Lawrence Berkeley National Laboratory
Recent Work

Title
CHEMICAL INFORMATION FROM PHOTOELECTRON AND CONVERSION ELECTRON
SPECTROSCOPY

Permalink

https://escholarship.org/uc/item/1s6934mf{

Authors

Hollander, J.M.
Shirley, D.A.

Publication Date
1970-05-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/1s6934mf
https://escholarship.org
http://www.cdlib.org/

ey s
E

’Qﬁ e

P

e . dwdn

\ 3
7/
/

Submitted to Annual Reviews

of Nuclear Science

UCRL-19592

c .~

Preprint

CHEMICAL INFORMATION FROM PHOTOELECTRON
AND CONVERSION ELECTRON SPECTROSCOPY

D
LAWRENCE
QADIATION LABORATORY

AUG 6 1970

D
LIBRARY AN
DOCUMENTS SECTION

J. M. Hollander and D. A. Shirley

May 41970

AEC Contract No. W-7405-eng-48

-

~
TWO-WEEK LOAN COPY
“This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 5545
J

SNy

LAWRENCE RADIATION LABORATORYM
UNIVERSITY of CALIFORNIA BERKELEY

Q
e

—

=
i

£
O
(8]
O
oo



DISCLAIMER -

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
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CHEMICAL INFORMATION FROM PHOTOELECTRON AND
CONVERSION ELECTRON SPECTROSCOPY' .

J. M. Hollander and D. A. Shirley

Department of Chemistry and

Lawrence Radiation Laboratory -
University of California

‘Berkeley, California 94720

May 1970

I. INTRODUCT;QH.

The tfaditional view of nuclear p?bperties hdlds that these properﬁies
are not appreciably affected by chemical change, which i?volves elgctrons in
the outermostTéhélls of the atom. This Qiew was supported by an abundance of
experience, 1arg¢ly related to the insensitivi£y of'nudlgar decay rates to
changes in chémicai state, temperature, and pressure. It ha;, hoyever,'been

modified as a result of the development of techniques such as the Mossbauer

-effect that can detect exceedingly small changes in nuclear properties.

The chemist has regarded the atom core, like thé ﬁucleus,_as’being

“essentially indifferent to chemistry. Thejtightly~bound atomic core electroné;

OCcupyihg filled sheils, exhibit little influence on chemical properties and

are themselves hWardly affected by changes:that occur in the valence shells of |

1

‘This work was performed under the auspices of the U, S. Atomic Energy
Commission. - o : :



-2 . - UCRL-19592-

the atom. Thus, these "inner" electrons have.traditionally been excluded from
chemical thought, to the extent that in chgmistry texf?ooks reference to the
core levels is'uégally confined to their inclusion in the "aufbau" table of
atomic structure? to be seen once and fhen ignofed.

The inner.electrons do of coﬁrse feel some, albeit small, influenCé from
the valence eleétrons. The long absence of_chemicdl iﬁterest in the inner shells
was primariiy due to the lack of an inner-shell spectréscdpic‘method of suf-
ficient sensifivity to produce useful chemicéi informétion. This situation has
been changed by-recegt developmenté in ?hotoelectron spectroscopy, so that itv
is presently possible to detect changes in binding energies of the core e}ec—
trbns résulting frdm ordinary chemical processes.v As a resﬁlt, the atomic core
electrons are'taking on a new and growiﬁg relgvanée'to cﬁemistry.

Photoeleptron.spectroséopy is the study of the kinetic energy distribg—
tions of electrons ejected from atomic, molecular, or so}idAsystems by photon
irradiation;,”The physical quantity measured is the electron "binding energy",
Eﬁ. Chemical information is obtaiﬁed via observatioﬁ of chemistry-induced
changes in the binding energies. In principle all éiectrdns from the K shell

out to the wvalence levels can be studied.

»
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In coht}aSt to their meager historical influence in chemiétry, the
‘atomic core'eiec£fon§ have'alwayé playedbanvimportanﬁyfqle in nuclear physiés.
Seyeral modes!gf{nuclear de—exciﬁation invdlve atomiévt?aﬁsitions in the inner
atomic leveisﬁb.Among these decay modes‘afe electron capturé, a,betg decay
process competing:with positron emission by which the nﬁcleus decreases its
' charge by one ﬁgit, leaving a hoie in the K, L,'... éheii as the final state,
aﬁd‘internal-ééﬁQersion, a décay mode competitive with photon gmission in which
-nuclear excif#tiqn results'iﬁ tﬁe ejection of a K, L, ...veléctron; Internalv
conversion eleb#?bn.spectroscopy has Béen one.of the.priﬁFipal meﬁhods for
determining hﬁ§i¢ar levei éneréiés'aécurately5‘and méagufémenf of the ;ntérnal
cdhversiqn coefficient (ratio of cbn?ersion.eleétron.ipfénsity to phofon inten-
sity) is a véiﬁaﬁle tool for studying the multipole chafacter of nuclear
transitions.

BecaﬁSé”gf the involvement of atomic eleétrohs;»these nuclear proqesses
~in principlexéiép exhibit a dependenge on chemical state and should therefore;
“be capable 6f xielding'ch¢mica1 inforﬁation. ~Although in cértain spécial cir-

’

cumstances this has actually been the case and a few'elegént eXperiments have
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been performed,vé;general or systemaﬁic‘method for obtéining chemical informa-

tion from studies df nuclear decay processes involving the inner shells has

©

not yet evolyed.‘ Thus in this reviewyour reference to internal conversion 
spectroscopy‘églé;means 6f obtaining ;hemiéal informatipn will be brigf. In
Section II the}vé?idué "inner;shell" spectroscopies afe ébmpared. Section III .
describes thé‘@eésurement and inﬁerpretation"of chemicél shifts byvx—ray photd—
electron speptréscopy, égpecially in atoms and molecglesf Tts application to
solids is covergdvin Séction IV,‘and a speciél class of}new effects;;core level
splitting-- is described in Section V.

Becaﬁée.of the breﬁity of thié review, we héveféhosen not to include-a
discussion of'experimental techniques used in the pfaéﬁice of‘photoelectrép
spectroscopy._ Fbr this the rgader is referred to reférences 1-5 and to the

journal references cited herein.
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v;I. THE INNER-SHELL.SPECTROSCOPIES COMPARED
Thereféfé four "inner—shell"‘specﬁroscopies thaé 9an Yield chemical

information.v Wé sha11 describe them briefly and speéifyuﬁhe chemical param-
eters that cgh Bé;derived froﬁ eaghf They aré consideréd in the order:

1) Chemical e;fgéts on thg nuclgar decay rate, ?) Iséme?‘shifts in MSssbauer
spectra, BI;Chémical effe¢ts on conversion—electron:speétfa, and h)_Chémical
shifts invtﬁé.éﬁéctra of»photoelectfqns from innerjshells; The four spectrps- o
copies are diégﬁésed_in g way ﬁhat allows comparison ?nd assessment—of»the

chemical info?mation which they provide.

A. Decay Rate Effects

Although in principle the rafes-of all nuclear decay processes can be .

altered by the éhemical environment, effects of observable magnitude are

expected oh;y:fdr the two types of decay that directly involve bound atomic

{electrons,_namély electron capture and internal convéréibn. For both cases the

initial and final states can be repreéented by product wave functions,

NESIMERINES

=y W e
R e
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(f)

where wk ié ﬁhe continuum wave funéfion of the emiﬁféd particle (a neutrino

or électron,vréspéctively, in capture or coﬁvérsion), .Thé transition Hamiltonian

for either procesé contains a faétor 6(re—rn)'thét sélégts only the eiectrons:b

“with finite prpbéﬁility of being found vat" the ngcléus,.yielding a transition-

_probabiiity iW .that is proportional‘té the électfon aenéity at the nucleus:'_
W f<§(?)|zc|w(?)>'|.2.; o). 2,

If the differénégibetween tﬁé décay réies of a gi%en tranéition ;n two chemicél

environments is observed, then the ratio

(i) 2
Mqu;(mL S 3.
CROeE

e

is obtained difectly, and it is this ratio which mustvbe.maximized to yield a

large effect. For point nuclei in the nonrelativistid‘approximation Iwe(O)I2

is nonzero only for s electrons. Relativistic Py/2 electrons have s~-like

small components in. their wave functions; thus their -Iwe(o)l2 is also nonzero,

albeit much smaller than for s electrbns. ~The finite volume of the nucleus

alters the effective value of ll])e(O)|2

somewhat; but still only s and pl/2

electrons are important. For brevity we shall refer 6niy to the effect of s

electrons onvn[we(o)l2 in the following discussion.
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Only the outermost atomic s 'electrons are strongly involved in chemi-
cal étructuregwahd their contributions to .lwe(0)|2 are relatively small in
comparison to.thcse of the inner s electrons. In a heavy atom the one-

electron contributién to. Iwio)lg

aecreases by about én‘order of magnitude for
each uhit incréasé in the principal gquantum number. Thusﬂobservation of.chemical
effects on nﬁélegr decay rates is clearly hot a method Qf wide applicability ip
cheﬁistry. ﬁ%ﬁeéﬁable effects may be realized, howeférf under.eithef of two
conditions: l):A very light element may be used,.és‘iﬁ'ﬁhe wéll—knoﬁn studies

on the'elect%&g éépture of'7Be; With only.thé 1s andvés sheilsVOCCﬁpied,
Iwe(O)lg caﬁ‘bé oﬁservably affected by the chémicﬁ} ehvironment.‘-Half—life
changes of 0;97%_have beén‘reported (6). To our knqwlédgé Tpe is'theionly low-2
isotope to whiéh this approach has been successfully.apﬁlied. 2) One may study

a transitioh having an energy so low that only looseiy—bound electrons can be

captured or'ﬁonverted. This approach has proved successful for studies of

' chemical effects on internal conversion in several isotopes with low energy

isomeric transitions. In ¢ & 0.3% change in half-life was detected (6,7).

