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CHEMICAL INFORMATION FROM PHOTOELECTRON AND 
CONVERSION ELECTRON SPECTROSCOPY 1 

J. M. Hollander and D. A. Shirley 

Department of Chemistry and 
Lawrence Radiation Laboratory 

University of California 
Berkeley, California 94720 

May 1970 

I. INTRODUC'riOH. 

UCRL-19592 

The traditional view of nuclear properties holds that these properties 

are not appreciably affected by chemical change, lvhich involves electrons in 

the outermost she·lls of the atom. This view was supported by an abundance of 

experience, largely related to the insensitivity of nuclear decay rates to 

changes in chemical state, temperature, and pressure. It has, however, been 

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

effect that can detect exceedingly small changes in nuclear properties. 

'rhe chemist has regarded the atom core, llke the nucleus, as being 

essentiaJ.ly indifferent to chemistry. The· tightly-bound atomic core electrons, 

occupying filled shells, exhibit little influence on chemical properties and 

are themselves h'ardly 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. 
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the atom. Thus, these "inner" electrons have traditionally been excluded from 

chemical thought, to the extent that in chemistry textbooks reference to the 

core levels is usually confined to their inclusion in the "aufbau" table of 

atomic structure, to be seen once and then ignored. 

The inner electrons do of course feel some, albeit small, influence from 

the valence electrons. The long absence of chemical interest in the inner shells 

was primarily due to the lack of an inner-shell spectroscopic method of suf-

ficient sensitivity to produce useful chemical information. This situation has 

been changed by recent developments in photoelectron spectroscopy, so that it 

is presently possible to detect changes in binding energies of the core elec-

trans resulting from ordinary chemical processes. As a result, the atomic core 

electrons are taking on a new and growing relevance to chemistry. 

Photoelectron spectroscopy is the study of the kinetic energy distribu-

tions of electrons ejected from atomic, molecular, or solid systems by photon 

irradiation. The physical quantity measured is the electron "binding energy", 

EB. Chemical information is obtained via observation of chemistry-induced 

changes in the binding energies. In principle all electrons from the K shell 

out to the .valence levels can be studied. 
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In contrast to their meager historical influence in chemistry, the 

atomic core electrons have always played an important role in nuclear physics. 

Several modes of.nuclear de-excitation involve atomic transitions in the inner 

atomic levels. Among these decay modes are electron capture, a. beta decay 

process competing with positron emission by which the nucleus decreases its 

charge by one unit, leaving a hole in the K, L, ... shell as the final state, 

and internal conversion, a decay mode competitive with photon emission in which 

nuclear excitation results in the ejection of a K, L, ... electron. Internal 

conversion electron spectroscopy has been one of the principal methods for 

determining nuclear level energies accurately, and measure~ent of the inte·rnal 

conversion coefficient (ratio of conversion electron intensity to photon inten-

sity) is a valuable tool for studying the multipole character of nuclear 

transitions. 

Because of the involvement of atomic electrons, these nuclear processes 

in principle also exhibit a dependence on chemical state and should therefore 

be capable of yielding chemical information. Although in certain special cir-

cumstances this has actually been the case and a few elegant experiments have 
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been performed, ageneral or systematic method for obtaining chemical informa-

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

not yet evolved. Thus in this review our reference to internal conversion 

spectroscopy as a means of obtaining chemical information will be brief. In 

Section II the various "inner-shell" spectroscopies are compared. Section III 

describes the measurement and interpretation of chemical shifts byx-ray photo-

electron spectroscopy, especially in atoms and molecules. Its application to 

solids is covered in Section IV, and a special class of new effects-.:..core level 

splitting-- is described in Section V. 

Because of the brevity of this review, we have chosen not to include a 

discussion of experimental techniques used in the :practice of photoelectron 

spectroscopy. For this the reader is referred to references 1-5 and to the 

journal references cited herein. 
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II. THE INNER-SHELL SPECTROSCOPIES COMPARED 

There.are four "inner-shell" spectroscopies than can yield chemical 

information. iie shall describe them briefly and specify the chemical param-

eters that can be derived from each. They are considered in the order: 

1) Chemical effects on the nuclear decay rate, -2) Isomer shifts in Mossbauer 

spectra, 3) Chemical effects on conversion-electron spectra, and 4) Chemical 

shifts in the spectra of photoelectrons from inner shells. The four spectros-

copies are discussed in a way that allows comparison and assessment of the 

chemical information which they provide. 

A. Decay Rate Effects 

Although in principle the rates of all nuclear decay processes can be 

altered by the chemical environment, effects of observable magnitude are 

expected on~y for the two types of decay that directly involve bound atomic 

· ele<;!trons, namely electron capture and internal conversion. For both cases the 

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

'i'(i) = 1jJ(i) ljJ(i) 
.e n 

la . 

lb. 
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where 1/J(f) 
k 

is the continuum wave function of the emitted particle (a neutrino 

or electron, respectively, in capture or conversion). The transition Hamiltonian 

for either process contains a factor 6(r -r ) that selects only the electrons 
e n 

with finite probability of being found "at" the nucleus, yielding a transition 

probability W that is proportional to the electron density at the nucleus: 

2. 

If the dif.ference between the decay rates of a given transition in two chemical 

environments is observed, then the ratio 

/1W -w= 3. 

is obtained directly, and it is this ratio which must be maximized to yield a 

large effect. For point nuclei in the nonrelativistic approximation 

is nonzero only for s electrons. Relativistic p
112 

electrons haves-like 

small components in their wave functions; thus their 11/J (o)j 2 is also nonzero, 
e 

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

alters the effective value of I1/Je(O)j 2 somewhat, but still only sand p112 

·, 

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

electrons on ·.J1/J ( 0) 1
2 in the following discussion. 

e 



.. 
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Only the outermost atomic s electrons are strongly involved in chemi-

cal structure, and their contributions to llJI (0) 12 a,re relatively small in 
e 

comparison to. those of the inner s electrons. In a heavy atom the one-

1,/,( 0) 12 electron contribution to 'I' decreases by about an order of magnitude for 
e 

each unit increase in the principal quantum number. Thus observation of chemical 

effects on nuclear decay rates is clearly not a method of wide applicability in 

chemistry. Detectable effects may be realized; however, under either of two 

conditions: 1) A very light element may be used, as in the well-known studies 

~ 7 . 
on the electron capture of Be. With only the ls and 2s shells occupied, 

llJI (0)1
2 can be observably affected by the chemical environment. Half-life 

e 

changes of 0.07% have been reported (6). To our knowl~dge 7Be is the .only low-Z 

isotope to which this approach has been successfully applied. 2) One may study 

a transition having an energy so low that only loosely-bound electrons can be 

captured or converted. This approach has proved successful for studies of 

chemical effects on internal conversion in several isotopes with low energy 

isomeric transitions. In 99Tc a 0.3% change in half-life was detected (6,7). 

In 90Mo and 235u much larger half-life changes have been found, 3.4% in the 
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former (6,8) and 5.7% in the latter (9-12). Recent results on the 
235u isomer 

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

T112 and the.electronegativity of the host lattice into which the 235u recoils 

vrere implanted ( ll) , with the correlation being reversed for the more electro-

positive metals Hf and Zr (12). These results are illustrated in Figure 1. 

