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Abstract

The electron spectrum of the M 2 and M, levels in
bromine and krypton have been studied by high resolution
ESCA. The MjM2 3 super Coster-Kronig transitions become
energetically forbidden for Z > 36 (Kr) and recent calcu-
lations therefore predict a decrease in the M, and M3

natural linewidths around krypton in the periodic system.
The experiment shows that the 3£3 ,2 linewidth is smaller
in Kr tnan in Br. It is, however/ also found that this
decrease in linewidth is followed by configuration inter-
action (CZ) between 3£ P and 3d2 nl* 2P states. Several
descrete CI resonances are observed in the Kr 3£ spectrum.
Such resonances are also studied in the N shell for the
elements from Te(Z»52) to Ba(Z-56). For these elements the
effect is found to be much larger due to the strong collec-
tive character of 4d-nf* excitations.
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Introduction

The inherent width of an electron line gives information

of the lifetime of the ionized state and consequently gives

a knowledge of the total Auger and photoelectron emission

probabilities. Therefore electron linewidths have been

discussed continously in the developement of ESCA. However,

as long as only nonmonochromatized X-ray sources were avail-

able, the studies were limited to the cases were the spectro-

meter resolution could be neglected (very short-lives states)

or could be subtracted. The difference in 2js and 2p_3/2

electron linewidth has e.g. been studied as a function of Z

for the elements from neon to vanadium

Using a quarz crystal to monochromatize the X-rays it is

possible to reach an ultimate instrument resolution of C.16eV in

ESCA . This width is comparable to the expected linewidth

of the Is electrons even for first row elements. In addition,

the spectrometer function has a well defined gaussian shape.

The linewidth of the Ne Is. electron line has thus been deter-

mined to 0.27 eV3).*

Recently, much effort has been devoted to calculating

Auger transition rates and fluorescence yields for atoms

and several reviews of this problem can be found in the

literature . A basic assumption in most of these calcula-

tions is that the concept of electron orbitals is meaningful,

•The line given in this reference was also deconvoluted in ref.23, where
the value 0.23 eV for the inherent width was obtained. This value should,
however,be corrected with a normalization constant,which gives 0.27 eV
for the Ne Is inherent width.
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i.e. that the ionizaticn process can be described as

a "removal" of a one electron orbital.

Already at an early stage of ESCA it was observed that

only one electron line could be found in the 4p region

of xenon and iodine while the expected spin-orbit splitting

of these lines is several electron volts . However, the

resolution and signal-to-background ratio obtainable at

that time were not sufficient to reveal the finer details

of these spectra. The development of ESCA instruments incor-

porating monochromatization of the X-ray source ' has

made possible a more careful analysis of the line profiles

and preliminary results from the 4p region of the elements

from Te (Z=52) to Ba (Z=56) were published in an earlier
1 Q\

paper . The 4j2 spectra from these elements are very complex

and cannot be described in an independent particle model.

Many-body effects, which couples two (or more) "channels"

for the ionization process must be taken into account. In

the present paper we will discuss the limitations of the

one electron orbital model to describe the line profiles in

ESCA. Many-body effects will be discussed for the M and N

core electrons as well as for the inner valence electrons.
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Experimental

Tne gas phase spectra of C,HcBr, Kr, CH-I and Xe

were recorded using our electrostatic instrument , which

incorporates a fine-focussing monochromatized Al K X-ray

source and a multidetection system. The samples were of

high purity grade (> 99.9%) and were studied at a typical

pressure of 25 Pa.

The solid phase spectra of Te, Csl and Ba(NO-,)_ were

recorded with our HP-5950 A spectrometer . Tellurium was

studied as the pure element. It was evaporated in the sample

preparation chamber at a base pressure of 10 Pa and sub-

sequently rapidly introduced into the analyzing chamber which

operates at a pressure of less than 10~ Pa. The remaining

elements were studied as salts which were dissolved in

distilled water. A droplet of the solutions was placed onto

a pyrolythic graphite backing.

