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

Charles Sherwood Fadley

ABSTRACT

:X—ray photoelectron spectroscopy (xps) is applied to two separate

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

ére preéented for metal-atom electron binding energy splittings duevto
ﬁultiplet effects in the final hole state of the measurement. Such split-
tings‘afé observed in several solid compounds containing Mn and Fe, as well
as in Fe metal, Co metal, and Ni metal. The 3s electron'binding energy

is split:into two éomponents wiﬁh a separation as large as 7.0 eV. The
instrumental resolution is v 1.0 eV. Theoretical predictions are in good
agreement with these‘SS results, provided that -the effects of covalency in
chemical bonding are taken into account. 2p éﬁd.Bp electron eﬁergies also
appear:to exhibit such splittings. . XPS results'for monatomic Eu also give
evidence:for muitiplet effects. Photoelectron peaks dué to the Eu hd and
hr eleétrons-show certain anomalies in shape and width that are consistent
with multiplet splittihgs. (2) The application of XPSvto studies of the
valéﬁcé—band densities of states df sclids is discussed. A éomparison is
made to the closely related experimental téchniqué, ultraviolet photo-
electron spectroscopy. XPS results are ﬁresented for the fifteen solids:

Os, Ir, Pt, Au, and HgO. Where

Fe, Co, Ni, Cu, ZnS, Ru, Rh, Pd, Ag, CdCl,,

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

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

states for these solids., In particular, the d bands of Ag, Ir, Pt, Au,’
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and Hg0 all show a similar t&o-cpmponént structure. With the present

resoiution, XPS results appear to repre#ent‘a goéd‘de3cription'of the

dveyall shape of the'density—of—states function. |
Spécial experimental equipment and data analysis techniques necessary

fér tpese 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 inelasfic scattering

and a non-monochromatic x-ray source.
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I. INTRODUCTION

Photoelectron spectroscopy represents a recently-developed experi-
mental technique for fhe étudy of atoms, molecﬁles, and solids. The funda-
mental experiment consists of bombarding the sample to be studied with
nearly mohoenergetic photons and measuring the properties of the ejected
electrons (gsually their kinetic energy distribution). Photoelectron spec—
- troscopy thus differs from many standard spectroscopic techniques in which
the prqperties of emitted,‘absorbed, or spattered electromagnetic, radiation
are'measﬁred. It also fits into the more general category of electron
spgctroscdpy, which includes measurements on electrons produced not only
by photon bombardment, but also by electron impact,l by bombardmenf with
excited atoms™ (Penning ionization), and by Augér procésses within the
sample.2 (Auger electrons will be present to some degree in any photo-
electron SPectrum). These techniques have in common the need fér precise
analysis of eleétron kinetic enérgies, but the types of information obtain-
able from them are somewhat differegt. |

Given a flux of electrons produced by photon bombardment, there
are basically three measureable quantities: the kinetic energy distri-
bution; the séatial(angular) distribution of tﬁié flux relative to certain
axes (efg., the direction of the incoming x-ray or the crystal axes of é
solid sample), and the spin distribution (extent of spin polarization) of
this flﬁx. In most experiments to date, only the enérgy distribution has
been measured, but data have peen obt;ined for both the angular distri-

5

] o
bution3’¢ and spin polarization. We shall restrict ourselves here 1o

considerations of the energy distribution.
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Photoelectron spectroscopy can at present be divided into two
classes according to the photon energies used for excitation. In ultra-
violet photoelectron spectroscopy the photon energies are approximately
1-25 eV, aﬁa in E:ng_photoelectfon spectroscopy they are 1 keV>or nore.
The natural sources for monoenergetic photons with intermediate energies
are sparée; and this area awaits development. Ultraviolet photcoelectron
spectroséopy has been applied to studies of the vélence electrons in crys-

T

talline solids6 and gaseous molecules.' .(A-comparison of the ultraviolet
~and X-ray techniques is given in Section VI.) Xaréy photoelectron spec-
troscopy can be used to study both core and valeﬁce electronic states due
to the highef excitation energy. We shall revieﬁ briefly the dévelOpment
of x—fay photoelectron spectrdscopy, pointing out the tybes of information
which éan‘be obtained.

bAs éarly as 1923, Rdbinson8 exposed solid samples to x-radiation
and measured electron kinetic energy distribuﬁions. However, the overall
energy resolution available at that time was nbt sufficient to clearly
distinguish the photoelectron peaks due to the various electronic levels
'.of the sémple. After a long perioa of relative inactivity in the field,

Steinhardt and Serfaés9 pointed out the utility of x-ray produced kinetic

energy spectra for quantitative chemical analysis, although their resglﬁ-

tion wés_still not good enough to ldentify peaks fdr,single levels (e.g.,
L in Au).' In 1957 in Uppsala, Sokolowski, Nordling and Siegbahnlo
obtaiﬁed photoelectron spectra for Cu in which.the 1ls, 2s, and 2p photo-
electrop peaks could be easily identified. They used a ﬁigh resolution
spectrometer developed for nuclear spectroscoby.’vThe dominant terms in

the energy conservation equation for the photoelectric effect give

.

L5}

y o
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where hv = photon energy, Ebj = the binding energy of the ] electronic
level, and Ej = the kinetic energy of the photoelectron peak corresponding

. th . L 10 |
to ejection from the J level. Thus, it was pointed out that
photoelectron spectra provided a method for measuring core electron binding
energies very precisely. ©Such measurements were_subseqﬁently used to revise
the table of electron binding energies for the'élements.ll

The preéision with which binding energies could be measured proved

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

of the atom in question.lgl For example, between Cu and CuO, the Culs ievel
was found to shift by 4.4 eV (out of a total bihding energy of 8979 eV),lg
although the precise origin of the shift was not understood. In l§6h,
Haggtram,.Nordling, and Siegbahn13 pointed out the:conneCtion‘between
chemical oxidation state and electron binding energy shifts for certain
sulfur—cbntaining compounds. Sulfur atoms in high;£ oxidation states were
found té have higher binding energies, conéistentbwith-a shift in binding
energy'caused by changes invthe screening of cofe electrons by valence
eleétrohs.l3 That is, in a higher oxidation sﬁate, valence electrons are
Yithdfawn‘from the sulfur atom and the core elecfrons are held more.tightly.

14,15

In work preliminary to this thesis, Fadley, Hagstrom, lollander,

- Klein and Shirley measured such '"chemical shifts" in the core electron

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

an attempt to understand 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 " 6.3 eV between KI and K10, for éight iodine core levels
from 2s to ha. The relative constancy of these-Shifts over the core can

be explained by noting that the iodine cofe electrons experience a Coulomb
-repulsion from the valence electfons much like that of a spherical shell
of»Charge located at the average radius of the valence electron Vave
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
amount.ls. Hartree-Fock calculations for various ionic states éf iodine
bear oﬁt:the constancy of shifts over the core as valence electrons are
removed.15 The magnitude of the shifts observed for iodine cannot be
explaiﬁed without a consideration of the distance over which electronic
chargevié actually transferred in forming a chemical bond. A free-ion
calculafion overestimates any chemical.shift, as valence electron charge
is removed to infinity instead of to a distance on the order of the

15

nearest-neighbor separation. A higher order approximation is to consider
the neighboring atoms as a point-charge lattice surrdundiﬁg the atom of
interest. It is then a simple matter to show that the back-correction to

the free-ion calculation is a non—négligible Madelung sum over the lat-

. 1 : . . . .
tice. 2 . Calculations using this model yield a charge on the iodine atom

in K10) which is in rough agreement with that derived by Mossbauer measure-

ments. waever, the Madelung corfection can be as large as 90% of the
free-ion estimate (but with opposite sign). Thus, it is not recasonable

to expect such a simple modellto give good values for comparison to‘experi—
ment unléss both terms are computed with very high accuracy. In addition,

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

o

5
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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 L4f electrons

which pafticipate'in bonding in the Eu compounds studied'(Eu203‘and EuAl,)
are spatialiy located within the core and therefore iﬁteract more strongly
with the core levels. This leads to larger chemical shifts fOf a given
change in the occupation.of the vélencé shell. 2Bécause the Lf electrons
lie withinvthe core, the shifts are also no longer constant over the core;
but'decreése slightly from inside to outside. (These measurements on Eu
were reéently repeated with somewhat higherlresolutionl6.and the results
are in essential agréement with the above conclusions.) Several smell
corrections which should be considered in the iﬁterpretation Qf shift
measurements were also discussed.l.5 These are: sample charging, surface
effects, the reference level used for binding energies; end electronic
rélaxatién after photoelectron ejection.

The above theoretical models were also applied to the énalysis of
shift measurements for sulfur and chlorine compoﬁnds in a book by Siegbahn

17

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

Core electron binding energy shifts have by now been measured for

-21 - . e . .
and more accurate molecular orbital calculations

18,19,20

a number of atoms,.lLl
have beén used in the analysis of some of these da£a. Héhdrickson
and Jolly22 have also used & thermochemical cycle to éonnect binding energy
shifts with heats of formatiqn. Delgass,bHughes, and Fadley23 have dis-
cussed the application of shift measurements to problems in catalysis. In
summary,vthe‘subject_of binding energy shifts is in a very rapid state of

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

information about the electronic charge distribution in chemical bonds.,
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bAs'with any rapidly developing 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,

o

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

1,2,6,7

.3

tinct and independenﬁly-developed forms of electron speqtroscopy
mentidﬁéd above. IEE(Induced Electron Emission) has also gppeared,?h but
there are'several‘pdséible ways of'inducing eléctron emission besides_

x—ray bombardment. We shali throughout this thesis use ZEg_(X~ray Photo-~

electron Spectroscopy or Xéray Photoemission Spectroscopy) wherein the

25

source of excitation is specifically referred to. The closely related

field of ultraviolet photoelectron spectroscopy then becomes simply UPS. 0

UPS has also been referfed to as PES (Photo Electron Spectroscopy7 or Phovo
Emissibn'Spectroscbpy6) but the term PES could apply équally well to XPS.
XPS is not restricted to studies of core levels, a5 the portion of

the phoﬁoelectfon spectrum near zero binding ehergy 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
effeéts of inelastic scattering on escaping photoelectrons. The molecular
. : . oy vpa 26,27
orbitals of gases have also been studied with XPS. e
Recently, XPS5 has been utilized tobstudy core electron binding

. v v
25?28’29’30 These splittings presumably occur within

energy splittings.

a single atom, in contrast with the shifts discussed previously, which
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‘of paramagnetic molecules, and inorganic solids- containing Mn and Fe.

I-7

either involve two compéunds.or two chemiéally different atoms in the same
compound. They appear to be of two types. In thé-first type, Novakov and
Hollénder28 have found that certain éore leveis’éfiheavy metals (such.as
Au, Th, U, and Pu) exhib;t doublet p3/2 photoele¢§fon peaks which ére not
predicteﬁ by the usual free-atom modél of the core. It is thought that -
these splittings are due to ligand-field effects on the core levelé;

but no détailed theoretical interpretation of these data has as yet beeﬁ
cémpletedQ The second type of splitting has been observed iﬁ core levels

30

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

25,29,30

trons in:uhfilledlvalence levels and depend only indirectly on the

nearestfneighbors'surrounding a given atom,30 in contrast with the ligand-
field‘splittings. A primary cause of the seéond type of splitting is the

exchange interaction between core and valence electrons of the same

spin.?5’29’30 Theoretical calcuiations predict the proper magnitude for

these splittings.29’3o Such effects have been termed "multiplet” split-

tings-by Fad;ey, Shirley, Freeman, Bagﬁs, and Maliow,3o as they ariée
from the electronié multiplet states formed by coupling a core electron
hole to.the unfilled valence shell,  Bindiﬁg energy splittings can thus
be used to obtain informatién that is qualitatively different from thatl
obtained from.binding energy shifts. Splitting measurements also possess
the advéntage that only one sampie is involved in each determihation;
thus, spurious effects sﬁch as'sample charging and binding~-energy
referehée 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 samplé at sufficiently high
pressure is exposéd to'x—radiation;ﬁthe resultant.photoelectron intensity
is high enough to permit an energy distribution measurement. The first
éata of this type were obtained by Krause3l and later extended to studies o
of two-electron transitions in photoemission by_Carlson.32‘ Thomas has
studied qdre electron bindiné eneréy shifts férrcertain gases.QO Experi-
ments on gases by the Uppsala group have<recently been reported.33

Iﬁ'this thesis, XP5 is applied to ‘two separate problems: the

positivé identification of rather large multiplet splittings in the elec-
tron binding energies of metal atoms in solids and gases, and.the study
of densities of states of the valence electrons in solids. These two
stﬁdies afe presented as selfw-contained papers in Sections V and VI,
resp¢ctively. In Section II, we review the general theory of photoelectron
emission, from both an energy conservation and a transition probability -
vpoint 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 data analysis and theoretical

calculations are discussed.
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II. THEORY OF PHOTOELECTRON EMISSION

'Wevéhall divide this discuséion of the theory of photoelectron
emission into two parts. Part A deals with energy conservation and is
connected with the positions and shapes of the various peaks in'é photo-
electron spectrum (kinetic energy distribution);. In Part B, the probability
that an x-ray photon yill eject anvelectron 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
One32,3h)

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

molecule in vacuum, the energy conservation equation is

=g -Ere . 3 (

n
LI

where Eh is the total energy of the final hole state of the system as
seen by the ejected photoelectron, Ei is the total energy of tﬁe initial
state of.the system, and € 1is the kinetic‘energy 5} 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 - Ei is
by definition the binding energy of an elecfron iﬁ this level rélative to
the fihal state corresponding to Eh. Je denote this as Eij, where the

superscript v denotes the vacuum as a reference level {cf. BEq. (1)).
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| Eq. (2) should hold for experiments on dilute gases, but interactions
. " . . " : - 33,35
with the surrounding atoms or molecules cannot always be negiected.

For solid samples, the same energy conservation equation will apply,
but a small correction term due to the contact potential ¢C must be
added. This term accountsvfor the acceleration or deceleration of elec-
trons as they pass from a region whose zero of kinetic energy is the vac-
uum level of the sample to a region whose zero of kinetic energy is the

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

‘a change of electrcn kinetic energy from €' to €. We thus have

=g cE se+ 9. ' ’ (3)

=g Teevg, . - (1)

If the sample and spectrometer are in thermodyhamic equilibrium, their
Fermi encrgies (electron chemical potentials) will be equal, as shown

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

T

binding enefgies and Figure 1 shows that this yields

by = Ebaf TEA Oy, o | | | 2

o , e _ : :
where'_Ebj is the Fermi-referenced binding energy and ¢sp is the work

function of the inner surfaces of the spectrometer. Since ¢ép is a
measurable constant (pro&ided the inner surfaces are not altered with time

by some bhemical,action), Ebjf is the quantity most easily measured for

solid>samples (as opposed to Eij). For non-metallic solids, Ebjf is
15

not particularly easy to calculate theoretically, however.

.3
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neglected, but this is not so for systems containing very light atoms.

Ir-11

h
In general, the final state energy E 1n_Eqs. (2) and (3)
will depend on all ‘the guantum numbers describing the system. These include

17 1,17

not,only electronic, but also Vibrational7’ rotational and trans-
lational17 modes of excitation. In particular, momentum conservation
requires ihat Eh include a contribution due to recoil from the ejected

17

electron.’ For all the cases studied here, this contribution can be

17
Also, Eh as we have defined it may e incfeased by the energy of exci-
tation or ejection of other electfons in the systém during the pholtoemis-
sion proéess.32 Various other final-state effects are possible, partiéu—
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 ﬁhermal excitation or excitations due to Lhé
intense photon bombardment are not too strong. A net positive charging
of the sample due to the loss of electrons in photoeﬁission falls in the

36,37

latter category, and this effect can be as 1arge as a few eV. This

effect should shift all features in the photoelectron spectrum to lower
kinetic energy by the same amount.37 It is not a significant considera-
tion for any of the work repofted here, however.

In the simplest picture of the photoemission process, only one

electrdn_changes its state, with all other quantum numbers describing the

'systeﬁ remaining unchanged, and with all other electron orbitals being

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

model‘to_the Hartree-Fock equations describing the electronic states of

38,39

the system gives rise to Koopmans' Theorenm. This theorem states
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that the frozen-orbital binding energy of an electron is egqual to its
energy eigenvalue as determined by a solution of Hértree;Fock equations. -
The use. of this theorem is imblicit in most binding energy calculations.
The possible effects of a breakdown of the frozen-orbital approximation

15,17,20,40

on the anélysis of XPS results have been discussed. Even with-

in this épproximation, it is possible to have ﬁulﬁiplet splittings of the
final stéte energies;Bo provided-the vaience shell(s) are not completely
filled. These arise from Various po;sible COupiings of the hole formed
by photoemiséion to the valence electrons.  In an atom, for example, the
various final states are specified in Russell-Szunders coupling by the
total orbital angular moﬁentum, L, and total Spin angular momentum, S. In
such caseé,deopmans' Theorem can only hold in the limited sense that Eh
is takén,to be the avefage energy over all multiplets.38 W§ discuss such
multiplets also in the next section (II.B.).
As the energy Eh. will probably change very rapidly in»time

(usually by ﬁeans of an electron in some higher level filling the hole
fin the jth level), uncertéinty principle broédening of the photoelectron
peak will result. Inner-shell hole lifetimes may for some cases be as
sméll as 10;16 sec.,hl giving rise‘to a broadening with " 1 eV full width
at half-maximum (FWHM) and é Lorentzian shape {(in first order). This is
tQ_be cdﬁpared with a present instrumental linewidth of ™ 1 eV FWHH.

- We have so far assumed the photoelectrons to escape from the samnle
wifhiprecisely the kinetic energy they have at-the atbmic sites from which
théy are ejected. In both gases and sclids, however, it is likely that

many photoelectrons originating from within the sample will be
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inelastically scattered'(perhaps several times) befére they escape into
the vacuum of the spectrométer. One consequenée,of this inelastic scat-
tering is that the electrons which do not suffer appreciable inelastic
energy iosses 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 ﬁhé sﬁrface of the sample
can have a pronounced influence on the correspohding photoélecfron

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

A1T525

from 50 to only a few Aw23 Thus, surface conditions must be con-

trolled if there is reason to'believe any sort of chemical reaction will
23,25 ‘ . . e
occur. ~ A second consequence of inelastic scattering is that each

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

side. This is illustrated in Figure 2.

B. Transition Probabilities

The basic theory of photon.absorptioﬁ in a one-electron abproxi—
métion has been reviewed by Befhe and Salpeter;hé Batesh3 and'Cooperhh
have applied this théory £o many-electron atoms. Recently, Fano and
Coopersh have discussed the éxperimental ahd theéfetical.data available
for neutral atoms from the general point of view of the spectral distri—.
bution of oscillator stféngths. They also’réview several many—body'effects
beyona.one—electron theory.3h We shall present the»simple one-electron
thebry? in sufficient’generality to apply to atoms, molccules, or solids.

| " An electron in the béund state wj is excited to a continuum
state >wﬁk where " j,k are appropriate qgaﬂtum‘numbers (for a non-

relativistic atom, j = n, &, mﬂ, mé) and € 1s the energy of the -
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continuum state,

. v

€=hv - E__ . (5)

€7V | RN
All other electrons are assumed to remain in thé same states. In treating
theAinféraction of the radiation field with the eléctron, several simpli-

fying assumptions are made:

(1) ThechhrBdinger equation is used to deséribe the system instead of
the Dirac Q¥.Pauli équations. No-reiativgsfic éffects are included.

