum. By comparison, this relatively high information content

5

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

An additional advantage-of XPS is that the chemical state of the
sample can be monitored via observation of core level photoelectron peaks
from the sample and possible coétaminants.6' In this way it is possible
to detect chemical reactions occurring in the thin surface layer (v 100 A)
responsible for the unscattered photoelectrons of primary interest.
Furthermore, experimental results for Fe, Co, and Ni indicate that UPS is
more sensitive to surface conditions.6’12

The relationship of corrected XPS spectra to p(E) can Se 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, ana (2) deviations from the one-electron-tran-
sition modél.

' 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 betﬁeen that state and the final continuum state,

oy (8« [Cu[Flvtn + 21 A% ()

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

a continuum electron with energy hv + E. If there are no appreciable
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deviations of the final state from a one-electron transition model, the
corrected kinetic energy spectrum will be related to p(E) by

I'(hv + E - ¢ ) = f o(E")p(E")p" (v + E')F(E')L(E - E')AE' , (5)

00

where O(E') is an average cross section for all states §j at E',
p'(hv + E') is the density of final continuum states, F(E') is the Fermi
functidn describing thermal eicitation of elecﬁrons near the Fermi surface
gnd‘L(E - E') is the lineshape due tolcontributiqns (1), (2), (3), and (k)
discusséd above (essentially a Lorentzian).

Tﬁe factor p'(hv + E') can be considered constant over thé energy
range pertinent to the valence bands, as ﬁhe final state electrcns are
n 1250 eV into the continuum and the lattice potential affects them very

6,13

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

porticnal simply to El/g, This function is‘ohly negligibly smaller for
electrons ejected from the bottom of the valence bands (€ = 1240 eV) than
for those emitted from the top of these bands (g = 1250 eV). This con-
stancy of p'(hv + E') cannot be assumed in the analysis of UPS data, how-

p

ever,

Any changes in G(E) from the top to the bottom of the bands will
modulate the XPS spectrum in a way not simply connected to p{(E). From
Eq. (4) it is apparent that these changes can be introduced by variations
in eithgr wj or y(hv + E) across the bands. The differenc?s in wj
from the top to the bottom of the 3d band in transition metals havé been

~

. 1
discussed previously, ’

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 G(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,
Y(hv + E), between the top and bottom of a band, as a 1240 eV continuum
state should look very much like a 1250 eV continuum state. The effects
of changes in final state wave function on O(E) need not be negligible
in a UPS spectrum, however.

Our discussion up to this point has assumed that the photoemission
process is strictly one-electron; i.e., that we can describe the process
by changing the occupation of only a single one-electron orbital with all
other orbitals remaining frozen. This assumption permits the use of
Koopmens'' Theorem,ls'which states that binding énergies can be equaled to
thé energ& eigenvalues arising from a solution of Hartree-Fock equations.
Or, with some admitted errors,16 the one-elecﬁroﬁ energies nhtained fronm
non—Hartrée—Fock band struecture calculations in whlch simplifying approxi-
matlons nave 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 34 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 léading to these deviations can be separ-
ated into several categories, although we note that there is ‘considerable
overlaf. Tn 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:

'(l) Electrons in the sample may be polarized around a lopalized
.positivé hole, thereby increasing the kinetic energy of the outgoing
electron.s In this way, the entire I(e) spectrum wéuld be shifted toward
higher kinetic energy. Polarization might also occur to a different extent
- for different core levels, for different energies within the valence bands,
and for levels at the same energy in the valence bands, but with different
wave vector. The latter two effects could act to broaden I{(e) relative
to p(E). These polarization effects are schematically illustrated in
Fig. 3b. Polarizations will only affect I(e) to the extent that the
kinetic energy of the outgoing electron is altered, however (cf. Eq. 1).
Since both polarization and photoemission occur on a fime scale of lO"16
sec, it is difficult to assess the importance of this effect. As the
velocity of an XPS photoelectron is v lOltimes that of a UPS photoelectron,
the influeﬁce of polariéation 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
valengé electrons.18 In iron metal, for example, a 3s hole is found to
couple in several ways with the 1ocalize¢ d electron moment, giving rise
to an approximately 4 eV "multiplet splitting" in the 3s photoelectron
peak.l7 Also, it has been predicﬁed that non-localized conduction electrons
should couple with a localized core or valencg hole yielding asymmetric line
shapes in electron and x-ray emission.18 Both of the above effects would
act to broaden I(g) spectra, with the former being more important for sys-

tems with 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 ﬁill be accompanied by strong coupling to plasma osciliatiohs.lg
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
are simultaﬂeously excitgd.go Electrons may be excited to unoccupied bound
states or they may be ejected from the sample, and thié 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 géseous molecules,22 but
it is'diffiéult to estimate their importance in solids. A classical calcu-
lation indicates that for such heavy atoms as transition metals, the recoil

7

energy aﬁailable for such excitations in XPS is < 10"2 eV. 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 broadeniné and
shifting to lower kinetic energy of features observed in the valence-band
region. This cffecect is schematically indicated in Fig. 3e.

