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INTRODUCTION

A. General Introduction

"Ionization of a_.medium by radiation leads to the

préduction of photoélectfons and Auger electrons.
Phopoelectron.SbéctrOSCOPy (PES) and AugefvEleqtron

Spéétroscppy' (AES) each 'invol?e | the exPerimentai

determination of the energy distributionlof phoﬁoeléctrons

and Auger electrons »respgctively. . Photoelectrons 'are

prodgced in the photoionization process agcording to

Einstein's iaw1

' Ey is the kinetic energy of the ejected electron which is

the measured quantity in the experiment, hv 1is the'energy

of the radiati@iﬂ Eg is the ionization energy (or binding

_energy) . for Ehé electron from a particular level.ﬁ A

feature of the experiment is that, provided the phbtqn'is

~

sufficiently energetic, many different levels ‘in the

1 b

L~



\
species may be ionized, thus a spectrum is producéd which

reveals all accessible energy levels as a,distribution of

. .

photoeiéctrons‘with kinetic energies governed by equation'

I-1 for each molecular level.

Auger Aeleétrons are produced when 'a ‘molecule
‘containiﬁg' an ihner shell vacanby «Qr hole undergoes a
radiationlesé'decay in competition to thé3rédiati§e decay
(X-ray fluorescence). 2 »

0 R ' .

. q
B. Historical Aspects

- ' )
The two phenomena, lphptoionization < and Auger

emission, - havé been known for a -long time; in 1905

Einstein? explained the photoelectric effect, while Pierre

Augerz' discovered’ in 1923 the effect now. named after
him...H0weve;, the field of photoelectrop spéctroScop& diq
' not grow immediately after the discovery of the physical
phenomenon. The reason for the deiéy was the inadeguate
technology whiéﬂ did not allow high 'resoiution,
measurements of thelelectron energies. The'study of beta
fay spectra of atoms, rééuiring the accurate meaéurement
of the discrete enérgies of electrgns ejecﬁed during
‘internai coﬁversion; gave-impetus for the improvement of

»

the techniques of electron spectroscopy. . e

~



Present day hlgh resolution PES, grew out of +two

parallel . develdpments that ' oCcurred - principally in

Uppsala, Sweden and at the Imperlal College 1n London,

England; The thrust of the Uppsala research was the

determlnatlon of electron blndlng energies from the atomic
\

shells by’ photoelectron spectroscopy » As a result of this

‘program it was dlscovered that the blnding energies of the

core electrons were | "dependent on the chemical

. 3 » i .‘\
environment.>- .

3

spectrometer capable of measuring electrons with

approximately 1 kevVv energvalth a resolution better than
0.1% is necessary The beta ray (electron) spectrometers
developed for nuclear phy51cs -research ea51ly met thls

3

requlrement. Meanwhlle, Turner and A_I-—Jobury4 in England.

were using photoelectron speCtraf excited by low energy

. : E L - b g
sources such as‘HeL'resonance-lamps to study the binding
energies of the .electrons in valence orbitals. ‘The lower "

: | - - al L, .
energies  of the  electrons place less stringent’

requirements on the analyzer (bnt,stray'nagnetic fields
can’ be more damaging sto the instrumental capability).
Depending on the energy of the radiation dsed as the
~excitation sonrce, PES isuoftEn Subdivided into'XPS.(X—ray
:Photoelectron Spectroscopy) or.ESCA (Electron Spectrosc0py

for Chemical Analysis) and UPS (Ultraviolet Photoelectron

- To study these changes in binding energy a-



8péctroscopy). ‘XPS, in which the ,incident radiation is in

the X-ray energy rénge;'@probes the - non-bondingv'COrej

v

“electrdns = which have energies characteristic _of a
particular chemical element. UPS, in which the incident
radlaticn is in the vacuum ultraviolet energy range,

probes . the energy distribution of valence electrons. PES
? 1]
\allows lnvestlgatlon of electronlc structure, prov1d1ng a

-

dlrect plcture of molecular orbltals for gas phase species
and valence bands (densities of states) in the-.solld
- state.’
In ‘this thesis XPS and AES have been applied to the
~stUdyv of _ -various ASpects of atomic and molecular

-

'propertles of dlfferent chemlcal compounds. For clarity,
"this thesis 1is. Qrganlzed in separate ‘chapters,  eé;h
{Jconsisting of IntrcAuction, Experimental, Results and
‘Cdnclusions’sectlons. In this first intfoductory chapter
only a general descrippicn'of the processes.is“given and a
more detailed @iscussioc of the ?heoretical.aspects—Qill

be fohndvin the subsequent chapters. .

=

C. Description of the Various Processes
B -
-
*

In Flgure I-1 are shown the dlfferent processes which

-

can occur “in electron SpeCtrOSCOpy Both X—rays_(K, L, M,

...)-Aand-‘orbltal (1s, 2s, \2p, .+.) notations for the
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PHOTOION«I'ZATION - PHOTOIONIZATION WITH
o _ - e ‘ “SHAKE UP” -

- - -
B e et —
- - - - -

- - -
- -
- -

T N
o pea—t % |STATE
s, m - (eg_qu)

© X-RAY CORE HOLE  ° AUGER .
e 'STATE

Figure I-1, PrééesSes involved in electron SpeCtrOScdpy,’



~Q ‘ »‘ B :. ‘ “ Y )
electron energy levels are used ln the flgure to show the

':corresponxendes in nomenclature.

eyl ?hot01on1zatlon
H When a molecule or atom . a is bombarded w1th photons
‘of1energyihv, the 51mplest process that can occur 'is a_;v
transltlon"ffom the 1n1t1al state' tolﬂa flnal state

constltuted by an 1on Ay *.with a hole in a, level k plus a

 free electron.‘u

. S hv+ A s Ak+ + e, E 1-2

-

Conservatlon of energy ‘dictates that the energy of the ion

relative to that of the ‘molecule plus the. klnetlc energy

- of the electrdn.ls equal to the energy of the incident
A |
4 photon. - The recoxl energy of the ion is cons1dered to be

o i
1

zero 'because the mass of the ioﬁ' is three orders of
magnitude larger "than that of the electron,  and by
_conservation ég energy and momentum, it_canﬂbe shown that
itsﬂﬁrecoil_ energy is Anegliglblea | The;'energy balance
'relative.to the.pchess,described-by eguation Ifois~the‘
‘followdng: | | |

B
b . -

g
<
]
!
t
3 L.
A
1
t
»
i
tr
w
H
I
w



]

' -where ﬁk is the klnetlc energy of the photoelectron, and

EB , the ﬂlndlng energy of a level k. This: b;ndlngff
energy is equal to the dlfference between the total energy,

of the 1n1t1al_state (the molecule) E(A) ‘and that oﬁ the.‘

final ion state E(Ak )
In quantum nechanlcal terms the probablllty for the
occurrence,_of hthe .process. descrlbed in equatlon I-2 is

proportional to the square . of  the vtran51t10n ‘moment

integrals - ; '
M = <" I zpl ¢,.'j> : . . o I-4
where p is the dipole moment’' gperator. The sum extends
) ' . o .. ' ' ’
' over all electrons "and nuclei. ¢" and ¢" are. the wave

funétions‘associated-with the initial state and the final

state. respectlvely ~,The Born-Oppenheimer approx1matlon

'allows separatlon of the wavefunctlons into the product of.