These effects have been reviewed recently (6), and we shall not go into 

further detail here except to make two observations: First we note that, by 

Equation 3, an experimental value of ~W/W, together with a reliable theoretical 

estimate of (In "approach 2" above 

mustbe understood as only that portion of the total electron density at the 

nucleus that contributes to the transition under study.) Secondly, even if a 

reliable value of ~~~ (o)j
2 is obtained its interpretation in terms of chemi

e 

cal structure may be quite subtle or even ambiguous. This complexity arises 

because ~~e(O) 12 
can increase, for example, in two ways: either directly, 

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

and consequent reduction in screening of the s electrons. 

.:· 
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B. Isomer Shifts 

The Mossbauer isomer shift has been reviewed extensively (13), so we 

mention it here only for purposes of comparison. A formal analogy may be made with 

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

state is not directly involved in the transition (i.e., 
( i) = e 

(f)) and that 
e ' 

the emitted particle is a gamma quantum. Thus 

\!l(i) = 'ljJe 
'ljJ(i) 4a. 

n 

\!~(f) = 'ljJe 
'ljJ(f) 

'ljJr 4b. 
n 

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

brought about in first order by the Coulombic interaction of the nuclear and 

electronic charge distributions•. For, a single level this interaction has the 

form 

where N is a nuclear factor. An observed isomer shift involves twO nuclear 

,,;, 

factors, one each for the ground and excited states, and two electron densities, 

for source and absorber, 

Although shifts can be measured with great accuracy, ~N is rarely known very 
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well, and the quantity can therefore be determined only to within a 

rather uncertain scale factor even if a good estimate of I~ (o)l 2 is avail-
e 

able. This is in contrast to the situation for decay-rate measurements, dis-

cussed above. ·Isomer-shift studies have abundant sensitivity: in favorable 

cases the range of isomer shifts is 10-100 times the natural line width. 

C. Conversion Electron Spectra 

If conversion-electron spectra are studied by energy-analyzing the 

emitted electrons, then a more detailed chemical interpretation can be made. 

A spectral peak appears for each possible electronic final state, corresponding 

usually to a hole in each atomic subshell. Thus the different decay "channels" 

may be studied separately and equations analogous to Equations l to 3 apply to 

each channel. This specificity has particularly valuable implications for 

structural chemistry. It permits rather subtle comparisons, among different 

compounds, of the atomic-orbital populations of molecular orbitals. Such 

populations are of more direct chemical interest than is 

Bocquet et al. (14) reported the first experiment of this kind, on the 

23.8-keV state of 119sn in Sno
2 

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

which resolved a long-standing controversy in Mossbauer spectroscopy over the 

sign of the nuclear factor b.N in 119sn. It was no accident that conversion-

electron spectroscopy could solve this problem, while extensive Mossbauer 

isomer-shift studies had been unable to do so: the former established unam-

biguously froi:n peak intensity ratios that I~ (o)l 2 
is larger in white tin 

e 

than in Sn02 ; while the interpretation of even the sign of the isomer shifts 

was model-dependent and therefore uncertain. The effects observed in conver-

sian-electron spectra can be large: Bocquet et al. concluded that the 58 (01 ) 

peak from the 23.8-keV transition of 119sn in Sno2 is 30% less intense than in 

white tin. 

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

unfortunately its range of application appears to be quite small. This is also 

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

Mossbauer spectroscopy enjoys a wide enough range of applicability to be of 

much consequence 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, 0, etc.) and by the difficulty of making quanti-

tative interpretations of isomer shifts. 

D. Photoelectron Spectroscopy 

The last inner shell method--photoelectron spectroscopy--differs from 

the above three in several important respects. It does not involve the nucleus 

directly and therefore does not require any special nuclear properties. Conse-

quently it can be applied to all elements with inner shells (all except H and 

He). In photoelectron spectroscopy a photon--usually in the x-ray region--

ejects an electron from an inner level. The initial and final states may be 

written 

( i) 
':!' = 

where ¢ and k represent the incoming photon and outgoing photoelectron ~e 

* the electronic ground state, and ~e an excited "hole" state. The electron 

kinetic-energy spectrum is observed, as in conversion-electron spectroscopy, 
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but here (as in isomer-shift studies) chemical information is extracted from 

peak energies, shifted through Coulombic shielding by valence electrons, rather 

than from peak intensities. This shielding is proportional to, and therefore 

yields, the total electron populations of the valence shell, rather than the 

less useful parameter 

High-resolution x-ray photoelectron spectroscopy was introduced by 

K. Siegbahn and colleagues (1) of Uppsala University. Its potential was 

quickly recognized, and it is currently being developed and applied in several 

laboratories. The bulk of this review is devoted to a discussion of this 

method. 

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

marized in Table I . 



Table I. Comparison of Inner-Shell Spectroscopies 

Method Process Outgoing Measured Derived Magnitude Range of (b) 
quantum property quantity . or ( ) application 

quality a 
factor 

Shifts in total Electron capture v or e decay-rate. l11f!2(0) 'VO.l% A few isotopes 
decay rate or conversion change e (7Be) . 

Decay rate shifts Electron capture v or e decay-rate l11f!2(o)(c) a few Several isoto~es 
in low-energy or conversion change e percent 90Nb, 99Tc, 2 5u 
transitions or less 

Isomer shifts y emission y shifts in (t.N) 61f!2 (o) (d) Q 'V 10-100 rv20 heavy 
··peak 

e elements 
energies 

-Conversion Electron e peak valence s tens of A few isotopes 
electron conversion intensity electron percent (ll9sn) 
spectroscopy changes population 

-Photoelectron Photoelectric e shifts in total atomic Q 'V 10 All elements 
spectroscopy effect peak charges with Z ~ 3 

energies 

aQ = range of shifts 7 peak width. 

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

cAssuming that the appropriate 1f!2 (o) is known. 
e 

~ere t.N is the nuclear factor. 

-~~ ~ 

' :.•· 

I 
1--' 
-!=" 
I 

c 
0 

·~ 
I 

1--' 
\0 
Vl 
\0 
1\) 
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III. CORE..;.ELECTRON BINDING ENERGY SHIFTS. FROM PHOTOELECTRON SPECTROSCOPY: 
The data and their interpretation 

... The first clear demonstration of chemical shifts in a photoelectron 

spectrum came in-1964 with the observation by Hagstrom,.Ncirdling, & Siegbahn (15) 

of two lines in the sulfur ls spectrum of sodium thiosulfate, Na2s2o
3

. At the 

time of this experiment, the instrumental line-widths were typically around 

6.5 eV, but the separation between the two lines in this case was also 6.5 eV, 

so that the doublet structure was easily visible. Because of the known chemical 

structure of the sodium thiosulfate molecule, the origin of the two lines was 

quickly understood: in this molecule the two sulfur atoms are non-equivalent, 

one being in the. -2 formal oxidation state 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 theoretical interpretations from which chemical information 

can be obtained. 

As the experimental technique of photoelectron 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 

have kinetic energies in the 103 eV range; presently, line widths of about 1 eV 

are obtained. In a typical element shifts of up to 10 eV may be observed, and 

these shifts can be measured to about 0.1 eV accuracy. 

As an illustration of the range of chemical shifts that has been observed 

in core-level binding energies we show in Figures 2 and 3two extreme cases; the 

first, where the shift is less than one line-width, and the second, where a near-

maximum shift is observed. Figure 2 shows the photoelectron spectrum from the 

carbon ls levels in ethylene, acetylene, and benzene, relative to CHF
3

; the 

shifts here are ~0.3 eV. Figure 3 shows the carbon ls'spectrum obtained from. 

ethyl trifluoroacetate, by Siegbahn et al. (1) in which shifts of up to 9 eV 

are seen. In this molecule there are four structurally different carbon atoms, 

corresponding to the four lines appearing in the spectrum. The chemical en"'-

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

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, which are highly electropositive. The latter spectrum gives a 

good idea of the range of shifts that can be expected in practice (at least 
,., 

for organic compounds). 