For several reasons, then, XPS seéms to be capable of giving more
reliable information abou£ the overall shape of p(E) than does UPS.
However, the present XPS linewidth limit of 1.0 eV precludes determination

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

tions in mind, we now turn to a detailed study of the XPS spectra for

O

EFn

f

¢
i
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several solids. We note also that the XPS method is applied to p(E)

23,2k
studies in two other papers of these proceedings. 3,

C. Dehsity~of—States Results for Several 3d, 44, and 5d Series Solids

1. Introduction

Figure L4 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 and HgO to illustrate the positions,

2,
widths, and shapes of.filled core-like 3d, 44, and 5d shells.

Ultra-high vacuum conditions were not attainable during our XPS

measurements, as the base pressure in our spectrometer is approximately

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

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

6,7

photoelectrons extends only about 100 A in from the surface. This depth
is not accurately known, however. Because the contamination cdnsists of
oxide formation as well as certain adsorption processes with lower binding
energy for the contaminant, all the metal samples were heated to high

3 - 1072 torr) during

temperature (700-900°C) in a hydrogen atmosphere (10~
the XPS measurements.6 These conditions were found to desorb weakly-bound
specieé, and to reduce any metal oxides present.

As mentioned previously, it is possible to do in situ chemical
analyses of the sample by observing core-level photoelectron peaks from
the metal and from all suspected contaminants.6 For all metals, the most
important contaminant was oxygen, which we monitored via the oxygen 1s
peak. Because core electron binding energies are known to be sensitive

1,75

to the chemical state of the atom, the observation of core peaks for

metal and oxygen should indicate something about the surface chemistry of
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the sample. The intensities of contaminant peaks should also be a good
indicator of the amounts present. Figure 5 shows such results for iron.
At room temperature, the oxygen ls peak is étrong, and it possesses at
least two components. The iron 3p peak is also complex and appears as a
doublef due to oxidation of a thin sﬁrface layer of the sample. As the
temperature is increased in the presence of hydrogen, the oxygen peak
disappears (tﬁe right component disappearing first) and the left component
of the iron'peak also disappears, leaving & 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
oxiée, the right oxygen peak (lower electron binding energy) represents
oxygen present as more loosely bound adsorbed gases, and that the left iron

6,25 Thus

péak (higher electron binding energy) represents oxidized iron.
at the highest temperatures indicated in Fig. 5, we could be confident
that we were studying iron metal. Similar checks were made on all the
other metal samples and oxygen can be ruled out as a contaminant for every
case except Pd. (We discuss Pd below.) For example, the core level peaks
for Ru and Ir shown in Fig. 1 do not indicate any significant splitting or
broadening due t§ chemical reaction. The results presented in Table I
indicéte similar behavior for all<m¢tals studiéd. The carbon ls peak was
also observed and found to disappear for all cases at the temperature of
our measurements.

All metals were studied as high purity polycrystalline foils, except

for Ru and Os, which were studied as powders.lO

e e
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The non-metallic samples (ZnS, Cdcl,, and Hg0) were studied as
powders at room temperature. Boﬁh consideratioﬁs 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
AlKo 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 diséri—
bution peculiar to the experiment (e.g., the UPSA"optiFal deﬂgity of
states",5 or the INS "transition density function"h), which is related to ‘
p(E) in some way (e.g., by our Eg. 5).

The location of the Fermi energy was determined with Eq. (2). This

determination was checked against photoelectron peaks from a Pt standard.1U

Our estimated accuracy in determining E_, 1is *0.5 eV, so that precise

f
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 4 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.
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2. The 34 Series: Fe, Co, Ni, Cu and Zn i

Qur results for Ye, Co, Ni, and Cu have beén published elsewhere,
but it is of interest to compare them with more recent results from theory

3,12 There are now enough data available that it is

and other exﬁeriments.
worthwhile to discuss and compare results for these iron group metals indi-
vidually, as Eastman12 has done.,

2;1. Iron (bec)

'Hanzeley and Lief‘eld3 have studied Fe; Co, Ni, Cu, and Zn using
soft x—ray‘speétroscopy (SXS). Their results for Fe, together with East-
man's UPS resul‘ts12 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
less reliable in the dashed portion, for E < Ef—h eV.12 With these quali-.
ficationé, 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 Jjust below E and dropping more or

f
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,
probably due to spurious effects.3 There is little coincidence of struc-
ture, althbugh the maxima for XPS and 5XS coincide fairly well. A shift '
of v 1 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 thét great.

we
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In Fig. éb, the XPS results are compared to the one-electron theo-
retical p(E) calculated by Cc;nnolly26 for ferromagnetic iron. The.
‘theoretical o(E) has been smeared.at the Fe?mi surfacé 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 in a one-electron
model (i.e., Eq. 5 with G(E') and p'(hv + E') constant). The agreement
between theory and experiment is good; parti;ularly-above Ef—S eV. The
XPS (or SXS) results give somewhat higher intensity below Ef-S eV than
theory. We note that hybridization of the 4 bands can lead to signi-
ficant broadening of the theoretical p(E) of Ni.lh A similar sénsitivity
of the iron pP(E) to the amount of hybridization could accéunt for thé
discrepancy in width between XPS and theory.