(2) The interaction of the radiation field with the electron is treated
’a§ é pertufbafion. ,

‘ (3), If thé wavelength of the photon isvlarge-compared to the extent of
v, (v 1 A), then the form of the interaction can be simplified to an
electri¢ dipole operator acting between wj and .wek' Since the typical
X-rays uSgd-in XPS have wavelengths of ~ 10 A, this dipolé approximation
should hold reasonably well. The.éffects of slight deviations from it
have been.'djscussed.u5 | ‘

.We now consider 'Wj and ng to be'dne—electron orbitals in

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

state -wave function will be described by: -

wl(l) xpe(z) s q;l(N)

¥,(1) yy(2) - vy, ()

i, > -+ -+
g} (rl’r2’. o v

) = W@ rV2e ) v - | ()
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and the final state wave function by -

A CORACHRRA ¢

Y (1) wi(2) -+ e ()

Y (1) ¥, (2) b ™|

) @)

The orbitals wi' (i # j) will be very nearly equal to the orbitals [

The dipole matrix element describing the transition will be

ahEty - [ vRE T, - R
1

N > h,> - > _
W) o, Ty Y corg)at L (8)

TysThy
& S12ne?
where theAintegration is»over the space and spin coordinates of all‘elec-
trons. It is customary to express the transition probability as a cross

E#’ which is défined as the probability
H ] ’

section for photoabsorption Oj

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

j » €k transition.h2 The cross section is given byhh
. 5 _
hmoa .
> 2
O e = s WIC VD2 G
R .

where o 1s the fine structure constant and a, 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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, B |
lHTOLaO —ﬂ- f * 3 2 * > 4 2 (10)
- 2 . X T
9, ¢ex 3 B | by ¥ at Yy T Ve ’
where the product is over the passive orbitals i. and T is now a one-' s

electron operator. It is common to assume the product of overlap inte-
’ : ks
grals to be unitth implying that the passive orbitals have not been

altered during photoabsorption. This gives

. d
Yy T by 9T

For an atom with j = n, &, mg, m_, and k = n', 2', m', m ', the dipole

hroa 2
e} = ——-—-——O—
J»>€k 3

2

hv (11)

selection rules imply that AL = &' - £ = ¢ l? and Am = mz' - my = 0, * 1.
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. Oj,E’ and perhé@s averaged over the various stqtes J with a.
cbmmon bin&ing energy.hu For atoms, such summing and averaging yields the
individual subshell cross—sectibﬁs, which should be proportional to peak
heights observed'in XPS spectra. Cross sections fér prhoton energies

rélévant to XPS have recently been calculated by Bearden,h7

L9

Rakavy and

and Manson and Cooper.50 Where comparisons with

L7,48,49,50

Ron,u8 Brysk andlZerby
experiment are pbssible, the agreement is good, A compilation
.of XPS cross éections for the entire periodic table is in preparation.
We have so far considered Wi and Wf to be single Slater deter-
minanﬁs,‘éo that only for special cases.are they eigenfunctions of the .-
H

' ) . o >
total symmetry operators of the system (for example, L and_g for atoms).

In the analysis of multiplet splittings of core electron binding energies,
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the quantum numbers I and S must be considered, however.30 Wave-
functions_which are eligenfunctions éf the appropriaﬁe operators can be
constrﬁcted by using sums of Slater determinants.3u The calculations
represented by EQS. (9) to (11) are somewhat cbmpliéated 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 electrén being ejected from a
single subshell, but which differ in their toﬁal‘Quantum numbers. For

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

v (52 1%)nrst + k) |

/
\\.‘Pf((.a—l b

J p )L”S” + k)

‘Pi.((japb)LS) (12)

where j and p are guantum numbers describing two different subshells,
a and -b are ﬁhe integral occupation numberé of those subshells, LS,
L'S', and L"S" represént the total quantum numﬁérs fér the'ini£ial and
final stétes, and k represents the continuum electron. An electron has
been ejecfed from subshell Jj. The quantum numbers of the continuum.elec—
tron are again‘unimportant. Thus the transition probability must be
averaged over initial states and summed over final states subject only to

43

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

52,53

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

employed er the case of interest here.
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The individual matrix elements to be comPUted can be written as:
e ) . R
e FYE )Y = (3P0 A 0 )LS|r

H ((3%)2,0,(2")2 o )18]7]

. a-l ' ' b ' ' ] . ' ’ & ¥
(A0 (e to ); Si(k))xugu,>. »  (13)

where ahgulér momenta in parentheses are coupléd to total Values.given at
the right of ﬁheéé.parentheses. Thus, electronicénfigurations ja and
p? are initially coupled to Aj6j and Apgp’ respectiyely. quj and
APOP afg“fﬁr#her coﬁpléd to give the total éfbiﬁal and spin angular
ﬁomehta'?L and S. A similar situation.holds‘fdr the final statg except
that L' and S' of the bound electrons plus hole couple also to the |
continuum-électron.to give the unobserved angular momenta Au and g,

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

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

38’5)4 >

in nature, Ap' =4Ap, and o0 ' = OP Also, since r commutes with
S, 8§ = Gu. We shall also consider ja to be a filled level, so that f
Aj = O,vqj = 0,38 Aj' = ﬁj = orbital angular momentum associated with

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

~
<

SN
sy
o]

)
~
]

C((3%)00(pP)LS)15 |7

(<(ja"1)zjl/2(pb)Ls)L?s'(k))xus Yoo (14)

The various quantum numbers must satisfy the following relations:

2 =2, %1y A -L=0,%*1; S'-8=%1/2;, and L' - L =0,
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1 e ..t Qj.h3 The total transition probabiiity P for LS~ L'S'

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

angular momentum,

P(LS » L'S'). « E:' [Cot 7] yT >|2 L : (15)
o k:AuamsM

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

simplified by noting that ; is an irreducible tensor operator.of‘

52

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

ferent coupling schemes of three angular momenta_(thev6—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

53 55

as Eq. (13), which involve three levels. Rohrlich”” has done this for

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

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

55,56

electronic transitions. A radial integral between the j and k

t

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

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

the case j2 pb_+ jpbk, with coupling appropriate to Egs. (13) or (lh)‘55’56

5 5

Tﬁéwagﬁual system of interest in Section V is 3323d + 353d°p, so Rohrlich's

results (Eq. 23, Ref. 56) were used to compute the relative intensities

Cofthe L' =0, 8' =3 and L' =0, S' =2 final states.
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The calculation of relative intensities is also complicated
slightly by the presence of more than one state of the bound electrons

plus hole with L'S' coupling (cf. Eq. (1k)),
hoo L a-1 b . |

YU (A = j 2.1/2 A L's') . (1 s

( pcp) [ ((3577) 51/ (p) pop) | ( 50) o

These states differ only in the coupling of pb, but not in any other
guantum numbers. xTherefore, the energy eigenfuncticns for L'S' coupling
will be_éome linear combination of these states,
ey - zz: c (o Wro) ' - (16)
qQ PP PP

q Ao
. PP

such that

.Jchlw.h y = PlyPy | - (17)
- q qa g

Thé Cq(ApOp) are expansion coefficienfs forfthe qth eigenfunction. ZKh
is the Hamiltonian of the bound electrons plus'ﬁole (analogous to the
orbifals‘ wi' in Eq. (7)), and th is the énergy eigenvalue., Each

th will give rise to a peak af a certain position in the photoelectrdn
spectrum (cf. EdS. (é) end (3)), and the relative heights of these peaks
‘will be given by qu(LS)]E. The iatter result is due to the one-electron

1y, 38:5H :

nature;df the transition, as expressed in Egq. ( This result is a8

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 schematically in Fig.
3. The x-ray tube consists of a heated-filament cathode frdm wHich elec-
trons are accelerated toward an anode (usually‘magnesium or aluminum).
The excitation of electrons in the anode causes.x;fays characteristic of
the anode material to be emitted and they pass thrdugh a thin Be window
to impinge on the sample. Both x-ray tube and sample are conﬁainéd within
the source housing. Electrons emitted from the sample pass through a
s1it 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 currenf invthese coils, electrons
of a narrow energy range are brought to a focus at a slit immediately in
front of the detector. The detectbr, a glass channel eléctron‘mu}tiplier,
generates one pulse for each electron passing through the detector slit.
Tﬁe width of the énergy range determines thezresolution of the spectrometer
and can be seleéted by means'of a ﬁovable baffie system. The entire region
from sémpie to detector is evacuated to prg#ént ihelastic scattering éf
électrqns.by gas molchies. An electron kinéﬁié energy distribution is
thus measured by stepping the solenoid éurrent in small increments over
the reéibn of interestiand recording the number of pulses counted in a
fixed time interval at éach current. (The.distribution so recorded is

5T

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 electreonics, the current supply for the
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soleﬁoidal deflectioﬁ coils, and a control system to increment.current
and store ceunts. The input/output and logic epefafions of the control
system ere executed by a small digitelvcomputef. .Ae the spectrometer is
sensitiveito extraneous magnetic'fielde, two sets of Helmholtz coils are
used to provide a low residual field. |

- The source housing, x-ray tﬁbe, varioﬁs eample holders, and
‘ detectef’hoesing wvere speciallyAconsfructed to modify tﬁe spectrometer

58

for use in XPS. The primafy materials of construction were low-permea-
bility stainless steel and, to a lesser extent, non-magnetic metals such
as brass and aluminum.

We consider below the major components of this system in more

detail.

A, Spectrometer -

The spectrometer was designed for use in nuclear spectroscopy and

57,59

has been described previously. It is iron-freé in the sense that

the preeence of any high-permeability materiels will distort the ﬁagnefic
field‘qf the air-cored solenoids from the desifed form, thereby distur—‘

bing phe'electron focussing properties. The field form, varying as

roughiy "1//r near the optic circle radius of 50 cm, permits focussing
of_electrons with beth a finite radial departure angle (as shown in Fig.

3) and & finite axial departure angle (out of the plane of Fig. 3). This f
' oecﬁrS'et.a dietance areund the optic circle corresponding to /2

radians(@ 254°), This feature is termed "double-focussing" and permits

analysis of electrons over a larger sclid angle of emission. Bergkvist
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- and Hollander60 have added a set of empirical correction coils to the two

primary céils in order to bfing the performancé'CIOSer to that of the
desiredtheoretical field. An imprgved'dééigh for a spectrometer of this
general typé has recently been developed bj Fadley, Miner, and Hollander.6l

The overall resolution (including codtfibﬁtionS’from finite:éource
and detecior slit widths) vas set to Ae/e = o.o6%’fﬁ11 width at half-maxi-
mum inténsity (FWHM). Thie resolution givés-é 0;6'§v FWHM contribution to
the lineﬁidth of 1 keV electrons. At-this’re$olution, the solid éngle of
the source subtended by the resolution baffle isW‘% .12% of hﬂ.60 The
source and detector slits were 0.038 cm'='0.015" wide, and 1 em high.

The primary calibration,of fhe'spectrome£ér ﬁas madé.using a direct
voltageftééhnique developed'by Fadley,'Geoffrdy; Hagstrom and Hollander.36
This technigue yields not only tﬁé'calibration constant of the spec-
trometér,36 but also a standard photoelectron peak. This peak is due
to carbon 1s electrons expelled from.graphite-by the unresolved AlK(xl,2
doqblet (aépoted Cls, graphite,(Alxal,z)). This peak has a kinetic

energy of 1197.80 # 0.05 eV, correéponding to a magnetic rigidity (Bp) of

116.776 G—cm. Any change in the work function of the spectrometer will
alter these values slightly (see Eq. (5)), so they apply only to the
spectrbmeter_under discussion. The ‘calibration constant is defined as

C =va/I, where I 1is the specﬁrometer current. Standard tables can be

17

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

critically on the radial placement of the source and detector defining:

slits, which ideally are located on the optic circle radius Py The

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

given by AC = C'Ap/po. Since Py = 50 em, a Ap of 0.01 cm = 0.004"
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will give AC/C = 0.0062; this corresponds to_d shift in measured elec-

) . tron kinetic energy of v 0;3 eV for 1 keV electrons. Thus, fof very
aéeurate work, each sanple holder with a unique source slit mounting
nust- be celibfated independently. 'Also, the ndsitioning of each slit
should.be done in euch a way as to be.highly reproducible. The use of an
interneleetandara for each set of expefiments.is advisable if peak posi-
‘tions are to be measured to an absolute accuraey of a few tenths eV. The

sample holder for room temperature solids (Section IIT.C.1.) was cali-

brated in Reference 36, and a value of C = 78.6949 G-cm/A was found. The

‘high temperature solid assembly (Section IIT.C.2.) was calibrated using

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

1,2 _
¢ = 78.6716 G-cm/A. Accurate calibration was not essential for the gas—

eous sample holders, as absolute energy meesurements were not the .primary
objective in this work. Absolute energies in gas phase‘spectra are thus

only'eccurate‘to * 0.5 eV.>.Thomas27 has discussed a calibraﬁion pro-

cedure for room temperature gases. ‘A convenient conversion from current

‘to energy scales for approximate work is:
eV/mA = 1,09 - T o | (18)

wheré I 'is the average current of a spectrum. The work function of the

19,62

spectrometer is 3.9 * 0.L4 eV.
Pt can also be used in an auxiliary calibration technique, as the
© Fermi energy is located at a well-defined_point en the 5a valenee band
) .

peak. The inflectiocn point of the high-kinetic-energy vdge of this peak

" coincides well with the location of E as determined by the primary

T

s . . . -\ - " - . .
spectrometer czlibration and Eg. (5). Furthermore, this is the location

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

should thus be possible to locate E,. with an'accuracy_of ot 0Lh eV

f
using this procedure. An additidnél advantage of Pt forvsuch a cali-
bration ié'that no iEfEiEE surface cleaning is necessa?y, as the location
and shape of the vaience'band peak do not change.Significantly between
room témperatufe éﬁd high temperature reduétion_inlhydrogen{v

p)

The spectrometer vacuum chamber is kept'at' v 107 torr with a

liquid-nitrogen-trapped oil diffusion pump.

B. Source Housing and X-Rav Tube

Figure 4 shows the x-ray tube and a sample hoider in place in the
source housing. High voltage for the x-ray tube cathode is supplied to
the split corona ball on the énd of ﬁhe white ceramic_insulator; An ac
voltage applied between the two halves of the corona ball results in éur—
rent for heating the cathode filaﬁent. The x-ray tube is attached to the
source housing ﬁith four cap screws. '"Viton" O-rings are used for all
vacuum'seals to the.source héusing.

All samples are inserted through an opening on tob Qf 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 Source:defining slit (see Fig. 5). The two
ports'on the right side of the éource housing are used for rough vacuum
pumping and externél X-ray flux monitoring. The rear side of the source
housing a3 seen in Fig._h is fastened to the spactrométer vacﬁum tank
(ef. Fig. 3). Gate valves separate both the source hdusing aend detector

FERY

housing i{rom the main vacuum chamber,
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~ The x-ray tube is shown in Fig. 6. The two tubing connections
near the insulator are for cooling water to prévenﬁ vaporization or melting
of the'éﬁode. The cooling waler passes through thin channeis in a copper
cooling block which is clamped direétly on the base of the anode. The Be
window is circulér’and clamped in place with a thin cépper ring. The pri-
mary puf?ose of this window is to prevent électfons from the cathode from
enteringvthe'spectrpmétér, and theréfdre giving é vefy high background

15 but

vcounﬁing‘réte. The Bgiis‘O;OOlQS cm~thick. Al has also been used,
is less resistent to thermal deterioration.

The x;réy tube'is shown disassembled in-Fig. 7, with the relative‘
positions of the parts the'same as in Fig. 6. 'Ffom the left, the parts
are: céthode assembly, main mounting flange and'tube body, anode (a solid
piece @f magnesium or aluminum), and copper cooling block with water con-
nections;. The anode is thus easily removed for cleaning;‘the primary
contaminant is tungsten eVaporafed from the cathodé. The cathode is shown
in a élpseup,View in Fig. 8. The'long, coiléd filament gives a line image
on'thé anode whose width depenaé on how déeply the filament is mounted in
the slot in Fig..s. ATypiéal image'aimensions were 3 mm wide by 25 mm higﬁ.
The cathode can be easily ‘disassembled for filament replacement. The
cathode-to;anode separation is also Variable,:although generally set at
N~ 1.2 cm.  The flat emitting Squace of the anode_is at an angle éf 10°,
slopihg-downward toward ﬁhe X-ray tube window (see'Fig. 3).

A large opening in the rear of the tﬁbe body'(see Fig. 7) permits
evacuation of the x-ray tube with fhe same pumping systems used for Lhe‘
rest>of thc source housing. {Recently, the tube has been mbdifiej slightliy
to pgrmit isolation from the rest o¢f the scufce hovsing. This 1s essentield

vhen corrosive gases are present in the sample regicon. )
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The ?ower_supﬁly used is a General Electric XRD-5. The operating‘
voltage was:selected 5& optimizing the signal—to;nbise ratio, as discussed
by HagstrBﬁ and Karlsson;63 Thisvyielaed a VQltage.of.approximately 12 kV
between cathode and anode. Tﬁe 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 enecrgy up to
the full x-ray tube Voltage‘6h The transitions responsible for the main

components are Kal: 2p3/2_+ 1ls, and Kag: A2pl/2 > 1s. As the 2p3/2 -
. 17

the two lines

appear as an unresolved doublet with'intensity-rétio Ko Ko, = 2:1.

1t o2
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 enecrgy. The most intense of these groups

are denoted KaB and KOLLl and appéar for Mg at 8.k eV_énd 10.1 eV above

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

the Kal,g

= 0.095:1.0 and Kah} Ka. . = 0.0L45:1.0,

these x-fays in Mg are Ka 1.0
. s &

37 Koy o
as derived by least-squares fits of analytical pecak shapes to both solid

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

65,66

are in-good agreement with x-ray spectroscopic measurements. The

approximate positions of other satellites are slso indicated in Fig. 2,
although these are weak enough to be_neglected for most work. The

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

1,2

at v 46.5 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 baékground with negative slope under the satellite and Kal 5
' . s

pedks. This slope is too steep to be due simply to a Lorentzian tail

on the Kua peak, but may have to do with a more complicated ko

1,2 1,2

lineshape, the variatioh in intensity of the Bremsstrahlung continuum, or
inelastic_ééattering,précésses. Both the MgKg ‘and background slope are
discussed as small spurious effects on density-of-states neasurements on
Os and,If in Section VI. The use of-a bent-crystal monochromator.hés been

sUggestéd'as a means of narrowing the Ko line,17 and would also be

1?2 .
useful iﬁ reducing thé intensity of the other radiation emitted by the
- anode.
- As mentionéd-in Section I, Auger electrons will be present to some
degree.in any XPS spectrum. They arise from non-radiative decay of the
numerous holes formed in the sample by exposure to x—fays. It is thus
impoftént té determine whether a certain feature in a spectrum is due to
Auger eleétrons or photoelectrons. The kinetic energy of Auger electrons
depends only on some transition energy characﬁéristic of the atoms in the
sémple, and not on the x-ray enefgy, which serves simply to create the
-hoié léading to the transition. Thus, by changiﬁg from é Mg to an Al
anode and ‘noting whether the feature moves or remains-fixed‘in kinetic
energy5.Auger peaks can be easily identified. .For example, there.are
broad Fe Auger peaks at kinetic energies just below the Ols.peaks shown .~
in Fig;.S of Section VI; these Auger peéks give rise -to the upward slope s

at the left side of the data for 600°C and 830°C.
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1. Room Temperature Solids
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C. Sample Holders/Sample Prenarafion
Several distinct types_of samples havé.been investigated_in this
thesis: solids at room temperature, solids at‘highftemperature iﬁ a
reducingﬁér inert.atmosphere,'gases at room température, and ggéeous metals
at high temperature. Each of thése required.é slightly differeﬁt holder

and preparation techhique, They are discuSsed'ihdividually'below.

vThe sample holder shown in Fig. 5 was used for room temperature
solids. - The rod slides thfough an O-ring seal in the flange so that three

samples can be studied without admitting'aif to the system (cf. Fig. b).

" The .aluminum blockiserves as a sample mount and heat sink. The angle

bétween the sample.surface and the x-ray flux directioh is fixed at 30°.
Mést samples studied in this way were'péwdgfs; The powder ﬁas
usually dusted onto one side of_do&ble—sided édhesive.tape with a camel's
hair brush until a contiguous coating resulted. in fﬁis way, tﬁe effects
of the tape backing on the electron spectrum were minimized. The other
side.of the tape was pressed directly onto the aluminum block. For cer-
tain cases, an ethyl alcohol slurry_of powderIWas-painted directly on the

aluminum to eliminate backing effects. l90—prdof ethyl alcohol evaporates

cleanly, leaving no spurious'hydrodarbon deposit on the rémaining poﬁder.

‘2. High Temperature Solids

The high temperature sample holder is shown ih Fig. 9. The small
tubes ‘in the upper left portion of the figure admitvgas (usually hydrogen)

to the sample area. A metal bellows permifs moving the sample holder
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vertically so that three samples can be investigated simultaneocusly.
Nylon guides prevent sideways motion of the sliding assembly. Electrical
and auxiliary vacuum'pumping connections are made through copper—gasketed
étéinlesé.Steel flangeslabove the bellows.  IpfFig. 9, the sample holder"
is shown in the position used for sample mounting. The three metal-foil c
samples.are visible on the lighter backgroundaof}a boron nitride hcater.
During opération; the sanmples éré inside the‘rectangular staiﬂleés steel
can. . X-rays entér the can through the circular obening in the top.
Electronsrare ejec£ea through'the small recténgular slot in front.