An example of chemical shifts, in an inorganic compound, that are inter-

mediate in magnitude between.those of the examples just given is seen in the 

nitrogen ls spectrum of trans-dini tro-bis (ethylenediamine) cobalt( III) nitrate, 

structural types of nitrogen atom, in an abundance ratio of 4:2:1, and three 

peaks with approximately this intensity ratio are seen in the spectrum (17). 

For historical reasons, as cited 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 

Figure 5 we show a plot of binding energy versus oxidation ntunber for a series 

of halogen, compounds, combined from· the data of references 1 and 3. Since 

oxidation number is only a formal concept, however, it should not be expected 
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that a correlation with binding energy would be more 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 about 0.8 eV 

and 1. 2 eV per unit increase in oxidation number for iodine and chlorine, 

respectively. 

A. Free-Atom Descriptions 

As the basis for discussion of the chemical interpretation of binding 

energy shifts, let us consider the origin of these shifts: When a chemical 

reaction takes place, electron movements occur within the molecules involved. 

These redistributions of charge affect the potential ·Of the inner electrons and 

thereby bring about the observed changes in their binding energies. 

Perhaps the simplest quantitative theoretical description of shifts, in 

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

atomic model, in which the valence electrons are represented by a spherical 

shell of negative charge. The potential exerted by this shell on the core 

electrons inside the shell, is V = ye/r, where y is the number of electrons in 

. i 
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the valence shell, and r is its radius. If a chemical reaction causes one 

electron to be removed from the valence shell (to infinity) the potential of 

••• 

the core electrons is reduced by the amount ~E = e/r and thus their binding 

energy is increased by this amount. If r = 1A , ~E = 14 eV. 

In spite of the crudeness of this model, the magnitude of the predicted 
·' 

shifts is in the range of the observed shifts. For example, the reaction 

Eu+2 -+ Eu+3 results in a shift in the binding energy of the 3d512 level of 

9. 6 eV ( 3,18) .. This is a case where the simple model should be most nearly 

valid because the europiUm compounds are highly ionic: one 4f electron is in 

+2 +3 fact removed in the oxidation of Eu to Eu . 

In most cas2s the actual chemical shifts are considerably smaller than 

those predicted by this simple charged-shell model. In terms of the model this 

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

infinity but rather only. to, .a··.:nearbyi.atom as the result of a chemical reaction' 

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

oxidation of KI0
3 

to Kio4 (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 

atom, which corresponds to a transfer of much less than one unit of charge. 

An interesting result obtained from the charged-shell model is that 

the chemical shifts of all Cbre levels are predicted to be the same because 

. . 
they are in a region of constant potential. In fact this result has been con-

firmed experimentally: in an investigation of iodine compounds, Fadley et al. (3) 

found that the shifts in the 2s
112

, 2p
112

, 2p
312

, 3d
312

, 3d
512

, 4s
112

, and 

4p
312 

levels·of iodine were equal within experimental error for KI0
3 

and KI04 

(5.3±0.6 eV forKI0
3 

and 6.3±0.6 eV for Kro
4

, relative to KI). 

More accurate calculations of.chemical shifts iil free atoms can be made 

by using Hartree-Fock methods. The results of such calculations in general 

verify the qualitative conclusions given by the simple charged-shell model. 

As an example of the results from Hartree-Fock free-ion calculations, we show 

Figure 6 the binding-energy shifts due to removing a 5p electron from various 

free-ion configurations 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 the degree.of ionization. And as in the classical theory, all core levels 

are shifted by approximately the same amount. In fact, for iodine the cal-
.... 

culated shift of all core levels is the same to within 1.5%. Therefore, as 

long as only these levels are of interest, the shifts need not be calculated 

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

. B. Rigorous Calculations for Free Molecules 

Although calculations of binding energy shifts from free-atom models 

have provided useful insights into the origin and magnitude of chemical 

effects, the chemis't is primarily interested in more realistic systems, i.e. , 

molecules and solids. Let us consider first the case of molecules. It is 

desirable to compare rigorously calculated binding energy shifts with experi-

mental valu~s in simple molecules with known structure in order to build up a 

systematic collection of shifts (or binding energies), which could be useful in 

several ways: '1) to search for binding energy anomalies in molecules whose 

structures are presumably known, 2) to obtain structural information for mole-

cules that are' measurable but too complicated to calculate, and 3) as a check 

on the assumptions of the calculations .. 
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'l'he det';ree of difficulty in making calculations of bindinr;: em:rr~y in 

molecules depends on how the dynamics of the photoelectric process is treated, 

and an important question in·this regard is the assumed behavior of the remaining 

"passive" electrons of the molecule upon emission of a photoelectron. If the 

photoelectric event is described as a "sudden" process, that is, with no 

readjustment of the other electrons accompanying the emission of a ls electron, 

then by "Koopmans' theorem" the ls binding energy is simply the one-electron 

orbital energy., which can be evaluated from a Hartree-Fock calculation. A more 

realistic description is an "adiabatic" process, which can be approximated by 

two (fictitious) steps: 1) the photoelectron is ejected suddenly, leaving a 

hole in the K shell and leaving the other (passive) electrons "frozen" in their 

initial ground-state orbitals, and 2) the passive orbitals q~ickly relax toward 

the positive hole, accelerating the outgoing electron. Adiabatic binding 

energies are naturally more difficult to calculate, because for these the 

energies of both 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 (19) clarified this question by making Hartree-Fock quality cal-

+ culations of binding energy for the isoelectronic free-atom sets F-, Ne, Na , 

+ and Cl-, Ar, and K • Bagus found that K-shell binding energies calculated from 

the "sudden" approximation were about 23 eV greater than experiment for the 

first set (with absolute value ~870 eV) and about 36 eV greater for the 

second set (with absolute value ~3200 eV). On the other hand, when the 

values were computed as the difference between the two Hartree,...Fock energies 

corresponding to the initial state (atom) and the final state (ion with a ls. 

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

for the first set and 3-4 eV for the second set). Clearly, the "adiabatic" 

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

the absolute values of electron binding energies. Nonetheless, the use of the 

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

dieting 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 significant, experiment should reveal differential, 

structure-dependent, violations of the Koopmans' theorem values. 
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In order to test this question it is necessary to have accurate thea-

retical values for a number of molecules. Basch & Snyder (20) have carried out 

"ab initio" SCF-molecular orbital calculations of ls binding energies for mole-

cules containing first row atoms, in the Koopmans'-theorem approximation. 

Experimental shifts of some of these molecules in the gaseous state have been 

measured by Davis et al. (21) and by Siegbahn et al. (2) by photoelectron spec-

troscopy. Figure 7 shows the data of Davis et al. plotted against Basch & 

Snyder's theoretical shifts, for C, N, and 0. From this comparison it is evident 

that the SCF calculations give quite good predictions of the shifts; no dif-

ferential violation of Koopmans' theorem is noted. 

Another series of ab initio .orbital energy calculations using the 

11 sudden" approximation has been made by Gelius et al. ( 22) for the 2p orbital 

in some sulfur-containing molecules. The correlation of the shifts with 

experiment is shown in Figure 8; again no structure-dependent violation of 

Koopmans' theorem is evident, when 3d orbitals were taken into account. 