electronic and nuclear ' functions. Neglectlng ‘the

rotatlonal contrlbutlon to the nuclear functlon because in

PES, rotatlonal.,structure-'isv)unresolved, equatlon 1-4

becomes

= ¢"*(R)¢V(R)dRI¢"*(r;R)lzpel¢é(f:R)dR. I-5

)




A

‘Qhé}é’éé is the electronic dependent part of the dlpole
moment . The first 1ntegral 1s related to the so~called
"Franck—Condon factor and ;it;gle’-respon51ble for"*the
relative intensities of the " vibrational  bands ‘Jih
photoionization' transitions. In.;XPS)Q~howe9er, the
vibrational structure',is not'(obSermed becanse the
vacancies are produced in core levels, and in -general
transitions occur to the ground state v1bratlonal level of
the ion. ?urthermdre, 1;fet1me'effects (and excitation
.linewi’dfths.) lead to bands’ N which the small vibrational
contributions are obscured. The sécOhd‘ integral in
equatlon I-5 is the matrix element of the electric dlpole'
moment for a given nuclear configuration (R). For' a
photoelectron-transitron to be allowed, this integral must
be gphfzero. The traneftion from‘the iriitial state of
molecule plus photon, to‘ion plus electron, is restricted
: -
by the dipole selectlon rules AL=%l, AS=0 but because the
free-electron'gan leave the ion carrying whatever angular
momentum.” 1is . needed to satisfy theee rules, the

photoionization process can be considered to have no

selection rules and -the analy515 of" the pr1nc1pal peaks

~

can be carrled out within the~ framework of a one-electron

transition:model.



»

>

Théijéyétoélecéron ‘gééctrum  df' é material 'yieldé
several kinds of information. 'Moétkobviously, it provides
a seriesupf ionizatipn‘epergies feléting to various states
of'tﬁe,siﬁélf ionized_system. "In addition, the intenSity‘

distribution__ -re;eals infofmation concerning | the

photoionizaiion cross-section, or the probabiiity”of the

< , .
prgggss, and the angular distribution of the
photoelectrons.? The photoionization cross-section of a

"material is the total pfobability’of ionizing” it with a-
photon of given ehérgy.\'lt'is'a function of the photon

enérgy."The sumyof the intensities (that is areas) of the

PE Dbands profides a proportional measure of - the

photoionization ctoss—-section, while individually the:PE
band intensities giVem' a measure of 'phe ‘paftial
photoionizatién croSs—séCtioﬁ for each of the different
ionization proéesses that are energetically possible. fﬁe
spatial distiibution pf photoeléctrons is usually highly
anisotropic. If ¢ is the angle between the direction_of
propagation of the photons (whicﬁ' are asspmed*’(% be
unpolariied) and the direcﬁion_og'the_ou£going electrons,

-

then the aﬁgular variation of ‘the .intehsity vof a. =’

photoélectron peak is of the form5

,-2_[(;‘9) @ 1 + % B‘(% Sin’?_e'_.'l)_" e . 1-6



& -

"5Li§ called the asyhmetfy parameter;

it depends on the

nature of the given molecular orbital and its value ranges
from +2 to -1. For a spherical symmetric distribution of
charge, such as for an atomic s 6rbita¥, the value of g is

+2, the emergent photoelectron has a preferred orientation

direction at a 90° angle to the photon beam. The g value

.provides an ‘importéht clue as to the nature of the

!

molecular orbitals. For ¢ = 54°44', the angular term

- vanishes and the intensity distribution is.independeht of

the asymmetry'pérameters.

Auger emission from an excited (core-hole) molecular

state in free molecule  is not dependent on the

orientatiogﬁl properties of the excitation source.

This thesis is not'50we§er concerned with the aspecté
of bhotoionization cross-section or angular dependences in
photoelectron spectroscopy but only with t kpnetic

energy analysis of photoelectrons and Auder spec({@roscopy.

2. Multieléctron Excitation

The: photoionization with "shake up" illustrated in

‘Figure I-1 is-.a two electron transition in contrast to the

one ¢électron transition..we have considered above, The

10

process 1is the result of a sudden change in the central .

pbtential.of an atom felt by an outer shell electron when
’ »



\

by- photoelec ron"ejection.

’

a vacancy is suddenly produced in one of the inner shells
Two types of two—-electron
,transition can be distinquished,'depending upon whether

thg-outer shell electron, as a consequence of this change

- Tof potential, 1is excited to a higher’bound—state (shake-

.up)748 or to an unbound continuum state (shake—off).g'l.O

The first process (shake-up) .will appear as a discrete

satellite photoelectron line atggi/h}hetic energy lower
than the main line by the differ&nce between the ground

and excited states of the ion with the core vacancy. The

ra .

shake-off will appear as a continuous spectrum rising

\smoothly frém:a lower kinetic energy to a threshold whose

. K _ v
energy distance for the main peak 1is equal to the

ionization potential for the ground state of the ion with

a core vacancy.

These kinds of transitions result in an ionic ‘state:

of the same angular momentum as the primary hole state and
a continuum function with an angular momentum that yields

an overall state symmetry ﬁequired by the dipole selection

rules. Recently,ll it has become apparent -that -these

satellites arise from a configuration interaction with the

primary hole state, and they can be treated as the primary

photoionization process because they are fundamentally

equivalent. They Dboth involve a one electron dipoﬁe
3
transition but to two different final states.



. . . ..

3. X-ray Fluorescence andlthe’Auger Process.

. “When  a vacancy is formed: in one of the inner shells

of an atom, it may'be filled by either a radiative (X-ray -

3

fluorescence) or a ~ non-radiative (Auger) transition- -

(Figure I-1). 1In X-ray fluorescence, the excess energy is

.released in the form of a photon, whereas in the Augér

process the excess'- . energy is ~carried away by an
electroﬁ\' Comparison of the relative transition

probabilities of these two competing processes have ,been

12 .

53 .

made. 1f we have Nk K-vacancies, we have then a nﬁmbér

B . . P ’(‘, . '_ .
of K-series X-ray quanta»=-NYk and a number of K-series

"~ Auger .electrons = Npyg. The corresponding transition

probabil}ties are P g ana” Ppg-  Defining the Krshell

fluorescence yield, wyi and the K-shell Auger yield ag:

- NYK - PYK - '
WK =N - P %+ P A
. K , "yK AK
o Nak Pak g
K — - + -
: Ny PAK PYK

In the case of L shell the Coster-Kronig yield,

13

‘must be added. These +transitions: are of the

£r 1 4
LiLk ' . | |
types L;L;X M;M X, and so on, involving an electron

q’ tivpta
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W . - (.," . Covtege ‘_.\1‘ . a o v o t Tooaar 3 Jr "._'.'..A W o
v_tran51tlon between two. L,- 'R subshells wmheﬁ;eleased.wn N
R y e
eneréy belng carrLe&-away .by..an. electron from an outer-~ SRR

shell."The S wlsmdeflned‘b o f' = N N wherewe - .
hell: " The frim fined by:  friny lek/ Ly e

VeuNLiLk.ls the number of Coster-Kronlg ;ranertlons Lj Iy X.
s

rJ»@MA‘ _””'m_‘Figure'I—2'ehows the-experimental flderescence yield

I

D g

'“K ‘as a functlon of the atomlc ‘number ‘Z. . The strong

hY
' dependence on atomlc number 2z arises from the express1on
of the propablllty PYK for em1551on Qf radlatlon
i )