In 90Mo and‘235

U much larger half-life changes have been found, 3..4% in thé
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, ' , A 2 .
former (6,8) and 5.7% in the latter (9-12). Recent results on the 35U isomer

i)

are of particular interest: Neéve de Mevergnies has found a correlation between

235

T U recoils

1/2 and the electronegativity of the host lattice into which the

were implantéd:(i;), with the correlation being reveféed for the more eleéﬁrof
positive metals ﬁf and Zr (12)', These results are i}iustrated in Figure 1.
Thésevéffects ha#e been reviewed recently (6), and we shali not go into-
further detail here except to make two observations:.‘First we note that, by
Equation 3, én'éx?erimenﬁal value of AW/W; togethef Wifh‘é reliable fheoretical

2

|2. (In "approach 2" abovev-|we(0)|

estimate of jI_II{;(O)IQ', wil;‘&ield A]we(o)
must be underSfoéd as only that pogtion of the totai eiecfron density at the
nucleus that céntributes to the transition under study.)..Secondly, even if a
reliable Valug;of -A|We(0)|2- is obtained its in;érpretation in terms of chemi-
cal structureimgyibe quite subtle or even ambiguous.v.This complexity arises
becaus¢  ]wéko)[z can inérease, for'example; in fwo Wayé: eithef directly,'v

by loss of outer s electrons, or indirectly, through loss of p or d électrons

and consequent reduction in screening of the s electrons.
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B. Isomer Shifts
The MBssbauer isomer shift has .been reviewed -extensively (13), SO we
mention it here only for purposes of comparison. A for@él analogy may be made with

the above case, but equation: 1 must be modified to indicate that the electronic

(1) f))

state is not éiféctly involved in the traﬁsitibn (i.ey,” e = ,'and.thét_
the emitted péfticle.is a gamma quantum. - Thus
) v, wii’ o ”» {  - | ba.
W(f) = v, wif) v, .v‘[£  _ _»: o ._ .

The "effect" in this case appears as a shift in the transition energy, which is

bfought about in first order by the Coulombic interaction of the nuclear and
electronic charge distributions. For a single level thié interaction has the
form

2 o
_ e 1y o _ 2
AE = (Y|2=|¥) « n]y_(0)]

- where N 1is a huclear factor. An observed isomer shift involves two nuclear
bfactgrs, one éach for the ground and excited states, and two electron densitiés,-

- for source andvabsbrber,

2

I.8. « (8m) (8]9_(0)®)

Although shifts can be measured with great accuracy, AN is rarely known very
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well, and the quantityv Alwe(o)lz éan thgrefore be determined only tQ within a
~rather uncertgiﬁ scale factor even if a godd estimate of v|¢8(0)|2 is avail-
able. This is in contrast to the situation for decay;rate measuremepts, dis-
cussed above;:”Isbmer—shift studies have abundantrséngiﬁiVity: in favorable.

casés the range of isomer shifts is 10-100 times the»hatural line width.

C.v Conversion Electroh Spectré

-If coh#éréianeléctron.spectra are-studied 5y energy—ahalyzing the
emitted elecﬁrqns} then a more.detailed.chemicgl intefpretatioﬁ Qap 52 made.
A spectral peakiéppears for each possible eiectronic finél stgte, COrfésponding.
usually to a ﬁéie in each atomic.subshell. Thus thg diiferent.decay_féhannels"
may be studiéd separately and equaﬁioné analogous té,Eéuations 1 to‘3 apply to
each channel. This specificity has particularly valuabie implications for
structural chemistry. "It permits rather subtle compafiéons, among differenti
compounds, Qf.the atomic-orbital populations of molecular orbifals.‘_Such _ -
populationsvare of more direct chemical interest than i; .Iwe(O)!g.
Bocquet et al. (1k) reported the firgt experimenf qf this kind, on the

' 23.8-keV state of ~17Sn in sno2

and white tin._.Theif experiment not only
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established the;effect: at the same time it yielded the definitive inequality

2 2 o
1pe(o)ss,Sn‘ 7 we(o)Ss,Snoe L

ﬁhich_resolved»a'long—standing controversy in MBssbauef;Spectroscopy over the

llgSn. It was no acéident that conversion-

sign of the ﬁHQiéar factor AN in
electron speét?oécopy could solve this_prqblem, whiie'ektensive MﬁsSbauer
isomer-shift gtﬁdies had been unable to do so: the fqrmer gstabliéhed unam-
biguousl& ffom.peék inténsity;fréfios that lwe(o)lzl %s larger in.whiﬁe tin
than in Sn02}vwhile the interprétaﬁion of evép the s;gh.bf the i;omer shifts
wgs model-de?ép@ént énd theréforétunceftain; The effééts obéervéd‘in conver-
éion—eléétfdﬁjs?gctré cah bé iérge: Bocqﬁét et al.véoégiudéd thaﬁ the 5; (CI)
19Sn in SnO2 ié;jd% léss intense than in

white tin.

: The value of the conversion-electron spectroscopy method is clear;

.‘unfortunatelyfits range of application appears to be quite small. This is also

.

' true, to differént extents, of the other two methods discussed above. Only

‘M3ssbailer Spégtroscopy ehjoys a wide enough range of applicability to be of-

much consequehce in structural chemistry, and it is severely limited both by
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the absence of any suitable transitions in isotopes of the chemically most
important light elements (C, N, O, etc.) and by the difficulty of making quanti-

tative interprétations of isomer shifts.

D. Photoeleétron Specfroscopy_

The last inner shell method——photoeléctrdn spectroscopy--differs frdm
the above three in several important respects. It does not involve the nucleus
directly and ﬁhérefore does not require any special ngcléar propertiesﬁ Conse-
quently it can be applied to all‘elements %ifh inner shells (all excep£ H and
Hej. In photoéiectron spectroscopy a photon—;usualiy in the x-ray fégiqh——
ejects an eieétron from an inner level. The initial ahdifinal é?ates may be

written

&
D
1]
&
A

i
<
o
ey
w

where ¢ and Xk represent the incoming photon and outgoing photoelectron we
: *
the electronic ground state, and we an excited "hole" state. The electron

kinetic-energy spectrum is observed, as in conversion-electron spectroscopy,
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But here (as iﬁ.?somef~shift studiéé):chémical ipformatibnjié extracted from
peék energieé,vshiftéd thfoﬁgh Coulombic shielding by &alénce eléctrons,vrather
than\froﬁ pea?=iﬁﬁeﬁsities; This.shielding ié proportiogal to, and therefore -
yiélds, the té?éi:eléctroﬁ‘populationé.6f the valencé'shéll, rathervthanftﬁe.
1.

High;résélutiqg x—ray photoelectrog spectroscgp&lvas introduced by
K. Sieéb§hn éﬁé c9lleag#es,(l) Qf'UppsaiavUniversityf_ its potential was
quickly recqéﬁiZéd, and it ié curfently being developed.and applig@ in‘s§§eralA
laﬁéraﬁqries; iThe bulk of this review‘is devo?ed'tqcéfdiscussiqn'of fhis
method.

The essential features of the- four inner—shell‘spectroscopies are sum-—

vmarized in TableVI.



Table I. Comparison of Inner-Shell Spectroscopies
Method Process Outgoing Measured Derived Magnitude Range of b)
quantum property quantity . or (a) application
quality
factor
Shifts in total Electron éapture‘ V. oor e decay-rate. Awi(d) L. 1% A few isotopes
decay rate or conversion change : (7Be)-’ ‘
Decay rate shifts Electron capture V or e~ decay-rate sz(o)(c) a few Several isotopes
in low-energy or conversion change € percent 90Nb, 99Tc, 235y
transitions or less
Isomer shifts Y emission Y shifts in (AN) Awi(o)(d) Q v 10-100 "20 heavy
.peak : : elements
energies
Conversion Electron . e peak valence s tens of A few isotopes
electron - conversion intensity: electron percent (119an)
spectroscopy changes population :
Photoelectron Photoelectric e shifts in total atomic Q v 10 All elements
spectroscopy effect . peak charges with Z 2 3
energies

8Q = range of shifts * peak width.

bThese estimates are subjective: they represent the level at which we would seriouély consider using each"'
method to obtain chemical information. ' :

®Assuming that the appropriate wi(o) is knoyn..'

dHere AN

is the nuclear factor.

26$6T-Td0N
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I1T. CORE ELECTROﬁ BINDING ENERGY SHIFTS FROM PHOTéELECTRON SPECTROSCOPY :
The data apd their 1nterpretatlon
The first.clear demonstration of chemical sﬁiffs‘in a photoelectron
spéctrum camé‘i#1196h‘with the obéérvétioﬁ by Hagsﬁrﬁm%—Ndrdling,-& Siegbéhnb(lS)
6f two lineé»iﬁ £ﬁe suifuf lé speétrum Qf sodium £hiosuifate, Na28203. At the
time 6f this‘éxbefiment, the instrumentgl line-widths were typ%cally»around
6,5»eV, but the separation between the two lines in this”;ase Was also 6.5 ev,
so that the_@ouﬁigt strucﬁure wasveasiiy visible. Becéuse of the'known.ghemical
structure of;thefsodiuﬁ thiésuifate mblecule, the origiﬁfpf the_tvé iines was
qﬁickly uhder#tbdd:.rin this molecule the ﬁwo gulfur atoms are ﬁon;eéuivalent,

one being in: the -2 formél oxidation stéte and the other in the +6 state.  This

observation gave rise to the idea of correlating the electron binding energy

with chemical oxidation state, and this procedure in turn provided the basis

and incentive for the development of a large number of increasingly realistic

correlations and theoreticalvinterprétations from which chemical information

~can be obtained.