The fact that one can use Koopmans'-theorem-calculated values in 

correlating binding energy shift data is significant for the application of 
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photoelectron spectroscopy in chemistry. The problem of making theoretical 

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

chemist is the fact that the shifts can be understood in terms of gro1ind-state 

molecular properties. 

C. The Equivalent-Cores Approach 

Although the agreement between the calculations described above and 

experiment is gratifying, such calculations are presently feasible only for 

relatively simple molecules having few orbitals. In order to obtain chemical 

information more generally from binding energy shift data, it is necessary to 

devise more accessible parameters with which to correlate the experimental data. 

A powerful semi-empirical method that has had good success 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 a molecule or ion, the valence electrons adjust as if the 

nuclear charge of 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 cores having the same 

charge are chemically equivalent. 

Consider as an example the nitrogen ls binding energy in N
2

, which is 

the energy of the following reaction: 

l. 
*+ N

2 
--» NN · + e t.E = 

where the asterisk indicates a ls electron vacancy in one of the nitrogen atoms. 

* Now consider Reaction 2, in which the electron deficient core of the N atom 

is replaced by the normal core of an oxygen atom. 

2. 

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

Thus the energy of Reaction 2 is small; By adding Reactions 1 

and 2 we get 

3. 6+ + *6+ N2 + 0 ---~ NO + N + e 

Writing a similar pair of reactions for the nitrogen binding energy in another 

compound, NH
3

, we get 

4. t.E = 

'' 



,. 
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The difference in the energies of Reactions 3 and 4 is the energy of Reaction 5: 

5. 

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

compounds, as inReaction 6: 

6. + NO + OH
3 EB + (o2-q3) 

NH3 
t.E = 

and the energies ·(liE) of these reactions can be evaluated from available thermo-

chemical data.. A correlation diagram is obtained by plotting the thermochemical 

energies liE against the experimentally determined binding energy shifts 

(EB- EB ). Figure 9 is such a plot, for a series of nitrogen compounds. It 
ref 

is evident that where the thermochemical data are available, this method is 

capable of correlating core-electron binding energies to ±l eV or better, and 

it also establishes the essential validity of the equivalent core approximation. 

The success of this model is a result of its close relationship to experimentally-

derived thermochemical data and to the validity of the basic assumption. In 

fact the method can be extended in two ways. The energies of reactions such as 

5 and 6 could 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 really required is that the core-exchange 

!". 

Reaction 2 above should be essentially independent of the chemical environment 

of N. Thus only 61-6 2 , not 6
1 

itself, must be small. A weaker form of the 

principle that satisfies this requirement is "The energy of exchange of a bare 

nucleus Z+Z for the core (Z+l)+Z is independent of the molecular environment". 

D. Approximate Molecular Models 

As stated earlier, the first correlations of binding energy with a 

theoretical quantity were made with oxidation number .. This parameter is of 

course not related in a realistic way to the actual charge distribution within 

the molecule, because of the arbitrary way in which electrons are assigned 

completely to one atom or another in the molecule. The molecular charge dis-

tribution is in fact a parameter that is pertinent to the orbital binding 

energy, because the binding energy is determined by the electrostatic potential 

at the atom created by that distribution (plus the nuclear charge). Thus it 

is natural to seek relationships between the observed binding energies and 

quantities related to the atom charge which can be calculated by empirical 

or semi-empirical molecular models. 
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Many authors have discussed the relationship between orbital binding 

energy and atomic charge. Recently, fbr example, Geli us et al. ( 22) have 

described the inner-shell chemical shift ~E. for atom i in a molecule as 
l 

where 

and 

~E. = kq. + V. + £ 
l l l 

= ~ qi 
V. ~ R 

l j;ti ij 

is the-charge on the ith atom, 

k is the proportionality constant for the inner shell studied, 

V. is.thepotential from the charge distribution in the rest of the 
l 

molecule at the considered atom, 

Rij is the distance between nuclei i and j, 

£ is a constant determined by the choice of reference level. 

5. 

From Equation,5 one sees that ifthe atom charge and the molecular potential 

are linearly related, so also will be the chemical shift and the atom charge. 

This need not always be the case, but one might expect in general an approxi-

mately linea~ relationship'between atom charge and the molecular potential if 

the bond distances from atom i to the other atoms are not very different in 
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the set of molecules. Gelius et al. show this to be the case for the series of 

sulfur compounds they investigated. 

A problem in relating experimental binding energies with simple molecular 

parameters has also been caused by the fact that a large number of experiments 

have been done with solid samples, whereas free-molecule models are strictly 

valid only for gaseous molecules. For want of something better, however, 

chemists have made wide use of various free-molecule models for the purpose of 

correlating their data and obtaining chemical information. The approximate 

models now to be described have been so used, and the correlation plots shown 

below have all been made with use of solid-sample data. We defer our discus-

sion of the specific problem of solids to Section IV. 

To obtain theoretical estimates of atom charge in molecules for the 

purposes of correlating binding energy data, several approximate free-molecule 

models have been employed, of which three are: l) the Pauling Valence-Bond 

(PVB) model, 2) the extended Ruckel molecular orbital model, and 3) the CNDO 

molecular orbital method. 



-31- UCRL-19592 

··, 

The PVB approach, which has the great virtue of simplicity, makes use 

of bond-length and electronegativity information to estimate the charge dis-

tribution among the bonds formed by the atom of interest. This method has 

been employed extensively in a modified form by Siegbahn et al. ( 1) . 

According to this model (25), the atom charge, qA, is given by the 

algebraic sum of the charge on atom A formally calculated on the basis of equal 

sharing of electrons (covalent bond) plus the charge transferred if the bonded 

atoms are of unequal electronegati vi ties (partial ionie character). That is,· 

where QA = formal charge on covalently bonded atom A. 

L =.summation over all bonds.to atom A. 

n = average bond humber. n = 1 for a single bond, n = 2 for a double 

bond, etc. 

I partial ionic character of bond 

where XA - ~ = electronegativity difference between A and B. 
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The following is an example of a valence-bond calculation for the 

sulfur atom in sulfate ion, 804-- The sulfate ion can be represented by the 

formal covalent structure 

:0: 

:0:8:0: 

:0: 

The bond number of the 8 - 0 bonds in this structure is estimated to be 1.83 

(from bond length data), which means that in each 8 "- 0 bond, 0.83 extra elec-

trons are associated with the sulfur atom. Thus the formal charge on the sulfur 

atom (assuming covalent bonds) is 

QA = + 6 - 4 

= -1.32 

4 X 0, 83 

\ 

The 8 - 0 bond is not fully covalent because of the electronegativity 

difference between 8 and 0. This "partial ionic character" causes a certain 

fraction oT the charge in the bond to be transferred from the sulfur to the 

o.xygen atom. In this case, XA - ~ = l. 0; thus the partial ionic character of 

the 8 - 0 bond is 0.22. The amount of charge loss to 0 by the 8 atoms is 

4 ~ 1. 83 x 0.22 = l. 61. The overall charge qA, on the 8 atom in the 804-- ion 

is thus 1.61 - 1.32 = +0.29. 
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Extended Huckel molecular orbital (EHMO) theory is the second method 

"· 
commonly used.to estimate atomic charges. In 1931 HU.ckel (26) introduced the 

Huckel molecular orbital (HMO) theory, in which the atomic cores and "cr skeleton" 

are held fixed while molecular orbitals ih the 11 1T system" are written as linear 

combinations of atomic orbitals. The Roothaan self-consistent field equations (27) 

are solved after a number of drastic approximations have been made. The 

{ matrix; which actually contains one- and two-electron integrals, is reduced 

to a set of Coulomb integrals, a, and resonance integrals, 6, which are treated 

as empirical parameters. They are estimated by one of several semiempirical 

~ 

schemes. The determinant [F- s6) is then set equal to zero, and eigenenergies 

are thus determined. The overlap integrals are often approximated as 0 ... 
lJ 

The Huckel theory was extended by Hoffman (28), who partitioned the 

atomic orbitals into (valence orbitals) and (core orbitals), then used the 

entire former group as a basis set for molecular orbitals. A minimum basis set 

of Slater-type orbitals is used, and the diagonal elements of the {matrix are 

approximated as valence-state ionization potentials. For the off-diagonal 
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elements an ari themetic or geometric mean is used (often F ij == i L'l ij ( F ii + F j j)). 