Figure 10 shoﬁs a disaSsembied view'of.the portion of the holder -
which is’inside the sourcélhousiﬁg. The largé squarerflange mounts on
top of the sourcé.houéing. The inner can haé been lowered from its-0pera—
ting pOsition to show the source defining slit. ' The two gas inlet tubes
have been femoved. The inner éan»has a seconé Be window 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 sémple is in é closed vol-
. ume whose.primary connectionito the rest of the spectrometer is the defin-
ing slit. The two jets can be used to direct‘a flow of gas onto the
. sample surface for_purposes-of cleaning25 or_réaction studies.23' It proved
necéésary to orient the jets so that.the first collisién of an incoming
gas.moieéﬁle was probably with the sample surface. This led to the most .

efficient reduction of metal surfaces. The H, pressure in the regicn near

2
the samplé surface is difficult to estimate due to the large gradient

caused by leakage thrcugh the slit. Ion gauge and MacLeod gauge mcasure.

ments indicate that the average pressure in the inner can is
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10“3 to lsz torr at the usual opsrating conditions (a préssure'of
1 torr = lOOO M in the 1/4" inlet tubes approximately 1 meter from the
sample). At such pressures, the absorptlon of hjdrogen by the metals
studied here will not have a sighificant effeét.on'photoelectron spectra,
with the possible excéptidn of Pd, which was for tﬁis"reasdn also studied
in an Ar atmosphere (sse Section VI).

The hedier was spécially constructedFSO as_tb givé aviow extraneous
magpétfé field in the sensitive region of the.spectrometer.67 It con-

sists of tantalum wire sandwiched between two boron nitride plates. The

‘tantalum wire has a diameter of .025 cm and is placéd_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 spaced with a center-to-center distance of .063 cm. The wire is pléced

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

‘adjacent grooves. In this way, extrancous magnetic fields are reduﬁed

The small diameter wire permits low-current operatidn, since the high wire
density and resistance yield .the necessary high temperatures. Grade "A"

boron nitride was found to be vastly superior to other types for heater

construction. Several heaters of analogous construction are shown in

cross-section in Fig. 11.
For the heater shown in Fig. 10, a current of approximately 3.2A
gives an overating temperature for all three samples of 850° % 15°C.

Temperatures were measured by the three platinum, platinum-~rhodium therno-

couples shown in Fig. 10. Samples were alwavs mounted on the cuter 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-
reguiating power supplies were constructed for this heater and also for
those discussed in Section III.C.L.

Samples were prepared either as sanded, high-purity foils fastened
directly to the heater surface with screws or-és'ethyl alcohol slurries

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

prepared in the latter way. The intense Talf phdtoelectrdﬁ peaks were

not observed in the spectra frém Ru and Os, so'the backing foil should have -

no effect‘on fhe déﬁsity—of—statéé measurementsifor‘these metals. All
sources covered‘thevfull width of the heater surfacé, to avoid any spurious
photoelegffon'intensity not originating iﬂ the sample. A Pt sampie waé
jnclpded in éll runs, and the Ptlf peaks were used as a reference to cor-
_rect for possible spuriouslline shifts. No effects greater than 0.4 eV
were observed, and these small shifts did not vary systeﬁatically with
temperature.. |

Although a'hydrogen atmosphe;e and é témperature of approximateiy
FBOOOC were necessary to clean away the oxide layer on reactive metals such v
as Ie, the‘temperature pould be decreased‘after cleaning to as lov as
hSOOC'without.rapid buildup of oxygen on the sﬁrface. In this way, Fe was

studied above and below the Curie roint.

The sample holder used for room-temperature gas-phase experiments

is shewn in Fig. 12. As in the heated-ssmple experiments, gas is admitted

to a closed volume wilh a Be window to admit x-rays and a defining slit
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through wvhich the electfons pass. The rear walls of the container are
far enqugh'from thé sli£ and Be window that no electrons emitted from them
due to x—ray.bombardment will enter the spectrometer for analysis (see
Fig., 11 for an analogous situation). The.average gas pressure in this
volume was v 0.05 torr = 50 Y. This gave a reasonablé count réﬂe, as
indicated‘in Fig.v21a. The device attached to the front édge of the win-
dow permits blocking out a portion of the x-ray flux ﬁhich strikes the

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

k. High Temperature Gases
In the Study of multiplet splittihgs reported in Section V, it was
desired to obtain XPS spectra for gaséous metals. An‘oven was designed:

69

for this purposé. ‘The solid metal is’ heated in an enclosed cavity con-
taining a Be window and a source defining slit. The solid is placed in
the bottom of the cavity, and is not exposed to any x-rays. When the

vapor pressure of metal is high enough (v 10_2 torr), photoelectron spectra

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

currént, lJow-field heaters of the type described in Section III.C.2. The

critical design problems were to prevenl condensation of metal on the Be

‘windows through which the x-~rays pass, and to minimize interference of

the‘métalvvapor with the heaters surrounding fhe_cavity, A schematic
cross-section of the final design'is showvn in Fig. 11. This cross~section.
is taken through the mid-plane of thé Be window and slit. An external
yicw of the entire oven assembly, ready Tor insertion into the source
housing, is shown in Fig. 13; énd the oven is shown by itself in Figs.

14 and 15.
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'.The central cavity is rectangular and heated on all six sides.
Heat shields are placed on five sides, outside the heaters. An additional
heater is placed on the outside of the stainless steel csn, 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 S

separate power supplies are used, .one for each sét.' Tvo Pt, Pt-Rh thermo-
couples ﬁonitor the temperature of the wélls of thé cavity; one being
placed near the Be window, the other near the.siitﬂ By operating the two
heaters’on thé\window side at a higher current,'the‘window temperature can
-be.maintained 20~50°C.highér than the slit. Thi; difference is sufficient.v
to prevent condensation oh_thé 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 épring-loaded‘molybdenum
foils are used (see Figs. 11 and 13). When béth x;ra& tube and stainless
can aré in place in_%he source housing, tﬁese foils press tightly against
the x-ray tube, preventing any electrons from passing into the spectrometer.
To‘prevent’the metal wvapor from filling the region inside the stain-
less éteel:can whére it can short-circuit heaters or condense on the outer
window, a funnel ié‘placed in front of the source defining slit. This
rectangular funnel permits the vapor to eséape only into_the spectroneter, "
where it condenses on é small collector. A _ - -
_‘The two metals sucéessfully investigated in this way were Eu and

Yb. At the operating conditicns used, the window temperatures were 60C°C
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and 5h0°C; respectively, corresponding to.a vapor pressure'ofv

1072 torrtg.lo.p for both metals. Runs of as lbhgvas 10 hours.dﬁration
were possible if 2-3 gm of metal wére initially loaded into the cavity.
Heater fesistaﬁcesvsldwly decreased wifh time duriﬁg:an experiment,'pfob—
ably due to slight shorting effects of the metai vapor. The inﬁer Be
window changed invéppearanéé to a silvery colo%;ﬂbrobably due to for-

mation of an alloy or compound related to Be,_ M, which forms for M = Eu

70

1

and Yb. This absorption of metal didvnot significantly alter.the trans-

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

oven aSSembly waé‘é tendency of the numerous eleétrical connections to’
éﬁort—éircuit against heat shields,isupportingvstrucﬁure, ete.

Attempts to study manganese vapor met with no success, primarily
due to the:lack of a chemically stable window mat¢rial. Be readily dis-
solves in Mn at high temperature.YO_.Be windows wére found to vaporize
at conditiOns.near those.necessary for obsérving Mn vapor (T =~ 9Lo°C).
Graphite was also fried'as'a‘window material witﬁ no success.

The small £Ubes indicéted in Figs. 11, 13;‘and 14 enable the intro-
duction of a room temperature gas to the cavit&. For example, this might
be desirgble in a reduction-~deposition experiment in which metal vapor
is condensed on a cooled surface while simultaﬁeously being kept free of
oxide by.a flow of hydrogen. A study:of very reactive metals in pureiform.
might thus be possible. " An attempt of this kina on YB was not successful,

but minor improvements in the apparatus should permit such work.
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 The detector was specially ordered from Bendix Corporation and is
a glass channel electron multipligrYl of circular geometry. It is shown
in Fig. 16. A slot 1 mm by 10 mm in the side of,the multiplier tube
serves aévthe entrance for eléctrons{ Electrons are subséquently drawn -~y

6 to 108, depending

arocund the interior of the tube and multibliea by“iO
'onrthe voltage applied between cathode and anoaé.Tl ‘Thé cathode was held
at ground potehtiél and anode voltages of +2.5 - 4.5 kV were required

for a-séturated~pulse71 mode of.operation;

The detector housing and mount are rather straightforward and

will nét-be discussed here.

E. Computerized Control Sysﬁem.

A bigital‘Equipment Corporation PDP-8 computer ﬁas inteffaced.to
the spéctrbﬁeter system for the primary control and input/output functions
of XPS'éxferiments.72 A block.diagram of this control system is shown
in Fig..l7. |

o Programs can be read in on either thevteletype or ﬁigh-speed
papér;fape reader. Inputs for each set of‘experiments are via the tele-
‘type apd the computer switch register. The computer ?eads and controls
the operation of scalers which countvﬁhe amplified detector pulses. 1t
aiso con%fols and-moﬁitorS'the Current in the spectrometer deflection coils.
Digital data outputs are on the teletype and accurate plots of spectra
can bé dfawn on a rotating—dfum plotter. A CRT is used for live display e

of spectra as they are being obtained. The model number or manufacturers

of these wnits are indicated on Fig. 17 where approprizte.
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The inputs for each of up to b runs(spectrd) are as foilows:‘vthe
initial (ioﬁest)rcurrent of thé spectrum, the cﬁrrent increment to 5e used
in stepping over the spectrum, the nuMbgr of éurréntvincrements spanning
the desired spectral region, the time interval to be"spent’péunting'at
each increment, and the number of scans desifedio&éf the'spectrum to
accumuléte statistics.  The current increments'fdf all cases reported
here were 0.0002 A (v 0.2 - 0.3 eV), and spéctralwere uéually scaﬁned at
least-five times to average out any shgrt'térm drifts in the éystem. The
total number of increments in éll runs canhnot excééd 512, due to memory
limitations.

‘With the aid of the computer switchbrégister,.certain options can
be exercised. The computer can be made to pausé in mid-run. The frequency

and nature of teletype output can be selected. The data can be accunu-

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

(scén 1 - run 1, scan 2 ~ run l,v--°). The former.mode of operation
is’veryvuéeful in any comparisoh of.relatiVe'infensities or positions of
peaks from a single sample, as long-term drifté of the system»tend to
affect all peaks equally. All such comparisons aescribed here a?e bésed
on data ;btained in this mode of operation.: A final switch register

option calls for a plot of the spectrum.
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IV. DATA ANALYSIS.
vaovdifferent forms of analysis wére appliéd to the experimental
' data. ‘In'fﬁe first, least-squares methods were uséd to fit énalytical
peak shapés to the sﬁectra, Sﬁch fitting permits é fery accurate déter—
minatién of beﬁk positions, peak widths, peak area‘ratios, and the relétive ~x
' importaaniof inélastic écattering. The second.fypé of analyéis, uéed
only on deﬁsity;of—states ﬁeasurements, éorrecté_ﬁhe observed spectra for
the effects of inélastic scattgring and satellite X~-rays. These are dis-

cussed below.

A. Least-Squares Fits of Analytiqal_éeak Shénes
. fhe major contfibutions to the peak shapes‘observed in a phpto—
electron specfrum are: '
Il. The natural lineshape of the exciting X—ray. This should have
a roﬁghly Lérentzian shape and a FWHM of % 0.8 ev. Dué to the two com~

ponents’ of unequal intensity in the Ka x-ray, a'slight asymmetry will

1,2
"be introduced,‘with highef intensity on the lowvenérgy side.

2.: The spectrometer lineshape for a flux of monocenergetic elec-
trons. This will have a sharp ieéding edge and decrease more slowly on
£he loﬁ-kinetic energ& side.57 This skéw lineshape will have a FWHM = 0.6 eV
- for therspectrometer resolﬁtion of.these experiments. -
| 3. The lineshap¢ due to the natural'lifetime of the hole created -
in the level under study. This will be Lofentzian and of variable width; L

L. TInelastic scattering will lead to a "tail" of some sort on the

low-kinetic-energy side of all peaks (see Fig. 2). For solids, numerous
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investigations indicate that this tail is relatively flat ana exteﬁds for
many eV. A high'probability of ineiasﬁic'lossés inla narrow energy range
may result in peaks in'thé'inélastic tail (for eXémple, sée the.discuSSioh
of Ni aﬁd Pd in Section VI;C.2). For ﬁost cas¢s; tﬁese peaks aré éither

small or very broad, however.

Thermal‘broadéning and final state éffeéts:will‘also c@ntribute to the
strucfure in’an XPS spectrum, but they do not éffect in a significant way
the funadméntal shape of a peak corresponding to a single final state
eneréy'(See discussion of these effects in Sectioh VI.B). The fundamental
lineshaperwill thus be a convqlutionkofffouf sepafate contributions, none
of which can be predicted with accuracy g_g{iggi;'.Qﬁélitatively, a con-

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

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

' The lower limit of the width of this peak is v 1.0 eV for the conditions

of the-pfesent experiments.' Peaks much wider than this may be dominated
by the'hole state lifetime or more complicated final-state effects.

- The selection of an analytical peakshape ﬁo describe such data is

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

vell the mathematical function matches the'data._aFor solids, a reasonable
choice is a Lorentzian or Gaussian peak with a smoothly joining constant
tail. The technique for joining the tailbis again arbitrary, and we have

chosen to let it increase from the center of the peak with the same func-

.tional form as the peak itself. This is illustrated for a Lorentzian-

based peak shyve in Fig. 18, The functional form of this peak shape is

thus very simple:
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A[B + (l—B)'F(é—ei)] for € < €,
Q; (e) = - (19)

A-F(e-g,) for € > €, _
‘ i i v

Here A = an intensity factor, B = the ratio of the tail height to the ot x
peak‘héigﬁt at € =;ei and F(e - éi) is a Lorenﬁzian or Gaussian centered
i

at e,. Fle - Ei)'contains a suitable normalization factof such that .

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

ALB/(r/2)2 + (1-B)/((e-e,)?

, + (T/2)2)] for € < €
g, (e) = R . O (20)

A/((s-ei)2 + (F/E)el for £ > €;

and with a Gaussian F,
: : —(e-ei)2/202
A A[B + (1-Be . ] for e < g,
L le) = | ' : ~(21)

-(s—si)2/202
Ae . .for e > o

‘For each 6f the functions in Egs. (20) and (21), there are four indepéndent
paréméteré: the width (o or‘F),’the position (Ei), the tail—height—to—
peak~héight ratio (E), and the intensity factor (A). Families of these
curves-are shown in Fig. 19 for fixed olor T), Ei,‘and A, but varying B.

There are two more péak shapes which might be applicable‘to data  ' -
with_#ery asymmetric peaks and/or inelastic taeils that decrease rapidly

to zero. These can be constructed as Gaussians or Lorentzians with
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variable exponential tails. The Gaussién—based.shépe has been used in

fitting x—ray‘pulse height spectra by Rugge, Watson, and Wilhelmy.73
Requirihg‘éontinuity of both the function and its first derivative at

a(e. -b-g)
1

the poiﬁt 'ei - b where the exponentiai, e , joins the Lorentzian

or Gaussian yields the following final forms:

~ Lorentzian -~

_ob(e.-b-e) /(62 + (I/2)?) , , '
Ae. * _ ~ - /(7 + (T/2)7) for € < €,-b

a.(e)= { DT O (22)

A/((e-ei)2 + (P/2)2)_for_e.> E;rb

73

.and Gaussian -

—b(2(ei—e)-b)/202

Ae for € < €i—b-

q;(e) = , S : (23)
~(e-€,)2/20"

Ae o - for € > Ei—b

The constant a 1is eliminated in both cases and there,are thus also four

independent parameters in these peakshapes. The parameter b replaces B

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

for fixéd: o(or T), €;, and A, but varying b. A minor ?eculiarity of
the Loreﬁtziah'curve is that for'ﬁhevapproximéteIfeéion 3T < b < 2.0,
the tail‘is lower tﬁan the uhperturbed Lorentzian. Thus, the useful
values of b are in the range .O <b < .3l

_ jAn addiﬁiéﬁal complicatioﬁ in analyzing data with ény of the
aboveffungtions is that the.béckgroﬁnd under a pesk is‘often not negli-

gible (éee 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 peakshapes. The slope and intercépt specify this background.

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

Th

ject to the above requirements.

75

The least-squares solution was obtgined
by a stahdard méthod. The sateliite x—rays'aré automatically allowed
for in_fhe.analysis of a complex spectrum by usipg a relatively simple
spectfum‘to derive their sepérations and intensities relative to the
Kai,2 pgék; Thése separétions‘and‘intensities défine a new fundamental
peak shap¢ including the effects of a non—monochroﬁati¢ x-ray source.‘ The
tail aﬁd Qidth parameters’of the peaks for‘ail'x—fays are assumed to be
equal,ias:the inelastic scattering'effects shéuld be &ery nearly identical
and aﬁy width differences.would constitute a ﬁinor error, - In the ﬁork
reportgd here, only the a3, %), s aﬁd much wéaker a'66 x—rg&s were
allowedbfor, but in princible the technique couid be ektended to the
_ bthers noted in Fig. 2. The separations and intensities used in defining
the fuﬁdaméntal peak shape fér'Mg %adiation are;v a';S.OOO eV, 0.006:1.0;
o -8».1;_.1'2'7 IeV, 0.0948:1.0; and a), -10.1k2 ev,’.o.'ol;sh:l.o.

‘The program converfs ﬁhe experimental sbectrum of éounts vs. current

5T

(a momentum distribution)_?o an energy distriﬁution and does all fitting
fo this,epergy diétribution. The total number of peaks can be divided
‘into grbgﬁs, within which fétios and separafions cén_be fi#ed (in acddition
to theAgutomatic allowance for_satellite x—rayS); Also,.the widths and
tails'caﬁ be indepehdent for all peaks or qonstréined to be equal within

a group or over the entire spectrum. For example, for a group of peaks

closely spaced in kinetic energy and with approximately the same width,
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the inelastic tail parameters should be very nearly equal. Any of the
‘parameters describing the background and peaks éan?also be fixed at an
- initial gﬁess during the fit. Many of the fitsidesCribed in Sections V and
VI weré’made with the background slope fixea atgzefb, as.shown in Fig. 1
of Section VI. Accuraté plots of the data-and/or.fitted functions can also
.bé obtaiﬁea’from this program. o

cher fits usiﬁg this program are shown:invfigs.'Qla and_Eib. These
figures are coﬁputer—dfawn. For thése cases, if is clear that the Gaussian-
based shapé underestimates the intensity of thé éﬁéctrum oh both sides of
the’main’Kal’2 peaks, Thds, a Lorentzian—based‘shapé givés the best des;
cription for simple peaks in both gases and solidS} For peaks such as
those iﬁ valence bands, wheré ﬁumerous closely spaced binding energies are
involved,'Gaﬁssian shapes méy be more useful. HCérfaih peaks digcussed in
Section V are also found to be more nearly-Gaussién in shape.

intensity ratios of closely-spaced spinLorbit aoublets (such as

Aubf ) have beehfderived for several metals from fits of Lorentzians

5/2-7/2 ' _
with constant tails (see Section VI). The values found are very near to
the ratios of the level multiplicities, as expected from both simple

. . L
theoretical grounds and more realistic relativistic calculations. 8 Fits

to gas phase spectra for O

5 indicate that the peak‘shapes,with eXponential

: téils do not give particularly accurate intensity ratios. Again, the use
of a Loreﬁtzian with cqnstant tail gives the best overéll description of
the data, providedvthat the pail'is fitted Qniy within a few FWHM of the
peak posiﬁions. Thus, the analysis of épectra‘iﬂ terms of such peak shapes

seems quite reasonable from an empirical point of view.
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B. Correction for Inelastic Scattering and Satellite X-Rays

Photoelectron peaké 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 preéise information from XPS

electronié states.
spectralabout the density of states, it is thﬁs desirable to correct for
the effects of inelastic scattering'and satellité x-rays. ‘The corrected
spectra gaﬁ then be more simply related to theoretical density of states
" ‘functions (see Section VI.B.).
This cdrrection can be made by noting that phofoelectronsbwith
. very nearly the same kinetic énergy will be affected by inelastic scat-
tering in an almost identical way , fégardleés of the level from which they
are emitted.25 Aiso, the’effects of satellitg'k;rays are ldentical for
all phdtoelecﬁrdn peaks, if considered as perﬁurbations to the al,2 resk.
Thus, core level photoelectron peaks close in kinetic energy to those of
the valence levels can be used to quantitativéiy méaéure both‘these effects.
The'effgeté can then be corrected for in the valéhce 1evelvpeaks.25'

f;The fundamental assumption is that all structure in the core level
Spect?a deviating from symmetric dl,2 ‘peaks is‘due to inelastic scattering,
'the>n0n—monochromatic nature of the x-rays, and perhaps a slight spectro-
meter 1ineshape asymmetry. Thus, if such effects as multiplet splitting
of-coréglevels3o.or-two—electron transitions32 are not properly allowed for
this assﬁmption will be invalid. Tor all cases studied here, these effects
do hot'introduce significant error, however. |

 The measured core and valence photoeieétron spectra are considered

~
(&

to be.vectors I (€) and IV(E), respectively, with typically 100 elements.
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Each glément consists of the number of counts at.a given €. We now con-
Struct ahu"unﬁerturbed" core sPeétrum IC'(E) from pure Lorentzian peak
shapes.with the same.mean positions as those in I;(E), but with slightly
narrower FWHM. Ic(é) and:Icf(e) can then be conhécted by a.response

matrix R vdescribing the perturbations:
I_(e) = R(e,e') I'(e) . o | o (2w)

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

Iv'(E) will be giﬁen by
CI(e) = B M) T () o S

A slight change in notation, such that Ic(éi) =1 .,1I '(€i) =

I°.' and R(ei,ej) = Rii, yields

ci

-7 B - .