RESULTS AND DISCUSSION

Natural linewidth

In the Greens' function formalism the ESCA line profile

is connected to the spectral function of the core hole.

Disregarding nondiagonal elements and assuming that the

19)
core holes are well separated one can write this function :

i
Ann(EJ - i

where £^(2^) is the self energy of the core hole, E. is the



kinetic energy of the outgoing electron and e are the

unperturbed one particle orbital energies. In many cases

I (Ek) *s approximately constant over the small ener ;

range of an ESCA line. In this case equation (1) reduct

to a standard resonance (Lorenzian) line profile:

A(E.) = — • * (2)
K 2

The halfwidth y of this line can be expressed as a sum

over transitions from the core hole state to states in

which the core hole is removed:

Y = I Y± (3)

Where y. represents the probability that the transition i

occurs. For all electron levels that can be reached by Al K
a

radiation y is almost entirely determined by Auger and
4)Coster-Kronig transition probabilities ' . Recently, several

calculations of y within the Hartree-Fock approximation have

been reported . In a previous paper N shell linewidths

of both solid and gaseous mercury were measured and compared

to the theoretical calculations performed by Me Guire 1

It was found that these calculations overestimated the Coster-

Kronig contribution to the total M-shell linewidths.

Similar results are reported for the L and M shells in

21 "2)
copper '* ' and the disagreement between Me Guires calculated

linewidths and experiment might be explained by the sensitivity

of the Coster-Kronig transition rates to the kinetic energy

of the outgoing electron
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As another example we give the experimental level widths

in xenon (Z=54). Assuming that the line profile is a convolu-

tion of a gaussian spectrometer function with a Lorenzian

spectral function an analysis was made which gave a constant

gaussian halfwidth (FWHM) of 0.52±0.03 eV. The corresponding

Lorenzian FWHM is given in table 1. The calculated M and N

shell linewidths in table 1 originate from Me Guire1*'15' .

The same observation as for mercury and copper can be made;

the calculations overestimate the Coster-Kronig transition

rates. The relative differences are, however, reproduced.

For example, the unusual experimental finding that a Is^/o

level is broader than a 3p,y2 line is also reproduced by

the calculations. From Me Guire's tables of Coster-Kronig

yields one can conclude that although the M.M-N. and MJ4.0.

Coster-Kronig processes are energetically possible for the

3JB1/2
 l e v e l b u t not for the 3B3,2 level, their transition

rates are very low. The mechanism dominating the lif»tines

is the M2 3 M4 5 Nt Coster-Kronig transitions which have a

larger probability for a vacancy in the 3JB, ,, level than

in the 3fiw2 level. The best agreement between calculation

and experiment is obtained for the 3d and 4d. subshells. The

linewidth of these levels are almost entirely determined

by the ordinary Auger transition mechanism. The special

case of the 4jp, levels will be discussed in further detail

below.
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Super Coster-Kronig transitions and CI resonances

In the calculations of M shell linewidths Me Guire

pays special attention to the possibility of Coster-Kronig

transitions where all the active electrons belong to tre

same shell. These transitions are called "super Coster-Kronig

transitions" and are energetically allowed for the M, , M~

and M, levels when Z <36(Kr). A decrease in the 3s, and 3a

linewidths is therefore predicted around krypton in the

periodic system. Using nonmonochromatized X-ray excitation

of electron spectra from solid samples Yin et al. have

measured the N shell linewidths for Z=29,30,32,40,41,47, and

48. Their experimental results do not show the predicted

decrease in linewidths.

The theoretical M_ linewidths for Z=36 and Z=40 are

4.14 eV and 2.43 eV respectively and for larger Z the M-

width is increasing. However, experimental data indicate

that the Coster-Kronig transition rates, as discussed above,

are overestimated by a factor sometimes %s large as « 3.

Experiment should therefore be expected to give a decrease

of only a few tenths of an electron volt around Z=»36.