B e e 12 = L IS S

v being the transition' frequency. - In the hydrogenic
-approx1mat10n the tran31t1on -ehergy hv 1s proportlonal td

,QZ2 and the dlpole matrlx element <f|r|1> depends on Z - as

ff1r1l>-7 % ' therefore 'T}jr.i”':ﬁj’-fﬁ S
= kg6 K = azd
Pyx = KZ ) az , - I-10

Do oapee e e . "™ w
R e e o S

.‘l

In the same hydrogenlc 11m1t the probablllty for Augerfl-f
.tran51tlons is 1ndependent of Z ises ?AK = b ‘¢~"Th;$ gavesfﬂ
az

wg = ———7 | RS &<t
. b + aZ4 ‘ . . .
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The .generey.,resulﬁ"is“ that the gréater_‘fhe transition
energy thé 'morev:likeiy_;is:ﬁthe ,radiative ”t;ansition and
vipewversa;‘ At E = 10 keV both processes have about the:
same probability. Because 'X—rayf_flporescence, ie ‘not
measurable witﬁ"ﬁhe eqUipmenrtusea‘in this work;.bniy a
brief discussion will be provided to show the relation ef-
XRF ﬁo ﬁhe Auger process. .
The selectioh rules governing Xaray.trensitione are[

the dipole rules AL = 1 83 = 0, #1 with J = 0 « J =
-0 Thus tran51t10ns from L, to 'K (Ka2) and, L3 to K. (Kal)
‘are allowed .but' tbe tran51tlon from‘ L to ‘Ki is ”'

“fforbidden. Tﬁe enerqgy of the emitted'x—ray corresponds to
the difference between the energies of the tﬁo’.levels&
invqued.iqfthe”transitiOn end,.as a flrst approxime£ionj

'tﬁe shifts for the core Levelél ef':a 3nqleculeA are very'

similer. Thus shifts in‘t%§7x-rayvlineiin a series of

m°1eCU1es>§h5“1d be very Similar-,fThis.iimitSwthe;QSeﬁbf:;jif'"w

X- ray em1551on for the study of the- chemlcal env;ronment.

Ther Auger tran51t10ns are causéa by the Coulomb
interaction between the atomlc electrons We can éxPreés

'the probablllty for a glven Auger tran51t10n as15

‘ Pi* ‘<¢f(s LfoJf)'Vl¢ (Sl 1 i 1)>| p(E)f
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e ., .(,. - ‘,‘q. . . ',. @ , @ . f;-," . . | . )
-~ The wave.functions “¢¢ and by éap be  eXpressed in terms

: whefewwkuiﬁ'the’ihiffai‘éore hole funct

"in terms of s, %, m, J of the two holes in each of the

-

.where,v = i;jez/rij and ¢i(siLiMiJi) andv¢f(SfoMfJf) are

— . .
the initial and final state wave functions characterized

by their quantum numbers s, L,' M, J and. p(E)f is' the
density. of‘the"final‘s;apeslfor the energy'that satisfies

conservation of energy. Normalizing to one -electron: per

16

atomic unit. of energy, and measuring the tréﬁsitiod rate. -

per atomic unit of time ro'='ﬁa¢/ez

i

=‘2142'x 10717 gec
i N - . , T > - - - i . )
PL»f_=~2“|<¢f(SfoMfJf)Li§j o |43 (855L3M335)>]2 1-13

E

the two hole ‘states

~ . -
- .

gy (1) 4y (2)

e <
)
| il

b (1) ¢y (2)

[

.o

ion, ¢?‘ahd ¢Z>are
1 LT SR
the final state hole functions' and ¢, is the continuum

i

f?nal“state S;LjM;J; and SfoM%Jf values are thus define@

final states. Note that the Auger processes KYZ and K2ZY

are indistinguishable. >

The transition probability may also be written as

of

"< wave function of_theroutgbing"élécttghfh:ihé_ihitialjand .



v

. Pi.e = 2n|D-E|® © 1-15

where D is the direct matrix element

2 ’ :
Ifwy (1) ¢Z*(z)[ log (1) 4, (2) dmy av, 1-16
r) rz’ :

. A

and’E is the exchange matriX’elemeht o

2 e - X i :”"1,:"‘_.»
TR = ff¢z*(}) ¢Y (2)l |¢K(1) ¢x(29 dr1 drz T- 1Tv""‘
' -T.

' o

1so _equation I-15 are pon.zero only' if s

.,vﬁguatibn,ifl3-and

the_seléCtidﬁ”rules\For the Coulomb interactionbeg/ris_are

J

fulfilled. These ru&es are for pure LS coupllng 16 Sy =

$f7 Li: = Lf; MS = MSf ML_i = MLf and always J' = Jf;‘M

.'i' n% The parity = .of the . total- system is glven by_i

&3
Hh

A

Tl

R T

n = (- 1)21 These electlon rules are not very

- ey e

-restrlctlve because there is usually a choice of quantum
. . i :
numbers for the outgoing electron which satlsfles all

-

selection rules.
The energy of an Auger transition KYZ where the
initial state has a vacancy in the K shell and the final

‘state has two vacanc1es, one in the Y and one in ' the Z

e - . . -

shell of the system A is glven by ' )

T



w

Y, &na

&
Ekyz = Ea*(x) = Ea*t(vz) S 1-18
/ o .
where EA+(K) and EA++(YZ) ere the total energies of the

initial hole state and the final hole state. Tpe paer

~

..process KYZ can be written as the algebric .sum of tﬁree

-simple steps. IR '
‘A +'A*(K) e o (K) | I-19a
“A s AT(Y). + e - .E(Y) o 1-19b
H(y) A++(Y") + e” - E(Z(Y)) . I1-19c

~

The energy of each process is wrltten on the rlghy

Instead of calculatlng the total energles for lnltlale . -

*

and final ‘states, it is convenient. to.express~the-Auger

‘energies in terms of the experimental binding energies of

the levels involved.
EKYZ = E(K)—E(Y)—E(Z(Y))'

= E(K)-E(Y)-E(2)-F(Yz; X)  1-20

’

PR

C e e ERT A I T N e T

where E(K), E(Y), E(Z) are the binding energy of .electrons

i

K, Y, Z in the neutral system, E(Z(Y)) is the binding

‘ederéyfeﬁtelecfrémfoin'an;atom already -ionized. .in. shell



¥

BNV

19

F(YZ: X) = E(z(¥)) - E(2) * o 1-21
=4 - ” . .

Asaad and Burhop17 attributed the term F(YZ;. X) to an

electrostatic 1nteract10n between the two' holes in ‘the
final state giving rise to different Auger tranSLtlon
components. ~ This can be calculated us¢ng multlplet

-18

coupllng theory This electrostatlc term is 1nd1cated

as F(yz; X) where X 1s the term de51gnatlon of the two

hole final state. The Hamlltonlen for a N-electron system
is given by: A "“\
H = Hy + Ho + Hgg , I-22-

where Hy, = I (- % Viz —rg) = fh, is the pure hydragenic
i=1 i o '
. : o Hamiltonian )
)
”HC = T ;l— is the Coulombic interaction of the
i>3 “ij ’ .
electron pairs
-~ ;;'_. O e ’7);, l:'. EEERAE e P _‘--t_ -t Al A - . - . .
Hgo = &(ri)“(lisi) is the spln-erblt interaction
i

C e
PR .