(] L] . ’ ‘ ‘ '

Icl Rll R12 ‘RlN ;cl

. !

Ic2 R21 R22 : _ : jIc2

' = . . o . _ (25a)

. ) . 1

| B Y Byw | Ten'

Here, N is taken to be the number of elements in Ié(€)° We further assume
that €41 —_Ei = Ae = a positive constant fdr,all i.  R can be simplified

by noting that it must affect elements of'Ic' at different énergies 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 # ei. This meahs that the elements Rij,will be
equal féf i-j equal to a certain integral value. With the notation K(k)

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

— — et

_'ICl— R(N) - - - R(em-2) R(zm-1) | | I,
| | w0 mea ]|
= : ' ‘ (26)
R(3)
R(2)R(3)
IQN R(l)R(e)Rk3) « + + R(N) 'v N Icﬁ'
| B . - L

Thus, tﬁere are only 2N-1 independent elements in‘R. If this number can
be'redﬁced to N or 1éss, Eq: (26) can be solvédﬂqu R. One such pro-
cedure is outlined béidw. ‘

vA physicaliy reas@nable assumption for the?form of R is shown in
Fig. 22. Elements R(1) to R(L),»éorresponding to energies above the
a3,h safellitgs, are set_éqgal to zero. Elemenfs R(L + 1) to B(M - 1),

WhichLSPQn'the_region of the «a and a3 ) peaks, are independent.
' e

_ 1,é’ a’
Elements R(M) to R(ZN—l) are computed as a linear interpolation between
R(M-1) and R(2N-1); these.elements corréspond fo a linear inelastic tail
wifh.arbitfary slope. Thus,-any peak in the region R(M-1) to R(2N-1) due
to disérete elect?on energy losses.will be accounted for in an average
sense. if M-L = N, Eq. (26) represents a setFof N eguations in N unknowns
and if M-L < N, KR can be obtained by a least—équares solution of the over-~

determined system.
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A‘minbr source of error in the use of Eqs}'(zh) and (25) stems
from the fact that Ic(e) and Iv(e) do not decrease to zero at their low
kinétic encrgy'limit. (We assumé"any conétant background to be subtracted
from both spectra, so that at ﬁigh kinetic energy tﬁey do approach zero.)
Thus,‘Ic(E), Iv(c), aﬁa the elemects ic R have baen truncatéd at non-
negligible values in the inelastic tail rEgion;'vBy:expanding the number
of clements in T_(e) and T () to n 2N, the magnitude of the errors intro-
_duced by tﬂis truncation can be estimated. These errors will ce amall as
1ong'astthé following conditicné are‘met: (l)a Icl';AIcN , I 2 , and I N'_
should be small with respect to the maximum amplltudes in these vectors.
This fequires centering the peaks in both Ic(e) and IV(E). (2) The ele-
ments of R in the inelastic tail should be no greater than about 0.2 R(IN).
Thcse conditiohs were met for all cases studied in Section VI.

Computer programs were‘wrltten to carry out the éerlvatlon of R
accordlng to the model of Flg 22, dnd also to- calculate I '(E) from

(25). These are described in more detall in Appendlx A. A response

matrix derived for Ag (based on the‘Ag 3c13/2 andv3d5/2 core levels) is shown
in Fig. 23f The a3,h_ peaks are clearly disticguishable. Iv(e) and |
Iv'(e) for Cu are shown in 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 tﬁe a bands._ For all cases ihveStigated in Section VI, this
correctioﬁ.procedure proved to be adequate. Minor problems were encoun-
terad fdf_a few cases in that rather large unphysical oscillations
developed in the solutions forvR or I&'(E). These oscillations were
‘eliminatéd'by smoothingzboth the data and solutions at various stages of
‘the calculaticn and also by linearly cohnecting the elements in IV;(C>

see ;‘.,ppendix A).



V. PAPER: MULTIPLET SPLITTING OF METAL-ATOM
: ELECTRON BINDING ENERGILS

ABSTRACT

X—fay photoelectron spectroscopy (XPS) is’uséd to measure splittings
of metal-atoﬁ electrqn binding energies, in both7inorganic solids and
gaées;r These splittings are due to the various‘boésible mﬁltiplet states
fofmed,by:coupiing a hole:in a metal-atom subshgll to an unfilled valence
subshell. |

‘Splittings are observed in various solids containing 3d series atoms.
“In pafticulaf; the 3s binding energy is éplit-into a doublet with as much
as 7;6 eV separaﬁion between_the two components.  The instrumental reso-
lutioﬂ is "~ 1.0 eV. 3s splittings are exhibitéd by inorganic Cthqunds
contaihiﬁg'Mn and Fe, aé well as by Fe metal, Co.métal, and Ni metal.
Theoretical prediétions are in good agreement With experimént, provided
that the effects of covalency in chemical bondiﬁg are taken into account.
For Fe metal, the 3s splitting is identical botﬁ above and below the Curie
.pqint; The 3p binaing energies "of these solids aiso appear to show multi-
plet-éffects; but the interpretation of these results is less straight-

forward. -The 2p binding energies in MnF, are broadened by at least 1.3 eV,

2
and thisbis shown to be consistent With'multipletvsplitting.

.XPS results fof gaseous monatomic Eu also indicate the presence of
fmuitipiét splittings. .The two componenté invthe Lq ﬁhotoelectron‘spectrum
are fouﬁd 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.



v-k9

A. Introduction

In any atomic system with unpaired valencevelectroné, the exchange
,interactibﬁ affects spin-up and spin-down core éiectrons uﬁequally. Since
exchangé_acts only between electrons with thebsamévspin,l core electrons
with spinsbparallel to those of the unpaired vélénce electrons Vill experi-
ence a yalence-electron éXchange'potential, whefeas core electrons with
spins antiparallel will not. Sihce the exchaﬁge interaction tends to
reduce the éverage Coulombic repulsion’bgtween two electrons,l the spin-
parallél §ore eléctrons will be favored energé£iéally. Exéhange inter—.
actions within or between closed shells balance exactly, as the numbers
of‘electrdns.with each spin are equal. This in?eraction between core and
unpéired valence electrons is responsible for core—polarization contri-
butions to magnetic hyperfiné structure.2 ﬁue;£q the non-equivalent
_ exchangé interactions felt by core electrons wiﬁh different spins, the
spin-up and spin-down wave functions are_slightijvdisplaced spatially from
~one a.nothei'.‘2 In atomic iron, for.example, the BSd and 3sB wave-
'functioné are predicted to have average radiivéfno.h33 A ana O.M3S.A
respectively.3 Here we have used o to dénoﬁe a:spin parallel fo the.
unpaired.3d electrons. This relatively siighf diffefence of 0;5% in
average radius creates a large net spin densitf'at tﬁe nucleus. This spin
density”résults'in a large magnetiéhfield in the Hamiltonian describing
the hyperfine interactions between nucleus and electrons.h Numerous studies
of‘the:systematics of this hyperfine field have been made.u’5
In addition to slight spatiai 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 eigenvalpes of tran--
sition metal ions'.2’3 Such differences are &.12 eV for the 3s0 and.

3sB electrons in atomic iron;3 for example. It has been pointed out that
these‘differences ought to ﬁe reflected as splittings in ihe measured
binding énérgies of these electrons.6 Ey meanswaf x-ray photoelectron
spectroscopy (XPS), which has.a resolution of :m.l'eV,van attempt was made
to detect. such splittings in éore—level photoelecﬁron peaks from iron and
cobalt metal.6 However, no pronounced effects were observed.6 Recently,
splittings of "~ 1 eV have been found in paramagnetic mélecules7 and
larger effects ha&e been observed in solids containing Mn and Fe.8 In
‘partiéular, Fadley, Shirley, Freeman, Bagus, and Mallow8 cbserved n 6 ev
splittingsvin the 3s binding energies for the fransition metal ions

Mn2+ 3d5 and Fe3+ 3d5 in certain Soiids;' Theéé.éplittings are consiaerably
réduced ffém free-ion predictions, and a major source of this reduction
appears té be covalent-bonding effects.8 The 3p binding energies in these
solids a1so give evidence for splittings, but from both a theoretical and
experiméntal point of view, thevinterpretatidn of this data is less straight-
forward. | |

In this faper, we review the results obtained previously for ¥n ‘and

Fe,8 and also present data for 3s electrons iﬁ Co metal and Ni metal which
indicaﬁg éimilar effects. Photoelectron spectra for the Mn2p electrons in
MnF2 are showp to exhibit si@ilar, but smallér, splittings than Mn3s, as
expectéd ffom free-ion theoretical calculatioﬁs; We also discuss photo-

electron spectra obtained from gaseous Eu which show certain anomalies
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| probably connected to suchvsplittings. The experimental procedure is
: - ' discussed in Secfion 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

»9

The experimental procedure has been described elsewhere. Samples
were bombarded with x-rays of " 1 keV energy (primarily with the unresolved

MgKa doublet, which has an energy of l.2536{keV). The ejected electrons

1,2

were anélyZed for kinetic energy in a magnetic speétrometer. The kinetic
energy distributions obtained in this way contain photoelectron peaks cor-
responainé to excitation from all the core and.vaiéhce electronic levels
in the sémple whose binding energies are lessvthaﬂ the excitation energy

hv. The.pertinent energy conservation equation is

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

where Eh

is thelggﬁgl_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 subshell. Work funétioﬁ and charging correcﬁion will accelerate or
decelérété éll electrons equally, éﬁd so:can be disregardea in the measure-

9,10 h i

ment ofISplittings within a single sample. . The quantity E -~ E is

by definiﬁion the binding energy of an electrén in the subshell, relative
to fhe final hole state cq;responding to Eh; -If the ejection of an elec-
tron from a subshell can result in several final states of the system.
(i.e., several Eh 'vélues), a corresponding nﬁmber of‘photqelectron peaks
will be cbserved. Thus, the energy splittings of these final states are
in prinéipie directly measurable. The instruméntal contribution to line-
width fbrvthese éxperiments &as v 1.0 eV full width at half-maximum
5ntcnu5t§(FWHM). This width arises primarily ffom the natural width of

the exciling radiation.



V-53

Measurements were made on several inorganic¢ solids containing Mn
and Fe, as these atoms possess a large number of unpaired d .electrons

6h52). Com-

(neutral atom electron configurations: Mn® —v3dSM32;.FeO - 3d
' pounds ﬁere studied at room temperatures and é ?reésufé of v 10_'5 torr.
These'Samﬁlés‘were uéually prepared by dusting'the powdefed>crystal onto

an adhesiyé backing to form a contiguous coatipé{9 In a few cases, samples
were prepéred by painting an ethyl”alcohoi slurryvoflthe powder direétly
on.a métal'backing.9 Pure 3d seriés metals were slso studied, and thesev

3

samples were>heated in a hydrogen atmosphere (v 10 - torr) to free them

of surface oxidation;6’9’ll

. The choice of solid samples to be studied was restricted by two
féctofs% (1) Thé sample must be in a vacuum'if;phptoelectrohs’afe to be
analyiéd for kinetic énergy withouf aépreciablg iﬁelastic scattéfing.
(2) The vaéuum in our spectrometer was jéthér poor,;with pfessures inrthe
l'O_5 torr:range. These factors precluded the study of_ﬁell-defined
hydratéd.salts, as these salts will either ldsé water of hyaration at
room temperature or condense material from the residuél gas in the sYstem
if cooied'to very low temperatures. Also, trgﬁsifioﬁ metals which react
to any dégree with oxygen had to be reduced in an atmosphere of hydfogen.6’9’1l
For roéﬁ temperature studies,‘anhydrous salts”of metals_with strongiy
electf@hégative anions represented the most uéeful sémples. Iﬁ certain
dases;fmépal’oxides were stable enough to be studied under the conditions
of ouf;éxberiments. Both iron and manganese have at leést three oxides.

From  the point of view of 'observing multiplet splittings, the most

Lo . C .. . 2+ .
desirable oxide of manganese is MnO, which contains Mn ions in a
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3d” °s eléctronic state. ~However, Mn0O is slightly unstable to oxidation

by residual 0, gas via the reactions:

,37¥n0 +1/2 O_2 > Mn3 .

and

'Z‘MnO + 1/2 02 > Mn203

The othér oxides"of Mn and Fe are often non-stoichiometric and therefore
'db not coﬁétituée particul&rlytwell-defined systems. The metal halides
present énother possibility,.bpt among theée, oﬁly the fluorides have
sufficignt'stability to be used‘with cohfidence;_;For example, the equili-

- brium constant for‘the reéaction

. MnCl

> + 02-+ MnO,. + Cl

2 2

ig v 105,'whilé that for the reaction

MpFQ + O2 +.Mn02 + F2

is m‘10—50. MnF,_ and, to a lesser extent, FeF_, thus represent good

2 37

systeﬁs for the study of multiplet splittings. We have also studied the
compounds - MnO, MnO,, KhFe(CN)6’ and NahFe(CN)6, for which no major chemical
insfability problems were noted. Minor effects of surface reaction are -

discussed below.

i . 12 ' : .
‘The monatomic gases Eu and Yb were also stud1ed.9 Eu possesses

a ha1f4filled 4f shell (electron configuration 2l - hf(6s2) and might be

expegtéd to show splittings, whereas Yb has a filled 4f shell (YbO - hflh652),
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and should not show these effects. A special CVén.was constructed for

these ex‘periments.9 In this oven, solid metal was heated to a temperature

at which the metal vapor pressure was 'V 10_2,tbrf"(m 600°C for Eu and

~ 540°C for Yb). At these conditions, reasonable photoelectron counting

»

rates were obtained from the gas phase.9 No significant 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, analytical peakbshapes.g

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 Shépés has been described

9

elsewhere. The most useful shapes are Lorentzian or Gaussian with

smoothiy—connected constant tails of édjustable height on the low kinetic
energy side. These tails represent reaéonably well the effects of inelas-
tic scattéring on elecﬁrons escapipg from the Sampie.9 It was also POS~
sible in this fitting procedure to allow automdfiéally for the effects

of the weak Ka, and Kuu satellite x-rays separated by ~ 10 eV from

3

the main'Kal o component in the Mg x+ray spectrum.9 Photoelectron peaks
3 .

" 1

%31

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

1. Solids Containing 3d Series Atoms

_Figure 1 shows photoelectronvspectre ebfained from Man, MnO, and
MnO2 in the region corfespohding to ejection frem_the Mn3s ‘and Manr
core levels. Figure 2 shows Spectra in a simiiaf'region from the iron-
containiﬁg‘solids, Fer; Fe metal, KhFe(CN)6 and.NahFe(CN)6. The strong
peaks in these spectra are labelled with theeafbitrary notation 3s(1)
33(25,'---.gnd 3p(1), 3p(2)---,'unless they can be assigned to some
ebviousfcause.ether than ejection from 3s or'ép 1evels by MgKOLl,2 x-;ays.

In thé‘latter category are the peaks due to the o .and o), satellite

5
X-rays an@vthe Na?s peak.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 ﬁeasurements were not made with ﬁigh
precision. Therefore, some of these shifte could be due to such effects
as charging of the sample. 'Within‘a given. spectrum, however, relative
peak lecations can be determined quite accureteiy:.

We'concentrate first on the 3s regions of Figs. 1 and 2, Table I
summarizes our experimental results as obtained by least—squares fits of
Lorentzian-based peak shape59 to the data, and also gives the approximate
free-ion electron configurations for the‘transitien metal ions in these
solids. Also noted in Fig. 2 and Table I are those cases for which known
properties and/or the observation of'broadening of certain photoelectron

peaks seem to indicate slight chemical alteration of the sample. As the

photoelectrons in the full-énergy, inelastic peaks such as those labelled

. : - ' . -6 ; -
in Figs. 1 and 2 come from only a thin (v 1077 cm) surface layer of a solid



V=57

sample, a feiatively small amount of surface reactidn can alter photo-

6,9,10 samples prepared

electgon_spectra appreciably. For exampleé Mﬁog
from an efhyl-alcohbl slurry‘exhibit_én enhancéé:3s(2) peak relativg'to
‘samples bfefared by dusting pdwder directly on ag-adhesive backing. The 
separation of the 3s(1l) and 3s(2) peaks is the samé for both cases, how-
ever, Tﬁié;chéngevin relative inténsity may bé dﬁe'to sliéht surface

reduction in the alcohol, as noted in Table I. Spectra for MnFe, 6n the
other hand, exhibited no significant changes dependent upon sample pre-

raration téchnique, and this is consistent with the higher chemical sta-

bility of this compound.
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'In the 3s region, the 3d5 compounds exhibiﬁ two peaks, denoted
3s(i)'and 3s(2). MnO2 shows a somewhat weaker 3s(2) peak at smallgr
separafi&n; KhFé(CN)6 and NahFe(CN)6 shows eése#tially no 3s(2) peak.
Iron metél exhibiﬁs a distinct shoulder which bersists‘with no appreciable
¢hange ffém 810°C (L0O°C above the Curie point) fb 565°C, és shown in
Fig. 3.'.kThis shoulaér was nof'observed in éarlier work6 due to poor
statistiCS;) These results are fullyvconsisﬁéﬁt.with the peaks 3s(1)
and 35(2)‘representing two final states of the Mn or Fe:ion split pri-
marily by the exchahge'interaction.  That is, the 3s(2) peak is observed
for‘caséézwhere d electrons are Rnown'to céupie to é high spin ground

state (MnF

. 25-Mn0; FeF3, and'ferromagnetic Fe) and is reduced in separation

and intensity relative to 3s(1) for cases in whidh_the number of unpaired
3d elecﬂfoﬁs is smaller'(MnOE) or theAtransitién métal ion exists in a
diamagnétic éroundistate (KhFé(CN)6 and NahFe(CN)6). Also consistent
with this’inﬁérpretaﬁion is an'analogous spectrum from Cu metal (4 elec-
tron‘configuration 3d10) which shoﬁs a narrow, éiﬁgle 3s peak as observed
in the féffocyanides (see Fig. 3 and Table i). f

We:note at this'poiht'several other péssible sources of the extra
peak 35(2), all of which can be ruled out:v (1) Auger electron peaks can
be distinguished by a constant-kinetic energy regardless of exciting x—fay
énergy,; Mg and Al #—rays were used for this purpose. (2) A surface
contaminént or incompletely hidden portion of fhé.saﬁple holder could
give rise to unexpected photoelectron peaks, but these should be present
on all semples at the same kinetic energy and prébably with varying inten-

. sity rélative to Mn or Fe peaks. The 3s5(2) péak does not behave in this
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way. (3)  If surface chemical reaction producésvtwo different types of
metal étdmé, shifts of the 3s binding energies_dué ﬁo changes in valence
electron screening could give rise to.two photoeléctron peaks.lo However,
in this cége, both 3s and 3p peaks should show.tﬁe sane étruéturelo énd
this is not observed. (Wevnote a small effect of this kind on the 3p(1)
peak of.FéF3.) (h) Quaﬁtizéd energy losses.éuffered by phqtoelectrons

in lea&iﬁg the solid can gi?e rise to peaks on the low kKinetic energy side
of énzelastic photoelectron peak,13 but the,loss:méchanisms for 3s and 3p
photoeleétfons should be essentially identical due to their proximity in
kinetié energy. No beak with relative intensity éhd separation correspond-
ing to th¢_3s(2) peak is seen near the 3p(1) peaks of MnF, and MnO. Also,
most qpanﬁized losses would contribute some inherent line width to the
secondéry peaks, but Table I indicates that the 3312) peaks are essentially

equal in width to the 3s(1) peaks for MnF, and MnO. (5) A photoemission

2
process resulting in simultaneous excitation of bdth a photoelectron and

some quantized mode of excitation could give rise to such a peak.lh’15

However, the high intensity of the 3s(2) peak, the specificiﬁy of its
appearahce near 3s- and not 3p, and the nearly eqgual widths of the 3s(2)

and 35(1) peaks for MnO.and MnF2 make this explanation seem unlikely.