In Fig. 1 and 2 are shown the 3p electron spectra from

Br(Z»35) and Kr (Z-36) recorded in the gas phase. In the case

of Br the measurement was made on CgH.Br. The chemical effects

on the electron linewidths can be expected to be of minor

23)
importance . The two electron lines in Fig. 1 are rather

•,
symmetric and ,a line profile analysis made by a computer

prograa yields a total linewidth of 1.92 eV for the 3s 1 / 2
 a n d

1.79 eV for the 3»3/2 electron lines. The Kr aj^ .^ and 3
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Fig. 1. The 3fi electron spectrum of bromine in
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Fig. 2. The 3B electron spectrum of krypton.



9.

lines in Fig. 2, recorded with the same spectrometer

resolution as the Br lines in Fig. 1, are asymmetric and

it is also possible to descern several discrete structures

which are numbered 1 through 7 in the figure. In particular

we notice at least three high kinetic energy satellites

to the right of the 3 B 3 / 2 "main line" at 214.4 eV binding

energy. The total width of the two 3p electron "lines",

without correcting for the spectrometer resolution is 1.80 eV

for 3JJ,/2 and 1.48 eV for 3*3/2 •
 T n e 3*3/2 " l e v e l width"

thus decreases by 0.31 eV. It is, however, in this case not

correct to discuss the nature»! linewidth in terms of eq. (2)

and eq. (3). The satellite structures indicate that the

assumption, that I., in eq.(1) is constant over the energy

range in this spectrum in invalid. In particular, the line

shape cannot be expected to be Lorenzian, which may be the

explanation of the odd shape of the 3 ^ ,2 electron line.

The final states in the M. _ M4Mc super Coster-Kronig

transitions ha/e double vacancies in the 3d subshell. The

excitation energy of these doubly ionized state3 can be

obtained by subtracting the L. . binding energies from the

respective L2 3 M^ ,-M. 5 Auger electron energies. In table 2

the result i.3 shown when experimental Auger" and electron

binding ' energies are used. The 3d energies are also inserted

in Fig. 2. For the 3js3/2 electron level only super Coster*»

Kronig transitions involving the terms with energies around

212.5 eV are energetically possible, while for the 3pw 2

vacancy the terms with an energy around 217.9 eV also contribute,
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At energies slightly lower than the 3d energies

there exists a large number of singly ionized configurations,

involving two holes in the 3d level; e.g. 3d ns* 3d nj *(n>5),

2 2

3d nd and 3d nf* (n>4) etc. Within these configurations

several P states exist which can interact with each other

and with the 3£ (2P) states. Since the 3d2nl states match

in energy with the 3£ hole states we can expect several dis-

crete configuration interaction (CI) resonances.

The states of lowest binding energy, numbered 1-3 in

the figure, can probably be characterized as essentially 3d nl

P3/2 s t a t e s having a weak admixture of 3p, ,_ character.

Thus, they appear as weak satellite lines to the right of

the "main line" which contains most of the 3JJ3/2 spectral

weight. Consequently one can still justify the notation 3p3>2

for this line. Similarly the weak lines 4-7 are other

3d nl states with weak 3p admixture. The two lines at about

234 and 243 eV binding energy in Fig. 2 can be assigned to a

normal shake-up process of the 4p-5p type.

The interaction between the 3d doubly ionized and the

3p singly ionized states also affects the E, self energy

and gives a subsequent shift in the line position from the

calculated Hartree Fock value. Table 4 gives a comparison
between the experimental binding energies of krypton (E^x^)

o
and the calculated relativistic SCF Hartree-Fock-Slater

binding energies (Efi ° ) **'. The ASCF values are smaller

than experiment by about 1-2 eV for the 4$ and the 3d levels.

This energy difference corresponds well to the correlation
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energy of one broken electron pair. For the 3si, 3£ and the

4s levels, E R is larger than E B
e x p and therefore the

calculated energies are actually about 4-5 eV too large.