Our reason for comparing experimental results to ferromagnetic

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

ments on ferromagnetic metals, no significant differences are observed

between X$¥§’17 and INSh results obtained above aﬁd.below the Curie tempera-
ture (Tc, where 1ong-ranée ferromagnetic order should disappear). Further-
more, exchange-induced splittings of core electronic levels in iron are the

17

same ébbve and below TC. It thus.appears that localized moments persist
above TC for times at least as long as the duration of the photoemission
process. Local moments might be expected to affect the kinetic energy
distributions of electrons ejécted from valence bands and core levels in
much thelsame way, independent of the presence of long range order. Thus
a comparison of experiment with a paramagnetic p(E) may be a priori

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

account in an approximate way. Eastman12 has also noted that UPS results
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for Fe, Co, and Ni below Tc are in general in better agreement with ferro- &ﬂ
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 curvés in Fig. Ta. The comparison is quite similar to that for iron.
Good overall agreement is apparent, with less agreement in detail. Eastman's
UpPS curves12 in both cases show structure near the Fermi energy that is
missing from the SXS3 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 cur&e lies between the other
two for Co as well as for Fe. One index of agreement among the three curves
in ihe full width at half-maximum héight, which'is about 3, 4, and 5 eV for
5XS, XPS, and UPS, respectively.

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

27

retical curve of Wong, Wohlforth, and Hum for hep Co (our cxperimentc

were done on ﬁgg Co, for which no detailed theoretical results are avail-
eble). The theoretical curve has been broadened in an analogous fashion
to that for iron. The agreement is good for E > Ef-3 eV, but the XPS
results are somewhat high below that point. In fact, the overall agree-
ment is probably best between theory and SXS (cf. Fig. Ta).

2.3. Nickel (fcc)

Experimental results for Ni are presented in Tig. 8a.j’l£ We note
a slight decrease in the XPS results in the region E < Ef—h eV relative

. 6
to our earlier work. This decrease is due to a more accurate allowance
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for a weak inelastic loss peak appearing at v 5 eV below the primary
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. Ba were obtained from measurements of
L x—rays.3 Similar work on M x-rays (for which transition probability
modulation may be a smaller effectz) shows somewhat more fine structure
and a FWHM of v 3 eV,2 agreeing rather well with XPS. Nickel has also been
investigated by INSh and a smooth peak of roughly the same position and
width as the XPS peuak 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

2,12

previously. The FWHM of these- estimates vary from v 3 to 4.5 eV, with

the smallest width coming from an unhybridized calculation.lh In Fig. 8b,
we compare our XPS results to a hybridized, ferromagnetic p(E) for Nilh
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 fhey would agree in width

with the unhybridized p(E)lu

), 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

. . 12
with Fastman's conclusicns.
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2. 4. Copper (fecc)

12,28 SXS,3 and XPS are shown in

The experimental curves from UPS,
Fig. 9a. There is agreement in that all curves show a peak between 2.3

but with UPS showing more detailed structure and a

12,28

and 3.3 eV below Ef,

somewvhat uncertain overall width. The widths and shapes of XPS and

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

(A more accurate Ef location has shifted our XPS curve relative to our
previous results.6) In recent UPS work at higher photon energy
(hv = 21.2 eV), Eastman>” 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 photoﬁ'energy in the UPS measurement causes the results to look a great
deal more like those of XP3. Copper has also been studied by INSh and
the results for the d-band peak afe in essentiai agreement with XPS and
SXs.

In Fig. 9b, we compare a broadened version of the thearetical
p(E) due to Snow-" with our XPS results. 'The agréement is excellent,
and would also be so for SXS if we permit alshift of v1 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
nofe that the relativeAintensities of the various features noted do not
in fact coincide with theory.
2. 5. Zinc (as ZnS)

Zige has bLeen studied by X0 only in compoeunds, becauac of the

difficulty of obtaining a clean metallic surface. Ve present results for

.
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ZnS in Fig. 10. The 34 electronic states show up as a narrow intense

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

: 2
of this peak from Ef may be too large, because of charging of the sample. 5)

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

3,and a peak of FWHM = 1.45 eV, at 8 eV

zinc have been studied also by SXS,
below Ef, was obtained. Thus XPS and SXS are in good agreement on the

width of these core-like 34 states, which are ohly about 10 eV below Ef.'