The origins of such splittings'have been considered from a theo-

. . . . + o .
retical point of view, with the free Mn2 ion as an illustrative example.

Thevinitial state is 3d5 68 and the ejection of a 3s or 3p electron gives

. +
rise to final states which are denoted as Mn3+[ [3p], respec-

3s] and Mn3

e el . . . ; 1
tively. In first approximation, Koopnians' Theorem™ can be used to com-

pute binding energies. This thecrem states that the binding energy -of an
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electron is‘given by its Hartree-Fock energy eigényalue, E, calculated
for the'éround state configurationvof'Mn2+. A defailed allowance for
exchange predicts that for any subshell 3 qu #'EJB (where d;B denote
spin directions). Thus; two peaks are predictéa'as.a result of photo-
emissioﬁ frém both the 3s and 3p levels. The ;implest estimate of this -
effect tregts the exchange interaction aé a pef@ufﬁation which splits the
restriétgd_Hartreé—Fock(RHF)VBS and 3p ODe—electfén eigenvalues, and yields
the valués'given in Table IT, line.l.8 Spin-unrestricted Hartree-Fock
(SUHF) cél§ulétions represent a higher-order géfimgte iﬁ»that a and R
electréﬁéfére permitted to have slightly different radial.wave functions,
but the énérgy splittings are not appreéiably:altéred (see Table II, line
2).. The“signs of. the splittings reporfed in Tébie II are such that elec-
tron kiﬁefic energy inqreases to the.right; that is, it requires less
energy to form an anti-parallel 3sf8 or 3pB hole, and éuch photoelectrons
‘are predicted to have more kinetic energy as a result.

fThis-use of Koopmans' Theorem to equate binding energies to ground
étate énérgy eigenvalues is known to have shorfcémings, in particular for
systems with unfilled valencevshel]_s.l The correcf definition of electron
bindiné enérgy is the difference between compufed total energies for initial
states'énd.final hole statés [cf. Eq. (1)]. The possible final hole.stahes

7 > 3+[ p

are 'S5 and 3f[

S for Mn~ [3s] and 7P and “P for Mn 3p]. But unlike the

| g
other final states just given, the ‘P state can be formed in three dif- -t

ferent ways from parent d5 terms of 6S, hP, and hb.l There are thus a e

. - + .
total of "I final multiplet states for Mn> [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

of ggx;nonés'eiectron)‘to ground state one-electron energies.8 The total ﬂigﬁ
ehefgies of thé;e final hole states have been calculated with two "multi-

plet holeitheory" (MHT) methods:8 diagonalizétiqnbof the appropriate eﬁérgy
matrix.based on Coulomb and exchange integrals for an RHF‘single determi-

nant of,fhé'initial state (a ffozen—orbital appfoximation); and more
aécurate'multi—configuration Hartree~Fock (MCHF)Hcalculations on the

final héle‘stétes'(an 0ptimized~orbitalvdalculation). In the frozen-

orbital caiéulation; matrix elements were compﬁted as linear combinations

of Slaf;er,Fk and Gk integrals for the initial state; the coefficientsb
multiplying each Fk or Gk integral were obtained from standard tables.l
Diagonalization of this matrix gave the threebSP.eigenvectors énd eigen-~
values.8’9"8eparate MCHF calcuiations wvere made té obtain each opti-

: mized-orbital. eigenvector and ité energy eigenvélﬁe.B The results of
these two sets of calculations are presented in‘Table IT, lines L and 5.

5

The “P eigenvectors are given in Table III. The agreement between frozen-

orbital- and optimized—brbital Splittihg estimétes is very good, with slightly
larger yaiues for the optimized orbitalé. A cpmparison of lines 1 and 2
with lines 4 and 5 also confirms the essentiai équivalence of the MHT and
Koopmaﬁs' Theorem calculations of the s?littings of s electron binding
energies; no such équivalence exists for non;s electron binding energies.

‘The results of Table II are borne out qualitatively by our 3s

7

spectra from MnF,, MnO, and FeF,. If we identify peak 35(1) with a 's

3
Ve ‘ N 5 : . . Q '
tinal state, and 3s(2) with 7S, the intensity ratios of these peaks are

T~.5

in rough agreement with a calculated 'S:7S relative intensity of
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7:5 = lﬁh:l.O. This calculation is based on a Qne;electron—transition
model ofiphbtoemission.g However, the observed separation of aﬁproxi-
matelvaIéV>is only about half»the value predicféd by the free-ion calcu-
lationsf Qne possible reason for the reduced eiperiméntal éplittings6

is thaf.éicctron—eiectron correlation between elecfrons with like spin

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

is made i§ such theoretical calculations for corrélation between eléc—_
trons wi£h ﬁnlike spins.h Thus, spatialh-or energy6 asymmetries calculated
without taking correlation into accouht may reprgsentvslight overesti-
"mates. HoweVer, it seems doubfful that a proper allowance for correlation
would agcqﬁnt for a factor of two reduction in.gheéretical estimates.8’16
Anbther possible effect is that of covalency in éhemical bonding,8 which
will acﬁ'n@t only to pair valence electrons, but also to delocalize them,
thereby wéékéning their interaction with the corek This effect can be
estiméted ffom the spin~ggg_orbital—unreétricted Hartree;Fock (UHF) calcu-
lationé-bf Ellis and Freeman for the (MnFé)h—_éiuster.17 Their predicted
splittihgs“of energy eigenvalues, listed in Table.II, line 3, show a
substantiai decrease frombthe free-ion falues‘and rather remarkable agree-

ment with the measured splittings in MnF The reduced splitting in MnO

ot

relative to MnF, is consistent with known effects of covalency in that

2

oxygenbonding is more covalent than fluorine bonding.8 On the other hand,

the larger'splitting observed for FeF3 over MnFé is consistent with free-

. . . 8 . . +
ion calculations,  which give a greater exchange splitting for F93 than

: 2+ \
for Mn"-. The measured ratio of separations for MnF2 and MnO2 (1.41:1.00)

is larger than the computed free-ion ratio for'Mn2+ and Mnh+ (1.22:1.00),

4 - . . . . . ¢
as expected from increased covalent bonding effects for oxygen ligands.



V-63

The observed 3s(1):3s(2) intensity rati03of_approximétely 2.0:1.0
. ;

for MnF, and MnO is not in good &greement with the

5 S:SS ratio of 1.4:1.0

8,9

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

The 1.5:1.0 ratio for FeF. does agree, but thé_apparent_surface reaction

3
indicates tﬁat this agreement'may be fértuitousgz.Thére are several
reasons for}a discfepancy bétween_such_simple éne—eiectfon»estimates and |

.éxperiméﬁtf8 (1y 1Ir fhe initiél and final stafes‘are described in‘terms'
of SUHF'ﬁave functions, the dipole matrix.elemehﬁs.betwéen'3sd and 3sB
and their corresponding p-wave continuum sfates ﬁay-be_significanfly
different.,.(Z) Overlap integrals between initial and final state orbi-
tals of'paﬁsive electrons may be different for'different final states.
Impliéif in the oné—eiectrdn estimate is an assuﬁptioh that these éﬁerlap
integrélé'ére unity for all final states. (3): Muiti;electron>transitiohs |

may be significant enough fo alter observed int?psity ratios from one-
electron predictions.l5 (L) Bondipg effects yillfdistort initisl and
final statés from a freg—atom description, asvhaé:been found in UHF
cluster"caiculations-17 .(5) A small fraction‘of the photoelectron-

produciﬁg atoms may exist as surface states of'different electron config-
uration.
. In Fig. 3, we present 3s spectra for‘the ﬁetals Fe, Co, Ni, and Cu.

The temperatures of these measurements.are noféd, as well as the T/Té'
ratios for the ferromagnets ¥e, Co, and Ni.lB We have noted thét Fe shows
a spliﬁting for temperatures below and above the Cﬁrie.point, whereas

paramagnetic Cu shows a single, symmetric 3s peask, as expected. TFigure 3

also indicates that Ni has a 35 splitting very much like that for Fe,
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and the results for Co, though not conclusive, ééftainly exhibit con-
sideraﬁle broadening énd_asymmetry in the 3s peék. ‘The 3p peaks for

Fe (see'Fig. 2), Co, Ni, and Cu can all be well approximated by a single
Lorentzian with a constant tail, whereas the 35 péaks cannot., The analy-
sis of the'és peaks into two components as shown-iﬁ Fig. 3 is somewhat -F
arbitrary, but is analogous to the simpler resplts obtained for inorganic
compounds. This analysis .serves as a rough indicator of thé magnitude

of the splitting and fhe.shape of the peak. Thus, all three ferromagnets

exhibit subtle effects similar ﬁo those observed in inorganic compounds.

We attribute these to a poupling of the final state 3s hole with localized

3d electrons which have some net unbaired spin bf:local moment. The

dbsefvation of identical effects for Fe at temperatures'above and below

TCl8 indicaﬁes tﬁat single-atom coupling of thev3d7electrons as detected

in the‘short time duration (v 1of16 sec) of the photoemission process does

not depend on the degree éf ldng—range ferromagnetic ordering. Althéugh

this statement”may.seem inconsistent with the obsérved disappearénge of

19

the hyperfine magnetic field above Tc’

on a time scale of 2‘10—12 sec, and thus are sensitive to the effects of

the latter measurements are made

a time-averaged 3d électron coupling.

Let us consider now the 3p regions of the spectra shown in Figs;
1 and 2.8. There are several extra peaks and these have been labelled.-
None of these peaks are due to Auger transitions. - The peaks 3p(2) and
3p(3) of KuFe(CN)é appear to be associated with two-electron transitions
of potassium, and are not observed in similar spectra from NahFe(CN)6

and (NHh)h Fﬁ(CN)6. These peaks are observed to some degree in other
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potassium-Containing salts such as K,80,. The peaks denoted 3p(2) and

may be connected with multiplet splittings,

e 3

however. There is at least qualitative agreement with predictions from

3p(3) for MnF Mnoe, and FeF

multiplet-hole-theory calculations,B in that peaks resulting from p
electron cjection are spread out in intensity over a broad region (see
Table II).  We note that in a one-electron transition the intensity of

each SP state will be proportional to the square'ofbthe coefficient of

the d5(6S)p5 2 8,9 Thus, the relative intensities

‘ o : : 34
obtained from frozen-orbital MHT calculations on Mn3 are: SPl; 0.66;

> 5P3, 0.32.8’9 The 5P2 peak would thus probably be too

weak tolobéérve. Spectra for MnF

P term in the eigenvector.

P2, Of01; and

o in fact show tﬁo weaker components
(3p(2)'§nd 3p(3)).in addition to Sp(l). One of thése is ciose to the
main beék (v 2 ev) and the other much further away (v 17 eV). The identi-
ficatibn of peak‘3p(2) with the final state SP3 aﬁd of 3p(3) with SPl ié
fhus roughiy consistent with nen-relativistic free-ion theoretical caleu-
lations. Ve note, however, that ény realistic fhéoretical treatment of
3p splittings must include spin-orbit and cryStél—field effects, as well
as possible decreases in the magnitudes of predicted splittings due to
covalent Eonding. Spin-orbit splifting of thé groundvstate Mn3p levels
will bé approximately 1.3 eV in magnitude, for example.go -Furthermore,v
the éX?erimental déta in the 3? regions are not good enough to assign
accurate poéitions and intensities to the obséfvedbpeaks. Thus, while.
it appears that peaks due to-multiplet splgﬁtings may be pfesent iﬁ'the

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

will Ve necessary Lo assign the observed peaks to specific final hole states.
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Thé.splittings reported up to this point have been in subshells
with the same principal quantum number (and thﬁsvthe same approximate
radial loéétion) as the 34 electrons; Analogous effects should be observed
in all core levels, although the appropriate Coulomb and exchange inte-
grals describing the final state coupling will be décreased due to the
-gréater'aférage distance of separation of these inner-core and valence
electrons. An approximate indicator of this decrease is given by the
2pa - 2pB .ane—electfon energy difference for atgmic Fe, compared to
the 35& -~ 3sp .difference. In the SUHF calcﬁlation for line 2, Table II,8
these valﬁes are 3.5 erand 11.1 eV, respectively, so that one might
expect énvexperimental sﬁlittiﬁé of " 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‘2p3/2‘levels_fof Mn is " 12 eV, so that two distinct 2p peals
will be observed. .In the simplest vectof—coupling model, each of these
peaks ﬁill be a miXture of o and S electrons, so that, at most, the
experimental expectation would be for a broadeniné of N 2 eV in the
Epl/g.a’ndeE/2 photoelectron peaks. In Fig. 4, we show 2p photoelectron
spectra fbr Fe metal aﬁd Man. :In analogy with the 3s splittings, we

expect smaller multiplet effects for Fe than fcr Mn in MnF As indicated,

5

the widths of the MnF,. peaks are 3.3 eV, or " 1.3 eV larger than those:

2
of Fe,. This brcadening is not due to surface chemical reaction, as the

3p(1) peak of MnF

5 is essentially the same width as the 3p(1l) peak of

Fe (2.1 eV and 2.3 eV, respectively). - As mentioned previously, simple
broadening or splitting of peaks due to chemical reacticn will affect all

core levels in a very similar way. The 2p peaks for iron are also sharper
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in the:sensé that they are best described by a Lorentzian peak shape,

whereas a broader Gaussian peak shape well approximates the Mn¥,_ data.

2

Both these observations are consistent with multiplet effects of the

expected magnitude on the binding energies of Mn2p electrons in MnF2.

~These XPS results are also in agreement with splittings observed in x-ray

and other inorganic solids.21 -MnKa, and KXo

emission spectra of MnF 1 o

2
x-rays result from the transition 2p3/2 > 1s and 2pl/2 > 1s, fespecﬁively.
Thus, the final state is Mn with a 2p hole, jﬁst és in photdemissioﬂ, and
the coupling of this hole with unpaired 34 electrons will cause splitting
of the resultant x-ray line. Free-ion calculations of these splittings

have been made and they predict a bfoadening of:these MnF, X~ray lines

2

of Vv 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 MnF2 are
very nearly equal,21 in agreement with the equal widths observed in Fig.

4. The relative Kal: Ka2 widths -are predicted by theory to be ~v L:3,

‘however.zl

We-also note that splittings of p?)/2 electron binding energies
have béen observed in the XPS spectra of solids containing Au, Th, U, and
Pu.22 These splittings are thought to be due primarily to crystal-field

. 2 . .
effects on metal core electronic states, 2 but no detailed theoretical analy-

~sis of this data has as vet been completed. In the broadest sense of the

-

term "multiplet splitting," the work reported here and this earlier work2
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 staté, and the different final states have
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differenﬁ total energies‘ Eh (cf. Eq. 1). The different Eh values arise
from a détéiled consideration of the Coulomb andiexchange interactions in
these fiﬁal states, perhaps including coﬁtributions from atoms neighboring
the métal'étom. However, it is clear that the ﬁultiplet_splittings reported
here ar; primarily dependent on the various possible coupling schemes in

a éingle4a£om—like hole ététe, Whereas'crystalifield—inducéd splittings

may be ﬁére intimately connected with the symmétry and spatiél distri-
butionﬁof the bonds around thé.metal atom, regaf&léss of the presence of
unpaired electrons. For hany systems yigg_unpéired electrons, these two

effects will be inséparable in an accurate theoretical analysis.

v2. Gaseous Uf Metals

Siﬁilar multiplet effects should also be observed in gaseous mona-
tomic metals with unpaired valence electrons.v.The intefpretaiion of such
.data should be more straightforward, in the sense that crystal-field and
covaleﬁf—bonding effects need not bé considered;_'Iﬁ particular, Eu,
with évhélf—filled L4f shell, should exhibit multiplet splittings analogous
to those of Mn2+, with a half-filled 3d shell. Treating exchange as a
pertufbation, the khsa ~and bsB one-electron ernergies are predicted to
be different by 11.7 eV,23 for example. Unforﬁunately, the bs and bp
pHotoelectron intensities were too wéak to permit study of these levels
with the present apparatus. The Ud photoelectron intensity is much higher,
however, and a photoelectron-spectrum in this fggion is shown in Fig. 5.
In order to detect small multiplet effects, e compare the Fubd spec-

trum with the lbd spectra of the hearby 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 théSe‘three cases are:

0 ) o o 21
Xe - 5325p6 183 el - (Xe) hel6s® 887/2,2h s~ 8.

The basic structure of the hd3/2'— hd5/2 spin-orbit doublef is

. o )
and Ybo - (Xe)hfl46

observed for all three spectré in Fig. 5, and the éeparétioh of two con-
ponents'is close to that predicted by theory,?o.as indicated in Teble IV.
The increasé in the linewidth of each component from Xe to Eu to Yb can be
ascribed to a'decrease in the lifetime T of the 4d hole state such that

Xe' Bu~ Yb
to be expected that T will decrease as the Lf shell is filled.

T, > T, > 1T, . Because a 4d hole can be filled by'hf 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 Lorentzian shapes for Xe and Yb. LuF3, a stable

solid compound containing Lu3 ions with a hflh lS electron configuration,

was also studied and these results show a Lorentzian line shape for the
two Ld cbmpondnts (see Fig. 6). The relative intensities of the two
components as derived by least-squares fits of the appropriate éhapes
_are also giveﬁ in Table IV. The theofetical intensity ratio for avsimple

spin-orbit doublet is 6:4 = 1.50:1.00. . More accurate relativistic calcu-

25

lations yield a ratio very close to this. 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-

lations are available for the Eu’t [4d] hole state, but in analogy with

Mo~ [3pl, we expect several possible final states. In the oversimplifi-

9

, ' T 9, )
~ cation of LS coupling, the allowed final states are hd9hf76s D and
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udg hf76§2_7D. The 9D state can only be formed froﬁ a parent term of
ueT 85, the Tp state can be "for‘m'ed from 8s, 6P, _613;' 6F, and 6(3 parent

terms, howéver. Thus, six photoelectron peaks.afg predicted in this ¢
model. Thé introduétion of spin—orbit'effectsfwéuid no doubt increase
this nwiber. o |

‘A further beculiarity.in XPS results ermFEu La éléctrons is that

the two- component separation is larger in Eu,0, by 7~ 1.0 eV.'_Experiments

2 3
on Eu203 powder yield a separation of 5.7 eV, 1n good agreement with pre-
vicus measurementslo’26 (see Fig. 6). Intensity ratios cannot be accurately
derlved frém the Eu203 results, due to a high intensity of inelastic
scatterlng and probable surface reduction of a small ffaction of the Eu
atoms.: However, the differeﬁce'in separation might well be connecfed to

bonding effects in Eu,0 analogous to those discussed for Mn compounds.

2°3
Thus , éifhough'it appears that the Varioﬁs peculiarities in Bukd phdto—
electron spectra are connected to multiplet effects, no definite state-
ments_éan be made without a more detailed theoretical analysis.
The uf photoelectron spectrum of gaseous Eu is shown in Fig. T.
An intense peak is observed, with a FWHM of " Q.O eV. The 6s photoeleétric
cross éection shdﬁla be very small-relative‘to hf;25 so it is doubtful
that aébréciable inténsity3iﬁ Fig. 7 is due to photoemission of 6s elec-—
frons. The lifetime of a hfvhole should also be very long, so that any N
width of the peak in Fig. T above the 1nstrumental 11m1t of ~ 1.0 eV
must be due to some sort of blndlng energy spllttlng LS coupling repre-

sents a reasonable description of photoemission from 4f levels, and the

” i 6
final hole state must be a Uf 652 state which acts as a parent term for
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the initial state ueT6s2 8g , initial state need be

7/2" 1/2

considered; as the nearest excited state is v 1.5 eV higher in energy

Only the 88

and will not be populated at the temperatures of these éxperiments

(v 600°C).  The only final state possible in a one-electron transition
. ¥ _

is thus hf6652 Ty, Spin—orbiiﬂeffects will split'ﬁhiS'final state into
To To To .. T

¥ Fl’ 03" s F6 compbnents are spread

.O’ F

various«.J ~components. These
in energy over "~ 0.6 eV,” and this is sufficient to explain a good frac-
tion of the extra width observed for the Lf photoelectron peak. Doppler

broadening will also add a small contribution.of v 0.1 eV width. It is

also possible that two-electron transitionsls‘wbuld yield bf6632 final

T

states other than 'F or other final state configurations, such as hf6655d.