This in itself, strongly indicates that CI effects are

important for these one electron states. In addition to the

3p_ lines reported here, CI resonances have also been observed

in the valence spectrum of the 4st level . Similar effects

are expected for the 3js line although the large linewidth

effectively would smear out any additional weak line. Here,
2

the CI interaction may also involve the 3d continuum.

A breakdown of the single particle description of the

photo-ionization process can be expected to occur whenever

single and doubly ionized states of the same symmetry match

in energy, e.g. whenever a super Coster-Kronig process is

near to be energetically forbidden. In the M shell the energy

limit for Mo ,M. ,-M. , transitions lies at Z»36. For the
2,3 4,5 4,5

N shell the N~ 3N. 5N 4 ~ super Coster-Kronig transitions

become energetically possible for the elements around

Z=54 '. Table 5 gives the energies of 4d double vacancies

in xenon as calculated from M, ,N,, KN. e Auger energies
H ,3 3,3 4,3

and corresponding M. c binding energies. The 4s - 4p binding

energy region of Xe is shown in Fig. 3. It can be concluded

that super Coster-Kronig transitions involving 4d electrons

become energetically possible at an energy which is €.0 eV

larger than that of the electron line corresponding to

4p3/2 ionization. The calculated spin orbit splitting
25)

in this case is 12.5 eV . Consequently, as has
been pointed out by Me Guire , the super Coster-Kronig
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Fig. 4. A detail of the Xe 4£ electron spectrum.
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mechanism is possible for the 4j2-/2 level, but not for the

4JB, ,_ level. At the position where the i&w- electron line

is expected v.e fir.d only a broad continuum which extends

over 60 eV.

Wendin and Ohno have carried out a calculation

of the spectral function for the Xe4p and Ba4c electron lines.

To treat E4 they use a summation over linked diagrams

including the 4d-nf* excitations (the Random Phase Approxima-

tion) . This is necessary in this case because of the strong

collective character of the 4d - nf* transitions. A comparison

can be made to the photoabsorbtion spectrum of Xe where a

large 4d -f* resonance is observed. The continuum in Fig. 3

has two origins according to the calculation:

2
i) The 4d continuum which gets about 50% of the unperturbed

spectral strength,

ii) The 4p 1 / 2 electron line, which due to the super Coster-

Kronig mechanism is completely smeared out.

The 4p,/2 electron lines are also shifted in the calculation

toward lower binding energies. In Table 6 calculated relativistic

ASCF M,N and 0 shell binding energies ' are compared with

the experimental binding energies of this work. For the 4p3/2

electron level,EB
SCF is 11.1 eV larger than E|xp. Also the

4s and 5s ASCF energies are larger than the corresponding

experimental binding energies. For the rest of the levels

in the N and 0 shell, the difference between E_ S C F and E?*1*
D O

is about -1.1 <-V and rather constant. As in the case of Kr

this latter energy corresponds to the difference In correla-

tion energy when one electron is removed.
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The 4s> electron line is too broad to permit the obser-

vation of CI-resonances. Fig. 4 shows the 4p electron spectrum

of Xe in detaiLThe main line is seen to consist of at least

3 structures and in the whol^ energy range as much as 10

discrete peaks are discernible. The binding energies of

these peaks are listed in Table 7. The lines 1-3 probably

originate from strong collective resonances involving 4JJ

and 4d 4f* configurations. These resonances are stronger

than in the krypton case since the 4d-4f spatial overlap

is very much larger than the corresponding 3d-4f overlap.

In Fig. 4 we can also observe some structures at a

binding energy slightly larger than 160 eV. These can be

assigned to normal shake-up satellites and the excitation

energies can be compared to the Cs II optical transition

28)energies . Normal shake-up satellites accompanying core

electron ionization can be described in a single particle

model as orbital excitations in the ionized system. Such

satellites always lie on the low kinetic energy side of the

main line and the shake-up spectrum does not depend much on

the level in which the "primary" excitation is made provided

29)
that the sudden approximation holds '. Thus the 4d and the

3d shake-up spectra in Xe closely resemble each other in

energy as well as in intensity.