3. The Ld Series: Ru, Rh, Pd, Ag and Cd

The corrected XPS spectra for the four mgtalé Ru, Rh, Pd, and Ag
are shown in Fig. 11. The metals are discussea separately below.
3. 1. Ruthenium (hcp)

Our results for Ru are characterized by a single peak of v L.9 eV
FWHM. The high -energy edge is Quite sharp, reaching a maximum value at

about E_-1.7 eV. The peak is rather flat, and there is some evidence for

f
a shoulder at Ef—h.s eV. The peak falls off more slowly with energy on

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

£
were quite narrow, as indicated in‘Tabie 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. Rhodium (fcc)

The XPS-derived p(E) can be described by a single triangular
peak, Ve;y'steep on the high energy side, and reachiné a maximum at
B —1.3AeV.‘ There is little evidence for structure on the low energy side,

£
which -falls off monotonically. The peak FWHM of ~ L.k eV is slightly
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smaller than that for Ru. No other‘experiméntal or theoretical results
on Rh are available for comparison.
3. 3. Palladium (fee)

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 6ccurs at Ef—l.7 eV, The high-energy édge 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 E,.

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—lO eV, arising from oxygen present as a surface contaminant. Samples
of Pd were heated in hydrogen to approximately T00°C and then studied at
this temperature with either a hydrogen or argon atmosphere. It was not
possible under 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 contamipation on the valence band XPS spectrum of
certain metals appears to be a sharp peak at Ef-lo 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 porrect our Pd
results for this peak (which does not affect the region shown in Fig. 11).
A recently obtained uhcorrected XPS spectrum for P43 is in good agreement

31

with our resulls.

Palladium has also been studied by UPS,‘M"“j 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, Dimmoék, and Furdyna.3h The upper pértion 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 cufve. The agreement
between XPS and theory is good, although fﬁe shape of the peak is somewhat
differcnt.

3. L. Silver (fcc)

Qur results for Ag also appea}.in Fig. li. They differ in several
respects from the Pd curve. The d bénds are filled and below Ef, giving
rise to a narrow peak (FWHM = 3.5 eV) with ité most intense component at
Ef—S.B eV. The edges of this peak are quite sharp, in view of the instru-
mental contributions ot XPS. The 34

and 3d levels of Ag are also

3/2 5/2
very narrow {see Table I), indicating no spurious linewidth contributions
from instrumental or contamination effects. There is also strong evidence’
for a weaker component at v Ef46.6 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 4 bands‘of'several 5d metals and
we discuss the possible significance of this below (Sec. E.).

5,29,35

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

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

present time.
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3. 5. Cadmium (as C4Cl,)
A corrected XPS-spectrum for CdCl2 is shown in Fig. 13. The La
peak appears at v Ef-lh.S eV and the valence bands fall between roughly

5 and 10 eV below Ef.

The U4d 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 and d qohponents). There is no evidence for

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

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

(see Sec. 4. 5.).

4., The 54 Series: Os; Ir, Pt, Au, and Hg

A 'The corrected XPS spectfa for the metals Os, Ir, Pt, and Au are'
shown in Fig.‘lh.
4. 1. Osmium (hcp)

He#agonal Os giveé a valence band spectrum simiiar to that of
hexagonal Ru. As in the Ru case, the Os peak rises sharply near Ef to
a plateau beginning at Ef—l.Y eV. The flat region of the Os peak extends
over appr;ximately 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 proximify of the very intense Osif ievels in energy
(See Table I). These core levels appear to interact with very weak Mg

.x—rays whose energies are as high as v 1300 eV, giving rise to photoelectrons
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in the same kinetic energy region as. valence bands interacting with the
1250 eV MgKOtl,2 x-rays. Similar problems were encountered with Ir, but
-they do not affect our conclusions as to peak shapes and structure. An
additional problem was encountered in correcting for the MgKaB’h X-rays
in both Os and Ir, as the low intensity‘5p1/2 and 5p3/2 photoelectron peaks

overlap the a,

), Tregions of the reference Uf peaks. For example, this
Js .

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

L. 2. Iridium (fcc)

TheAcorrected XPS resﬁlts for iridium are similar to those of Os
in overall shape and width, but give evidence for two peaks, at approxi=-
mately Ef-l.S eV and Ef—h.S eV. This two-peak structﬁre is even clearer
in the uncorrected XPS spectrum for Ir shown in'Fig. 15. Thé higher-energy
peak appears to be narrower, and, with allowance for this, we estimate
the two peaks to be of roughly equal infensity.