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

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: 

The net atomic populations of cA2 and cB2 are assigned to atoms A and B, 

respectively, while the overlap population, 2CACB flAB, is divided equally 

between the two. The EHMO calculation, like the PVB approach, can be carried 

out iteratively, with F .. and the Slater exponents both being charge~dependent (30). 
ll 

The CNDO approach (30) is an "intermediate" theory between the rela-

tively crude EHMO model and an ab initio LCAOSCF calculation. It also starts 

from Roothaan's equations, but it treats electron-electron repulsion specifically. 

As the name implies, differential overlap between atomic orbitals is neglected, 

both in the overlap integrals, and two-electron integrals. If this alone were 

done, the theory would not be invariant to transformation of the basis set. 

Invariance is assured by three additional approximations, all of which require 

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

the EHMO theory the resonance integral _ Sij is not invariant). Population 

analysis in CNDO theory is trivial: there is no overlap population, so atomic 

charges are obtained 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 of PVB, EHMO, and CNDO Predictions 

Chemical shifts in the nitrogen ls binding energy provide a good context 

within which to compare atomic charges calculated on the three models described 

above. Nordberg et al. ( 32) studied a series of solid nitrogen compounds and 

plotted the resulting values of EB agairist atomic charge on the nitrogen, qN, 

calculated for single molecules or complexes with· the PVB model. The correla-

tion plot showed curvature (it need not necessarily be linear), and some of . -

the points were.as much as 4 eV off the curve. Another study of nitrogen com-

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

qN by both the EHMO and the CNDO models. They found a linear correlation of 
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EB with the EHMO charges. Two EB-qN correlations were found with the CNDO. 

, .. 
charges, one ·for anions and another for cations and neutral molecules. Cor-

relations for all.three models are shown in Figure 10. In the interpretation 

of the correlations two interesting points arise: 

1) A good, but not excellent, overall correlation is. found with atomic 

charge for each model. This is in accord with the characteristics of non-

metallic solids discussed in Section IV. These would give a 1 eV "random" 

scatter in correlation plots, rather than spoiling the overall correlation. 

2) While the qualities of the correlations are not strikingly different, 

the total range of the calculated qN varies from 1.0 for the CNDO method 

through l. 7 for the PVB method to 4. 3 from the EHMO estimates. Clearly at 

least two of these are incorrect. Thus even when a good correlation is observed 

one cannot necessarily take the magnitudes of the qN seriously. 

By interpreting the slopes of the ~-qN curves it is possible to make 

some judgment among the different schemes for calculating qN. If electronic 

charge oq is removed from the valence shell of an atom to a neighboring atom 

at distance r, the binding energy of inner electrons increases by 
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Free atom calculations have given 

(
oE) = 17 eV/electronic charge 

. oq atomic 

for atomic nitrogen (5). The 1/r term can diminish this shift, usually by 

not quite a factor of two. Thus on the average a slope of 

dE~ 10 eV/electron 
dq 

is expected for the nitrogen ls electron binding energy in a series of compounds. 

For the three ways of extracting qN, the resulting slopes are 2.2 (EHMO), 

'V6.5 (PVB), ari(l. 8.4-10.8 (CNDO). The first is far too small, and the experi-

mental value of dE/dq favors the CNDO charges over the PVB charges. We con-

elude that the range of CNDO charges can perhaps be accepted as plausible while 

the charges estimated by the other two methods should be regarded as empirical 

parameters. 
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IV. SOLIDS 

The majority of x-ray photoemission studies to date have utilized solid 

samples, and the intrinsic interest in compounds that are solids at convenient 

temperatures as well as in solid-state problems per.~ implies that this will 

continue to be.the case. The study of solids presents some special problems, 

however, which are outlined below. 

A. The Reference Level 

First there is the reference-level question (1,3). If a Sf:l.IIlple is a 

good electrical conductor and is grounded to the spectrometer, the two will have 

a common Fermi energy, EF (Figure 11), but the "vacuum level", or energy which 

an electron must have to be separated ~ompletely from the solid, will differ 

from sample to spectrometer by the difference between the work functions of the · 

two, tlcj> = cp - cp (here s denotes spectrometer) . Thus an electron ejected by 
s 

a photon of energy h\! from a state with binding energy EB relative to the vacuum 

level leaves the sample with kinetic energy K = h\! .-. EB. It is accelerated by 

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

kinetic energy 

K' = h\! - E + ~cp 
B 

, .. 

..... ···· 
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With hV and cps known and K' measured, EB can be obtained only if ¢ is known, 

and binding energy shifts among different solids can therefore be determined 

exactly only after correction for the work function difference. Even for metals 

it is difficult to determine ¢ accurately, and for non-metals the problem is 

usually ambiguous because the position of the Fermi level is 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, EB :: EB - ¢, or to 

eff' 
the spectrometer vacuum level, EB = EB - ll¢, were found to correlate rather 

well with chemical expectation. For a given compound EB tends to be a few eV 

smaller in the solid state than in free molecules. The gas-solid shift is not 

constant: for example the Uppsala group found a larger shift for aminobenzene 

than for nitrobenzene, 3.1 eV vs 2.4 eV (2). This effect introduces an uncer-

tainty of ~l eV in EB' which is about the shift accompanying a change of one 

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

determined bY simply measuring E~ff in a solid (33). 

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

for metals Eeff may be of direct interest because it is the binding energy 
B 
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relative to the Fermi level. Second, within a given solid the work-function 

correctionwill cancel out in comparing binding energies from different sites. 

Thus, in their study of the carbon ls lines from nucleic-acid bases, Barber & 

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

B. Sample Condition 

The second major problem that arises in the studies of solid samples 

is that of surface condi tior;t and stability. The x-ray photoelectron method 

2 3 ~ .... 
samples only a small active region, of 10 ..;10 .1-\.depth, near the surface of a 

solid sample. Electrons ejected from greater depths may enter the spectrometer, 

but the probability is very low that they will appear in the full-energy peaks. 

2 . 3 l1 
Thus the chemical integrity of the first lO -10 . . 1-\ layer. is. crucial. 