As‘thq experimental technique of photoéleétron spectroscopy became

refined and the instrumental line widths were reduced, it became possible to
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detect much smaller chemical effects :on the binding energy than occur in the

case of sodium thiosulfate. Photoelectrons ejected from inner shells by x-rays

4]

have kinetic eﬁergies in the lo3 eV range; presentlyz }%pe widths’of about 1 §VZ'V
are obtained..Iﬁ-a typical element:shifts of up to 10 éV @ay be observed,'and_
these shifts'cag-be measured to gbout 0.1 eV accuracy.:-

As an ;llustration of the range of chemical shifts that has been 6bservedv
in core—levelvﬁinaing energies.we_shoﬁ in Figures 2 and 3 two extreme cases; the
fir;t, where‘thé shift is-less'than one line-width, ana the secon@,:where a near-
maximum shift‘isiobserved.v Figure 2 shows‘the photoelegfrqn s?;@trum from the
carbpn 1s levglszin'ethYlene, acetylene, and beﬁzene; ?élétiVé to CHFé;'the
shifts here are_§0.3 eV. ‘Figﬁre 3 shows the carbon»lé'spéctrﬁm obtained from
ethyl triflﬁoféacétate, by Siegbahn.et al. (1) in which shifts of up to 9 eV
are seen. Invthis molecul¢ there are four structurally differept carbon atoms,
corresponding to the four lines appearing in the specffum. The chemical en=

vironments of the two terminal carbon atoms can be considered as opposite

Ay

extremes, the one carbon'atom_being'attached to three fluorine atoms, which are

the most electronegative of all atoms, and the other being attached to three
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hydrogen'atoms,vﬁﬁich are highly élécfropositivé. ‘The 1atter spectrum gives a
good idea of.the iange'of shifts”that"caﬁ be expected invﬁraétice (at least
for organic cémpéﬁhds).

An'eiaﬁplg of chemiéal shifts,.iﬁ an iﬁorganié compouﬁd; that.are inﬁer—
mediate in'magnifude between:fhosé df the examples Just given is seen in the
nitrogen 1ls speétrum ofbEzgggrdinifro—bis(ethylenediapine) cobalt(III) nitraté,i

[Co(NH CHFCHTNH ).(NO,.) - INO

SCHLCHLNH ) SANO, ) 3» ghown in Figure 4, This substance contains three

structural typésﬁof nitrogen atom, in an abundance ratio of L4:2:1, and three

' pesks with epproximately this intensity ratio are seen in the spectrum (17).

For histbrical reasohs, as ciﬁed above, the first chemical'property
to be correlated with inner-shell electron binding energy was the classical
property, oxidation state. This is intuitively sound: one would expect that

the energy necessary to remove an electron from an atom would increase with

‘increasing positive charge or decreasing negative charge on the atom. In
.‘Figﬁre 5 we Show'a plof of binding energy versus oxidation number for a series
‘of halogen. ¢compounds, combinedvfrom'the data of references 1 and 3. Since

oxidation number is only - a formal ddncept, however, it should not be expected
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that a correlation with binding energy would be mofe than qualitatively useful.
Such correlations do nonetheless demonstrate the direction and approximate

.. . .
magnitude of typical chemical shifts in ionic compounds. From the data of
Figure 5 we see that the binding energy increases on the average by'abbut_O.B eV

and 1.2 eV per unit increase in oxidation number for iodine and chlorine,

respectively.

A{ Freé-Atom Descripﬁions
As the.basis for discussioh of the chemical inferpfetation of_binding
energy shifts,vlét us consider the origin of these shifﬁs:v Whgn.a chémic51 
reaction takéé‘plépe, electroﬁ movements occur within thg mdlecules iqulﬁédi‘,.
These'redisfr;butiOns of'charge-affect £he potential of'tﬁe ipner elecfféﬁs and
thereby bring about the observed changes in their bindigg energiles.
Perhapsvthé simplest qguantitative theoretiéal déscription of shifts in

core-level binding energy can be given in terms of a classical charged-shell .

®

atomic model,'ih which the valence electrons are represented by a spherical
shell of negative charge. The potentiasl exerted by this shell on the core

electrons inside the shell, is V = Ye/r, where Yy is the number of electrons in
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the valence Sheilﬁ and r is its radiﬂs.,'If a éhemicai reaction causes one
electron to'bé;rEmoved-frOm the valence shell (to infiﬁiﬁy) the pofential of
the core éleétfoné is reduced by the amount AE =‘e/r ;gdrthus their biﬁding
enefgy is'iﬁcrgésed by this aﬁount. Ir r = 1A , AE.;‘lh ev.

In sﬁiﬁéibf the.érudeness of this model, the_mggnitude of thevpfedictgd'
shifts is in.tﬁe'range'of the observed shifts. For éxample, the reaction
gut? +.Euf3r f§§g}ts in & shift in the binding enefgy 9f_the 38, level of
9.6 éV (3,18)ﬁ }ihis is a éasé ﬁhefé the simple modelféhoﬁld>be mo§t péarly
vglid becausé.ﬁéé eﬁropium compounds aré highly.ionié;_ oné:hf electron is 1in

3

, o : + +
fact removed in the oxidation of Eu 2 to Bu 7.

In most cases the actual chemical shifts are considerably smaller than

those predictéd-by this simple charged-shell model. VIn terms of the model this

can be justified on the basis that 1) electrons do not typically move to

infinity.buﬁ'rather'only\tomafnearbyﬁétom~as:the result of a chemical reaction,

and 2) less'than one unit of charge is usually transferred. For example, the

3 to KIOM (oxidation number change from +5 to +7), results in a

core-level Shift?of»only 1.0 eV (3,18). These iodine compounds are not strongly
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ionic, and the oxidation does not involve the absolute loss of two electrons

.

but rather only the sharing of the iodine electrons among one additional oxygen
. . e . g\
atom, which éorreéponds to a transfer of mﬁch less‘thah one unit 6f charge. .-
An interesting result obtained from the charged-shell model is that
the chemical shifts of.all core levels are predicted'tﬁ be the same because
they are in avregion of constant potential. 1In faéﬁlthis result has been cth
firmed experimentally: in.an investigation of iodine compounds,'Fadléy et al. (3)
it 5hi i - bs. a
foun hat the shifts in the 231/2’ 2Pl/2’ 2p3/2, 3d3/2, 3d5/2, 81/2’ an

hp3/2 levels’of.ibdine were equal within experimental efror for,KIO3vand KIOh

and 6.3*0.6 eV for KIO) , relative to KI).

" (5.3%0.6 eV for KI0,

Moré:acéﬁrate célculaﬁions of chemical shifté‘iq'frée'aiomé can- be méde
by usiﬁg Harffge—Fock methbds. The results of such caiculations in'geperal
verify the qualifative cénclusions éiven by the simple—chafged—shell model.

As an exampleJQf the results from Hartree-Fock free—iop calculations, we show _
Figure 6 the binding-énergy shifts dﬁé tp removing a 5p electron from various
free-ion configufations of iodine, calculated by Fadley et al. (3). Several

observations can be made from this figure. The shift in binding energy increases
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with thé‘degr?é{of'iOnizafién. vAndvaS'intthe classicai theéry, all core levels
'are’shifted by'approximgteiy the same ambunt. In fact;‘fqr iodinevthe cal-
vculated shiftlvagil-core.levels_is the same to within_i,S%. Thérefpre, as
lbng as onlyAthéée levels are of interest, the.shifté;néed not be calculated

for each levei,'but an average value over the core can be taken.

;B. Rigofoué Calculafiops for Free Molecules

Aithbugh ¢élculations of binding gnergy shifts from free-atom models
have providea ﬁ§éful'insights into the origin and mééﬁifﬁde of chemical
effects, thé'éhgmisfvis”primarily interested in more;realisticbsystems, i.e.,
molecules-aqdbsolidé.' Let us consider first thé case of molecules. .It is
desirable té;éo@pare figorously'calculated binding epérgy shifﬁs with experi-
ﬁental valués in7simple molecules with known structure in order to bﬁild up a
' systematic qulgction'of shifts (or-binding energies), which could be useful ih
;severai‘ways{  ;) td'search for binding'energyvanomaligs in molecules whose
structgres_a%é presumébly_known, 2) to obtgin strucﬁural information fqr mole-
cuies thatvéré*@easurable but tdo.cémﬁlicated to caléuiate, and 3) as a check

on the assumptions of the calculations. -
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The degree of difficulty in making calculations of binding enersy in
molecuies deﬁeﬁds on how the.dynémics of the photoelecﬁric pfocess is treated,
and an importgéﬁ question in this regard is the assﬁmed behavior of the remainipg
”passive”»eleétroﬁs of thé moleculé upon emission of é photoelectron. Ir the

_ photoelectrip evegt is described as a "sudden" process, . that is, ﬁith no
readjustment:of_the other electrons accompanying the.eﬁigsion of a 1s electron,
then by "Kogpﬁgps' theofem" the 1s bindiﬂg energy is.éiﬁply the one-electron
orbital energyg.which can be evaluated from a Hartrée;Fock calculation. A more
fealistic @éscription~is an "gdiabatic" process, which can be approximated by
two (fictiticus) steps; 1) the phofoelectron is ejécged sﬁddénly, leaving a

‘hole in thg.Kjéhell and leaving the othef'(passive)’¢1ectrons "frozen" in their
initial grougdfstate orbitals, and 2) the passive.orbitals Quigkly relax toward
the positiQe.bole, acéelerating the outgoihg electron. Adiabatic binding
energies‘are'haﬁurally more difficuit to galculate, ?ecause for these the
energiéé of 56£h the initial state and the (unstable) final "hole-state' must be
evaluated. It is of’interest to know how the‘"sudden“ and "adiabatic" binding

energy values .compare with experiment.
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Bagus (i?) clérified this quéstion by making Harffee—Fock quality cal-
culations of binding energy for the isdelectronic freé-gtém sets F—, Ne, Na+,
and Cl—,‘Ar,'and'K+a Bagus found that K-shell bindiné eﬁérgies calculated from
tﬁe "sudden" épbrOXimation were about 23 eV greater thénvexperiment for the
firstbset'(wif#:égsolutevvalue ~870 eV) and about 36.§V greater fof»the_
s?cond set‘(ﬁith‘ ébsolutevvalue ~3200 éV). On the other hand, wﬁen the
values werebéémpﬁted-as the differénce between the two Hartree-Fock energiés

corresponding to the initial state (atom) and the final state (ion with a 1s

hole) the agreement with experiment was much improved (leSs than 1 eV deviation

for the first'set and 3-U4 eV for the second set). Ciearly, the "adiabatic"

1

approximation is-more realistic than the "sudden" approximation, for describing

the absoluteraiues of electron binding energies. Nonetheless,.the use of the

"sudden" (Koopmans' theorem) approximation would still be adequate for pre-

dicting chemical shifts in molecules, provided that the energy of electronic
relaxation in the molecular environment remains constant for the particular
set of molecules‘under'consideration; If on the other hand relaxation effects

in the molecule are significent, experiment'should reveal differential,

structure—dependent, violations of the Kobpmans‘ theorem values.
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In ordgp_tb tesﬁ this questionbit is necessary t?:have'accu#ate theo-
retical valugs'fP? a numbernof mqleéules. 'Bésch & Snyder.(QO) have cgrried out
faﬁ initio" SCf;@olecular orbital célculations of 1s bihding_energies forvmole;
§uieé contaiﬁihg'first row atoms, in the Koopmans‘—thégrém épprqximafidng:
Experimental-éhifts of some.of these‘ﬁélécules in thé éééeous statg have béen
measuréd by Défié.et ai,'(Ql)vand.bvaiegbahp et al. (2) by phqﬁoelecfron speé—
troscqpy. lfiéufe»7 shows the data of ﬁavis ét.al. p}otted againét Basch &
Snyder's thgoré?ical shifts, for C, N; and 0. From ghis éomparison it is evident
that the SCFipaicﬁlations givé quite goodvpredictioﬁ§ Qf the éhifts; no diff
feregtial yioiafionvof Koopméns"theorém is noted.