L. 3. Platinﬁm (fec)

Our corrected XPS results for Pt exhibit two partially-resolved
peaks at Ef—l.6‘eV and Ef—h.o eV, with the more intense component lying
nearer Ef. The steep slopes of our speétra 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 dwbands 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

37

calculations of Mueller et al. are shown in Fig. 16, together with our
data. The theoretical p{(E) is also shown after broadening, to facilitate
cbmparison. 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 P4 in Fig. 12.
(Relative intensities are arbitrary in both of these figures.) In addition,
the band;structure calculations give 2 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 (fce)

The d ©bands of gold are filled and should lie several eV below
Ef, as our results in Fig. 1k inﬁicate. Two peaks arc 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 higher intensity peak at Ef—h.i eVv.
Apart from this, the shape of the d-band peak for Au is very similar to
that for Pt. -

Gold has also heen studied by means of UPS.29’38

38

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

In experiments

components at Ef-3.h eV and Ef—6.l eV. The companent at -3.4 eV is alco
8 .

observed to be split into a doublet,3' perhaps accounting for its extra.

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

hv = 26.9 eved (but not corrected for inelastic scattering) looks vecry
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much like our XPS results, again indicating. that with increase in photon
energy, UPS results convérge rather quickly to thosé of XPS.

There are no theoretical p(E) estimates at present available
for Au. |
L. 5. Mercury (as HgO)

In HgO, the filled 54 levels should be tightly-bound and core-like.
Figure 17 shows a corrected XPS spectrum for HgO, in which the 54 levels
appear as a doublet whose components lie 13.6 and 12.0 eV below Ef.
Valence bands overlap fhe high energy edge of the d peaks and exteﬁd to
Ef—5 eVv. Thevintensity ratio of the two 5d peaks, as derived by least;squares
fitting of Lorentzian curves to our data, is 1.4:1.0. The séparation and

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

3/27%/2
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
3d3/2—3d5/2 core levels of the 44 metals in Table I follow this rule to
within experimental accuracy (#0.1)). Thus the'Sd 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 valenée band spectra, as well as the width of
the peak due to the d bands and (where observed) the separation of the

two priméry components in this peak.
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Within a 3d, 4d, or 5d series, the XPS results show systcmatic
variation, giving somewhat wider d bands for Fe, Ru, and Os than for
Cu, Ag, and Au, respectively, and even narrower core-like states N 10 eV
below Ef for ZnS, CdClQ, 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
broadenedvby the coupling of a localized hole to localized d electrons17
(see Fig. 3c and Sec. B). The Ud bands studied are only slightly wider
than their 3d éountcrparts; 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 similérity
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 alloﬁ for partial filling of
the 4 bands, then this model would apply. Thc peaks for Rh and Pd are
too wide to be represented by a Ag p(D), but the shapes of both could be
very roughly apbroximated in this manner. The similarity of the two-peak
‘structure for the three metals Ir, Pt, and Au gives more cvidence for the ‘
utility of a rigid baﬁd model, especially as the uncorrected results for
Ir (Fig.. 15) show a narrower peak near Eo (as though it were a broadcr
peak cut off by the Fermi energy). The application of this model to the
prediction of the experimental g(E)'s for Ir and Pt-is shown in Fig. 19.

The predictions are reasonably goocd. 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 per se.

' The two—componeht structure observed in the d-band peaks of Pt
and Au is very similar to'the unresolved structure found in Ag. That is,

a more intense component appears nearer E To estimate the intensity

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

The ratios and separations so derived are: Ag--1.51:1.00, 1.8 eV,
Pt——l.60:l:00, 3.3 eV; and Au--1.48:1.00, 3.1 eV. 'As our accuraEy in
determiping these ratios is Vv tO.l,vthey could all be represehted 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 4
level (e.g., the 5d levels of HgO). Thus, one might argue that as the

kd and 54 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 1.5-2.5 times larger than free—atoﬁ theoretical spin-
orbit splittings,36 but the various perturbations of the lattice might be
fesponsible for this."Speaking against such a siﬁple intefpretatioﬁ,

29,38,

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

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

f
29,32 In view of

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

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

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

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

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

agreement with XPS results than previous studies using a range of lawer
28,35,38

photon energies. 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 quickIy 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 soclids seems
to indicate that reliable information about the overall shape of n(®r)
can be obtained. The results show systematic behavior with changes in
Z and crystal structure and agree qualitatively and in some cases guanti-
tatively with theoretical predictions for both unfilled valence &
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
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density, ana are less susceptible to the effects of surface contaminants.
UPS results at photon energies 2 20 eV appear to bé more reliable indi-
cators of p(E) in the sense that they agree betterlwith the rough out-
line predicted by XPS. The need for further work ;t 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

ASolid Reference level bind- conH¥e$:1sb d-band 2 components in
core levels ing energy?2 (V) peak d-band peak
(ev) (ev) (eV)
3p ' ‘
1/2-3/2 . _
Fe (unresolved)® 22 - 2.3 A b2 ‘
Co " 57 2.5 4.0 .
Ni " 66 3.h 3.0 —
Cu " 5 L2 3.0 -
ZnS " 90 5.k 1.7 -
Ru 3d3/5_5/0 280 1.1 : k.9 -
Rh " 307 1.3 bk —_—
Pd " 335 1.3 b1 -
Ag o 368 ' 1.0 3.5 1.5-1.8
cac1, " 408 1.2 2.0 -
0 1. ' 6.5 -
Os hf5/2_7/2 5 3 ]
Ir "o 60 1.k 6.3 3.3
Pt " T1 1.5 5.8 3.3
Au - " 8L 1.2 ST 3.1
HgO " 103 1.5 3.8 1.8