Many compounds are simply not stable under the vacuum conditions of 

the spectrometers. Hydrates lose water very rapidly from the 100 A "surface" 

layer. Other compounds can lose oxygen or other volatile products. Alter- .. · 

natively impurities may be deposited, either reactively or by physical adsorp-

tion. Nearly all metals will form oxid~ layers. For gold this problem is 
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negligible, but in iron at room temperature, for example, the iron oxide M
11

, 

MIII peak is as large as that of the metal (35) and for aluminum the 111 , 1111 

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

"high" vacuum is maintained (lo-5 - 10-6 torr), prominent peaks appear from 

absorbed 02 and N
2

, as well as C and/or Si peaks from pump oil and vacuum 

gaskets. This is expected from kinetic-theory arguments: it takes only a few 

. -6 seconds for a monolayer to form at 10 torr. Thus it is incumbent upon the 

spectroscopist to demonstrate the chemical purity of the surfaces of his 

samples. The analytical application (37) of photoelectron spectroscopy, 

"electron spectroscopy for chemical analysis" or "ESCA", can be of great value 

here. The surface impurity peaks can be monitored, as can those corresponding 

to different oxidation states of the element under study, and the quality 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 than the main photopeak can complicate inter-

~· I 

pretation, although they also may yield useful information. There are minor 

peaks in the incident radiation. With a magnesium anode these appear as the 

K , etc. , peaks, and they extend up to about 50 eV above the main K 
a3,4 al,2 

peaks, though in much lower intensity (38). Two-electron and Auger processes 

create additional peaks (39-42), as do characteristic energy losses (phonon 

formation). Other inelastic processes produce "tails" ori the photoelectron 

peaks. Finally the bremsstrahlung component in the incident x-ray beam ejects 

electrons from deeper within the sample. 'rhese electrons initially possess 

kinetic energies up to several times that of the characteristic x-rays. After 

energy loss in the sample they contribute to a rather high continuous back-

ground under the photoelectron peaks. This background obviates the use of ESCA 

as a method for studying trace impurities unless the incident radiation is 

monochromatized to eliminate bremsstrahlung. Several monochromatization schemes 

are presently under study (43). 



-43- UCRL-19592 

The above comments apply to all solids. We turn to now to metals, 

after which we shall treat nonmetallic solids. 

D. Metals 

The first high-resolution spectra of metals were, reported by Siegbahn, 

et al., who studied Cu, Ag, Au, and AgAu alloys ( 44). As these samples were 

apparently run at room temperature, it is probable that the Cu and Ag spectra 

are characteristic of oxidized surfaces. Fadley and Shirley studied the 3d 

metals Fe, Co, Ni', and Cu, using a procedure to reduce the surfaces by in situ 

high-temperature reduction with H
2 

gas (35). They have applied this technique 

also to the 4d and 5d series analogues of these metals (45), obtaining the 

density-of-states functions shown in Figure 12. These functions were derived 

from the raw data by operating on the spectra with an inverse response function 

-1 
R · . For each sample a response function R was constructed by comparing an 

observed core-level spectrum X'(E)' to the known 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 describes inelastic processes, was then inverted and 

•. 
applied to the valence-band spectrum. The Uppsala group has used the technique 

of in situ high-temperature H
2 

reduction in studies of Ni, Cu, Pd, Ag, Pt, and 

Au ( 46). Their untreated spectra agree well with those of· Fadley and Shirley ( 45). 

Fadley et' al. studied the intermetallic compound EuA1
2

, finding that the 

Eu peaks appeared in positions consistent with the Eu
2
+ configuration (3). 

,<· .. 

Nilsson et al. (47) studied metal samples, but surface oxidation occurred so 

2+ ·. 3+ 
rapidly that their Eu peak probably arose from EuO, while the Eu peale was 

more intense. Broden et al. (48) have studied Eu and Ba as metals under con-

trolled high-vacuum conditions, finding a prominent 4f peak in Eu. With con-

trolled oxidation the Eu spectrum changed to resemble thos~· report~d by Nilsson 

et al. Recently Chan and Shirley (49) studied the int~rmetallic compounds AuA12 

and AuGa2 ~ finding prominent 5d peaks about 6 eV below the Fermi energy and 

establishing thereby that the 5d bands cannot account completely for the 

interesting optical properties of these compounds. 
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E. Nonmetals 

··"· 
In nonmetallic solids correlations have been established for several 

elements between binding energy and chemical parameters such as oxidation state 

or calculated atomic charge. Such correlations have been found for sulfur and 

chlorine compounds (l) and for nitrogen compounds (1,17); in iodine compounds 

the shifts were correlated (3,18) with oxidation state (Figure 5). The correla-

tion is striking for these cases. It is also probably somewhat fortuitous, for 

in addition to the usual problems of solids these ionic salts have the additional 

difficulty that the binding energy is strongly affected by electrostatic lattice 

,energies (Madelung-type sums). That a good correlation exists in these and 

other cases, however, provides empirical evidence that the chemical oxidation 

state influences EB strongly enough to overcome the differences in work function, 

lattice energy, etc., among the different compounds. Thus in the correlations of 

EB with calculated charge on N atoms discussed in Section III the scatter in the 

points probably arises from, and gives a good measure of, solid effects. 
·,. 

Correlations have also been made with data from solid samples for the 

elements carbon (50,51), boron (51), chromium (51), phosphorus (52), iron (53), 
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and xenon (54). The results·tend generally to support the above conclusion. 

,I. 

In phosphorus, for example, the rather unimpressive EB-charge correlation is 

probably a result of the small range of the shifts in comparison with the 

scatter in energy caused by solid effects. 

Space restrictions and the newness of the field preclude further 

detailed review. We note, however, that applications of the photoelectron 

spectroscopy of solids already extend from semiconductors (1,55) to molecular 

biology (1,53) . 

• 
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V. SPLITTING OF ORBITAL PEAKS 

,. 
Most of the full-energy peaks in x-ray photoemission spectra stand in 

a one-to-one relation to atomic core levels or molecular orbitals in the initial I 

state. There are, however, two exceptions. If the initial state has non~zero 

angular momentum J, then the hole created by ejection of a core electron can 

couple to J in more than one way to form two or more final states, each of 

which will appear as a peak. This effect may be termed multiplet splitting. 

For a case with an initial state of spin zero but with a non-spherically sym-

metric electrostatic environment, Coulombic and exchange 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 

.+( 3 .+( l atomic lithium, Ll ls2s; S) or Ll ls2s; S). The energies of these two fihal 

.. states may be calculated in two steps: l) calcul!:l,te the one-electron energies 

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

tions as an e
2
/r12 correction term. After l) the two states will be degenerate 
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H ) to 
X 

and H are the (ls2s) 
X 

Coulomb and exchange integrals. Two peaks would be observed in the photoelec-

tron spectrum, spaced by 2H . The relative intensities would be given by the 
X 

3 . 
multiplicity ratio 1:3, with the S peak falling at the higher kinetic energy. 

This result can be generalized. For an atomic initial state with an outer 

electronic configuration of spinS and total angular momentum J, ejection of 

an inner s electron leads to two final states, of spins J' = J ± 1/2, and 

relative intensities (S + 1)/S. The spins J' are given by angular-momentum 

conservation and the intensities by the fact that (spin) exchange leads to a 

new total spinS' = S ± 1/2 which must then be recoupled with L. 

Spli ttings of this type were observed in molecular 0
2 

and NO by · 

Hedman et al. (56). In 02 the coupling is especially simple: 

state of the neutral molecule is coupled to an O(ls) electron to form the 

2 - 4 ..... + 
states L and r in 02 , which appear as peaks with relative intensities 

of approximat~ly 2:4. 2 Neutral NO has a n
112 

ground state that couples with 

a N(ls) electron to form the states 1n and 3n, which appear as peaks of 
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relative intensities approximately 1:3. An interesting feature of this mole-

~' 

cule is that the same arguments can be applied to the O(ls) electron, but much 

less splitting is then expected because (smaller) two-center change integrals 

are involved. The 0 ( ls) peak in fact appears only broadened, rather than split. 