When deallng with closed shell atoms’ in the neutral state,

theh_flne_ﬂstructure arising from the 'holes in. the flnal ‘



_of ‘those fér-afconfiguration of N electrons.

staté can be easily discussed with the use of the

~equivalence principle of holes and Aelectrons,Lg which

_states that the level- separation  for -4 .shell  lackitg’

LR
&%

s

20

N<4g+2 electrons. is- the same as forg{a ~sh@l¥*”dith“ N
- - S . ' tEoN ' .

eléctrons presentvi. only the absolute’ eﬁergies'*”aré“,f

T

for a‘coqfigurétion:of 4y + 2-N electrons are the negative

The state o0f the finél.vacancies depends stro%gly on
the”couhlihg scheme.  The different coupling schemes are
determined by‘ #he relationship between the coulombic

interaction H, and the spin¥orbit'interaction Hgo which is

. gifferehf'for different ranges of atomic number Z.

am

© Hg >> Hggt -LS-coupling Z. < 18
Hc,<% Hgo: JJ-coupling :5 : Z > 36 .

H, ~ H :. intermediate coupling ' 18 < Z < 36

In'the L-S coupling regime the spin angular momenta s
of eachiof the electrons. involved are coupled to .give a.
total ‘spin = angular vmbmentum, .S, of 'the system, - and

similarly the orbital angular momenta, £~ couple to give a

"totalorbital ?ngular'momentum L. Total spin and orbital

.vmomehta couple to give the total. angular momentum J of - the

displaced by a cdnstanp Qaer, The spin-orbit énérgiésw

B 3



L

&

B

“25+l 1s the. mult1p11c1ty, J 1s “the' total angular momentum

LI, . X : ¢

. system." The resultant state. 1s de51gnated as 2S+1LJ where

- 9 L -

SO S - .
£l N had L4

Qandiub xls “the total orbltal angular momentun1 whlch is® oo«

w B Ay e g

oy

de51gnated by letters S, P, D, F, etc. for L“=-0F-L-2 3.

respebtlvelyﬁ States wnth dlfferent J but w1th “the’ 'same ‘L T

P

and S,quantum.numbers are degenerate.; In jj coupllng, “the - Y -

13 - ?s' >
Spln orblt 1nteractlon domlnates gnd - the s -and % nmmenta

. T 9 - o tow R -

of,each electron couple to form a total angular momentum e e

ﬂ\/) SRR 43_&“

j, for each.electron. ThuSMeach eLectron is, descrlbed by s R

v o : 3

a j value. This gawves the 251/2(Ll) 291/2(?22'-2P3/2(L§)
electrons, and the Auger component is indicated as KLiLy,

KLyLjy; etc. 1In intermediate ‘coupling (IC) .thev'double

-

.h

- vacancy. state -is characterized by L, 6 S and J; the

degeneracy with-respeot'to J is removed'by the spin-orbit

'perturbation.lG " . The Auger 'component is‘ indicated for - +

: fEXample as_KLlL2r(lPl). ' The -terms F(YZ;X) are expréssed

as the- sum,kof Slater fdireqt (F)- and exchange (G) '

'1ntegralslg appropriate to 'each term arising from a
particular configuration of the two holes' in the final -

state (X).

. o o ‘ | ‘
It has been fBUnd that equationfl-20 with accurately
calculated values for the electrostatlc term F(YZ;X) does-

‘not reproduce the experimental Auger energles.so '{ The

"~ discrepancy is Dbelieved to'arisevﬁrom’the neglect of ‘the E



@, dlstlngumsh it ﬁrom sthe ;ﬂdynamic relaxatlon

’ESQuathm'lg20i

5

relaxation-.of passive electron orbitals in the doubly

)

charged final state.- This felaxation, indicated as R(YZ),

. - n ]

Jlncreases the Auger‘electron energy - lt.isAcalled,often"“"'fﬂ

‘»Pstatic relaXa}lona’ andllt represents the amount by whlch

N e
o o Y p e
= B A A

- the -binding. ehergy' of ~ thé electron 'in--s;ep ti—lSc” is’

e

reduced because 1ts potentlal i's. made more repulsive when .

‘the pa551ve electrons relax towafd the hole left by the-‘

LA U e \

: electron 1n step I l9b Jvfﬁvls called statlc rElaxatlon tow=~ e

ERS ERA _ e e e e,

USO

-4
> w - - - . o PR e .

. arises from the' acceleratlon of'»the .outg01ng.‘eledtron”"

whlch;

produced by the collapse of- the occupled ouﬁer orbitals
" toward the hole durlng the em1551on process "and which is

accounted forrby phe use of emplrlcal binding energies in

v

The equatiom fop :the Auger energy therefore becomes

s . “«
o o . PR vt o -
e ' - . ) = B

CEkyz T E(K') E(Y) E(Z F(YZ =X )+R(YZ) 123

-

The relaxation; term R(YZ) thus determines the change of
the'Auger electron energy with the chemical environment

and therefore makes the analysis of these electrons

-

potentially useful sources of information "on molecular

~

properties. It is quite ghportant from the experimental

point of view that _the nergy of the Auger electron
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- . : N e - . . REY:] Cow "‘-Q ‘;, T
(equation I-23) depends -only on-the energies of the levels’

 involved  and- not on -the excitation source. = As a

A roduce the A r s ectrum
PI U%F P

‘Gonsequence of this feature the linewidth of the ' source

N L)

. éées_'not affect the llnew1dth "of the Auger peak,  and

either photon ,or electron ,excltatlon,'can"be ‘used' to
B g,-~ “ LR . e .

° . BN o -

S leferent Types of Auggr Processes

<

Be51des the processes lllustrated in Flgure I-1 some

'otﬁer;tran51tlons,bw1th usually low 1nten51ty, may-oceur

‘and’ ‘appear in the , normal“ Auger' , spectrun. When . an
initial -vacancy created without additional excitation is
filled by an BAuger transition, the process is referred to

as normal or diagram Auger. However, as we have seen in
the photoionization case, there is a:*finite probability
! . Pl : on Ser . .

- eay

for the occurrence of ‘an  excitatidn, or “ionizatiodn,

“si-hake—up'"8 or “shake—off",g'lo accompanying the initial

phot01onlzatlon. The ‘hon—radiative readjustment to a

state formed by the shake up process usually results in

7

high energy satellite;linés, whereas , readjustments to

shake off result irf the formation of low energy satellite

Apger electrons.? ST

Additional highienergy satellitevpeaks can. occur as

12 An

the ;resultv of an® autoionization ‘process. R
: Wi

autoionization state is formed by the resonance absprption

v
"

Coaxg
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of a‘phOton which places an innerfshe;l'eléctron'into an

- yrioc¢upied molecular orbital.. Decay of. an, autoionization

state by ‘a non-radiative transition in which the initial-

7/

core vacancy becomes filled by an atomic electron, and the

‘electron - in°*a “bound dutetr “Srbital becomes expelled,

‘results in Bigh " energy Augéf _satellite ’ electrons. . 1f

. . . . AW
photon excitation 1s used, the energy of the radiation

must match the energy of the . electronic transition. In

the case -of electton~excitatibn during the collision of
‘the electron beam . with the molecule the -high .energy-

electrons impart to the system only the.energy necesséry

for the transition. “'Thgpefore autoionization processes

‘are observed more often with electron excitation.