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

quual widths assumed for both components in the least-squares fits for 3d
and 4f levels |

®The 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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Fig. 1. Core level photoelectron speectra produced by exposure of Ru and
Ir to Mg x-rays. The levels are Ru 3d3/2—3d5/2 and Ir hfs/g—hf—(/g.

The peaks due to the MgKajy o and MgKa3, L x-rays are noted, as well as
the tail observed on each f>eak due to inelastic scattering. The analy-
sis of these spectra into pairs of Lorentzian-based shapes 1is described

in the text and Ref. 10.
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Fig. 2. Valence band photoelectron spectrum produced by exposure of (n
to Mg x-rays, togethcr with the corrected spectrwn obtained after
allowance for the effects of inclastic scattering and MEK“3,h X-rays
in the raw data. A peak due to the 3d bands of Cu is the dominant
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
encrgies, with relative intensities determined by appropriate photoelectric
cross sections; (b) the effect on spectrum (a) of polarization around a
localized-hole final state; (c) the effect on spectrum (a) of strong
coupling between a localized hole and the valence electrons (note the split-
ting of the 3s level); (d) the effect on spectrum (a) of two-electron
excitation during photoemission; and (e) the effect on spectrum (a) of
phonon excitation during photoemission.
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26 3d%4s427 3d"4s%28 3d%4s429 3d%s'|30 3d'%s?|
Fe Co Ni Cu |  Zn
bcc fcc fcc fcc - -

44 4d75s'|45 4d%5s' |46 4d'°|47 4d'95s' |48 4d'%s?
Ru Rh Pd Ag Cd
hép fcc fcc fcc - —

76 5d%6s2|77 5d° |78 5d'°|79 5d'%s!'|80 54d'%s2
Os Ir Pt Au Hg
hcp fcc fcc fcc - -

XBL701-2073

Fig. 4. The portion of the periodic table studied in this work. The

. atomic number, free-atom electronic configuration, and metal crystal
Zn, Cd, and Hg were studied as compounds.
crvstul structures are those appropriate at the temperatures of our

structures

are given.

metal experiments (700-900°C).
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Fig. 5. Oxygen 1ls and iron 3p photoelectron vezks from metallic iron at
variocus temreratures in a hydrogen atnmospyhere. Iiiote that the Fe3n
corponent a2t lcwer kinetic energr (an "cxide" peak) disarrears at
high temperature along with the 0ls peaks. ’
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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
Mgkn3 ) x-rays. In (a) the XPS data are compared with UPS (Ref. 12)
Sxs (Ref. 3) curves. In (b) the XPS data are shown together with

& theoretical curve obtained by broadening the ferromagnetic density-
of-stules function of Ref. 26. Right ordinate is thousands of counts
in the XPS data.
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11. Corrected XPS spectra for the L3 metals Ru, Rh, Pd, and Ag.
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"(ef. Table I). The peaks for ZnS, CdClg, and HgO lie at
E-E, ~ -13 eV, -14 eV, and -12 eV, respectively.
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Fig., 19. An attempt to reproduce the shapes of the experimental XPS
spectra for the 5d metals Ir, Pt, and Au from a Au-like rigid band
density of states. Vertical scales are arbitrary. Iote that the
Ir experimental curve does not fall to as low a value as Pt or Au.
at low energy due to spurious sources of photoelectron intensity
(see text).
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APPENDICES

‘A. Ineiastic Scattering ahd Satellite X-ray Correction

Two programs are necessary for this correétion, one to calculate
the response matrix R from Eq. (26) with the model of Fig. 22, and a
second fo calculate ;v'(e) from Eq. (25). Each of these programs will be
briefly described, and ihe input formats listed.

1. Response matrix calculation

In the N-channel core-level photoelectron spectrum Ic’ the peaks
to 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 a3’h peaks. The.statistical scatter in Ic should
be as low as possible. Generally data with a scatter of "~ 1% of the peak
heights were used. Ic is read in as data and stored in the arrays TEMP
and XDIST.. The Ic data is also smoothed ICAV times, with a 1-2-1 weighting

. e s = = + 0. +
over three points for each smoothing; i.e., lc,i (Ic,i—j 2 Ic,i
)/h..