For both 0
2 

and NO preliminary calculations using neutral-molecule wave functions 

give splittings in satisfactory agreement with experiment (57). The N2 , NO, and 

02 spectra are shown in Figure 13. 

Relatively few molecular species have unpaired spins in their ground 

states. However, this effect may play a useful role in establishing the dis-

~ 

tribution of spin density in free radicals, especially if higher-resolution 

studies are made. 

Atoms are intrinsically simpler than molecules, and one might expect 

especially clean-cut core-level spli ttings in atoms. Unfortunately sui table 

paramagnetic free-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 study to the 4d
3

/ 2 ,
512 

peaks. Th~ multi-

8 plet coupling problem of the 4d hole state to the valence-electron s
712 

level 
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is rather complicated, and no detailed interpreation has yet been made. An 

effect was clearly present, however. The two-component peak showed an intensity 

ratio of well over 2 :'l, in marked contrast to the unperturbed ratio of 3:2 that 

was found for the 4d
312

,
512 

peaks in atomic Xe and Yb. 

Paramagnetic ions in solids appear to o.ffer the widest scope for multi-

plet-splitting studies. 
. . . ' 5 6 7 8 

For half-f1lled shells such as (d ; 8
512

) or (f ; 8
712

) 

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

reported splitting up to 6 eV for the Mn(3s) and Fe(3s) peaks in MnF2 , FeF
3

, 

2+ . 3+ 5 6 and other salts of Mn and Fe (3d ; 8
512

). The splitting in these cases 

is not negligible compared to the binding energies of the 3s electrons (tv90 eV), 

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

ratios expected from perturbation theory. In Mn0
2 

the Mn 4+( 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 

5P and 7P states. The Mn and Fe spectra are shown in Figure 14. 
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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 Splitting 

In multiplet splitting, as discussed above, both Coulomb and exchange 

integrals with outer electrons in principle affect the inner-electron binding 

energies. Because of the spherical symmetries of the one-electron states, 

however, the effects of the Coulomb integrals on the energies are identical 

for singlet and triplet coupling. Thus H did not contribute to the multi
c 

plet splitting. When both the valence configuration and the inner orbital have 

lower symmetry, however, Coulomb integrals can differ for different substates 

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

denote this splitting as electrostatic. There is an analogy betweeri this effect 

and crystal-field splitting, but it is a limited analogy because "point-charge" 

assumptions are especially inappropriate for this case . 

Electrostatic splittings of atomic core levels were first observed by 

Novakov & Hollander (61) in 1964 by high-resolution internal conversion 
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spectroscopy. By placing radioactive sources of 233Pa in a high external elec~ 

tric field, noticeable structure was induced in the internal conversion lines 

involving atomic core p
312 

orbitals. Later, similar results were obtained by 

Novakov and colleagues (62,63) without the use of an external field, by 

studying the conversion lines of a low energy (7.9 keV) nui!!lear transition 

239 from the decay of Np. 

Subsequently, by means of photoelectron spectroscopy, Novakov & 

Hollander (64) reported the observation of splitting in the p
312 

levels of 

thorium and uranium in several compounds. The splitting energy varied from 

3-10 eV. With plutonium metal (oxidized surface) a p
312 

splitting of about 

16 eV was found. Some of their data are shown in Figure 15. In order to study 

this effect in compounds for which the chemical bonding had been characterized 

by other methods, photoelectron studies on linear complexes of Au(I) were 

undertaken. Partially resolved splitting was obser,;ed in several cases (65). 

In an attempt to explain these results a simple bonding model was 

i' 

devised (66): In linear aurous complexes 6s6p hybrid bonding electrons, plus 

the ligand atoms, create a strongly anisotropic charge distribution. Coulombic 
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interactions with the 5p
312 

shell lifted its degeneracy, splitting it into a 

.. doublet 15 . - + l) d th d bl t p
312

, Jz - - 2 an ano er ou e 15 . - + l) H p312 , Jz - - 2 . owever, 

quantitative agreement has not been attained, The observed splitting in 

KAu(CN) 2 , for example, is 1.8 eV, while this model gives only 0.2-0.3 eV. Thus 

the origin of the splitting is unexplained. 



-54- UCRL-19592 

LITERATURE CITED 

. . 

l. Siegbahn, K: , Nordling, C. , Fahlman, A. , Nordberg, R. , Hamrin, K. , Hedman, 

J. , Johansson, G., Bergmark, T. , Karlsson, S. -E. , Lindgren, I. , and 

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

Means of Electron Spectroscopy, (Almqvist and Wiksells AB, Stockholm, 1967), 

2. Siegbahn, K. , Nordling, C., Johansson, G. , Hedman, J. , Hedin, P. F. , Hamrin, 

K., Gelius, U., Bergmark, T., Werme, L. 0., Manne·, R., and Baer, Y., 

ESCA Applied to Free ~iolecules, (North-Holland Publishing Company, 

Amsterdam, 1969). 

3. Fadley, C. s., Hagstrom, S. B. M., Klein, M. P., and Shirley, D. A., J. 

Chern. Phys. 48, 3779 (1968). 

4. Hollander, J. M., "Photoelectron Spectroscopy: A Chemical Tool from Nuclear 

Physics," Proceedings of the International Conference on Radioactivity in 

Nuclear Spectroscopy, Nashville, Tennessee, August 1969. Also, Lawrence 

Radiation Laboratory Report UCRL-18972. 

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

15' 223 ( 1969) . 



-55.!. UCRL-19592 

6. The 7Be case is reviewed by Debenedetti, S., Barros, F. deS., and Hoy, 

G. R., Ann.· Rev. Nucl. Sci. 16, 31 (1966).· Work prior to 1966 on 99Tc, 

9°Nb, and 235u is also reviewed. 

7. Bainbridge, K. T., Goldhaber, M., and Wilson, E., Phys. Rev. 90, 430 (1953). 

8. Cooper, J. A. , Hollander, J. M. , and Rasmussen, J. 0., Phys. Rev. Letters 

15, 680 (1965). 

9. Mazaki, H., and Shimizu, s.' Pliys. Rev. 148, 1161 ( 1966) . 

10. Neve de Mevergnies, M.' Phys. Letters 26B, 615 ( 1968). 

11. Neve de Mevergnies, M.' Ph;rs. Rev. Letters 23, 422 (1969). 

12. Neve de Mevergnies, M., private communication to Hollander, J. M., March 1970. 

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

14. Bocquet; J. P., Chu, Y. Y., Kistner, 0. C., Perlman, M. L., and Emery, G. T., 

Phys. Rev. Letters 17, 809 (1966). 

15. Hagstrom,$. B. M., Nordling, C., and Siegbahn, K., Z. Physik 178, 439 (1964). 

16. Thomas, T. D .. , J. Chern. Phys. 52, 1373 (1970). 

17. Hendrickson, D. N., Hollander, J. M., and Jolly, W. L., Inorg. Chern. 8, 

2642 ( 1969) . 



-56- UCRL-19592 

18. Fadley, C. S,, Hagstrom, S. B. M., Hollander, J. H., Klein, M. P., and 

Shirley, D. A., Science 157, 1571 (1967). 

19. Bagus, P. S., Phys. Rev. 139, A619 (1965). 

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

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

Phys. 52, 3295 ( 1970). 

22. Gelius, U., Roos, B., and Siegbahn, P., Chem. Phys. Letters 4, 471 (1970). 

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

24. Hollander, .J. M. , and Jolly, W ~ L. , Accounts of Chemical Research, 

in press ( 1970). 