Taken together, these effects are qualitatively consistent with the

‘observed width of the Lf peak.
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D. Conclusions
Multiplet splitting of core electron binding.enefgies has been

observed in severai solids containing metal atoms with unpaired 3d elec-
tréns. ~The largest_splittings are v 6 eV for the 3s electrons of Mn and
Fe.8 . Free-ion theoretical,calculatidns overeétiﬁate_fhese 3s éplittings -
by roughly.a factor of two. Calculgtions'takiﬁgkinto account the effects
of covaient chemical andingIT give excelient aéfgement with experiment.
_The 3p electron binding energies also appear to show such splittings,
althoughvthe'theoretical interpretation of such‘data is more complicafed.
The 3s:photoelectron peaks for the ferromagnetic metals Fe, Co, and Ni
also shéw evidence of such multiplet effects. For Fe, these effects are
identicai'iﬁ both the paramagnetic and ferromagnetic states. The 2? photo-
electron peaks in MnF2 shgw broadening of at leaétgl.3 eV. These results
are consistent with mﬁltiplet effects predicted.from free-ion calculations,
andg alSé'égree with splittings observed in x-ray emission spectra,.gl

.b.Similar multiplet splittings are indicated in the electron binding
energies of gaseous Eu. The L4d photoelectron peaks for gaseous Eu show
anomalous .intensity ratios and shapes when compared to similar spectra
from gaseous Xe and Eu. Tﬁese anomalies appear to be linked to multiplet
split#ings. The width of thé Euhf_photoelectron_peak can be explained-.

by a consideration of multiplet effects.

[
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Teble I. Transition-metal ion electron configurations for the solids
indicated in PFigs. 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 cémp§ﬁnd Electron 3s(1)-3s(2) 3s(1):3s(2) 3s(1) 3s(2) 3p(1)
| Configuration Separation Intensity FWHM® FWHMA FWHME
(ev) ‘Raﬁio - (ev) (eV). (ev)
Mo MnF, | 3a° 6.5 - = 2:0:1.0 3.2 3.2, 2.1
wo 3% % 5.7 1.9:1.0 3.6 3.5 2.8
‘Mn02b 3a3 M 46 2.3:1.0  3.9° 3.9 2.6
re  Fer, 3a° % 7.0 C1.5:1.0 00 bsS o us® 3.6
Fe (3a%4%) (hh)  (2.6:1.0)  (3.5) (h.0) 2.3
K Fe(cw), (3a%) —— > 10:1 3.5 - 2.9
Na) Fe(CN) (3a%) B > 10:1 ', 3.2 - 2.6
o co CaTs?) e e w3 eem 2
Ni o Wi C (3a%2) (4.2) (7.0:1.0) (3.2)¢ (3.2)° 3.4°
cu cu (3a%0s1) . > 2001 3.6 e h.o°

L RiEM of gymmetric peak shape, exciuding asymmetfy introduced by the inelas-
tic tail.. | |
bProbably slightly»reduced;'often'a non-stoichiometric compound.

CFWHM.for 3s(1) and 3s(2) constfained to be equal.

dProbably slightlyvreduced (see Fig. 1).

®The primary‘sourcerof increased width for these peaks is spin¥orbit

splitting into 3pl/2 and 3p3/2 components. ' \
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Table II."Theéretical predictions of 3s and 3p'eléctron binding energy

- 2+ )
splittings for a Mn 3d5 6

"Ref. 8. The units are eV.

S initial stéte. These values are taken from

b - i '
Values based on multiconfiguration Hartree-Fock calculations for Mn

, v v g I
Final state: - un (38l un>* [ 3p]
Koopmans' Theorem 3sa "3sB . . 3pa . 3pB
Description:’ hole hole = - . hole hole -
(1) RHF + exchange o ' o
perturbation (Mn" ) 11.1 o - 13.5 0,
(2)  sURF (Mn“") 11.3 B 0
v b L
(3) uwr, (MoF,) ,
cluster (ref. 17) 6.8 0 - 8.1 0
Multiplet Description: 5s 7s 5P1 5P2 5p3 TP
(W) MHT, Frozen . . Co
orbitala 13.3 0 - 22.k 8.5 3.6 0
(5) MHT; Optimized - v o
orbitall - 14.3 0 23.8 9.4 Lo 0

@0rbitals obtained from an RHF caloulation on Mn2* 3d5 6s.
o .

and Mn>'[3p].

[35]
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Table'III. Frozeh—orbital eigenvectors for the three 5P states of
. - + ) ' . . . ] . ~
M3 3p5 Sd? = Mn3+I3p]. Eigenvalues relative to the b state are given

in Table :II.

. ‘State: . 5Pl 5f2' ’p
Expansion s 3
coeffipiénts: '

C(d5(68795»sp) . 0.816 - _0.110 0 0.567
- C(ds(hb)p5 °p) - =0.L39 ; 0.519 - 0.733

C(dS(hP)p?;SP) -0.375 . -0.847 0.375
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Table IV. Summary of results for U4d photoelectron spectra of Xe, Eu, Yb,
and Lu in various samples. A comparison is also made to the theoretical
spin-orbit,Splitting of hd3/2_and hd5/2 components._ Accuracies of these
values are * 0.1 eV for separations and widths and * 0.15 for intensity
ratios. ‘

o ha ;hd : Theo. . Component kg
3 1o component Component spin-orbit separation component
ampLe FWHME separation splitting?. Theo. intensity

(ev) (ev) (ev) spin-orbit  ratio
Xe(gas) 1.07° 1.96 2.10 .9k 1.47:1.00
Eu(gas) ~ 3.78% b7 5.0 .88 2.44:1.00
Bu,0,(s0lid)  3.63¢ 5.73 5.k0® - 1.06 o=
Yo(gas) . 5.41° 8.13 9.20 .92 1.49:1.00
Lur,(solia)  4.23°  10.2k 10.00° 1.02 1.75:1.00°

aThe two ﬁd components were assumed to have equal'widthé; FWHM valués are
fof a symmetric peak shape, excluding asymmetfy introduced 5y the‘inelasfic
tail. |

bTaken from Ref. 20.

CAnalysiS'with Lorentzian-based peak shapes.

éAnalysisvwith Gaussian-based peak shapes.

eValu‘e_ obtained by inteipolation from those given in Ref. 20,

fThe agcurécy of this ratio is not as high as for the other rgtios

reported, due to inelastic scattering effects.




v-80

140 1160 1180 1200 1220
Kinetic energy (eV)

XBL703-2529
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~MgKa x-rays.
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NahFe(CN)6 in the kinetic-energy region correspondlng to ejection
of Fe 3s and 3p electrons by MgKa x—rays
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VI. PAPER: ELECTRONIC DENSITIES OF STATES FROM -
X-RAY PHOTOELECTRON SPECTROSCOP.Ya

ABSTRACT

In x-ray photoelectron spectroscopy (XPS),'a sample is exposed to
low enérgy,ﬁ—rays (approximately 1 keV), and the resultant photoelectrons
are analyzed with high precision for kinetic energy. After correction for
" inelastic scattering, the measured photoelectron‘spectrum should reflect
the valenée band density of states, as well és'the binding energies of
several core electronic 1evéls. All featurés in this spéctrum will be
moldulated by appropriate photoeléctric cross-séctions, end there are
several types of final-state effects which could_éomplicéte the inter-
pretation further.

In.comparison with ultraviolet photoelecfron spectrdscopy (ups),
XPS has the following advantages: (1) the effecté of inelastic scattering '
are less pronounced and can be corrected for by using a.core reference
level, (25 core levels can also be used to monitor the chemical state of
the sémple, (3) the free electron states in the photoemission process do
not introduce significant distortion of thevphotoeleqtron spectrum,vand
(L) fhe surface condition of the sample doesvnot apbear tovbe_as critical
as in UPS. XPS seems to be capable of giving a very goodvdescriétion of
the general shape bf the:density—of—states function. A decided advaﬁtage
of UPS.at the presént time, however, is approximately a fourfold ﬁigher

resolution.

aPaper-delivered at the 3rd Materials Research Symposium, "Electronic Den-
sity of States', National Bureau of Standards, Gaithersburg, Msryland,
November 3, 1909. To appear in the NBS Journal of Research, under co-author-
ship with D. A. Shirley. '
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We have used XPS.to study the densities of states of the metals
Fé, Co, Ni, Cu, Ru, Rh, Pd, Ag, Os, Ir, Pt,vand'Aﬁ, and also the compounds
ZhS, CdClQ,'énd HgO0. The d Dbands of these sqlids_are observed to have
syétematic'behavior.with changes in atomic number, and to agree quali-
tativély with the results of theory and other expérimenté. A rigid band
model is foﬁnd to work reasonably well for Ir, Pf, and Au.. The d Dbands

of Ag, Ir, Pt, Au and Hg0 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 énergy, 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 electron at energy E, well below E
Ef - E >> ¥T), can respond‘onlyito exciﬁations éf energy Ef - E or‘greater.
Because the valence bands are typically several eV wide, a versatile,
higher energy probe is reqﬁired to study the full p(E). The principle
techniqﬁes presently being applied fo metals are soft x-ray spectroscopy
(SXS)2’3.ion—neutralization spectrbscopy (INS),g‘and photoelectron spec-
troscopy (by means of ultra-violet’ or x—ray6’7 excitation).

Inleach’of these methods, either fhe initial or the final state
iﬁvolves.a hole in the bands under étudy. 'Thus.fhe measuring process is
inherehtly disruptive. The éctual initial and.final states may not be simply
related to the undisturbed ground state,8 and énly for this ground state
does p(E) have precise meaning. Even if the deviations frdm a ground
state description can’be neglected, there are complications for each of the

2s3ah>5

sbove techniques in relating measured quantities to p(E) 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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‘ severalvmetallic and non-metallic solids. In Sec. B, the principles of

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

quantities to a one-electron p(E). In Sec. C, ﬁe present resglts for .
the twelve 34, Ld, and 5@ transition metals Fe, Co, Ni, Cu. Ru, Rh, Pd, Ag,
Os, Ir, Pﬁ,:and Au, making comparisonsvwith the resuits of other experi-
bmental téchniques and theory where appropriate. In addition, reéults for
non-metallic solids containing the elements Zn, Cd and Hg are presented, to o
.clarify certain trends observed as each d shell is filled. In Sec. D,

we summarize our findings.

'B. The XPS Method

.fhe fundaméntél measurements in both ultra-violet photoelectron
spectroscopy (UPS) and X-ray phbﬁoelectron spectroscopy (XPS) are identical
and very simple; Photons of known energy impinge on a sample, expelling
photoelectrons which are analyzed for kinetic enefgyvin a spectrometer. In
UPS,5 phéton enérgies range from threéhold to " 20 eV, wheréas XPS utilizes ﬂ
 primarily the Ka x-rays of Mg (1.25 keV) and Al(l.hQ keV). For a given abso- ‘
lute energy resolution,'an‘XPS spectrometer must thus be lOO‘times.higher
in relative resolvingipower,: We have used a double-focussing air-cored
magne'tic‘épectrome;cer,9 with an enérgy resolﬁtion of Ae/e = 0.06%. Ac

is defined to be the full width at half maximum intensity (FWHM) of the peak

due to a flux of monoenergetic electrons of energy Ee. -
Conservation of energy requires that . .
hv=E" - E' 4 e 4 ¢, s | : (1)

where hv- is the photon energy, E1 the total energy of the initiel

Jh .
state, E the total energy of the final hole state as seen by the ejected




e
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photoelectron, € the electron kinetic energy, and ¢c the contact potential

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

h_— El; where the superscript

tron-in level 3 is by definition 'Ebv': E
v denotes the vacuum level as a reference. -TheiFermi level can also be

used as a reference and a simple transformation yields

. ‘v (2)

£ — )
h\)-—Eb+€+¢ —-——E+€+¢

where Ebf = .E - is the Fermi-referenced binding energy, and _¢sp is the
work function of the spegtrometer'(a known constant). This transformation
makes use of the relations EbY'= Ebf + samplé.wofk function and ¢C = ¢sp -
Sample‘work'function. Positive charging éf the sample due to electron
emissién cén shift the kinetic energy spectrum to lower energies by as
much as 1 eV for insulating samples butvrelativevpeak poéitions'should
remaiﬁ the same. vThis_éffect is negligible for metals,

Returning to Eq. (1), wé see that the fundamenfal XPS (or UPS)

experiment measures the kinetic energy'spectrtm from which we attempt to

‘deduce the final—state'spectrum. This spectrum must then be related to

o(E), as discussed below.

~In addition to p(E) nodulated by an appropriate'transitidn'pro-»
bébility, there will be six major contributore to lineéhape in an XPS
spectrﬁm. Together with their épproximate shapes and widths for the con-
ditidns offour gxperiments, theée are:

1. Linewidth of exciting radiation——Lorentzian; "N 0.8 eV FWHM for

the unresolved MéKa
1,2

doublet used as "monochromatic" radiation in this
study. The use of a bent-crystal monochromatic might permit narrowing this

in future work.(
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2. Spectrometer resolution——slightly skew,_withvhigher intensity
on the léw;kinetic;energy side; "~ 0.6 eV FWHM for 1 keV electrons analyzed
with 0.06%7re301ution. |

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

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

VS.I_InelaStic scattering of escaping photoélectrons——all peaks have
an inelastic "tail".on the low kinetic—energy side, which usually extends
for 10 eV or more.

6. Various effects due to deviations of the final state from a
simple'oné-elethbn—transition model.
Contributions analogous to (3.), (4.) and (6.) ﬁill be common to all tech-
niques ﬁsed for étudying p(E);_ A UPS spectrum Will exhibit analogous
effects from all six causes. In XPS, thére is thus a present’lowér limit
of l.O_eV'FWHM\ Core levels with this width are well-described by Lorent-
zian peaks with smoothly joining constant tailélo (see Fig. 1), verifying
that the major contributiqn to linewidth is the exciting x-ray. The cor-
rgsponding lower limit for UPS appears to be 0.2 to 0.3 eV, so that XPS
canﬁot ét present be expected to give the same fine structure details as UPS.

‘}_The effects of scattering of escaping photoelectrons ((5) above)

>

can be.cérrected fpr in both UPS and XPS.6 This correction is particu-
larlj'siﬁple for‘XPS, however, because narrow core levels can be used to
studyvthe scattering mechanisﬁs. 'As the kinetic energies of electrons
expelled from core levels " 100 eV below the valence bands are very near
to those of electrons expelled from the valénce 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 assﬁmptién,ll we can correct an observed valence
band spécﬁrﬁm, Iv(e), by using an appropriate,COfé‘ievel speétrum, IC(E),
as a‘reférence.é’lo It we'construct a core levél spectrum in the aﬁsence
of scattering, IC'(éf), from pure Lorentzigﬁ peak shapes, then Ic(e) and’
IC‘(S') can be connected by‘a response function; R(e,e'). Since XPS data
is accumulated in discrete channels, IC(E) and Ié?(e') can be treatea as
vectors with typically 100 elements and R(é,e') as a 100 x 100 matrix,

these quantities being related by

I (e) = R(e,e’) I.'(e') . B (3)
C i (&4 . .

If we nbw‘méke certain physically reaéonable éésumptions.ébout the form of
R(e,e'), the effective number of matrix elements to be computed can be
reducea'to < 100. This permits a direct calculation of R(e,e'). >Thé next
step is to apply R_l(e,s').to the observed valence band spectrum,'Iv(e),

tp yield the corrected spectrum, Iv'(s'). The_Loréntzian-widths in Ic'(a')
are selected to be 0.6 - 0.8 times the observea.widths sé that no appreciable
.resoluﬁibn enhancement is accomplished by ﬁhis,cbrrection. .In éddition to
inelastic scattering, wé can also easily allow for the extra peaks present
in any XPS speétrum due to the satellite x-ra&é of the anode, the most
intense of which are Ka3,h. In XPS spectra producéd byvbombardment with
magnesium x-rays, these satellites produce a doubiet approximately 10 eV
above t_h.e‘.mair‘l Kozl’é peak and with about 10% of the inteﬁsity of the
lmain peak (see Fng 1). The details of this correction ?focedure Qre dis-

cussed elsewhere.lo
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The'application of this prbcedure to data on the valence bands of
copper is'illustrated in Fig.i2. The strong similarity between corrected
and observed spectra indicates the subtle nature of this correction: the .
essential shape and position of the d-band peak is obvious in the uncor-
rected spectrum. By comparison, this relatively ﬁigh information content

5

in raw date is not found in UPS” or ion—neutralizétion spectroscopy.
An additional_advantage.of XPS is that the chemical state of the
. sample cqn'be monitored via observation of core level photoelectron peaks
from the sample and possible contaminants.6. In this way it is possible
to detect"chemical reactions occﬁrring in the thin surface layer (v 100 A)
fésponsiblé»for.the unécattered phptoelectrons of primaryvinterest.
Furthermore, experimental results for Fe, Co, and Ni indicate that UPS is
more sensiﬂive to surface conditioﬁs.6’12

| . The relationship of corrected XPS spectra to p(E) can 5e con-
sidered_in.two steps: (1) a‘oneQGlectron-tranSition model, in which the
apﬁropriate transition probqbility is expressed in terms of the photo-
electfic_cross‘section, ana (2) deviations from thebone—electron—tran—
Sition moaél. 1 |

. The cross section for photoemission'frém a.one—eiectron state

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

ment between that state and the final continuum state, .

where. dj(E) is the cross section and Y(hv + E) "is the wave function of

a continuum electron with energy hv + E. 1If there are no appreciable
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deviations of the final.staté from a one-electron transition model, the -
corrected kinetic energy spectrum will be related to p(E) by

I'(ﬁy +E - ¢Sp) « Jr E(E')b(E')p'(hv + E')F(E')L(E - E')dE' , (5)

-00

ﬁhere o(E') is an average cross section for all stgtés j at E',
p'(hv + E') is the density of final continuum states, F(E') is the Fermi
functioﬁ aeécribing therﬁal excitation of electrons near the Fermi surface.
and L(E - E') is the lineshapé due to éontributiéns (1), (2), (3), and (&)
discussed above (essentially a Lorentzian).

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

6,13

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

portional simply to 81/2, This function is oniy negligibly smaller for
electrons ejected from the bottom of the valence bands (g = 1240 eV) than
for those emitted from the top of these.bandsv<€ = 1250 eV)., This coﬁ—
stancy.of "p"(hv + E') cannot be assumed in‘the'gnalysis of UPS data, how-
ever.

Any changes in G(E) from the top to the bottom of the bands will
modulate the XPS spectrum in a way,hot.simply cdnnectéd td_ p(E). From
Eq. (4) it is apparent that these}changés can be intréduced'by»variations
in eithgf' 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 have been

]

discussed previously, but no accurate qUantitativefeStimates of this

~effect on the appropriéte dipole matrix elements have been made to datg.
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It is tﬁus possible that 'in both XPS and UPS GKE) varies substantially
froh 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,'thére should be little difference in the'final—state ﬁave function,
p(hv + E), between the fop and bottom of a bana; as a 1240 eV continuun
state shduld‘look'very much like a 1250 eV continuum state. The effects
of changés in final state wave function on EXE) bneéd not be negligible
in a UPSvspectrum, however. |
Our discussion up to.this point has aséumed'that the photoemission

process ié Strictly“one—electron; i.e., that we can describe the process
by changiné the.oécupation of only'a singie.oné—electron orbital with all
other orbitals remaining frozen. This assumption permits the use of
Kbopmans’ Theorem,lsvwhich states that binding.énergies can be equated to
the energ&_eigenvalues arising from a solution of Hartree-Fock equations.
Or, with ééme admitted errors,l6 the one—electroﬁ énergies obtained from
non—Hartrée—Fock band structure calculations in whigh simplifying apprpxi—
mations have been made can be compared directly to a measured binding energy
spectrum. We illustrate the use of Koopmans' Theorem in Fig. 3a, using
a hypothetical level distributioﬁ for a 3d transition metal. There are,
however,véeveral types of poténtially significant.deviations from this
cne-electron model. vWe shall discuss these briefly.

 ,The final-state effects leading to these deviations can be separ-
ated into several categories, although‘ﬁe note that there is considerable
overlap. .In a mofe rigorous treatment some of these separations might

not be_meaningful;'but we retain them here for heuristic purposes.
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The effects are:

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

.-positive hole, thereby increasing the kinetic energy of the outgoing

electron.8 In this way, the entire I(e) spectrum would be shifted toward

higher kinetic energy.. Polarization might aiso"occﬁr 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 bahds, but with different
wave vector. The latter two effects could act to broaden I(e) relative
to p(E)ﬁ These polafization effeéts are schematicaliy illusfrated in
Fig. 3b. Polarizations will only affect I(g) to the extent that the
kinetic energy of the’outgoing-electroh is altered, nowever (cf. Eq. 1).
Since both polarization and photoemission occur on a £ime scale of v lO_16
sec, it is difficult to assess the importance of this effect. As the
velocity of an XPS photoelectron is v 10 times thét of.a.UPS photoelectron,
the influence of polériiation should be somewhat less on an XPS‘spectrum,
however. .