I(:,i+l~ _ .
IC; is then computed frem positions and widths input for the

Lorentzian peaks, and stored in the array TDIST. The parameters for these
peaks are usually derived from.a least-squares‘fit of the IC data using
the program described in Section IV.A. Widths equal to 0.6-0.8 times the
IC widths are used for the peaks in IC'. This factor can be checked by
calcﬁiating R using different widths. As the width in IC' becomes larger,
R must approach a delta function in behavior and usually becomes negative

"in the regions adjacent to the peak near R(If) (see Fig. 22). The largest

width consistent with no significant negative elements in R should be used.
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In this way, no significant attemét is made to enhance the fundamental
resolution of the spectrum. Only inelastic scattering and satellite x-rays
are corrécted for.,

With M and L under input control, the use of Fig. 22 permits

rewriting Eq. (26) in the following way:

"Ile ﬂAll Apm v Al,M—L— [ R(11) |
Ieo a1 ol ; - R(L+2)
= : | | R(Q—l) | (20
| R(2N+1) |
Lew Ay AN,M—L-
The elements Aij are appropriate sums of the elements in IC'. They are

stored in the array REDMAT. This system of N equations in M-L unknowns
is solved by a leasl-squares subrouline (FLOQG).

The 2N-1 element vector describing R is then generated as the array
R1VEC, and the elements of this vector ére smoothed IRAV1 times with a
l—2-i weighting. The matrix R is then constructed, and a solution vector
S ﬁ'RIc' oﬁtained. The difference IC—S is smoothed ICAV1 times and used

to obtain a correction to R from
=8 = R'1 ! ' .
Ic 8= R'L, . (28)

The R' calculation is exactly the same as that for R. This cycle is repeated

ITTL times, so that the final R ig the result of several iterations.
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The inputs for this program (MATIT2) are as follows:

(1) NRUN; FORMAT (IL). Thé number of matrices to be derived.
Tﬁe inputs below are repeated for NRUN sets.

(2) TITLE; FORMAT (8A10). A one;card title used in labelling
output.

(3) TIIT1, ICAV1, IRAV1; FORMAT (3IL). IIT1 is the number of
iterations used in th¢ solution for R. ICAV1 is the number‘of times Ic
or S is smbothed. IRAV1:- is the number of times K is smoothed at each
iteratiop.‘ Generally, IIT1 = 5, ICAV1 ¥ 3, and IRAV1 ¥ 3.

(4) .N, NAV, NPU, L, M; FORMAT (5IL). N, L, and M are defined

above. N must be odd and less than 125. M-L must be less than N. NAV is
used to average err the poiﬁts of an experimental spectrum to decrease
the dimensionality to N. Successive groups of NAV points are treated as
their average valﬁe. The use of NAV is only necessary for troublesome
caseé. Usually, NAV = 1. If NPU is non-zero, punched-card output is
generated for the final R solution.

(5) WYEMP; FORMAT (2X lUFT.O)t An array équ1Va1ent to L , With
N*NAV < 250 entries. After averaging, Ic is stored in XDIST and has N
dimeqsions.

(6) X1, X2, Al, A2, FWHM; FORMAT (10F8). X1 and X2 aré the loca-
tions in channels of the two core level peaks in TEMP(=.IC)- Al:A2 is
the intensity ratio of the two peaks. If only onc pcak is used, sct
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 10F7.0). A vector with 2N-1 elements,

used as an initial guess for R. 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-

5

lation, set one element equal to 10" 7 and all others equal to zero.

2. Correction of Spectra

This program solves Eq. (25) for I,'- An exact solution of the N
equation in N unknowns 1s used in one version (FINISl).' In a second version
(FINIS2), the number of independent elements in I,' is reduced and Eq. (25)
is solved by a least-squares subroutine (FLSQS). FINIS2 provea to be use-

ful for certain casés with unphysical oscillations in Iv as caiculated by
FINISl1l., 1In FINIS2; the first M elements of Iv' (in the inelastic tail
region) are taken to be a linear interpolation of the lst and Mth elements.
Also,Aevery 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 (8A10). A one-card title for identification of R.

(3) ‘N, NPU, NCH1, NSMUF, NSMCF; FORMAT (5I4). N is defined above and
muét be odd and less than or equal to 125. If NPU is non-zero, punched-
card output for the corrected spectrum is generated. NCH1 is the eleﬁent
in RVEC (see below) to be used as R(1) (cf. Eq. (26)). NCH1 should be choc-
sen so that R(N) is at the peak position in RVEC. If N is the same for
both IC and Iv’ NCH1 = 1. NSMUF and NSMCF are the number of 1-2-1 smooth-
ings applicd to the uncorrected spectr'.;xm..Tv and the corrected spectrum IV',

respectively. HSMUF and NSMCF =~ 3.
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(L) RVEC; TFORMAT (2X 10FT7.0). The vector of the response matrix
as derived in program MATIT2. Punched card qutput from MATITZ'can be used
as input'here. The number of elements in RVEC must be = 2N-1 and < 250.