Anothér,series of ab initio of5ital.energy célc;iatioﬁs g;ihg the
‘''sudden" appfoxiﬁation has begn made by Gelius etval. (??) for the 2p orbital
vin some sulfﬁf¥pontaining molecules. The correlationjdf the shift; with
‘experiment. is shown in Figure 8;vagain no strqcture;dependept violétion of i
Koopmans' fheorém is e&ident, when 3d 6rbitalsbw§re taken into account.

Thésfact that one can use Koopmansf—theofem-calculated valqes in

correlating biﬁding energy shift data is:significant'for-the application of

-3

»
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photoelectron.specﬁrcScopy in chemistry. Tﬁevproblemlof making theoretical

calculations is of course thereby greatly simplified;vmbre important for the

 chemist is the fact that the shifts can be understood in terms of'ground—state

molecular properties.

C. The Equivalent—Cores Approach

Although the agfeement between the calculations described above and

: ekperiment isigratifying, such calculétions are presently feasible oniy for

relatively'simple‘moieculés havihg few orbitals. ih érder to obtain éhemica}
inférmatibn mofé g§neraliy from‘bihdiné enérgy shift data, it‘ié'ﬁécessary to 
devise mpre aécéssible parameters Vith which to corfelaﬁé the experimental data.
A powerful semi—empirigal metﬁod that has had géod succesé in correlating
core—level Binding energies has been developed by Jolly & Hendrickson (23).

This method makes use of ground-state thermochemical data. Its basis was given

in terms of a principle of equivalent cores: '"When a core electron is removed -

.from an atom in’é molecule or ion, the valence electrons adjust as if the

nuclear éhargeiof the atom had increased by one unit" (23).
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This statement is analogous to the adiabatic description of photo-
emission, with_only-the added assumption that atomic cdrés having the same .
chargé arevchemiéally equivalent...

Consider as an example the nitrogen 1s binding eﬁergy in Ngg which is
the energy of:the'following reaction: -

LES - :
1. ' o N2 —> NN "+ e AE = E
where the astérisk indicates a 1ls electron vacancy in one of the nitrogen atoms.
o _ S I N
Now consider'Reaction 2, in which the electron deficient core of the N atom

is replaced by the normal core of an oxygeh atom.

2. . R o — wot +wOt AE = 6

In this Reaction NN and NO are approximately equivalent chemically, as are

6+

%*
0 and N 6+

Thus the energy of Reaction 2 is small. vBy adding Reactions 1

and 2 we get -

- 6+ - + *¥64 ~. _
3. - N2 + 0 —> NO + N | + e AE = EB + Gli

Writing a similar pair of reactions fbr’the nitrogen binding energy in another
 compound, NH35 we get

- 6+ + %6+ - " |
)4‘ N ——— - — .
‘NH3 +0 > O, + N + e AE = Eg +.6,
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The difference in’ the energies of Reactions 3 and b is the energy of Reaction 5:

- ' o o+ o+ C o
5. N, + OH.' —> NO' + NH, O = By - Ey -+ (§,-6,)
, | ‘ N, NH,

Chemical reactions similar to 5'can‘be written for many other nitrogen

compounds, as in Reaction 6:

6. - NO + OH, >0, + NHy AE —»EB - B + (62-5
) : : o 3

and the enérgieél(AE) of these reactions:can be evaluated from available thermo-

3)
chemical data. A correlation diagrém is obtained by plotting the thermochemical
energies AE against the experimentally determined bindihg energy>shifts

'(EB - EB ), ;Figure 9 is such a plot, for a series of nitrogen compoﬁnds. It
ref - : '

is evident th§£ where the thermochemical data are available, tﬁis method.is
capable of cprréiating core—electron‘binding energieéltq‘il eV br better,‘and

it also establi;hes the essential validity of the equiValent core approximation.
The success dethis-deel is a result‘of its close rélationship to experimentally-
»deriyed thefﬁochémicalFQata~and po the validity Qf the Bésic assumption.' In

faét the method can be extended in two_ways. The energies of reactions such as

5 and 6 cbuld also be obtained from SCF calculations on the individual molecules

in their ground states. Also the. statement of the principle of equivalent cores
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need not be so strong. All that is reaily required ié'that the core-exchange

Reaction 2 above should be essentially independent of the‘chemical environment

of N. Thus énly 61—62, not 61 itself, must be small. A weaker form of the
principle that satisfies this requirement is "The energy of exchange of a bare

+7 + . '
nucleus % Z.for the core (Z+1) z is independent of the molecular environment'. .

. D. Apprqximate Mbleculér Modéls

As.statéd earlier, the first corrélations of biﬁding energy with a
theoretical duéntitylwere made with o#idation number.v5Thisvparametérvis.of
course not reldted in a realistic way-to ﬁhe acfual.Eharéé distribﬁtion within
the molecule; because of the erbitrary way in which'élgctrons ére assigned
' completely to épe.atom or aﬁbther in tﬁe molecule. :The ﬁolecular chafge dis-
tribution isfin fact a parameter that i1s pertinent tp the orbital binding -
energy, becéuéé‘fhe bindiné energy is determined by thg electrostatic potential
at.the atom éreéted by that disfribution (plus the puclear charge). Thus it
is natural t§ seek'relationships betﬁeen the observed'binding energies and
quantities related to the gtom charge which cgn ﬁe cglculated by empirical

or semi-empirical molecular models.

w
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Manj éuthgrs ha§e aiséussed the rélatiénéhip between orbital binding
energy and étdﬁi¢ charge. Recéntly, for example, Gelius et al. (22) have
described'the1innér—shell chemical shift AEi for atom i,in_a molegule as

CAE; = kq, + V. + 2

where -

and q, is.Fﬁegéhafge on;the ithuatom,
k .is'ﬁﬁé proportionéli£y éonstanf for the'innerﬁshgll studied;
V. is;#hefébtential.from.the charge distribufion iﬁ‘the reét'of the
:leééule ét the éonsidered atom,
Rij is ﬁheJAistance’betwéen nuc;ei; i and s
2 is a ¢o§stant determined’by the choic¢e of reference level.
Frqm EquatiQnQSnéne seeé that if the atom chargé and the molecular potential
 are}linear1y>feiated,'so aléo.will be the chemical shift and the atom chafge.
This néed n@f éiWays be.the éase, bﬁt'ope night expegt in geﬁeral an approxi-
mately lingéf rélation§hip'betwéen étoﬁvcharge and fhe molecular pptential if

the bond distances from atom i to.the other atoms are not very different'in



-30- L ~ UCRL-19592

the set of‘molecﬁleé.i Gelius et al. show this tb'ﬁé thé case for the s§ries of
sulfur compounds they investigated;‘

A problem in reléting expefimental binding énergies with simple.molecu;gr
parameteré hag'also been caused by fhe faét thét a la?ge'ﬁumbér bf exﬁeriménts
have been doné;with éolid samples, whe?eas free—moledg}eﬂﬁodels‘are strictly
valid onlyvfof gaseous molecules.: Forswant of soﬁething bétter,‘hbwéver,.
chemists have.mgde wide use of various free—moleéulé:models for the purpose of
correlatingitheif data and obtaining chemical informétioﬁ; The apprqximate
jmodéls now ﬁo bé.described have begn so used, and thélébérélationlﬁibté Shown.'
below have ali Béen méde with use of solid-sample da?a;_ We defer ouy discus-
sion of the gpecific problem.of solids to Section IV;-k

To obtéin thgorétical estimates of atom éharée in_ﬁolécules for the
purposes of.gérrelating binding eﬂergy data, several appfoximate free—molecuiev
models haﬁe‘bééﬁ'emplo&ed; of which three are: 1) the Pauling_Valence—Bond'
(PVB) model, >2) the éxtended Hﬁckei molecular orbifal model, and 3) the CNDO

molecular orbital method.
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The.f§B épproach, which.has t#e great virtue of 3implicity, makés uséb
ofibond—lengfﬁ'aﬁd'elégtronegétivity infofmatibn'to gstiméfe the chargé dis-
tribution among the boﬁds formed by‘the.atom of’intefest.‘ This method has
been employe@féxtensively in a'modifiea forh by Siegbahn et al. (1).

Aécordihg ﬁo this model (25),vthé atom chargé;lqA, is»given by»thé
algebraic sum of'the charge on atom A formally calculéfed on the basis of equal
sharing of~eié¢§rons (covalent bond) plus the charge trénsferred if the bonded
atoms are of»uﬁeqﬁal electronegativities (partial ionic character). That is,

q=Q+ nI
W= %t L T

where Q. = formal éhafge-on covalently bonded atom A.