(2) 1In addition to a simple polariéation;'a localized hole can
couple strongly with localized valence electronsl7 or with non-localized
valenge electrons.lg._ln iron metal, for examplé,-a 3s-hole is found to
cqupleJin several ways with the 1ocalized d electrbnvmoment, givingzyise
to an approximately 4 eV "ﬁﬁltiplet splitting" in the 3s photoelectron
peak.lT Also, it has beeﬁ predicted that non-localized conduction electrons
should couple with a localized core or valence hole yielding asymmetric line
shapeé in electron and x-ray emission.18 Both of the above effects would
act to bréaden I(e) spectra, with thé former being more important fér sys-
tems with a d or f shell approximately half-filled. These effécts are

indicated in Fig. 3c.
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It has also been pfedicted that the removal of a core or valence -
1 | , - N
electron will be accompanied by strong coupling to plasma oscillations.

This3coupling would lead to broad sidebands separated from the Qne—electron
spectrum By as much as 20 eV.19

(3) It is also possible that not just one‘electron is fundamentélly
affected iﬁ the photoemission process, butvthaf'oﬂher electrons or phonons
are simﬁltaﬁeously excited.eo Electrons may be excited to ﬁnoccﬁpied bound
states or'they may be ejected from the sample,.and this effect is indicated
in Fig. 3d. The only direct observations of such electronic excitations
dﬁring photoemission have been on monatomic gaées,‘where two-electron pro-
cesses are found with as high as 207 prébability.?; Vibrational excitations
have a marked effect'bn_thé UPS spectra of'iight géseous molecules,22 but
it is difficult to estimate their importance in solids. A classical calcu-
lationvindiéates that for such heavy atoms as transition metals, the recoil
energy aﬁailable for such excitations in XPS is. <10_2 eV.T Also, the
obsefvatién‘of core reférence levels wiﬁh linewiaths very close to the
lower limit of the fechnique (see Fig. 1) seems to indicate that vibratioﬁal
excitation does not account for more than a few tenths eV broadeniné and
shifting to lower kinetic energy of features obéerved in the valence-band
.region. ‘This effectvis schematically indicated in Fig. 3e.

For severai reasons, thén, XPS seems to be capable of giving more
reliable ipformation about the overali.shape.of p(E) than does UPS.
However,.the present XPS linewidth 1imit of 1.0 eV precludes determination

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

tions'invmind, we now turn to a detailed study of the XPS-Spectra for

%,

5
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several solids. We note also that the XPS method is applied to o(E)

_ 23,24
studies in two other papers of these proceedings. 3, ,

C. . Density-of-States Results for Several 3d, Ld, and 54 Series Solids

1. Introduction

'_Figure 4 shows the portion of fhe Periodic Table reievant to this
work. The twel&e elements Fe, Co, Ni, Cu, Ru, Rh, P4, Ag, Os, Ir, Pt, and
Au were s£udied as:metals, while the three elemeﬁts_Zn, Cd, and Hg were
studied in the compounds.ZnS, CdCl2, and Hgb ﬁo illustrate the positions,
widths; and shapes of. filled core-like 3d, kd, and 5d@ shells.

.Ultra—high vacuum.condifions'were not aﬁtéinabie during ouf XPS
measurements, as the base pressure. in our spectrdmeter.is approximately
-5

1077 torr. Surface contamination of samples is a potentidl>problem, because

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

6,7

photoelectrons extends only about'lQO A in from the sufface. This depth
is not'accurately known; however. Because the contamination consists of

oxide formation as well as certain adsorption processes with lower binding

-energy for the contaminant, all the metal samples were heated to high

temperature (700-900°C) in a hydrogen'atmosphere’(10—3

- 107 torr) during
the XPS measurements.6 These conditions were found to desorb weakiy—bound
species,vand to redqce any metal oxides present.
7'As.mentioned-previously, it is possible to do ig_giﬁg_chemical
gnalysesfof the sampie_by observing core-level photoelectron peaks from
the meﬁal.and from all suspected contaminants.6' For 311 metals, the most
importaﬁt contaminant was oxygen, which we mohitored via the oxygen 1s
peak,. Because core electron binding energies are known to be sensitive
1,25

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
indicéfor»of the -amounts present. TFigure 5 shows such results for iron.
At room temp¢rature, the oxygen 1ls peak is étrong; and it possesseé at
least two component§; The iron 3p peak is also complex and appears as a
doubleﬁ due to oxidation of.a thin sﬁrface layer of the sample. As the » v
_ tempefaturé is increased in the presence of hydrogen, the oxygen peak
disappeafs.(the right componeﬁt disappearing first) and the left component

~of the‘iron.peak alsokdisappears, leaving a narrow peak characteristic of

ifon metal. Our ihterprefatibn of the disappearing components is that the

left oxygen peak (higher électrOn binding.énergy) represents oxygen as
oxide;_the.rigﬁt bxygen peak (lower electron.binding energy) represents
oxygeﬁ;pfesent as more ioosely bound adsorbed.gaéeé, and that tﬁe left iron

6,25 Thus

peak (highér electron binding energy) représents dxidized iron.

at the higﬁest temperaturés indicated in Fig. 5, we could be confident

that we weré stﬁdyiﬁg iron metal; ‘Similar cheéks_were made on all the

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

éase except Pd.:‘(We discﬁss Pd below.) For example, the core leve; peaks

for Ru and'Ir shoﬁn_iﬁ Fig. 1 d§ not indicate any significant splitting or

bfoadening due té chemicai reaction. The resulﬁs presented in Table I

indicéﬁé siﬁiiar behavior for all metals studied. VThe carbon ls peak was

also obsérved and found ﬁo'disappear.for all cases at the temperature of

our ﬁéasuféménts. o o e
| A1l metgls ﬁere étudied as high purity polycrystalline foils, excepﬁ

for Ru and Os, which were studied as powders.lo
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The non-metallic samples (ZnS, CdClg, and HgO) were studied as
powders at room temperature. Both considerations of chemical stability

and observations of core levels indicated no significant surface contami-

"nation, although high purity for these cases was not of paramount importance.

.The’results.reported here were obtained with 1.25 keV MgKo radia-
tion for e?citation. Héwever, no significant changes are ihfroduced with
AlKo radiation of 1.49 kev energy. |

We present below our experimental resuité for these 4 group metals;

a5 well as the results of other experiments and theory. Statistical error

-1limits 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 expefimental’technique directly measures p(E), but rather some distri-

"

bution peculiar to the experiment (e.g., the UPS
oD

optical density of

‘states",” or the INS "transition densifj'functioh"h); which is related to

p(E) in some way (e.g., by our Eq. 5).
The location of the Fermi energy was deterﬁined with Eq. (2). This
determination was checked against photoelectron peaks from a Pt standard.lo

Our estimated accuracy in determining E is 20.5 eV, so that preéise

f
comparison of features in XPS spectra with features present in the results

accuracy) is

of other éxperiments (all of which have roughly the same Ef

not always possible.

Finally, we note that the dominant featuie in our results for all
cases 1is a peak due to the bands derived from d atomic orbitals.’ The XPS
method is not particularly sensitive to the very broad, flat, s- or‘?— like
bands in metals, and such bandé are seen with eﬁhanced sensitivity only

in studies using ion-neutralization spectroscopy.
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2. The 34 Series: Fe, Co, Ni, Cu and Zn

Our results for Fe, Co,.Ni, and Cu have been 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 experiments.
worthwhile to discuss and compare results for these ‘iron group metals indi-
vidually; as Eastménl2 has done. - |

2.1. Iron (bee)

Hénzeley and Liefeld3 havé s£ﬁdied Fe, Co, Ni, Cu, and Zn using
soft x-ray speétroséopy (SXS). Their results for Fe, together with East-
man's -UPS fesultslz‘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
significénce: we have adjuéted thé heights to be roughly eqﬁal, in order
to facilitate comparison. Alsc the UPS cﬁrye is terminated at Ef and is
less reliable in the déshed portion, for E < Ef—h_’eV.l2 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 just below E and dropping more or

f

less linearly to zero at E Ef~8 ev.

Upoﬁ closer inspéction however, the agfeement is less impressive.
The SXS results are somewhat narrower, but withvmore intensity above E_,
vprobabiyﬂdue to spuridus effects.B' There is little coincidence of struc-

ture, althbugh the maxima for XPS and SXS 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-

leccation are that great.

bined errors in the location of Ef

%
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in Fig. 6b, the XPS results are compared to the one-electron theo-

retical b(E) calculated by'Connolly26 for ferromegnetic iron. The.

,theoretical_ o(E) * has been smeared at the Fermi surface with a Fermi

function corresponding to the temperature of our experiment (780°C) and
then broadened with a Lorentzian lineshape of 1.0 eV FWHM. Tt 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

v betwéen theory and expériment is good; particularly-abpve Ef—S eV. The

XPS (or SXS) results give somewhat higher intensity_below E.~5 eV than

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

ficant broadening of the theoretical p(E) of.‘.I\Ti-,l)4 A similar sensitivity

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

discrepancy in width between XPS and theory. -

. Our reason for comparing experimental results to ferromagnetic

instead of‘paramagpetic theoretical predictions is as follows: In experi-

ments on ferromagnetic metals, no significant differences are observed

between ngﬂ;Y and INSh results obtained above and below the Curie tempera~
ture (TC, where long-range ferromagnetic order should disappear). Further-

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

17

samevabove and below TC. It thus appears that localized moments persist

- above Tc'for times at least as long as the duration of the photoemission

proceséf; Local moments might be expected to.afféct the kinétic energy
distributions of electrons‘ejécted-from valence bands and core levels in
much_thé séme 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 aporoximate 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-
magnetic theoretical p(E)'s than with similar paramagnetic theoretical

results. Accordingly, we shall compare our results only with ferromegnetic

theoretical curves for Ni and Co in the next sections.
2.2. Cobalt (fec)

“Tﬁevexpefimental situation is illustréted by the three density-of-
states curvés in Fig. Ta. The comparison is quité‘similar to.that for iron.
Good overall agreement is apparent, with less agreement in detail. ZEastman's
UPS curve512 in both cases sho& structure near the Fermi energy that is
missing'from the SXS3 and XPS results, and at lower energies the UPS curve
tends t§4be higher>than the others, especially in the dashed portion where
Iif is less relia,ble.12 .In this region the.XPS curvé lies between ﬁhe other
two.fdr Covaslwell as for Fe. One index of agreement among the three curves
in the full width at half-maximum héight,vwhich'is about 3, 4, and 5 eV for
5X8, XPS, and UPS, respectively.

In Fig. b, we compare our XPS results to a ferromagnetic theo-
reticai curve of Wong, Wéhlforth, and Hum27 for QEE_Co'(our exﬁeriments
were done on igg Co, for which no detailed theoretical results are avail-
able). The theoretical curve has been broadened in an analogous fashion
to that for ifon. The agreement is good for E > Ef-3 eV, but the XPS
results are somewhat high below thét point. 1In fact, the overall agree-
ment is probabiy best between théory and SXS (cf.lFig. Ta). _ |
2.3. Nickel (fce)

3,12 We note -

Experimental results for Ni are presented in Fig. 8a.
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 peék 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

fesults are considerably narrower than the other two (FWHM = 2 eV, 3 eV,

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

with XPS. The SXS results in Fig. 8a were'obtéined from measurements of
L x—ré,ys.3 Similar work on M X—iaysv(for which transition probability
modulafion may be a smallér effecte) shows sdmewhat more fine structure
and a FWHM of " 3 eV,2 agreeing rather well with XPS. Nickel has élso been
inveétigéted by INSh and a smooth peak of rﬁughiy the éame position ahd.
ﬁidth as‘the XPS peak is observed. Even with an allowance for the poorer
resolution of XPS, the two peaks appearing in the UPS résﬁlts 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. &b,

14

we compare our XPS results to a hybridized, ferromagnetic p(E) for Ni
which has been broadened in the same manner as those for Fe and Co. It is
clear that the XPS results are too narrow (though they would agree in width

with the unhybridized p(E)lh

), and that, allowing fgr our broadening; the
UPS results are in best aéreement with theéry. -Inkviéw of the considerable
discrepancies betweeﬁ UPS and XPs;.SXS, or INS, however; ﬁe conclude that
Ni does,not represent a particularly well-understood case, in contrast

. . 12
with Eastman's conclusicns.
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2. k. Copper (fee)

12,28 o

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

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

and 3.3 eV below E_, but with UPS showing more'detailed.structure and a

12,28

f’

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

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

(A more accurate E_, location has shifted our XPS curve relative to our -

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

deal more like those of XPS. Copper has also been studied by INSh and
the'results'for the d-band peak afe in essential agreement with XPS and
5X8.

| In Fig. 9b, we compare a broadened versiqn of the theoretical
p(E) due to Snow-° with our XfS results. The agreement is excellent,
and would also be so fo? SXS5 if we permit a.shift of v 1 eV in Ef. The
coincidence in energy of structure in the UPS curve with structure in the
vunbroadened,theoretical p(E) has been discussed previously,28 but we
nofg that the-felative‘intensities of the various features noted do not
in fact coincide with theory.
2. 5. Zinc (as ZnS)

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

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

-y
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ZnS in Fig. 10. The 3d electronic states show up as a narrow intense

" (The separation

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

of this peak from E -may be too largé; because of>charging of" the sample.

T
The valence bands are just above the d peak.. The d states of metallic
zinc have béén’studied alsovby SXS,3‘and_a1peakiof.fWHM = 1.45 eV, at 8 eV
below Ef? was obtained. Thus XPS and.SXS are in goéd agreement on fhe
width Qf these coré—like 3d stateé} which are ohly abouf 10 eV below Ef.3

3. The L4d Series: Ru, Rh, Pd, Ag and Cd

' The corrected XPS spectra for the four‘metalé Ru, Rﬁ, Pd; and Ag
are shown in Fig. 11. The metals are discussed éepérately below.
3. 1. Ruthenium (hep) | | |
Our results for Ru are characterized by a single peak of vk, 9 ev
FWHM. The'high energyvédge is Quite shafp,:feéching a maximum value at

about E_-1.T7 eV. The peak is rather flat, and thefe-is some evidence for

f
a shouider at Ef—h.S éV. The peak falis‘off more slowlyrwith enefgy on
the low enérgy éi@e than hear Ef. -The referencg.core.level ﬁidths in Ru
were quite narrow, as indicated in Table I,_andfsﬁurious effects due to
surface contamination are unlikely. There are no other experimeﬁtal'or
theoretical results on Ru_bresently available for compariSOn with our
data.
3. 2. Rhodium (fcc)
"Thé XPS-derived p(E) can be described by a singie triangular
peak,'Qery‘steep on the high energy side, and.reaching a maximum at

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

which ‘falls off monotonically. The peak FWHM of v 4.l eV is slightly



VI-108

smaller'thén that for Ru. No other experimental or theoretical results
on Rh ar¢ available for cofnparison.
3. 3. Palladium (fec)

Qur corrected results for Pd have much the same appearance as those
for Rh, but the Pd peak is siightly narrowver with a FWHM of v L.1 eV and
the maximum occurs at-Ef—l.7 eV. Thé high-energy edge of the Pd peak is
very steep, and most of the slope must be instrumenﬁal. Therefore, as
expécted, the true p(E) for PAd is apparently very sharp at By

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 ey, arising from oxygen present as a surface contaminant.. Samples
of Pd were heated in hydrogen to approximately 700°C and then studied at
this temperature with either a hydrogen or argon atmosphere. It was not
possible uﬁder these conditions (or eveﬁ by heating to as high as 900°C)
to get rid of thé’oxyéen ls peak completely. Fortunately, the only effect
-of a slight oxygen contamination on the valence band XPS spectrum of
certain metals appears to be a sharp peak at Ef—lo eV (probably caused
by photoemission from 2p-like oxygen levels). We‘have also obsérved this
effect for slightly oxidized Cu and Pt., Thus we were ablé to correct our Pd
results for this peak (which does not affect the region shown in Fig. 11).
A recently obtained uhcorrécted XPS spectrum for Pd is in good agreement

with our results.3l

32,33

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

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

results below approximately Efw3.5 eV is uncertain.32’33

”~v
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In Fig. 12, we compare our results with‘the theoretical predictions
of Freeman;.Dimmoék, and Furdyna.3h The upper pbrtion of the figure shows
the fine structure of their p(E) histogram and invthe.lower portion, we
compare oﬁr results to the broadened theoretical curve. The agreement.
between XPS and theory is good, although fhe shape of the.peak is somewhat
different.

3. k. Silver (fce)
Our results for Ag also appea}.in Fig. 11. Théy differ in several

"respects from the Pd curve. The 4 bands are filled and below E giving

f’
rise to a narrow peak (FWHM = 3.5 eV) with its most intense component at

Ef—5.3 eV. The edges of this peak are quite sharp, in view of the instru-

mental contributions of XPS. The 3d 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 E_-6.6 eV. This two—component structure has

f

. . . . 1
also been verified by Siegbahn and co-workers in uncorrected XPS spectra.7’3

Very similar structure appears in the d bands_df 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 eV?g

in energy. The results of these studies (in‘particular
those attained at 21.2 eV) are in essential agreement with ouf own%:in that
they show a peak of Vv 3 eV FWHM at Eg-5.0 eV.

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

present time.
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3. 5. Cadmium (as CdClz)
A corrected XPS-spectrum for CdCl2 is»shoﬁn in Fig. 13. The 4d

peak appears at v E_-14.5 eV and the valence bands fall between roughly

f

5 and 10 eV below E The 4d peak is very narrow (a FWHM of 1.7 eV, com-

£
pared to 3.5 eV for Ag). As these d levels are quite strongly bound, we
expect them to behave as core states, and perhaps to .exhibit spin-orbit
.components). There is no evidence for

splitting (into 4 and 4

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 Hg0 do exhibit resolvable spin-orbit splitting,'however

(see Sec. k4. 5.).

L. The 5d Series: Os, Ir, Pt, Au, and Hg

.The corrected XPS spectfa fér the metals Os, Ir, Pt, and Au afe
shown in Fig. 1h.
b, 1. Osmium (hcp)

He%agonal Os giveé a valencé band spectrum similar to that of
hexagonal Ru. As in the Ru case, the Os peak rises sharply near E_ to

f

a platéau beginning at E_-1.7 eV. The flat region of the Os peak extends

f
over approximétely_3 eV, and is broader than that for Ru. No comparisons
with théory or other experiments are possible as yet.

| The low energy tail of the Os peak does not fall to thé base line »_s>
primarily because of spurious photoelectron inteﬁsityvin the valence band
region due to the proximit& of the very intense Osbf ievels in energy e

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

X-rays whose energies are as high as Vv 1300 eV, giving rise to photoelectrons
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in the same kinetic enefgy region as valence bands interacting with the

1250 eV'MgKu | X-rays. Similar problems were encountered with Ir, but

1,2

they do hot affect our_conclusibhs as to peak shapes and structure. An

additional problem was encountered in correcting for the MgKa X-Tays

3,k
in both Os apd If, as the low intenSitysspl/z,ahd 5p3/2 photoelectron peaks
overlap the a3,h regions'of the referencé'hf peaks.. For‘example, thi;
effect appears as a slight deviation of the déta from the fitted function
near a.kinetic enérgy‘of 1202 eV in Figi 1. vﬁowevert the a3’h 'corfectiOn
is a small one and could'nonetheless be made with sufficient accuracy not
to affect dgr fundamental conclusions.

L, 2, Iridium (fee)

The corrected XPS_resﬁlts for iridium.éfe,siﬁilar‘to those of Os
in overall shape and width, but give evidence for‘two peaks, at approxi—
mately Ef~l.5beV and Ef—h.S eV. This tWoépeak structﬁre'iS’even clearer
in tﬁe uncorrected XPS spectrum for Ir shown ianig. 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 (fee)

Our corrected XPS results for Pt exhibit two.partially—resolﬁed
peaksvat-Ef—l.6 eV and Ef—h.O eV, with the more iﬁteﬁsé‘component lying
nearer Ef. The steep slopes of our spectra fof boﬁh Ir and Pt near Ef
are consistent with the Fermi su?face cutting through the 4 bandé in a
region of very high p(E).. The separations bf the two components observed .

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

intensities are different.
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Tﬁeoretical results are available for Ptt,:The band-structure
calculations of Mueller Eﬁ.él:37 are shown in Fig. 16, together with our
data. The theoretical p(E) is also shown after Gfoadening, to facilitate
comparison. We note that both theory and experiment show roughly two major
peaks but that the relative intenéities are in poor agreement. The dis-
vagreement as to shape is thé_same as that observed for Pd in Fig. 12.
(Relative intensitiés are arbitrary in both of these figures.) In addition,
the band;structure calculations give w 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!