The matching energy discussed above for the Xe and 4p

levels, exists also for the neighbouring elements in the

periodic system. A study of these levels through a series of

elements will therefore show drastic changes in linewidths

and CI resonance structures. In Fig. 5 the 4s-4p binding
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Fig. 5. The 4s-4p binding energy region for the

elements from Te (Z»52) to Ba (Z»56) in

the periodic system.
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energy region for the elements with Z in the range

52^Zj«56 is shown.

The systematic changes in the spectra originates
2

from the fact that the 4d states increase more rapidly

in binding energy with increasing Z than do the 4g states.

As discussed above they overlap in energy for Z = 54.

Thus for Te both the N o N, c N, c and N,N. CN.. c super
2 1.5 4,5 3 4,5 4,5

Coster-Kronig transitions are energetically possible, which

results in a large Im (£*_) i«e. the lifetime of the 4£

hole will be so short that the concept of a one electron

state will be more or less meaningless. Therefore neither

of the lPi/2 a n d the 4p,/2 states yield discrete lines;
only a broad continuum can be observed. The continuum is

also largest for this element and the onset is relatively

sharp. For iodine a peak showing discrete CI resonances

is observed, and the continuum starts on the immediate low

kinetic energy side of this peak.

Since the continuum extends over 60 eV we can expect

discrete CI resonances for a number of elements with

Z ̂  56 and the large continua will be of importance also

for many elements with Z <,52. It is interesting to compare

the 4p3y2/4s intensity ratio from Fig. 5 with the correspond-

ing calculated intensity ratios based on relativlstic HFS

wave-functions . This comparison is given in table 9. It
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Pig. 6. The 5s and 5p electron spectrum of Xenon.
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can be seen that the experiment agrees well with the one

electron theory for Ba and Cs whereas for Xe almost 30%

of the one electron 4p,._ spectral strength is missing in

the "main line". By inspection of the iondine spectrum in

Fig. 6 the intensity ratio between the 4p "main line" and

the 4s line can be estimated to ~1 whereas the theoretical

value is 2.36.

Confiquration interaction in the valence electron region

A necessary condition for the CI resonances to be of

importance is that energies in different excitation processes

match. In the core electron region this is very unusual due

to the large energy separation between different levels.

In the inner valence electron binding energy region

( 20-40 eV) on the other hand there frequently exist such

possibilities. For normal shake-up the sudden approximation

together with the independent particle model yields monopole

orbital selection rules. When correlation is included the

monopole selection rules hold only for the total symmetry

29)of the system . In Fig. 6 the valence electron binding

energy region of Xe is shown. Several discrete and quite

intense structures appear to the left of the 5s electron line.

The energies and intensities of all the numbered lines are

comprised in table 8. Only the line at 25.24 eV can be asso-

28)
elated with a normal orbital shake-up line ' Other examples

of CZ resonances in the inner valence region of molecules/

observed In X-ray excited spectra are given in xefs. 20 to 21.
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Table 1.

Natural M and N electron level-widths in .>.o.

Level

5p3/2

5Pl/2

5s

4d5/2

4d3/2

4p3/2

4Pl/2

4s

3d5/2

3d3/2

3P3/2

3Pl/2

3s

Exp width [cV)

this wcr> *

< 0.05

< 0.05

< 0.05

0.1

0.1

several peaks

broad

2.7

0.5

0.5

3.9

3.2

8

• " • « - - .

- •

0.082

0.082

2.56

2.56

5.49

-

0.68

5.48

4.83

10.18

Gas phase data corirected for spectrometer resolution



23.