5

z

summation over all bonds to atom A.

n - = average bond number. n = 1 for a single bond, n = 2 for a double
- bond, etc.
I # partial'ionic character of bond -

L 2
=1 = e“o'gs (XA - XB)

where XA - XB = electronegativity difference between A and B.
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The fbilowing is an example of'a valence?bondbqaiéulation for the
sulfur atom in sulfate ion, SOh_f. The sulfate ion can be represented by the

formal covalént"structure

The bond number.of the S - O bonds in this structure is estimated to be 1.83
(from bond length data), which means thét in each 8 - O bond, 0.83 extra elec-
" trons are associated with the sulfur atom. Thus thé forma1 charge on the sulfur

atom (assuming;qovalent bonds) is

D
]

$6 -k ok x0.83

-1.32

\

The S f;O bond is not fully covalent becéuséiéf thé electro#egativity
difference between S and O. .This "partial ionic chéraéter" causes a Cgrtain :
fraction of;ﬁhe:charge.in thg bond to‘be transferred ffom fhe sulfur to the
oxygen atomfsrin this.éasé, XA - Xﬁ = }.O; thus the ?artial ionic character of
thg S -0 bgnd ig 0.22. The amount of charge ioss to.O‘by the S a@oms is

4 »1.83 x0.22'= 1.61. The overall charge - on the S atom in the SOh-‘ ion

is thus 1.61 - 1.32 = +0.29,
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Extendga’Hﬁckel molecular orbital (EEMO) theory‘is the secondrmethodb
éommOnly usedﬁfd_estiﬁate atomic charges. In 1931 Hﬁékel_(QS) introduced the
Hiickel molecuIarnorbital (HMO) theory, in which the atomic cores and "o skeleton"
are held fixed.ﬁhile.molecular orbitals in the "m system" are written as linear
combihationsvofkétomic qrbitals.. The Roothaan self-consistent field‘quations’(27)

Re=R&k
are S solQéd,éftef a numbér of draéticvapproximations have 5een made. The
z matrix; Vﬁiéh.aétually éOntéins‘one- and two—electron’integrgls; is reduced
to a set Qf Cou;oﬁb integrals, a, and resonance infegrals, B, which are tréatéd
asvempiricéiv?érameteré. They ére estimated by one of éeveral ;emiempirical
schemes . T%é determinant [F - eA] is:then set equal tb‘zéro, and eigenenergies -
are thus determined. The overlap integrals are often-appfoximated as Sij'

The.ﬁﬁckel'theqry was extended by Hoffman (28), who partitioned the
atomic ofbiféié into (valence orbitalé) and (cofe.o?bitéls), then used the
eﬁtire formériéréup gé é‘basis'éetbfof melécular ofbitéié. A minimum basis set
of Slatef-tYPe/prbitals is ﬁsed, and the diagonalvelements of‘the E.matrix are

approximated as valence-state ionization potentials. For the off-diagonal
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elements an arithemetic or geometric mean is ﬁsed (often iFi = %.Aij (F,. + F,.)).

J i1 Jd

Finally atomic charges are assigned by a Mulliken population analysis. (29). 1In

this scheme a molecular orbital may be written as a linear combination of nor-.

malized atomic. orbitals '¢A

and ¢B on atoms A and B:
V= Cyby + Cpéy

The net atomic'pbpﬁlations of CA2 and CB2 are assigned'ﬁofatoms A and B,

respectively,lﬁhiie the overlap population, ECACB AAB,Fis divided eqﬁally
between the ?yé. 1The EHMO caiculatioﬁ, like the P&B appfoach, can.be qarried
out iteratively;:with Fii an@ fhé Slater expénents both}?eing chargeédépéﬁdent (30).
ThevéﬁDdfgpproach (30) is an "ihtermediate"Ithgbr&.between the reia->
tively crude EHMO modél and an ab.initio LCAOSCF calcﬁlaﬁibn.‘ It also starts
from Roothag@‘s équations, but it treats electron-electron repulsion specifically.
As the name’implies, differential overlap between atomic orbiﬁals is neglected,
both ih the over}ap integrals, and‘two—electron integ?alé. If this alone were
§one, the théo%& would not be invariént_to‘transformation of the basis set.
Invariance ié'assured-by»three additional approximations,vall of Vhich reguire

certain matrix elements to depend only on the set of atoms involved in the
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molecular orbiﬁéis and(not on the symmetfylof the orbitals on each atom. (In

the EHMO theory»the resonance integral Bi .is not-inyariant). Population

J
analysis in CNDQTtheory is trivial: there is no overlap pbpulation, so atomic
charges are'obtéined from diagonal elements of the charge density matrix. -

One expects a narrower range of atomic charges from CNDO than from EHMO because

electron repulsion is operative, and this expectation is borne out.

E." Comparison 5f PVB, EHMO, and CNDO‘Prédictions
Chemiéaibéhifts in the'hifrogen ls>binding eﬁergy provide a good éontéxt
within which to éompare atomic charges éalculated on the-fhree models described
above. 'Nordﬁé%g.et alf'(32) studiéd a sef;es of solid.nitrogen compounds and

plotted the resulting values of E agaiﬁst atomic charge on the nitrogen, Ay

B
calcglated for single'molecules-or complexes with- thg.PVB model. The correla-
tion plot showed curvature (it need nét neéessarily be linear), and some of

the poinﬁs weféugs much as L eV off‘ﬁhe curve. Anoﬁher study of nitrogen com-~

‘pounds was caffied out by Hollander, Hendrickson, & Jolly (17), who calculated

Uy by both the EHMO and the CNDO models. They found a linear correlation of
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Eé with the EHMO charges. IEQ_EB—qﬁ'corrélatiéps were found with the CNDO.
charges, one'for énions and another for cations and neutral moleculgs. Cor-
relaﬁions for élllthree models are shown in Figufe lQ.v:In the interpfetétion
of the correlatioﬁs two interesting points arise:

1) A g?o&} but not excellent, overall cOrrelaﬁiéﬁ is.fognd with atomic
charge for eagh.mpdel.- This is in accord With;the charaéteristics 6f ﬁan
metallic solidsidiscussed in Section IV.‘:Thesebwoﬁld give a 1 eV "random"
scatter in correlation plots, rather thaﬁrspoiling the overall correlation.

2) Whiig'the qualities of the coffelaiions are not strikihglyfdifferent;
the totgl rénge §f the calculatedvqN varies from i.O %o?ithe CNDC metﬂod
through 1.7 %of the PVB method to 4.3 from”thé EHMO esﬁimates. Cleérly at
least two of_these are incorrect. Thus ejen when a.gogd correlation is observed
one cannot nécessa?ily take the magnitudes of the qﬁ‘sériously.

By interpreting thé'slopés of the Ep-qy curvéékif is possible to make
some Judgment émong the different schemes for calculating Ay If electronic
charge §q ;s removed from the valeﬁce shell of an étom to a neighbbring aﬁom

at distance r, the binding energy of inner electrons increases by
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§E = &q (gEJ : -
o q‘atomic

B =

Free_atom calcuiations have given
L rvd B = 17 eV/electronic charge
- 1°%atomic s :
for atomic nitrogen (5).— The 1/r term can diminish this shift, usually by
not quite a'faéfofbpf two. . Thus on the average a sld@e'of

dF |
3a =10 eV/electron

is exﬁecfed fér:the nitrogén lé electron binding energy in a'serie§.of compounds.
For the thrééfﬁgys of éxtraéting éN’ the resulting slébe% are 2.2.(EHMO),

6.5 (PvB), éﬁé{S.ﬁ-ld.8 (CNbO). The first is far £00vsﬁali, and the experi-
‘mental value ofﬁdE/dq favors the CNDOKCharges over the.PVB charges.. We con-
ciude that‘théArange of CNDd charées can perhaps be accépted as plausible while
the charges.éétimated by the other two methods shoula be regarded,as empirical

parameters.
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N

IvV. SOLIDS
The méjérity of x-ray photoemission studies té'date havg utilized solid
samples, and_the‘;ntrinsic interest in compounds thatvafé.solids_ét convenient.
temperatures_aé we}l‘as in solidfstate problems EEE;EEfim?lies thaﬁ this will
continue to bé.thg case. The study of solids presents some.spécial problems,

however, which are outlined below.

~ A. The Reference Level =

Firstvthere is the reference-level queétion (1,3). If a sample is a

- good electrical.conducﬁor and is groﬁnded to the spectrometer,'thé two will have -

a common Fermi energy, E_ (Figure 11), but the "vacﬁﬁm level", or energy which

F

an electron must have to be separated completely from the solid, will differ
from sémple to spectrometer by the diffefence between the work functions of the

two, AP = ¢ - ¢s (here s denotes spectrometer). Thus an electron ejected by ;

a photon of Energy hv from a state with binding energy EB relative to the vacuum .

level leaves‘the sample with kinetic energy K = hv - E It is accelerated by .

B’

A9 on entering the spectrometer, and is focused by a field corresponding to

kinetic energy

'=‘ -
_K hv EB+A¢
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With hv and ég_kheﬁh and K' measﬁred, EBvcan ﬁe obtaipedebnly if ¢ is known,

and bindihg epe?gyvshifts among differentvsolids can.tﬁerefore beﬁdetermined
exactly only'ef#er corfectien for the work function difference. Even for metals
it is difficﬁ}t_to determine ¢ accuretely, and for non—metals the'prOblém_is
usually ambiéuque because the position of the.Ferﬁi lé&elvie unknown. In

spite of these limitations a number of investigations have been made on insula-

tors. For these studies the work-function problem has been neglected, and the

~eff —

"effective" binding energies referred to the Fermi energy, B, " = By - ¢, or to
the spectrometer vacuum level, Eeff = E, - A}, were found to. correlate rather .

B | B
well wiﬁh chemieal'expeetetion; Fer'a given compound ﬁé tends to be a few eV
.smaller in ﬁﬁe'eelid statexthee in free molecuies. The gas—solid.shift isinot
 constant: fer.example the Uppsala gfoup found a larger ehift for aminebenzene
than for nitrobenzene, 3.1 eV.vs 2.4 eV (2). This effect introduces an uncer-

tainty of =1 eV in EB’ which is abqut the shift accompanying a change of one

unit in oxidation state. For this reason alone the oxidation state cannot be .

determined by simply measuring ngf'in a solid (33).