Additional low energy satellites can be. due to the so-
; ' : g

v win ¢ - <o

. 20

" called double Auger process,?” consisting in’the ejection ="'~

i

of an additional electron accompanying the emission of the

Auger electrons. These processes however are difficult to.

resolve because they appear. as a continuous (distribution
- . . ¢ s -

of ‘energy below the normal Auger lines.’

The charge on the resulting ion following the Auger

transition is characteristic of the different processes:

normal processes produce ions with. charge of +2; high

\
’ .

‘energy satellite proceéses produce ions with charge of +1

from .autoionization. and charge of +2 from "shake—upﬁ



.

- ‘an ~ - -

R I

¢ . @

processes; low energy satellite processes produce ilons
. . . o _' - P .

with charge of +3 from "shake-off" and from double Auger

transitions.

®

‘D. Purpose of the Work

. N " .
‘The main aim of the work described in this thesis
was to obtain information .on chemical properties of

molecules through the .analysis of their Auger spectra.

R L -

e e C e BRI . Lo , .
dependence” of  the Auger energy on the so-called M"final
‘state effect" which 1is associated with a relaxation.

process suffered by the molggule when it loses two

electrons. Thisz'effectf?caﬁ£75é05évaluated4jfrom‘ the
e e e . - «\:._";' R, v > J,-.",a W o A ...‘,..-,.._ o, ;h» v e e a e P
experimental binding -energy and ~Auger energy s8hiftss. -.c .= o

‘Cha?ter IV and VI describe the Auger spectra

involving only inner shells of ‘Germahiunl and Tin. -atoms

" In".Chapter. III it is shown .that there is. .a  large .

25

S

respectively, in different chemical environmént. -Andlysis’

of intehsity'énd energy 'is based on an atomic medel.
The effect of ‘the excitation energy near the

ionization .energyvlthfeshold of the Ge -291/2 .orbital dn

Germanium' LjM, 3M4 5% and ' LpMy sMy § Auger Spectra . is’

"described in Chapter'v. Mg Kaj o, radiation was used to
study threshold effects” and thé spectra excited by this

. radiation‘wgre;compared to those 'excited by AlKg) 5 which

!

/

/

N

-

e
S
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péoéiéééf5:§h6£on“§52}§y wellmiﬁ excéss of the threshold -
L uon:n.:?‘.’atZUOI‘{..POtentlal.—:'"‘-:'l-‘:.}_:‘~ o - ':Jf””” ?ilﬁﬁ‘u;'fisia "
R IR IR A S B R R L
4Auger trsqsltlggs from small molecules ,,l,l
1 . lg‘ tﬁe ;yaleése ﬁ“ .

ln Chapter—VII

_,::’;]\».
. B
e .-—7.

o in which .the flnal state has two holes
}h;thAS‘case‘themenéxgylas uell

-

very much on‘ the' molecular

orbltals are dlscussed.
debend

‘intensities

s

P

i

- -as the
env1ronment and a theoretlcal estlmate of both 1s based on

&>moleCUlar'Qrbital model .
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A

.?&céﬁerson
',phot01onlzatlon,
'Ean electron detector.v
”acgulsltloc“”were ‘
8.

vacuum requlred for ‘the experlment.a

analyzer. through .a
'Aelectrons

Aenergles by the electrlc field applied to the

E}ectron Spectrometer faifﬂf:ffexﬁf'jjf:‘j%ffu

,,,,,,,

=1Theielectron<spectereter used for thls work was a

ESCA 36 iof ah X ray sourcer

&, seannlng electron energy analyzer,‘

conslstlng

e

1mplemented tw ‘a small - computer:(PDP-

A turbomolecular puniping . 'system gave an .oil free

In Flgure I1-1 are

"1llustrated the maln components of the instrument.

<.

' The electron energy.analyzer (scannlng monochromator)
. e

'”tonsrste& of“two eecthns of concentrlc spheres hav1ng a

ry PO . B e e

[ - s

mean radius of 36 cm, and a gap spacxng ot 80 mm .

electrons produced in the target chamber entered the

.slit. ”Ineide\Bthe analyzer, the
were séparated'.according_'to’ their  kinetic

P

séhéres.

" The electrons reached the detector through a second Sllt

-

located at, 180° from the'flrst, where they were “then

- A - N . ‘ Tt e -

for o
ahd’

The spectrometer control and data

" 'The

o
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) .counted >f’fﬁef electron detector ‘'was. a single channel

R e ';”":"

".electron multlpller mounted on. a carrlage behlnd the exit

S

'_s;it.. Itrcould<ach1eve a gain'of 107.' The detector and

“the ekit’siit‘COuld;be moved along the electron.optlcal

L A Y - 4,,..,

path for focu51ng purposes The entranCe and exit’ sllta

“onrow

deflned the resolutlon of the spectrometer- together.w1th-

y ”‘”?J.-

a palr of adjustable baffles that permltted the selectlon

~ - - ‘-\ >
- e w N

29

of 1nstrumental resolutloﬁ at any tlme durlng lnstrument«»

L [ A

.QRQrQQ¥9Q;W The resolutlon of ‘the spectrometer was energy

-

S <

of 0.02% of the analyzing-energy) For example at iOO’eV,

“+the .smalleSt‘ interval of energy that could be

distinguished waé 0.02 eV; at 1000 eV this energy was 0.2

eV. While traveling in the_ region between the

electrostatic .spheres, the - electrons moved through a
. . . . . e

magnetic field free space (<2 «x 10™% Gauss). . To obtain

-

‘this field free space, the earth's' and stray magnetle

e

w7
¥

fields were caneellediby'two mu-metal eﬁields. The inner

_shield was inside the vacuum and enclosed the spheres. A

-

second shield.Was‘mouqted externally to -the vacuum.tank..
An instrument constant in the computer prdgram
related the desired electron kinetic energy value .to the

proper voltage on the spheres automatically. Scanning was

-2

'depehdeﬁﬁf‘.Thev36 cm'spheres,could,ach;eve.amresolution““

aghieved by digitally stepping the power supply through
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the desired energy range and in the required voltage steps

within'tﬁefpower éupply_resolhtion.‘

.

B. Excitation Sources . - . : s

- '~ The excitation sources used were either an X-ray tube:- ' -’

“or a high current electron gun. ' . S

-~

S k;rawaube‘ Sl ?“’ ST : d

The ).{Qréy ‘tube consisted of a catbodewhlchwas a
thorfated;tungsteh filaméntlét é négative potential'ana‘a
water cogledpapode at. a -ppsitive potentiai,'surrounded by
a éhiela held at ground pppential.¢'ThefCo§per anode was
capped with véhé ‘mééai required tb produce the desired
fadiation. The X-rays entered the sample cell through a
0.003 mm Aluminum winé;a. This window removed the low
‘egergy BfeﬁﬁSstrahluég/f%om the X-ray bVPeam and also 3ept_
the gaé samplg_away'from the”X—ray'rééibﬁ.’ %hé»radiations

.-

used in this work were, Al Kaj - (1486.6 ev), 2! Mg Kal;zl
(12.53,64)22 ana AgLa14(2984.34 eV).23 ‘Inrall cases the X—.‘
»;gayVsourcé.wag»operafed'atma ﬁaﬁéf of abpfoximately 300-
406 Wattsigiven‘by a potential difference of 10 kV between’

the cathode and anode, and by a filament emission current

of 30-40 millamperes.