(5) RATIO; FORMAT (F8). The ratio of the energy interval between
éléments in Iv to that in the response matrix. RATIO = Iv iﬁterval/Ié
interval. This is used to scale RVEC for use with Iv'

" (6) N2; FORMAT (14). The number of I, spectra to be corrected by
a given R. The next two inputs are repeated N2 times.

(f) TITLE; FORMAT (BA10). A one-card title for identification of

(8) UFDIST; FORMAT (2X 10F7.0). The I, to be corrected, con-

taining N elements.

B. Broadening of Theoretical Densitics of States

_ A program was written to broaden theoretical densities of states

in order to obtain more meaningful comparisons with experiments. A similar

76

procedure has been used by Cuthill, McAlister, Williams, and Watson.

This program multiplies the theoretical p(E) by the Fermi function,

1

= — , (
e(E_Ef)/kT+l '

F(E)

r
D
S

calculated for the temperature of'the experiment. Any small shift in the
Fermi energy due to temperature is also allowed for.b The resultant high-
temperature p(k) is then broadened with a Lorentzian lineshape of wvariable
width. This width was ﬁsually 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 eigenﬁectors
of a Hamiltonian including Coulomb and exchange terms for a set of states
 ps 5 PRI 5,.5
specified by the same L and § (e.g., the three “P states of Mn 3p73d7).
The program reads in the appropriate Slater Fk and Gk integrals,3 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. 1. Diagram indicating the effect of the contact potential between
sample and spectrometer on electron kinetic energy.
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2. Photoelectron spectrum due to excitation of Cls electrons in
graphite by Mg x-rays. The intense peak is due to excitation by MgKo,
and MgKop 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 MgKB x-rays. The lower
intensity a7 and ag satellite groups are not indicated, but they
appear near the og and 0g 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 tubc and sample holder for room
temperature solids in place.
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XBB 702-838

Fig. 5. Sample holder for room temperature solids.
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Chem 3997

Fig. 6. X-ray tube, assembled.
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Chem 4000

Fig. 7. X-ray tunhe, disassemhled,
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Chem 3998

Fig. 8. Close-up view of cathode, showing coiled filament.
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XBB 697-4712

Fig. 9. Overall view of sample holder for high temperature
solids.
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XBB 697-4714
Fig. 10. Lower portion of sample holder for high temperature
solids, partly disassembled.
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Fig. 11. Cross section of oven for high temperature gases, showing
relative position of x-ray tube during operation. The cross-hatched
area in the central cavity is the only area effective in producing
photoelectrons.
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XBB 702-839

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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XBR 702-840

Fig. 16. Glass channel electron multiplier used for detection
(cf. Fig. 3). The overall diameter of the multiplier is
. D CHY
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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. TFig. 18).
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Fig. 20. Families of peak shapes with exponential tails smoothly-connected
at different points €;-b. Lorentzian- and Gaussian-based families are
shown.
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with constant tails to a photoelectron spectrum from the Nels electrons
in Ne(g). MgKa x=-rays were used for excitation. This figure is
computer-drawn.



~

=177-

BINDING ENERGY (EV)
280

T aa %— ZZf;L 2680
GRAPHITE: C1S
10 LDRENTZ.+CONST. TAIL A
-1 -
(-]
S )
Lo
T 1
4
w e «
(5]
[=}
© s 4
N oL <
2]
z
3 3 s
o
(8]
2+ 1
1 .
0 " j PR — — a1 " L
950 560 570 3580 3550
KINETIC ENERGY (EV) )
BINDING ENERGY (EV)
P 230 280 27Q 260
GRAPHITE: C1§
‘°L GAUSS .+CONST. TAIL b
9l 4
]S 4
o
Lo
?F -
o
w 6 ©
w
[=)
@ s J
o 4
(%]
-
z
z | d
a
o
. 2k -
£l -
ol —_— 1 ——— A A A L S L
asq, 960 370 380 350

KINEI1U ENERGY (EV)
XBL 703-633

Fig. 21b. Least-squares fits of Lorentzian- and Gaussian-based peak
shapes with ronstant tails to a photoelectron spectrum from the Cls

electrons in graphite. MgKo x-rays were used for excitation.
figure is computer-drawn.

This



-178-

e

Elements Elements | Elements
Mto 2N-1  [L+| toM-I | ItoL=0
T ~ linear independent

R(k)

R |
2N-1 M N L I
k

XBL703-2532

Fig. 22. Model used to reduce the number of independent elements in a
response matrix from 2N-1 to M-L < N. The 2N-1 R(k) values uniquely
specify the response matrix.



=179~

2F
Ag response
matrix
= .
o
o) 1 JI \_ /\/\l ]
2N-| M N L ,
=249 =|35 =25 =82
‘—k XxBL703-2524

Fig. 23. R(k) values derived for Ag metal from a 3d3/2—3d5/2 core level

photoelectron spectrum.



LEGAL NOTICE

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

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

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

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