In two circumstances the reference level-problem does not arise. First,_'

for metals 'ngf may be of direct intereet because it isvthe_binding energy

-
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relative to the Fermi level. Second, within a given solid the work-function
correction will cancel out in comparing binding energiés‘from different sites.
- Thus, in their. study of the carbon ls lines from nucleic-acid bases, Barber &.

Clark were able to ihtercompare the lines from each solid sample (34).

,B' Sample Condition

The géé?nd major-ﬁrobiém_thaf afises iq the Studiesvof sdlid sémples
is that of su?faﬁe condition and stability. -The X=-ray photqelecpronvmethod
samples only .a sméll active region, of  1024103.Andé§th;‘hear thersurfage.of_a
solid sample}"Eléctrons ejgcted from greater'depths méy.entef the spectrome£er,
but the prgbgbility is very low that ﬁhey wili'appear-in.thevfull—energy-peaks.
Thus the chgmical intggrity of"the first 102_103:A.léyef,isgc¥ucial.

Many;compounds arevsimply>not stable under.théivaCuum conditions of
the spectrome?érg. Hydrates lose water very rapidly f?ém the 100 A "surface"
layer. Othéi cdmpounds can lose oxygen or. other volatile products. Alter- o .
,nativelybimpuriﬁies may be”deposiﬁed,'either reactively or by physical adsorp- , -

tion. Nearly all metals will form oxide layers. For' gold this_problém is
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negligible, but in iron at rbom temperature; for example, the iron oxide MII’

.MIII peak is as‘large as that of‘the meﬁal_(35) and for aluminum the LII’ LIII

peak can be almost completely attributed to oxide (36). If only an ordinary

p

"high" vacuu@jié.maintéined (1077 - lQ—6 torr), prominent pegks appegr from 
absorbed Oe'and ﬁg’ ag ﬁell'as-C and/of Si peéké ffomvpgmp oii énd Qécuﬁm
gaskefs. Th;s is.eXpected from kinetic-theory afguméhts: it takes énly a few
seconds for ;»ﬁénolayer to fo?ﬁ at 10_6-torr. Thus if is 'incumbent upon the
spectroscopiéf.fé deﬁonstrate the‘chemical purity of the surfaces of his
saﬁples. Tﬁé dnalytical appiication'(37) of phqtoelgct%bn spgctroscoﬁy?
"electron spe¢tfoscopy for chemical analysié" or ”ESCA";.Ean be of great v§lue
here. The sﬁrface impurity peasks can be monitored, aé éan those corresponding'
té different.oxidation.states of the element under study, and the‘éuality of the

sample is thus tested during each experiment. This method was employed, for

example, in the first studies of iron metal (35).
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C. Additional Peaks
Spectral features other thgn the main photopgak‘cén complicate inter-
pretation, althb?gh they also may yield ﬁseful infor@ation. There are minor
peaks in the inéident radiation. With a mégnesium aﬁé§¢ these appear. as the

K s etc.,ipeaké, and they extend ﬁp to about 50 erébéve the main Ka

%3,k 1,2

peaks, though»inzmuch lowerrintensity (38). Twé—eleéﬁrb? and Auger processes
create additional péaks (39-k2), as do characterisﬁic eﬁergy losses (phonon
formétion). ‘6ﬁher inelastic processes produce-"tailéﬂ oﬁ the photoelectron
peaks. Final%y the bremssfrahluhg component in the iééident x—ray beam ejects'
electrons frbm déeper witﬁin thé sample. These elegt??hé initially possesé
kinetic energiés up to several times that of the chafactérisﬁic x~-rays. After
energy loss in‘the sample they éontribute to a rathérAhigh continuous back-~
ground uﬁder tbgfphotoelectron peaks. This backgrodﬁdidbviatés the use of ESCA

as a method for studying trace impurities unless thé>in¢ident radiation is

monochromatized to eliminate bremsstrahlung. Several monochromatization schemes’

are presently under study (L43).
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. The above comments apply to all soiids. We turn to now to metals,

-aftef which we shall treat nonmetallic solids.

.D. Metais
The fifsﬁ high-résolﬁtion spectra of metais wére:feported by Siegbahn,’

et al., who s?#died Cu, Ag, Au, and AgAu alloys (hh).‘ §§ these samples were:
apparently run,%? room temperature, it is ﬁrobabie tﬁét ﬁhé Cu and Ag specﬁra
are charactefigtic of oxidized sﬁrfaces. Fadiey andehirley studied the 3d
.metals Fe, Co? Ni; aﬁd Cu, using & procedure to reduéérﬁﬁe surfacés by i§_§i£g
high-temperétﬁré.feduction with H2 gas (35). They haﬁé&épplied‘this technique
~also to the hd éﬁd 5d series énalogues of these metéls (§5), obtaining the
density—of—stateé functions shown in Figure 12. These fﬁnctions were derived

from the raw daté by operating on the spectra with éﬁ.inverse response function
fR_‘. For egéh éample a responsé function R was constrqcted by comparing an-
gfobserved coréf;evel spectrum X'(E)' to the knowﬁ energy level spectrum-of_the  
core, X(E):

X(E') = R(E',E) X(E)
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The R(E',E) matrix, which déscribes inelaétic processéé,,was then inverted and
applied to the valence-band spectrum. The Uppéala group has used the technique

of in situ high-temperature H, reduction in studies of Ni, Cu, Pd,_Ag, Pt, and

2
Au (46). Their untreated spectra agree well with those-of Fadley and Shirley (L5).

finding that the o

Fadley,et‘al. studied the intefmetallic compound EuAlz,

Eu peaks appgéfed in bositioﬁs consistent with the Eﬁ2+-cOﬁfigufation“(3).
Nilsson et a;gAEQT) stuﬁied metal samples, but surfacé dxidation occurred so
rapidly ﬁhétffhéi? Eu2+'peak'probabiy arose ffoﬁkEuOF;while the Eu3+5peak_was
more intensél"Bfoden gtbél. (48) have studied Eu anqué as metals uhder.conf.
» trolled high;ygéﬁum conditions, finding a prominent Lf ?eék in Euf vWith con-
trolled oxiddtibhlthe Eu spéctrum changed té resémbié‘ﬁﬁas; r§p8féédb&Nilssqn ’ i
et al. Recehtly‘Chan and Shirley (49) studied the inte?metallit compounds AuAl,
'and AuGag, findiﬁg prominent 5d peaks about 6 eV‘bélbw the Férmi energy and
establishing.thereby that the 5d bands.;annot aécount qompletely fér.the

interesting optical properties of thése~compounds.
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E."anmetalé

Iﬁ nénﬁet%ilic solids correlationévhaﬁe’been'eétablished for several
elements.betweéﬁ'binding energy and chemical barameters such as oxidation statg
or calculated gﬁbﬁic charge. Such correlations have beén found for sulfur aﬁd
chlorine compouﬁds (1) and for nitrogen compounds (1,17); in iodine compounds
the shifts wgre‘correlated (3,18) With oxidation sfaﬁé (Figure 5). The correla-
tion is strikiﬁgifor these cases. It is also probably somewha# fortuitous,'fqr
in addition tojthe usual problems of solids.these ionic.saltsAhaQe the additngal
‘difficﬁlty that.the binding energy is étrongly affected by.electrostatic 1at£ice_
Iene?gies (Médeiuhg—t&pé sumsj. Thét a good correlatién éxists in these and
other cases,“hdﬁever, provides empirical e?idence that £he chemical oxidation

state influences E

B strongly enough to overcome the differences in work function,

lattice epergy, etc., among thebdifferent compounds;_ Thus in the correlations of

EB with cglcuiated charge on N atoms discuésed in Section III the scaﬁter in ﬁhe

péints prqbabiy‘afises frqm, and gives a good measuré of,.sdlidveffects.
.Corféiations have also been made Vith.data from solid samples for thé

elements carbon'(SO,Sl), boron (51), chromium (51), phosphorus (52), iron (53),
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and xenon (5&); Thg_fesuits‘tend.génefaily torsupﬁorﬁ the‘above conclusion.
In phosphorus, fof example, the réther unimpres;ive Eﬁ—éharge correlation_ig-
probably a reéplﬁlof the small range of the shifts in‘é¢mparison with the.
sgatter in engfgy'caused by solid effects.

Space,;estrictions and the newness of the field.preclude fufthef
detailed reviewf _We note; however, that épplications of the.photoelectron' S 5

spectroscopy’bfvsolids‘already extend from semiconductors (1,55) to molecular o

biology_(l,53).i»
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y."SéLITTING OF ORBITAL PEAKS
Most of £ﬁe fuil—energy peaks in x-ray photoemission spgct?a stand in
a one-to-one ré}atiOn to'atbmic”core‘levels or molecuiar orbitals in.the initial
stgﬁe. ‘Theré are; howe&er, twd exgeptions. If the inifiél state has non-zero
angular momeﬁtqm J, then the hole.creatéd by ejection of arcore-electrohvcan
couple ﬁo Juiin‘more f?gn one way_tonfgrmutvo or mdre_fiqal stateg, each of
which will a?peé% as & peak. This effect may be terﬁed ﬁqltiglet splitting.

For a case wiﬁh_an initial state of spin zero but with a nbn—spherically synm-

-metric electrostatic environment, Coulombic and exchahge effects can lead to

electrostatic splitting. The two are discussed separately below.