2. Electron Gun . : , _ Co S L.

The electrén gun :is shown in Figure 11-2. It was

constructed bY In; J. Vayrynen Huring his'stay’in'this

laboratory v The main- structure of the gun consisted of a

1 »

.tungsten f11ament-0.l5 mm 1n‘d1ameter, modelled'onAa hair

pin or simple spiral“tip formﬂfandza cylinder electrically

31

connected to the fllament by a re51stence of 100 kQ~andh‘.

-
*

whlch was then maintained at a negatlve potentlal with
respect’ to theb.filament; Thls, potentlal  différence

- partlally' focussed the charge cloud ~em1tted froml,the*

filament into the anode hole A three element electron
. . . Va

lens focussed the beam so as to relay the max1mum electron
- beam " to the target;‘reglon. The voltage of the middle

element was varied in order to maximize the beam current,

whereas the other two elements were held at‘ground;n The

power supply for the fllament of the electron gun was HV-

isolated and stablllzed to give a constant current through
. &

‘the fllament Typlcal voltage and current values across
the filament’Were 3V and 3 A respectiuely.‘ The maximum

beam current of the gun was approximately 2 mA by the

accelerating voltage of about 2.5 kV.

3. Sample Handling
All the samples -were obtained from commercial

sources. The liquide were first degassed in vacuum by a
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fad

ffeéée—thaw " technique. The samples (except solid GeO,)

-were- studied in the vapor phase at ,a constant pressure

durihg' a,igiveh - run. The gas pressures in the target’

~

chamber were approx1mate1y 150 200 micron 1n the case of

.

“5Xfray“exc1tatlon, much lower (about 1 u) in the case of

electron gun exc1tat10n. The pressure inside the analyzer

‘was . approx1mate1y‘ 10 -2 ps  ~ The éample pressure was

monitored by a MKS Baratron Pressure gauge.

4. Energy Calibration

The kinetic energy of the electron was <calculated

from the equation

-
Tale

KE

where AV is the potential difference between the analyzer
spheres and k is the experimentally determined instrdment
. P B ) ~ ’

constant. In order to compensate for any poessible

variations ,with time in the measured energies (due. to

alteration of external fiflds, pressure differences,

charge differences, etc.) and for the non-linearity of the .

kinetic energy and potential difference relationship at

- high kinetic energy where relativistic effects are

noticeable, the spectral lines were calibrated 'with two

33
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_acéufately‘known rare Qaénliﬁeé.~ Ca;ibrat'ons weré doﬁe
on a hiiﬁufe of;sample ahd rare gas. Envglder to use Ar
2s as a‘reference'liﬁé; which is not a primary standard,
4it was calibrated with_.fespect to Néqu KL2'3L2’3(1D2)
Aﬁger:_iine _(80§.§57(17) eV' kinetic eneréy)24l and Argon
-,ijké (248.62(8) eV binding energy) <> photoélectpoﬁ
line. fhe - value ‘of 326.37(5) eV was .obtained, in

agreement with the  value given im literature.24ﬂ

‘L2M4'5M4,5§1G4) Auger'line yhich is not a priméry 5%5hd§Fd~

Kr

34

. was also accurately calibrated with ";eépect to Ne  ls .

“(870.312(17¥ eV binding energY)24 phogoéleétfon line and
Ne"KLZ 3L, 3(1D2) Auger 1ine§{ 3The yélde of 1513.73(10)
eV was obtgihed and used-sub%éqhenﬁly as reference line.

" The spectfa were recorded digitally and analyzed by

.meahs of a loéélly adapted Version of a least squares

_p:ogramm326uwhich fitted.the data to either a Lprentzién
o@‘ Gadséi&n .fﬁdction.- Count rates were cofrected for
tfansmiésion:of_the anal;zer by the function 1/E before
applying the fitting‘prdcgdure. ”

<



CHAPTER irt

;;i$7 %ﬁg" i” gl

EFFECT. OF CENTRAL ATOM ON TERMINAL CHLORINE KL2 3L2 3( 92)‘

.zw’
- . AUGER AND CORE IONIZATION ENERGIES o e
. X . «uu@ ’ -
A. Introduction - . . - « ?ﬁ)d}fV
. ‘ . . S |
In . this . chapger..'thkl experimental Chlorine

KL, 3L2,3(1D27 Auger energies;"ehd . ‘Chlorine 2p binding
energies ~in Chioromethenesff.o'ﬁluorOChloromefhanes,
Methylchloromethanes lend _in ~ Chlorosilanes and

Methylchlorosilanes are,discussed."’Binding energies and

'Auger energies . are compared  to eeVaIUAte ~ relative
. " - s . -
contributions of initial state effects addeiﬁinal state

SR x

effects in molecules wherein . the Qentral atom bondlng may

¢

invoLve ‘q’ orbltals. These effects, whlch‘areeexpressed

b the dlfferences i m. - tential “contribution AVv-and
Y P° :
¥ ¥

dlfferences in relaxatlon contrlbutlons AR ‘can be obtained

‘from the dlfferen;e of core photoelectron and Auge: energy
shifts.‘ The AV and AR terms obtalned from experlmental
“results _ere’ compared with the corﬁespdnding\fvalges
_obtained from potentlal models utlllZlng potentlals ffom
CNDO/2 calculatiogs.A:' R |
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'B. Experimental

’ All compounds: 'CCl,, CHCl;, CH,Cl,, CH3Cl, CFClg,

o

@F Cly, CF3Cl, CH3CClz, (CH3),CCly, (CH3)3CCl, SiCly,

SiHCly, SiHpClp, CH3SiCly, (CH3),8iCly, (CH3)3SiCl were
obtained from commercial sources; the Methane d;rivatives
from Aldrich, the Silane derivatives %rom Aldrich, Pierce
ahleeninsular Chem. Research. The puriﬁy of the sambles
varied froﬁ practicum grade (>95%) for SiHCl; to
purissimuh' grade  (»>99%) for the other compounds. ‘The
aifferent purity gradés of the liquids did no£ affect 'the
measurements of tﬁé respecgfﬁe vapors, since élean peaks
were recorded. The Auge; Lline Cl  KL2’3L213(1D2) was
rexcited by Ag Lq; radiation. (2984.34(2) ev)23  and
calibrated with,_réégéct to‘ the Ne .1s (870.312(17) ev
binding .enetgy)24 and . Ar 1ls (326.37(5) eV bindihg

)25

ehergy photoelectron lines. . The Cl 2s, Cl-2p, Si 2p

l1ines were excited by Mg'Kallz radiation (1253.64 ev)2l.
Cl 2s and Cl 2p lines were calibrated with respect to the

)25

Ar 2p3/) (248562(8) eV binding energy and Ar 2s

(326.37(5) eV .-binding energy)25 photoelectron lines, Si 2p
was calibrated with respect to the Kr 3p3/2 (214.55(15) eV
. binding énergy)25 and Kr 3d5/2 (93.80(10) eV binding
‘)25 . '

energy photoelectron lines.
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C. Théorx o - B