. b, Gold (fcc)

The d bands of gold are filled and-should lie several eV below
Ef, as‘ouf,results in Fig. 1k inﬁicatg. Two peaks are again evident in
the corrected XPS results fpr gold, and these have been verified in uncor-
rected XPS spectra obtained by Siegbahn and co-—workers.7’31
accuracy of our data is quite good, and we can say that the lower intensity
peak at Ef—6.8 eV is narrover 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. B

29,38

AGold has also been étudied By_meansvof UPS. In experiments
at photon energies up to 21.2 eV,38 a two-peak structure is found, with
components at Ef—3.h eV and Ef~6.l eV. The component at -3.4 eV is also
observed to be split iﬁto a doublet,38 perhaps apcounting for its extra.

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

hv = 26.0 eVe9 (but not corrected for inelastic scattering) looks very

The statistical

v
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much like our XPS results, again indicating that with increase in photon
energy,‘UPS results convérge rather quickly to those of XPS.

There are no theoretical p(E) estimates at preéent-available
for Au. | |
4. 5. Mércugx (as HgO)

In HgO, the filled 5d levels should be tightly-bound and core-like.

‘Figure 17 shows a corrected XPS spectrum for HgO, in which the 5d levels,

appear as a doublet whose cémponents lie 13.6 and 12.0 eV below Ef.
Valence bands overlap the high energy edge of the d peaks and extend to
E.~5 eV. The intensity ratio of the two 53 peaks, as derived by least-squares

fitting of Lorénﬁzian curves to our data, isvl.h:l.O. "~ The sepafation and

intensity ratio are consistent with a 4 spin-orbit doublet, as the

3/2 "5/2
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

3d core levels of the 4d metals in Table I follow this rule to

-3d
3/273%2
within experimental accuracy (£0.1)). Thus the 5d levels of HgO appear
to be very core-like. Furthermore, the relative intensity of the two

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

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

5. Discussion of Reéults

‘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 usgd for correctingvvalenée band spectra, as well.as the width of
the peak dué to the d bands and (ﬁhere obéérved) the separation of the

two primary components in this peak.
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Within a 34, 4d, or 54 series, the XPS results show systematic
variation, giving somewhat wider 4 . bands for Fe; Ru, and Os than for
Cu, Ag, and Au, respectively, and even narrowver core-like states ~ 10 eV .
below Ef for ZnS, CdCl2, and HgO. - Much of‘this variation is no doubt
connected with a one-electron .p(E), but we note also that experinmental 5
spectra obtained from metals with partially filled d bands might be
broadened by the coupling of a lOcalizedvhole to lécalized a electrons17
(see Fig. 3c and Sec. B). The ld bamds studied are only slightly wider
Vthan their 3d-coﬁnterpérts; the 54 bands aré considerably wider and show
gross structure.

Within two isomorphous séries——Rh, Pd, Ag and Ir, Pt, Au, all
members éfvwhich are fage—centered cubic--there is sufficient similérity
of the shapes of the d-band peaks to suggest a rigid-band nodel for p(E).

Ir p(E) of Ag(Au) can be used to generate p(E) of Rh and Pd (Ir and

Pt) sihply by lowering the Fermi energy to alloﬁ_for partial filling of

the d _bands, then this»model would apply.. The.peaks for Rh and Pd are

too wide to be represented by a Ag p(E), but the shapes of both could be

very roughly approximated in this manner. The similarity of the fwo—peak
structuré for the three metals Ir, Pt, and Au givés more evidence for the

utility of a rigid Bahd model, especially as the uncofrecfed resuits for

Ir (Fig.AlS) show a narrower peak near Ef (as though it were a broader

peak cut off by the Fermi energy).  The application'of this model to the -
prediction of the experimental g(E)'s for Ir and Pt-is shown in Fig. 19.
‘The preaictionssare reasénably good.  In our opinion, this limited success

for Ir, Pt and Au probably indicates some similarity in the d Dbands in
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these metals, but:we do not také it as a verifiéaﬁion 6f the rigid band
model per se.

The two-component structure observed iﬁ the'd-bgﬁd peaks of Pt
and Au is vefy similér to‘thé ﬁnresolved structuré found in Ag; That is,

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

£
ratiosvof these components more accurately, we have léast—squares fitted
two Gaussian peaks of equal width to our data for these three hetals.

The ratios and separations so derived are: Ag;al.Sl:l.OO, 1.8 eV,
Pt--1.60:1.00, 3.3.ev;vand.Au;—l.h8:1.00, 3.1 eV. As our accuracy in
determining these rétios is v iO.l,vthey could all be represented by a
value of 1.50:1.00. A possiblevsignificance'of this value is that it is
the expected (and observed) intensity ratio for a spin-orbit split 4
level (é.g,, the 5d levels of HgO0). Thﬁs, one might argﬁe that aé the
hd,and 5d shells move nearer to the Fermi surface with decreasing Z, they

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

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

'separations are 1,5-2.5 times larger than free-atom theoretical spin-

orbit splittings,36 but the various. perturbations of the lattice might be

responsible for this. Speaking against such a simple interpretation,

however, is our observation (verified in UPS reSultszg’BB) that for Au

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

bl .
' . N 29,32
hv < 21.2 eV show this component split into two peaks.

In view of
this, our intensity ratio estimates based on two peaks of equal width may

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

particuiarly 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
Eastman29 at higher photon energies (21.2 to 26.9 eV) is in much better
agreement with XPS results than previous.studies using a range of lower

28,35,38 It thus appears that as the photcn energy is

photon: energies.

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

be expected to approach rather gquickIy 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 detefmination of densities of states. The application of this
techniduevto the d bands of 12 metals and 3 non-metallic solids seems
to indicate that’reliablé'informaﬁion about thé overall shaﬁe of p(E)
can be obtained. The results show systematic-béhavior with changes in
‘ Z and crystal étructure and agree gualitatively and in some cases quanti-
tatively with theoreticaljpredictioﬁs for both unfilled'valence d
levels and filled core-like d levels.

Throughout our discussion, we have placed special emphasis on com-
parison of XPS with the closely related ultra-violet photoelectron spec-
troscopy (UPS). It appears that UPS at the present time has an advantage
in resolution, but that XPS results can be more easily corrected for

inelastic scattering, are not significantly affected by final state
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density, and are less susceptible to the effects of surface contaminanté.
UPS results at photon:energies 2 20 eV appear to bé more reliable indi-
cators of p(E) in the sense that they agree better ﬁith the .rough out-
line predictéd by XPS. The need for further wqu ;t higher resolution and
at all photon energies (including those iﬁ the reiatively 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 cbserved). ' '

- Ref. core ' FWHM of Separation of

.S 1id Reference  level bind- FWH¥ Ofl b ~d-band 2 components in
o+L core levels - ing energy® cor? V?ve s peak d-band peak
(eV) e (ev) (eV)
3p '
1/2-3/2 . . .

Fe (unresolved)® .52 ' B3 b2 » o
Co " 57 2.5 Lo S
Ni " - 66 3. 3.0 -
Cu " 75 b2 3.0 g -
Zns " 90 5.1 o 1.7 | _
Ru 3d3/5_5/2 280 lfl _. ) | -
Rh " 307 1.3 hl -
Pd " 335 1.3 ka —
pAg " 368 . 1.0 | 3.5 1.5-1.8
cacl,, " 408 1.2 2.0 —

| 0 : 6.5 -
Os hf5/2_7/2 5 1.3 | 5 |
Ir L 60 - 1.4 6.3 3.3
Pt " (. 1.5 5.8 3.3
Au - " 8L 1.2 5.7 3.1
Hg0 " 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. ‘conﬁinued

quuél widths assumed for both components in the least-squares fits for 3d
and hf.levels | |
“The theoretical spinéorbit 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.

rad
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Fig. 1. Core level photoelectron spectra produced by exposure of Ru and
Ir to Mg x-rays. The levels are Ru 3d3/2 3d5/p and Ir Lfs/p- hf‘—(/9
The peaks due to the Mgv{al o and MgKa3 L x-rays are noted, as well as
the tail observed on each peak due to 1nelastlc scattering. The analy-
sis of these spectra into pairs of Lorentzian-based shapes is described

in the text and Ref. 10.
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Cu, raw data and
corrected curve

s 10 , .
>

e 7l : - |
g Inelastic ° |
S tail
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XBL701-2075

Fig. 2. Valence band photoelectron spectrum produced by exposure of Cu
to Mg x-rays, together with the corrected spectrum obtained after
~allowance for the effects of inelastic scattering and MgKa3,h X-rays
in the raw data. A peak due to the 3d bands of Cu is the dominant
feature of these spectra. ‘ '

A}
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) 3pl/.2-3/2 ' Val.
2P3/2)7 bands
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(c)

|

(d)

(e)

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

electron spectrum of a hypothetical 34 transition metal: (a) the Koopmans'
Theorem spectrum, in which levels are positioned according to one-electron
energies, with relative intensities determined by appropriate photoelectric
cross sections; (b) the effect on spectrum (a) of polarization around a
localized-hole final state; (c) the effect on spectrum (a) of strong
coupling between a localized hole and the valence electrons (note the 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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Fe

26 3d%4s2

27 3d7'452

Co

Ni

28 348442

29 3d_'°4s'

Cu

30 3d'%Ys?

- Zn

bcc fcc fcc fcc - -

44 4d75s' (45 4d%5s! |46 4d'° (47 4d'°5s' |48 4d'%s?
Ru Rh Pd Ag Cd
hep. fcc fce fcc - —

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

XBL 701-2073
Fig. k. ‘The portion of the periodic table studied in this work.

atomic number,

structures are given.

metal experiments (700-900°C).

free-atom electronic configuration,

and metal crystal
Zn, Cd, end Hg were studied as compounds,
crystul structures are those appropriate at the temperatures of our



VI-127

Counts —e

NS NENEE RN

710 75 720 725 'H85v 1185 1205

Kinetic energy (év)_ —

XBL687-3421

Fig. 5. Oxvgen 1ls and iron 3p photoelectron vesks from metallic iron at
-varicus temreratures in a hydrogen atmosphere. iiote that the Fe3pn
~ comporent at lewer kinetic energr (an "oxide" peak) disaprears at
_high temperature along with the Ols peaks. ’ -
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6. Results for iron metal. The XPS data were obtained at 780°C
and have been corrected for the effects of inelastic scattering and
MgKaz I 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
a theoretical curve obtained by broadening the ferromagnetic density-
of-stules function of Ref. 26. Right ordinate is thousands of counts
in the XPS data.

T




VI-129

1‘r|||ﬁ11'1[.1|
- ' : —10
Cobalt
(a)
- 9
b
—~ o
wi >
o g £
3
[}
(8]
(/)]
a
X
- 7
‘\1:
w
Q.

XBLT7OI-20T!

Fig. 7. Results for cobalt metal. The XPS data were taken at 925°C
and have been corrected for inelastic scattering and MgKu3,u X-ray
Tn (a); these data are compared with UPS (Ref. 12) and SX5 (Ref. 3
results. In {b), the compariscn is with an appropriztely broadene
fervomagnetic theoretical curve from Ref. 2T. -
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Fig. 8. Results for nickel metal. The corrected XPS data are based on
measurements at 870°C. In (a), they are compared with UPS (Ref. 12)
' and S¥S (Ref. 3) curves. In (b), they are compared to the ferro-

riagnetic theoretical density-of-sta
has been broadened.
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function from Ref. 14, which
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 Fig, 9. Results for copper metal. The XPS data were obtained at 720°C

and have been corrected for inelastic scattering and I-/IgKOL3,z4 X-Yays.
Curves from UPS (Refs. 12 and 28) and SXS (Ref. 3) are compared to
the XPS results in (a). In (b) the XPS results are compared Lo =
broadened theoretical curve based on Ref. 30.
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Fig. 10. Corrected XPS sﬁectrum for ZnS, showing a narrow intense peak
from the 3d levels, as well as the broad, flat valence bands.
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Fig. 11. Corrected XPS spectra for the 43 metals Ru, Rh, Pd, and Ag.
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Fig;~12. Comparison of Pd XPS results with theory: (a) theoretical

the one-electron p(Z), (b) XPS results and a broadened theoretical
.curve. ' -
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Fig{.l 13. Corrected XPS spectrum for CdCl,. The filled Lkd states appear
at E~Ep = -1L.5 eV. The broader peak at I.-Ef ¥ -T eV represents
valence bands. ' ‘



VI-136

N I N S S Y N T T 1T T [ 1T T T T ] T 11
121~ v
- -
© 1k 1
» ! *»
w w
= : c
5 10+ S
(@) (@]
(& L O
9_;
RN B RS B S M .
(= s s B A A A s
- 24} Pt
o
»
[72]
s
c
3
(o]
O
[

XBL701-2064

Tig. 1b4. Corrected XPS spectra for the 5d metals Os, Ir, Pt, and Au.
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Fig. 15, Uncorrected XPS spectrum for Ir, in which the two-peak
structure ig clearly shown,
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Fig. 16. Comparison of Pt XPS results with theory: (a) the theoretical
'~ density of states function in Ref. 37, (b) the brozdened theoretical
curve is compared te our XPS results,
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Fig. 17. Corrected XPS spectrum for HgO. The intense doublet at

o~

E-Ep ¥ -12 eV is due to the core-like 5d3/5 and 5ds5/2 states.
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Fig. 18. Summary of the XPS results for the fifteen solids studied.
' (cf_. Table I). The peaks for ZnS, CdCl,, and Hg0 lie at
E-Ef ~ -13 eV, -1k 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 & Au-like rigid band .
. density of states. Vertical scales are arbitrary. llote that the
Ir experimental curve does not fall to as low a value as Ft or Au.
at low energy due to spurious sources of photoelectron intensity
(see text). ' ' :
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APPENDICES

:A' "Inelastic Scattering ahd Satellite.X—raziCorrection

Two programs are necessary for this correétion, one to calculate
the résporise matrix R from Eq. (26) with the model of Fig. 22, and a
seéond fb céiculate IV'(E) from Eq. (25). Each of these programs will be
briefly described, and-thé input formats listed. |

1l. Response matrix calculation.

In the N-channel core-level photoelectrqn spectrum IC, the peaks
to be used for correction should be centered as well as possible. Approxi-
.mately haif theAspectfum_should consist of the inelastic tail and the flat
backgrouhd gbofé the a3’h peaks. The'statistical scatter in IC should
be as low as possible. Generally data with a scatter of ~ 1% of the péak
heights ﬁére used. Ic is read in as data and stored in the arrays TEMP
and XDIST.-ﬁThe Ic data is also smoothed ICAV times, with a 1-2-1 weighting

o . s ] = ) + . +
over three points for each smoothing; i.e., Ic,i _(Ic;i-j 2 Ic,i
) /b,

Ic,i+i »
Ic; is then.computed from positions and widths input for the
Lorentzién;peaks, and stored in the array TDIST. The paramétérs for these
peaks'are usually dérived fromva least—Squares fit of the4IC‘data using
the program described in Section IV.A. Widths equal to 0.6-0.8 times the
Ic Widths‘are used for the beaks in ICY.> This factor can be checked b&
calgﬁigting R using different widths. As the width in Ic' becomes largef,
R must approach a delta function in behavior and usually becomes negative

in the regions adjacent to the peak near R(N) (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 attempt is made'to enhahce the fundamental
resolution ofyﬁhe épectrum. Only inelasfic scattering and satellite k—rays
are corrécted for. | | v

!With'M and L under input control, the uée'of Fig. 22 permits

rewriting Eq. (26) in the following wéy:

— - r~ : - - — —1
’ . . . +
Ta | M2 A2ttt A R(1+1)
_Ic2_ A21 ‘. o . R(L+2)
= . ' R(M—i) (27)
R(2N+1)
Ien Ay1 AN M-
L. . 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 least-squares subroutine (FLSGS).

The 2N-1 element vector describing‘Rvis then generated as the array
R1VEC, and the elements of this vector ére smoothed IRAV1 times with a
1—2;i weighting. The matrix R is then constructed, and a solution veétor
S ='RIE' 05tainedﬂl The difference IC4S isvsmoothed‘iCAVl times and used

to obtain .a correction tb R from
I -S =R'T_" .o i - : (28)
c c

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

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

(1) NRUN; FORMAT (Ik). The number of matrices to be derived.
Tﬁe inputé.beloﬁ are repeated for NﬁUN sets. |

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

(3) IIT1, ICAV1, IRAV1; FORMAT (3I4). IIT1 is the number of
iterations used in thg solution for R. ICAV1l is the number of times Ic
or S is smoothed. TIRAV1l:is the number of times'R.is smoothed at each
iteration. Generally, IIT1 &~ 5, ICAV1 ~ 3, and IRAV1 & 3.

'(h) N, NAV, NPU, L, M; FORMAT (SIV). 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 tolaverage 6ver the points of an experimental spectrum to decrease
. the'dimensionality to N, Successive groups of NAV points are treated as
their averége value. The use of NAV is only necessary for troublesome
caseé. Usually, NAV = 1. If NPU is non-zero, punched-card output is

» generatedbfor the final R solution.

(5)_ TEMP; FORMAT (2X lOFY.O)i An array equivalent to.Ic, with
N'NAV < 250 entries. After averaging, Ic is’storéd in XDIST and has N
dimensions.

(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 cne peak is used, set

| Al = 1.0, A2 = 0.0,: FWHM is the full-width at half maximum of the
“ Lorentzians used for both pesks, expressed in channels.
(7) ROVEC; FORMAT (2X 10F7.0). A vector with 2N-1 elements,

used as an initial guess for R. Usually &ll 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 and all others equal to zero.

2. Correction of Spectra

This program.solves Eq. (25) for Iv‘. An.e%act solution of the.N
equation inAN unknowns is used in one version (FINISl){ In a second version
(FINISQ),‘the number of independent elements in Iv' is reduced and Eq. (25)
is solved by a least-squares subroutine (FLSQS). FINIS2 proved to be use-

ful fbr certain cases with unphysical oscillations in Iv as calculated by

FINIS1. 1In FINIS2; the first M elements of Iv; (in the inelastic tail
region)'are taken to be a linear iﬁterpolation of the lSt and Mth elements.
Also, evefy other element of the remaining N-M is computed‘as a linear:
ihterpolation 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 (5IL4). N is defined above and
muét be odd and less than or equal to 125. 1If 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) (ef. Eq. (26)). NCH1 should be cho-
sen so that R(N) is at the peak position in RVEC. If N is the same for
both IC and I&, NCH1 = 1. NSMUF and NSMCF are the number of 1-2-1 sﬁooth—
ings appliéd to the uncorrected spectrum Iv and the corrected spectrum IV',

respectively. HNEMUF and NSMCF = 3.
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() RVEC;-FORMAT (2X 10F7.0). The vector of the fesponse matrix
as derived in program MATITZ2. Punched card qutputvfrom MATIT2.can be used
as input.here. The number of elements in RVEC must be 2 2N-1 and < 250.

(5) RATIO; FORMAT (FB). _The.ratié of the energy interval between

elements in Iv to that in the response matrix. RATIO = Iv interval/Ic

interval. This is used to scale RVEC for use with Iv.-

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

(7) TITLE; FORMAT (8A10). 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 Densities of States

A program was Written.to broaden theoretical densities of states
in order to obtain more meaningful comparisons with experiments. A similar
16

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

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

1.
= — s s
e(E Ef)/kT+l

F(E) - (29)
calcuiated for the temperature of the experiment. Any small shift in the
Fermi energy due to temperature is also allowed for. The resultant high-
temperature p(E) is then broadened with a Lorentzian lineshape of variable
width. This width was usually selected to be 1.0 eV and corresponds to

the instrumental linewidth in these XPS measurements.
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C. Calculation of Multiplet Energies

Tﬁis'program wes used to calculate the eigenvalues and eigenﬁectors
of a Hamiltonian including Coulomb ana exchange terms for a set of statee
:specified_by the same L and S (e.g., the three 5P stetés of'Mﬁ3+ 3p53d5).
The program reads in the appropriate Slatef Fk and Gk integrals,38 as ’
well‘as certain coefficients ﬁhich hultiély 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 resuitant matrix.
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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 MgKaj
and MgKop x-rays. The upper ordinate indicated electron binding
energies based on these peaks. The inset makes apparent the peaks
due to weaker MgKo satellite x-rays and MgKB x-rays. The lower
intensity o7 and og satellite groups are not indicated, but they
appear near the as 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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Chem 3996

Fig. 4. Source housing with x-ray tube 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 tube, disassembled.
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Chem 3998

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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Sample holder for

XBB 702-839

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.



i

-169-

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.
tube is inserted through the top of the central cavity.

A gas inlet
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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.

v
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XBB 702-840

Fig. 16. Glass channel electron multiplier used for detection
(cf. Fig. 3). The overall diameter of the multiplier is
Te 3 @,
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grows in with a Lorentzian shape. '
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Fig. 19. Families of peak shapes with constant tails of different rela-
" tive heights, B. Lorentzian- and Gaussian-based families are shown
(cf. Fig. 18).
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Fig. 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.
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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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