A. Multiplet Splitting

The simplest example that could exhibit multiplet splitting would be

1

. . .+ .+ i ' ) . .
atomic lithium, Li (lsZs;,3S) or Li (1s2s; ~8). The energies of these two final

- states may be calculated in two steps: 1) calculaté the one-electron energieé

“ignoring the electron-electron interactions, and 2) introduce these interac-:

correction term. After 1) the two states will be degeneréte

12
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in energy, lying at E, but 2) adds (B +H) to EO(;S) and (H_ - H ) to

EO(BS), yieldihg a splittinng(lS) - E(3S) = 2Hx."Here’HC and Hx are the (1ls2s)

Coulomb and éxchéhge integrals. Two pesaks wquld be'gbsnged.ip'the ?hofoelecf‘
tron spéctrum;;spaced by ZHX.F The relative intensitiéstwould be g;ven by.thg'
multiplicity rati§ 1:3, with the 35 peak falling at £h¢ higher kinetic energy.
This result éan be generalized;':For_an atomic initiél:sﬁate with an outer
eleptronic configgration of spiﬁ S'and total angular momentum J, ejection.of
an inner s ¢léctron leads to two final states, éf épinS'J' =J +.1/2, and
relative intenéities‘(s +'l)/é; The spins J' are giyeé}by angularfmomentum
conservation andvthe intehsities by.the fact that (spin)vexchange leads tQ_a ‘
new totalvspip S; = Svi 1/2 which must then bé recogéied'ﬁith L.

and NO by -

Splittings of this type were observed in mole¢ular 02

Hedman et al. (56). In O, the coupling is especially simple: the 32; ground

2
state of the neutral_molecule'is coupled to an O(ls) electron to form the

"2 O ' :
states "L and- X in 02, which appear as peaks with relative intensities

of approximatély 2:4. DNeutral NO haé a 2ﬂ ground state that couples with

1/2

a N(1s) electron to form the states lﬂ and 3ﬂ, which appear as peaks'of
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relétive intehéities approXimately 1:3. An interesting,féature of this mole-

cule is thatvfhe same argumenfé can be éppliéd to the‘Q(ls) electron, but muéh‘
less spli#ting-is then expec#ed because (smaller) two—cgnter chgnge integrals

are involved;- iaé O(ls5 peék in fact appears oniy.broadened, rather than split.
For bofh Oé and NO preliminary calculafions‘using neutral—molecuie‘Awave functions
give splitfings in satisfactory agreement with exferiment.(ST). .Thé Né, NO, and
_ 02 spectfa‘aré ghéwn in Figure 13;

Reiatively few molecular speéies havé ﬁnpairéd~spins in their grouna
statés. Howéfér; this effect ﬁay pléy‘a uéeful rolé iﬁ ésﬁablishing the dis~
tributfdn of‘spiﬁ density in free radicéls, especiaii& if higher?resolution
studies are made.

Atqmslare intrinsically simpler than molecules, and one might expect
especially cleén;cut core-level splittings in atoms. Unfortunately suitable

: paramagnetig freé—atom sources can be prepared only at high temperatures, and-

~with some difficulty. Fadley and Shirley (58) studied atomic Eu at 600°C. -

Intensity limitations restricted this étudy to the hd:“
| | "93/2,5/2

peaks. The multi-

plet coupling problem of the 4d hole state to the valence-electron 887/2 level
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is rather complicated, and no detailed interpreation has yet been made. An
effect was clearly present,'howéver. ' The two—component,péék showed an‘intensity
ratio of well over 2:1, in marked contrast to the unperturbed ratio of 3:2 that

pesks in atomic Xe and Yb. .

was found for the hd3/2,5/2

Paramagnetic ions in solids appear tQ‘offer the widest scope for multi-

plet-splitting studies. For half-filled shells such as (a2, 685/2) or (£7; 857/é)

especially, exchange effects are expected to be very largé.- Fadley et al. (59)

reported'spli#ting up to 6 eV for the Mn(3s) and Fe(3s) pesaks in MnF,, FeFB,

6

o+ (3d5; S

3+

and'bthérisalts.of Mn“  and Fe 5/2). The splitting in these cases

is not negligible compared to the binding energies of - the 3s.élebtrons (w90 evV),

and the 3s peak intensity ratios were quite different from the simple multiplet

ratios expected from perturbation theory. In MnOé the Mnh+(3d3) configuration

gave a smaller splitting, as expected. In iron metal evidence was found for
splitting in the'3s.line, which is consistent with the presence of localized
spin moments on the iron atoms. For all of these cases the 3p line showed com~

plex behavior; arising from admixtures of other configurations into the final:

5 T

P and 'P states. The Mn and Fe spectra are shown in Figure 1L.
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Internal-conversion studies on the'57Co(EC)57Fe decay have also shown

evidence for splitting in the Fe(2s) line (60).

B. Electrostatic Sﬁlitting

In mﬁltiplet splitting, as diséuesed.ebove, botthoulomb:end exchange
integrals With;euterbelectrens in principle affect the inner—electron‘binding
energies. Becaﬁee of the spherical symmetriee of the one—electron etates,
however,‘the‘effeets of the Coulomb inteéralsvon the energies are'idenﬁicel
for singlet aﬁdhtriplet coupling. Thus Hc did not>confribute to tEe mﬁlti—
plet splifting} When both the valence cenfiguration:and the inner orbital have
lower symmefr&, however, Coulomb integrals can differ fer different substates

and spliftihg may be present even when the electron spins are all paired. We

denote this sp;itting as electrostatic. There is an analogy betweeﬁ this effect
_and‘cfystal-fieid splitting, but it is a limited anaiogy because ”point—chargef
:éssumptiens arevespecially inappropriate for this case.

Eleetrostetic splittings of atomic core leveie were first observed by

Novakov' & Hollander (61) in 1964 by high-resolution internal conversion
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233

spectroscopy.-_B& placing radioactive éouréés of Pa'ip.é high external elecf
tric field, noticeable structure was induced in the iﬁférﬁal conversion lines‘
involving atomic core p3/2 orbitals. Laﬁer, simiiar.fegults were obtaiﬁed by
Novakov and colleagues (62,63) without the use of an extérnal field, by
studying the conversion lines of a low eneréy (7f9 kev)'nuélear trgnsition
from the deceay of5239Np.

Subséquéntly,_by means of photoelectfon spectroscopy, Novakov &
Hollander (éh)7reported ﬁhe obserydtion éf splitting ip the P3/o levels of
thorium and ufanium in several compounds. The spliﬁ#ing energy vér%ed from
3-10 eV. With ﬁlutonium metal (oxidized sﬁrfaée) a.ﬁé/g;splitting of about
16 eV was féuﬁd.y Some of their data are shown in Figuré l5;‘ In order to study
this effect in éompounds for which the chemical bénding had been characfefized‘
by other methods, photoelectron studies on linear cbmplekes of Au(I) were
undertaken. Paftially resolved splitting was observed in several cgées (65).;

In aﬁ attempt to explain theserresults avsimple bonding model was

devised (66): In linear aurous complexes 6sb6p hybrid bonding electrons, plus

the ligand atoms, create a strongly anisotropic chérge distribution. Coulombic
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interactions with the 5p3/é shell lifted its degeneracy, splitting it into a

doublet 'Sp . j o=z 30 and another doublet lﬁp- " .=t l& However
3/2° ¢z 2 3/2° Yz 2 ?

quantitative agreement has not been attained, The observed splitting in

KAu(CN),, for example, is 1.8 eV, while this model'gives only 0.2-0.3 eV. Thus

2

the origin of the splitting is unexplained.



-5h-" o , UCRL-19592

LITERATURE CITED -

Siegbahn, K., Nordling, C., Fahlmah, A., Nbrdberg; R.,'Hamrin, K., Hedman,

J;,'Johansséh, G., Bergmark, T., Karlsson, S.—E;,.Lindgren, I., and

.Lindberg, B., ESCA, Atomic, Molecular and Solid State Structure Studied by

Means of Electron‘Spectroscopy, (Almgvist and Wiksells AB, Stockholm, 1967T).
Siegbéhn, K., Nordling, C., Johansson, G., Hedman;'J., Hedin, P. F., Hamrin,

K., Gelius, U., Bergmark, T., Werme, L. O., Manne, R., and Baer, Y.,

ESCA Applied to Free Molecules, (North-Holland Publishing Company,

Amsterdam,>1969).

Fadley, C. S., Hagstrém, S. B. M., Klein, M. P., and Shirley, D. A., J.

Chem. Ph¥%._h8, 3779 (1968).

Hollander,'j. M., "Photoelectron spectroscopy: FA;éhemical Tool from Nuclear
Physics," Préceedings_of the Internationgl Confereﬁce on Rad;oactivity in
Nuc;ear Speétroscopy, Nashvilleé‘Tennessee, Augus£ i969. _Also, Lawrence
Radiation Labératory Report UCBL—l897é.

Fadley, C. S., Miner, C. E., and Hollander, J. M., Appl. Phys. Letters,

15, 223 (1969).



9.
10.
11.
12,
13.

1L,

15'
16.

1T7.

550 . UCRL-19592

The 7Be céée is reviewed by :Debenedetti, S., Barros, F. de 5., and Hoy,
G. R., Ann. Rev. Nuecl. Sci. 16, 31 (1966).. Work prior to 1966 on 99Tc,
90Nb, and 235U is also reviewed.

Bainbridgé,_K. T., Goldhaber, M., and Wilson, E., Phys. Rev. 90, 430 (1953).

Cooper, J. A., Hollaﬁdef, J. M., and Rasmussen, J. O.,_Phys.'Rev. Letters
15, 680 (1965).
Mazaki, H., and Shimizu, S., Phys. Rev. 148, 1161 (1966).

Nove de Mévergnies, M., Phys. Letters 26B, 615 (1968). -

Neve de Mévergnies, M;; Phys. Rev. Letters gé; h22 (l969)._

Néve deiMévergnies, M., private communication to Hollander, J. M., March 1970.

Shirley, D. A.; Ann. Rev. Phys. Chem. 20, 25 (1969) and references therein.

Bocquet, J. P., Chﬁ, Y. Y., Kistner, O. C., Perlman, M. L., and Emery, G. T.,

Phys. Rev. Letters 1T, 809 (1966).

Hagstrom, 5. B. M., Nordling, C., andeiegbahn,'K,, 7. Physik 178, 439 (196L).

Thomas, T. D., J. Chem. Phys. 52, 1373 (1970).
Hendrickson, D. N., Hollander, J. M., and Jolly, W. L., Inorg. Chen. 8,

26&2'(1969);



18.

1G.
20.

21.

22.
23.

2k,

25.

26.
27.
28.

29.

30.

56— , RN ~ UCRL-19592

Fadley, C. S., Hagster, S. B. M., Hollander, J. M., Klein, M. P., and
Shirley, D. A., Science 157, 1571 (1967).

Bagus, P. 5., Phys. Rev. 139, A619 (1965)]

'Basch, H., and Snyder, L. C., Chem. Phys. Letters 3, 333 (1969).