As 'describéd ih Chapter I, XPS yields directly
electron binding energies which \depend on . the chemicai
envirqnment." The difference between Atﬁé’ experimentally
determinea'binding energy.for‘a particu;ar electron }evel
in a‘given molecule and that for the same ievel in another
mo;ééule taken as referénce‘is called "chemical shift".
‘Binding energyfsﬁifts arise from changes in electrohié.and
'n;cleaf charge digtfibution betweeﬁ“one mglecular species
aﬂd aﬁbther: They are, therefore, closely related to
properties of chemical interest. ¢

 As>was deééribed by’equatién I-3 the elect;on binding
energy is eqhal tc the transition énefqy for a méleédlé
from' the initiél_staté A to the final stdﬁé Ak+ and it is
_given\by>the'd%fference betweén,thé total energy éf the
- initial bneutral state A and the final 'holé state Ak+'
Rather accurate. total énergies- are obtained by sélf
consistent field (SCF) calculations within. the Hartree-
Fock formalism?’ with different levels of approximation.
The binding energies éfe_ calculated as differences of
these total energies.  This is known as the AESCF

method. The rigorous evaluation of chémical shifts

involves four total energya'calculations, two for each
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molecular ‘species. - This -method can be quite time

consuming depending on the various levels of approximation

and sophistication used, such as ‘the extent-of the basis

set and inc¢lusion of configuration interaction. Also some

difficulty  arises in calculating'thé hole states because

they do not always satisfy the conditions required by the
variational principle. A quite drastic simplification to
this method is introduced by the "su@dén" approximation

wherein it 1is considered that the ionization process

occurs so© quickly that the remaining electrons in the.

molecule (passive electrons) do not have time to adjust to
- . v'._&, - .

)

the new situation with a core hole, and so they can be

rgpresented* by the same wavefunctions of .the ground

state. From this -assumption it fol;owé that the

‘ionization energy Eg of a kth-orbital is Jjust equal to the

orbital enefgy €y -

¢ .
Ep = E(AT) = E(A) = —g ITI-1
This result is XkXnown as Koopmans' theorem?® and it
involves only one calculation for each system. Koopmans'

energies, however, overestimate the experimental values

'especially for inner shells.



Hedin and Johansson®? formulated a correction that
relates’ the‘K00pmaqsf energies to the énergies obtained

from complete hole state calculations. 'This correction,

LY

‘which is. called the relaxation. energy, is obtained .by

evaluatiyg the expectation value of a "relaxation

potential" Vg:

Vg, = ¥ (Vi* = V.) S I1T-2
R .
i#k ) :

J J

plus exchange potentials due to the jth occupied orbital

in the kth state. Vs and V.* represent both the Coulomb

with a hole in - the kth orbital respectively. The

relaxation energy Egr(k) is:

-,

Eg(k) = % x|vg|x> | I11-3

where .<k|Vg|k> is given by a combination of Coulomb and

exchange integrals.29 The relaxed Dbinding energy

therefore becomes i

1 ‘ c
Eg = —ex ~ 3 k|Vglk> 1114

39

'in the initial neutral“state and in the final ionic state
: ; .
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Equation. III-4 still requires hole-state calculations in

order to evaluate Vj*, the poténtial due to the relaxed

jth passive orbitals, for each value Of‘j. To avoid thgsé

”'difficult calculations, the "equivalent ' cores

appfoximation"30'3l is introduced. The essence of this

approximation derives from .the realization that one

electron in an inner orbital will (almost completely)
shield an , outer electron from one unit of nuclear

charge. Thus an outer orbital in an atom of nuclear

charée Ze with a hole in an inner,ﬁsheil can be

approximated by the ‘cor%esponding outer orbitai in the
ground state of the next element of atomic numbergz;l.
All the hole state integrals for the element with atomic
number Z required in equation IiI—Zfare ggplaced by tﬁe”
corrgsponding ground—state iﬁtegrals of the elemént‘with
atomic number z+1ﬁ Good agreement between exéerimental

binding energies and calculated energies has been obtained

"with this  approach and the chemical shifts predicted from

differences in these binding energies agree with the
experiment to ~1 eV or better depending on the basis sets

used for the calculations. . The method discussed above,

‘however, even with the simplifying approximatiohs used is

still 'difficu}tg'and ~expensive espécially for 1large

molecules. ‘ .

40



By inferring the phySical,_originé Qf‘”éhe‘ chemical

'shifts, it has been possible to formulate an electrostatic

poténtial model which allows the calculation of the shifts .

directly -without need for. the total. enefgies of the

nedtral molecule and ion. 32

'blndlng energles are con51dered to be determlned by two

factors: the electrostatlc potentlal experlenced by the
core electron in the ground state before ionization’ and
which is often referred to as 1n1t1a1 state effec and
the ‘;elaxation poﬁential energy that arisés- from the
'redistribuﬁibn of th¢ elédtrpnic charge;dUring ionization
and ~which ié feferred to aé the "final state effeqt“

Consideratidh of -only the first factor leads to
pfOrmulation of a Ground—s£ate Potential Model (cpM).32 1f

both factors are considered, the Relaxation Potential
;

'

Model (RPM)3? is obtained.

Basch33 and Schwartz34 showed ;ﬁat the shiﬁté in the
ofbital energy of level i and in. its potentiai‘eneféy are
quite accurately related by |

f

pel = vt I11-5

where AV! includes interaction between the core electron i

under consideration and the valence electrons Q?nd

According to this.model the-
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interactiqnﬂbetween the cofe electron i with the nucleus
and core eleétfoné 5A>6tﬁ;r’at§ﬁs; " The core electrons on
o;her atoms¥ef§ectively scfeen an equa} amount of nutlear
'charée and ma§ be considered as shrunk into .their
respecti?e'nucléi. The interaction of the core electron i
with the nucleus and core electrons on oﬁher atoms may
consequently  be ‘considefed -as between poinf charges.
Basch33 also collapsed the cgre orbital of'ihterest into
the édfregponaing nucleus, redﬁcing in this way all the
two{glecthn integrals toypﬁe—electfon integrals over the
valence electrons. Then, instead of calculating the
‘potential energy shifts of the core eiettrbng#j?ccbrding
to TIII-5, shifts in the potential'energy at:the>n;éleus

AV created by the valence electrons of the atom of

n
interest treating the other atoms in the molecule as point

charges can be used

Ae* = AV I11-6

be evaluated from semiempirical calc

42
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CNbO35 which dp?s. 90%( use core orbitéls in the Dbasis
set. - When thgf “\rélaXatiQn potential ‘ energy
(equation IIifB) iswiincluded, the QSe‘AQf the equivalent
cores approximation30'31 gives tbe‘following expression
' | N
AEg = FAVD(Z) - AR ' I11-8

i
4

where AR is the relaxation energy shift relative to a

reference molecule. Using

<

ST

<

5 D 1
i : AR = LAV (z+1) - av(Z)] ' II1-9
e - dps T it E

IR
S

the'(RPM)~exppession:fg}'the chemical shift is

-

L e
P

';#3".‘ . ™, . - -
. . & 4 o ! w0 7
where AV, (Z) and AVn(Z+l) are the nuclear potentiZahy

calculated for the atoms of. nuciear charge 2
réspebtiyely. In CNDO, the equivalent C§§es approximati?n
is ing;oduced by replacing the ionized atom with an atom:
of the next hiéhéfvatqmic number (thus Argpﬁ.for Chlorine)
and.repeaéﬁng the calculations using the~same nmleculgr
geometry but increasing the net mdlechléf charge by oﬁg