Table 2.
2

(3d) energies in Kr obtained from Auger electron energies.

sition >^

L2*4

L3M4

,5'M4,5

,5M4,5

3 3

Fl F

212

212

3

3 F 2

.7

.4

3

P2
Pl>D

217

218

.7

.0

IS

224

225

0

.9

.8
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Table 3.

Structures in the Kr 3p electron spectrum.

Line No.

1

2

3

3p3/2

4

5

3p1/2

6

7

4p-5p J3/5 shake-up

2
4p-5p P,y2 shake-up

Binding energy
(eV)

209.3

211.7

213.2

214.2

216.7

217.9

221.8

223.5

224.3

-234

-243
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Table 4.

Relativistic LSCF and experimental M and N shell

binding energies in Kr

Electron
level

4?:/2

4p 1 / 2

4s

3d5/2

3d3/2

3/2

l/I

3 :

a) From ref.

b) I rom ref.

exp a )

EB
(eV)

14.00

14.65

27.51

93.7

94.9

214.4

222.2

292.8

1.

25.

(eV)

12.89

13.55

30.91

91.98

93.28

216.99

225.10

296.06

1 SCF exp
EB " EB

(eV)

-1.10

-1.10

+ 3.40

-1.72

-1.61

+ 2.59

+ 2.90

+ 3.26
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Table 5.

Binding energies for the 4a states in xe-ion.

4d2 term 3F 4
 3 F 2 > 3

 3P 2
 3 P Q / 1 \+lGA \

Binding
energy (eV) 151.5 153.2 154.6 155.4 156.3 161.8



Table 6.

27.

Experimental and theoretical, ASCF, cloc re

binding energies for xenon.

Level

3sl/2

3pl/2

3P3/2

3d3/2

3d5/2

4sl/2

4Pl/2

4P3/2

4d3/2

4d5/2

5sl/2

5pl/2

5P3/2

EBexp

1148.7(5)a)

1002.1(3)a)

940.6(2)a)

689.35(8)

676.70(8)

213.32(3)

145.51(2)

69.48(1)

67.50(1)

23.40(1)

13.43(1)

12.127b)

ASCFC J

1153.27

1007.14

944.21

689.40

676.41

222.76

169.16

156.64

68.36

66.35

26.20

12.33

10.99

ASCf-EBexp

5.0

3.6

O.'-5

-0.29

9.4

11.13

-1.12

-1.15

2.80

-1.10

-1.14

a) Prom ref. 1.

,28)b) The optical value ' was used for calibration.

c) Relativistic Hartree-Fock-Slater type calculation

with a modified local exchange potential by

Lindgren25*.



28.

Table 7.

2Energies of the p
3/2 states observed in the Xe 42

electron spectrum shown in Fig. 19.

Line Binding energy
eV

1 145.51(2)

2 146.26(10)

3 147.06(10)

4 148.29(10)

5 148.87(10)

6 149.74(15)

7 150.35(10)

8 151.81(10)

9 152.69(10)

10 153.53(10)



29.

Table 8. J

Energies and relative intensities of the lines 1
k

in the xenon 5^-5£ electron spectrum f

Line

5 £ 3 / 2

5 B l / 2

5s

1

2

3

4

5

6

7

Binding energy

eV

12.127a)

13.43(1)

23.40(1)

24.62(5)

25.24(5)

27.95(5)

29.02(3)

31.44(5)

32.80(5)

33.78(10)

Relative intensity13*

*

300(5)

150(5)

100

6(2)

7(2)

25(4)

52(4)

20(3)

6(2)

4(2)

a) The optical value was used for calibration.

b) Relative to the 5,s main line.
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Table 9.

Experimental and theoretic;. 1 4p., ,./4s intensity

ratios at 1487 eV for Ba, Cs and Xe

I
Element

Ba

Cs

Xe

Experimental

4p3 ,_/4s ratio

2.45

2.43

1.67

Theoi

4P3/2

2

2

2

'•'hi c

z ••* '•

. • • . . - !

*> ' •

.34

1

ratio"*

•From ref. 30