Davis, D. W:., Hollander, J. M., Shirley, D. A., and,Thomas, T..D., J. Chem.

Phys. 52, 3295 (1970).

Gelius, U., Roos, B.,'and Siegbahn, P., Chem. Phyé;'Letters b, h?l.(l970);

Jolly, W. L., and Hendrickson, D. N., J. Am. Chem. Soc. 92, 1863 (1970).

Hollahder,,J. M.,'and Joily, W. L., Accbunts of Chemical Research,

in press (

1970).

Pauling,_L;,'Nature of the Chemical Bond, Third Edition, Cornell University
Press, Ithaca, New York, ( ).

Huckel, E., Z. Physik 70, 204 (1931); Z. Physik 76, 628 (1932).

Roothsan, C. C. J., Rev. Mod. Phys. 23, 69 (1951).

Hoffmetiy R., J. Chem. Phys. 39, 1397 (1963).

Mulliken, R. S., J. Chem. Phys. 23, 1833 (1955).

Van der Voorn, P. C., and Drago, R. S., J. Am. Chem. Soc. 88, 3255 (1966).



&

31.

32.

33.
34,
35}
36.
37.
38.
39.
40.

L1,

L2,

43,

Lk,

- -57- e © UCRL-19592

Bopie, K. A., Santry{'D; P., and Segal,'é._A., J;*bhem. Phys. 43, 8129
(1965).

Nordberg, R., Albridge, R. G.,.Bergmark, T.; Eriksqn; U.; Hedman, J.,
Nordling,A?;?.Siegbéhn, K}; and Lindberg, 3. J., Afkiv Kémi 28, 257 (1968).

A moré'détailed discussion 6f this point is given in reference 3.

Barber, M.;vand Clark, D. T., Chemical Communicatidns, pages 23=-2h, (1970).

Fadley, C. S., and Shirley, D. A., Phys. Rev. Letters 21, 980 (1968).
Chan, D., and Shirley, D. A., unpublished results;bMarch 1970.

See reference 1, pages 139-150.

Fadley, C. S., and Shirley, D. A., unpublished résults, January 1970.

Carlson, T. A., and Krause, M. O., Phys. Rev. Letters 1k, 390 (1965).

Carlspn;-T, A., and Krause, M. O.; Phys. Rev. Lefterg 17, 1079 (i966).
Carlson, T. A., Phys. Rev. 156, 142 (1967).

Krause, M.‘Of, Carlson, T. A., and Diémukes, R. p.,vPhxs. ﬁev. 170, 37 (1968).
See reference 2, pages 137-1L2.

See reference 1, pages T3-75.



Ls.

L6,

M7,

L8.

L9.

~x-Ray Photoelectron S ectrosco v, Lawrence RadiationvLaboratory Report
y 1Y D _

58— . R . UCRL-19592

Fadley, C. s., and Shirley, D. A., "Electronic Densities of States from

UCRL—18953;:(to 5e published in proceedings of Eléépfanic Density of‘States
Symposium ét'NBs,.Gaithérsburg, Md., 3-6 Novembef.i969)‘

Siegbahn, K., private.communication to Shifley, D; A, Novemﬁer 1969,
(Preprint of a reéort to be published'in Discussioné of the Faraday Séciety,)

Nilsson, U.,; Nordberg, C.-H., Bergmark, J.-E., Fahlman, A., Nordling, C.,.

and Siegpahﬁ, K.,.Helv.'Pﬁys. Acta 41, 1064 (1968). 

Broden;.G.é Heden, P. o};»Hag§£r6m, S. B. M., aﬁd'Nofris,.C.g""Ult¥a§iole£
and x—RajPhotoemission from.Europium and Barium;ﬁ"(fo be published in
proceedings of Electronié Densify Qf States Sympoéiﬁm at NBS, Gaithersbﬁrg; ‘
Md., 3-6 Névémber 1969).

Chan, D.,;Shirley, D. A., "A Note on the Positibhé of thevGold Sd'Bands inr
AuAle.aﬁé AuGag,".Lawrencé Radiafion‘iaboratory.ﬁépprt UCRL-19519, (to be |

published in proceedings of Electronic Density of States Symposium at NBS,

Gaithersburg, Md., 3-6 November 1969).



50.

51.

52.

53.

54,

55.

56.

oT1.

58.

59 - UCRL-19592

Nordberg; R., Gelius, U., Hedén, P.-F;, Hedman, J., Ndrdling, C.,

Siegbahn, K,; and Lindberg, B. J., submitted to Arkiv Kemi.

Hendrickson, D. N., Hollander, J. M., and Jolly, W. L., Inorg. Chem. 9,

612 (1970).-
Pelavin, M., Héndrickéon,'D.'N., Hollander, J. M., and Jolly, W. L.,

J. Phys. Chem. Tk, 1116 (1970).

Kramer, L. N., and Klein, M. P., J. Chem. Phys. 51, 3618 (1969).
KarlsSon,_S;:E;, Siegbahn, K., and Bartlett, N., J. Am. Chem. Soc.,
Lawrence Radiation Laboratory Report UCRL-18502.

Langer, D‘:W.,.and Vesely, C. J., Bull. Am. Phys. Soc. Ser. IT, 15, 388

(1970).

Hedman, J., Hedén, P.-F., Nordling, C., and Siegbahn, K., Phys. Letters
294, 178 (1969).
See reference 2, pages 56-61.

Fadley, C}_S., and Shirley, D. A., "Metal Atom Electron Binding Energies,"

Léwrenge Radiation Laboratory Report UCRL-19566 (submitted to Phys. Rev.).



9.

60.

61.
62.
63.
6L.
65.

66.

_60- RO UCRL-19592

Fadley, C;,S}, Shirley, D. A., Fréeman,fA. J., Bagus, P. S., and Mallow,

J. V., Phys. Rev. Letters 23, 1397 (1969).

Friéedman, A. U.,vArgonne National Laboratory, privafe communication to

Shirley, D,'A., November 1969.

Novekov, T., and Hollander, J. M., Phys. Letters 13, 301 (196k4).
Novakov, T., Stepié, R., and Janiéijevié, P., unpﬁblished fesults;

Novakov,iT§, and Janiéijevié, P., Z. Physik 205;'3592(1967). '

Novakov, T., and Hollander, J. M., Phys. Rev. Letters 21, 1133 (1968).

Novakov, T., and Hollander, J. M., Bull. Am. Phys. Soc. 1k, 524 (BMA4)(1969).

Apai, G.,.Delgasss W. N¢,HHollander,jJ,'M., Novékov;“T., andyShirley, D. A.,

" unpublished results, January 1970.



61 I _ UCRL-19592

FIGURE CAPTIONS

Fig. l; Half;life of_23SU.isomer as a functioé of the gvérage electronegati&ity
of the metél,into Whicﬁ the U atoms were implanted..‘From referenéé 12.

Fig. 2. Photdelgétfonlspectra of carbon 1s electrqns frém acetylene, ethylené,
and‘ethaﬁé’félative to fluoroform{ Radiatibn:waSMg‘Ka x-rays. From
reference }6.

.Fig. 3. Photéeiéctron speétrum of carbon 1s electrons from ethyl trifluoro-
acetate. »Frpm refefencé 1.

Fig. 4. Photoelectron ;pectrum of nitrogen 1s élecﬁrg@; frém E£§g§;dinitro
bis(ethyléﬂéﬁiamine).coBalt(III) nitraie. From reféfence 17.

Fig. 5. Bindiﬁg energy_shifts versus halogen oxidatioh state for potassium

, salts of oxy-halogen acids. Chlorine data were taken from reference 1, and
‘1odine dafg_from-rgfe?ence 3. Bromine data were kindly providéd by T. Carlson.
‘Fig. 6. -Caléulated binding—energy shifts 5f core elecﬁrons due to removing a
5p elecfréﬁ'from.ﬁarious.free—ioﬁ configuratioﬁs of iodine, plottéd againgt

position: of radial meximum of core electron. Filled circles represent

experimehtgl,shift from KI to KIOu. From reference 3.
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Fig. 7. Expgrimenta1 biﬁding energy shiftéfo?vls eigqﬁ?bns ih smail molecules
containing:carbon?*ﬁitrogen, éﬁd oxygen (refgrence 2i), pl§t£ed against-
theoreticaiiyélges obtained by the use of'Kbopman's théoreﬁ (referenéé»QO)f
Shifts were _té};en ‘;‘__Ai"‘e_l;ative_ to Ny, H,0, and Cgh. Llnes through data have
slopes OI.8(>).(‘1\‘I)>,"i;OO (lo), ‘and 0.95 (C)‘.'

Fig. 8.13Calc@lé£éd éﬁifﬁs in sulfﬁr 2p bin@ihgenergy;ZWith:aﬁd witﬁéut
incluéiéngdf 3d orﬁiﬁals; ve?sus experiﬁentél shif?s{ Thé'th liries have
slopes 1.29 gndllf09;.respectiyely;' From refereﬁéé.é2.

Fig. 9. 'Expgfimenfal‘nitrogen lé.binding energieé piq#tedvagainst thermo-

Frqm_réferenée 2k,

chemical reactidn energies, relative to‘NH3.

Fig._lO. Correlatidns of nitrdgen ls—eiectron binding_ehergiesvwith atomic
charges éalculated‘by _a)‘modified Pauling valehée bond model (reference
1), b)vextended Hickel model (reference 17), andf ¢) CNDO model (reference

17).

Fig. 11. Energy-level diagram for photoelectron studies with solid samples.

Note common Fermi energy of sample and spectrometer.
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Fig. 12. Density.of states fﬁnctions for twelve metals. From reference 45.

’

X NO, and O_ showing multiplet splitting

Fig. 13. Photoelectron spectra of N o

of 1s levéls;: See reférence 5T.

Fig. lﬁ. Photéélectron SPectra.Qf Mn and Fe compounq$;>§howiﬁg multiplet
splitting$;. From reference 59.

Fig. 15. Pho?éélectron spectra from thorium metal, uranigm metal, and UO3,

showing electrostatic splittings in levels. From reference 6h.
- P3/2 ' ,
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LEGAL NOTICE

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

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

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

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