25. Pauling, L., Nature of the Chemical Bond, Third Edition, Cornell University 

Press, Ithaca, New York, ( ). 

26. Ruckel, E., z. Physik 70, 204 (1931); z; Physik 76, 628 (1932). 

27. Roothaan,··c. c. J., Rev. Mod. Phys. 23,69 (1951). 

28. Hoffman,. R., J. Chem. Phys. 39,1397 (1963). 

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

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



-57- UCRL-19592 

31. Pople, K. A., Santry, D.P., and Segal, G. A., J. ·chem. Phys. 43, Sl29 

(1965). 

J 

32. Nordberg, R., Albridge, R. G., Bergmark, T., Erikson, U., Hedman, J., 

Nordling, C., Siegbahn, K.·, and Lindberg, B. J., Arkiv Kemi 28, 257 (1968). 

33. A more detailed discussion of this point is given in reference 3. 

34. Barber, M., and Clark, D. T., Chemical Communications, pages 23-24, (1970). 

35. Fadley, C .. S., and Shirley, D. A., Phys. Rev. Letters 21, 980 (1968). 

36. Chan, D., and Shirley, D.· A., unpublished results, March 1970. 

37. See reference 1, pages 139-150. 

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

39. Carlson, T. A., and Krause, M. 0., Phys. Rev. Letters 14, 390 (1965). 

40. Carlson, T. A., and Krause, M. 0., Phys. Rev. Letters 17, 1079 (1966). 

41. .. Carlson, T. A. , Phys. Rev. 156, 142 ( 1967) . 

42. Krause, M. 0., Carlson, T. A., and Dismukes, R. D., Phys. Rev. 170, 37 (1968). 

43. See reference 2, pages 137-142. 

44. See reference 1, pages 73-75. 



-58- UCRL-19592 

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

x-Ray Photoelectron Spectroscopy," Lawrence Radiation Laboratory Report 

UCRL-18953, (to be published in proceedings of Electronic Density of States 

Symposium at NBS, Gaithersburg, Md., 3-6 November 1969). 

46. Siegbahn, K., private communication to Shirley, D. A., Wovember 1969. 

(Preprint of a report to be published in Discussions of the Faraday Society.) 

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

and Siegbahn, K., Helv. Phys. Acta 41, 1064 (1968). 

48. Broden, G., Heden, P. 0., Hagstrom, S. B. M., and Norris, C., "Ultraviolet 

and x-Ray Photoemission from Europium and Barium,"· (to be published in 

proceedings of Electronic Density of States Symposium at NBS, Gaithersburg, 

Md., 3-6 November 1969). 

49. Chan, D., Shirley, D. A., "A Note on the Positions of the Gold 5d Bands in 

AuA12 ,and AuGa2 ," Lawrence Radiation Laboratory Report UCRL-19519, (to be 

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

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



~59- UCRL-19592 

50. Nordberg, R., Gelius, U., Heden, P.-F., Hedman, J., Nordling, C., 

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

51. Hendrickson; D. N., Hollander, J. M., and Jolly, W. L., Inorg. Chern. 9, 

612 (1970). 

52. Pelavin, M., Hendrickson, D. N., Hollander, J. M., and Jolly, W. L., 

J. Phys. Chern. 74, 1116 (1970). 

53. Kramer, L. N., and Klein, M.P., J. Chern. Phys. 51, 3618 (1969). 

54. Karlsson, s . .:..E., Siegbahn, K., and Bartlett, N., J. Am. Chern. Soc., 

Lawrence Radiation Laboratory Report UCRL-18502. 

55. Langer, D. W., and Vesely, C. J., Bull. Am. Phys. Soc. Ser. II, 15, 388 

(1970). 

56. Hedman, J., Heden, P.-F., Nordling, C., and Siegbahn, K., Phys. Letters 

29A, 178 (1969). 

57. See reference 2, pages 56-61. 

58. Fadley, C. S., and Shirley, D. A., "Metal Atom Electron Binding Energies," 

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



-60- UCHL-19592 

59. Fadley, C. S., Shirley, D. A., Freeman, A. J., Bagus, P. S., and Mallow, 

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

60. Friedman, A. U., Argonne National Laboratory, private communication to 

Shirley, D. A., November 1969. 

61. Novak.ov, T. , and Hollander, J. M. , Phys. Letters · i3, 301 ( 1964) . 

62. Novak.ov, T., Stepic, R., and Janicijevic, P., unpublished results. 

63. Novak.ov, T., and Janicijevic, P., z. Physik 205, 359 (1967). 

64. Novak.ov, T., and Hollander, J. M., Phys. Rev. Letters 21, 1133 (1968). 

65. Novak.ov, T. , and Hollander, J. M. , Bull. Am. Phys. Soc. 14, 524 ( BM4) ( 1969). 

66. Apai, G. , Delgass; W. N. , . Hollander, J. M. , Novakov, T. , and Shirley, D. A. , 

unpublished results, January .1970. 



-61- UCRL-19592 

FIGURE CAPTIONS 

Fig. 1. Half-life of 235u isomer as a function of the average electronegativity 

of the metal into which the U atoms were implanted. From reference 12. 

Fig. 2. Photoelectron spectra of carbon ls electrons from acetylene, ethylene, 

and ethane relative to fluoroform. Radiation was Mg K x-rays. From 
a. 

reference 16. 

Fig. 3. Photoelectron spectrum of carbon ls electrons from ethyl trifluoro-

acetate. From reference 1. 

Fig. 4. Photoelectron spectrum of nitrogen ls electrons from trans-dinitro 

bis(ethylenediamine) cobalt(III) nitrate. From reference 17. 

Fig. 5. Binding energy shifts versus halogen oxidation state for potassium 

salts of oxy-halogen acids. Chlorine data were taken from reference 1, and 

'iodine data from reference 3. Bromine data were kindly provided by T. Carlson. 

Fig. 6. Calculated binding-energy shifts of core elect'rons due to removing a 

5p electron from various free-ion configurations of iodine, plotted against 

position of radial maximum of core electron. Filled circles represent 

experimental,shift from KI to KI04. From reference 3. 
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Fig. 1. Experimental binding energy shifts for ls electrons in small molecules 

containing carbon, nitrogen, and oxygen (reference 21), plotted against 

theoretical values obtained by the use of Koopman's theorem (reference 20). 

Shifts were taken relative to NH
3

, H20, and CH4 . · Lines through data have 

slopes 0.80 (N), 1.00 (0), and 0.95 (C). 

Fig. 8. Calculated shifts in sulfur 2p binding energy, with and without 

inclusion of 3d orbitals, versus experimental shifts. The two liries have 

slopes l. 29 and l. 09, respectively. From reference 22. 

Fig. 9. Experimental nitrogen ls binding energies plotted against thermo-

chemical reaction energies, relative to NH
3

. From reference 24. 

Fig. 10. Correlations of nitrogen ls-electron binding energies with atomic 

charges calculated by .a) modified Pauling valence bond model (reference 

1), b) extended Huckel model (reference 17), and. c) 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 functions for twelve metals. From reference 45. 

Fig. 13. Photoelectron spectra of N
2

, NO, and 0
2 

showing multiplet splitting 

· of ls levels .. See reference 57. 

Fig. 14. Photoelectron spectra of Mn and Fe compounds, showing multiplet 

splittings. From reference 59. 

Fig. 15. Photoelectron spectra from thorium metal, uranium metal, and uo
3

, 

showing electrostatic splittings in p
312 

levels. From reference 64. 
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LEGAL NOTICE 

This report was prepared as an account of Governm~nt 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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