~unit to equate the number of electrons in the two species



[y

“(z and  z+l) - and- to preserve the closed shell

-~ o~ s

configuration.. .The Relaxation Pdtential -Model requires

" two calculatiéns, one for the Z atom and one. for the Z+1

atom in the molecule. k

The Transition Potential_‘Model (TP&)36 hés been
suggesﬁed as a method of evaluating shifts'ahdﬁ if only
shift predictions. are needed, only one calculétion per
molecule is required. In this apptoach the ioniied aton
in the molecule is replaced by a pseudo-atom of effective
charge. 2Z* = Z+,% witﬁ the assumptioh of a linearity
between chgrges and poten@ials. The paramgteré used for

this atom in semiempirical calculations are interpolated
* . <

-between those’ 'appropriate to the Z and 2Z+1 -atoms, so

equation III-8 becomes
AEg = -AV,(Z%) ' II1-11

" Expressions analogéus to equations ' I11I-7, III-9,

III-iO may be derived for Auger electron energy shift.37

AEp, = AVnEZ+l) - | (GPM) I11-12
S ' N ]
AEp, = 3Lav,(zZ+1) + AVn(Z%%)] (RPM) I11-13

AEp, = aV,(Z+3/2) - (TPM) 1I1-14

°
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These expressions allow the estimation of the Augér shifts
froﬁ potehtiais baﬁ the nucleus obtained from CNDO
éalculations. However for Chlorine in parﬁiculéf RPM and
TﬁM models reqqiré calculations on a Z+2 and Z+3/2 atoms
which ﬁ;re ,_be&oqd Argon and for which ‘the CNDO
parameterization is not available.

The Auger shifts involving core levels can be
expressed38 as a function'bf‘the;potential and,rélaxation

terms 'analogbhs to those ’used for the photoelectron

shifts. From equation I-23 and from equation III-8 the

&

1

ﬂﬁéllowing-fexpression for the Auger energy ' shift is

ohtained
AEpyqg = 8V(Y) - AR(Y) + AR(YZ) y 111—1’5'

)
assuming. that the potential shift at the nucleus 1is the

same for any core electron regardless of .whether a K or L

shell electron is involved. AR(Y) and AR(YZ) “are the
changes in relaxation :énergy which consists of a
readjustment of the electronic charge accompanying the
creation of a singlé hole and a double hole respectively.

The readjustment of electrons from the same atom

which undergoes the process (intraatomic relaxation)32 is

2
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“Qb

energy of the outgoing elgctron.

AN

L -~

assumed- to be almost constant ‘from one nolecule to the

other. So the contribution from these electrons to . the

relaxation energy changes is zero. AR(Y) and AR(YZ) "in

equation III-15 are due to contributioné from all the

other atoms in the molecule and - they are called

it

. extraatomic relaxation energies.39, This kind . of

o L :
relaxation consists in the ‘polarization of the electron
3 L
@

40

clouds on adjacent atoms which increasgﬁifthe‘ kinetic

o

40 ° prom the classical

electrostatic treatment of the polarization energy of an

ion in a dielectric solid it arises that the extraatomic

)
1

relaxation is propoftional to the square of the -ion
charge.4l

In the case of phbtbiohization the charge of the ion

/is- +1; in the case of the Auger process the charge is +2

and therefore the AR(YZ) in equation III-15 differs by a

tu tor of four from tHe relaxation AR(Y).

%

AEn, = AV(Y) - AR(Y) + 4aAR(Y) . 1rT-le

AEp, = AV(Y) + 3AR(Y) II1-17

Combining eguation II1-8 and equation III-17: the relation

between photoelectron and Auger enefgy shifts is obtained



AEAu +'AEB = 2AR(Y) . I111-18

Y

- The relationship, given by equation III—iS, between the.

Auger shift E and ' the binding energy AER has\»been

defined as the Auged parameter, Aq.2%? ’

2AR = pa. . II1-19
Using equations III-8 and I1I1I-17 it is possible then to
calculate the effect'ofﬁthe initial state potential AV and
of the final 'state retaxation AR if the binding energy

shifts and Auger enerygy shifts are measured.

D.- Results and Discussion

In Table III-1 are listed the experimental Chlorine
‘ W '

2p3 /9 Ch}orine 2s, Carbon 1s photoelectfon energies, and
the Chlorine KL2’3L2’3(1DQ) Auger energiés.in a series ofp
Carbqn based molecules. ;n Table II1I-2 are reported the
’corrésponding values'fgr analoésus Silicon compounds. The
Cl 2p3/5 binding-eneréy aﬁd Cc1 KL2'3L2'3(1D2) Auger energy
shifts in the two series of compounds relative to CCl, 'and

'S8iCl,; are given in Table III-3 and - Table, II1I-4
Mo
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Table III-1. - C1 2p3/2, Cl 2s, C ls Binding Energies and Cl
KL2’3L2'3(1D2) Auger'kinetic Enefgiee for

Methane Series?

‘ )
_Compound " nél 2p3/2t Cl'ée.' éi KbL(lDz)‘-C.ls
(ev)  (ev) Lev) (eV)
cc1y, 207.09  277.98  2374.45  296.35
HCCly 206.96  277.85 2374.29  295.24
H,CCly - 206.76 277.61  2373.88 293,01 N
HicCl  206.30  277.20  2373.45 1292.46
CH3CCl, 206.60 277.52 . 2374.75" '295f055 291.71°€
_(CHz),cCly  206.15 1 276.96  2375.02 293.6é? 291.29°
“(CH3)zcCl  205.47 276.27 2375.51 201.15
FCCl, 207.23 278,21  2373.87 = 297.58 - |
 FpCCly . 207.68  278.51  2373.17 298.91
. FacCl 207.83  278.80  2372.25 . 300.35

0

a. The values are the _averages of at least three
measurements. The max1mum dev1atlon 1s 0.05 eV

" p, C 1s binding energy of the tentral Carbon atom.

el C is blndlng energy of the Methyl Carbon atom,.

o b



Table III-2. Cl 2pj/,, Cl 2s, si 2p Bindin. Energies and

Cl KLL(lDz) AugerLKiﬁetiC Energieslfof’silane

'Sériesa
‘Q..

LA

Compound ,v’ci 2p3/2v cl 2s :j‘Ql KLLle2) si 2p
' (ev) - {eV) C (ev) " (ev)
sich, - - 206.84 2?7.82 ~ 2373.68 ~110.11
Hsic13 | 206.60  277.54 g373.6§ ' 109.33
HysiCl,  206.44  277.26  2373.60 ' 108.52
| A_ ,
| Cig8icCly  206.17  277.03° 2374.10 108.91

(CH4),SiCl, 205.56  276.61 2374.48 107.82
(ch3)48iC1  205.27 276;20». 2374.95° .106.82

a. The values are the averages of at least threee

measurements. : The maximum deviation is 0.05 eV.



Table III-3.

Cl'2p3/2 Binding Energ

AN

y Shifts. and Cl

50

KL2’3L2'3(1D2) Auger Energy Shifts Calculated

Relative to CCl, (AE = E

compd

- Ecc14)'

Combodnd

%

AEcy 2p3/é  AEcy kuL(lp,)
(ev) (ev)
cCly 0.0 0.0
HCC1j -0.13 { -0.16
R,CC1, -0.33. -0.57 ¢
HycCl -0.79 ~1.00
CH5CCly -0.49 0.30
(CH4)5cCly ~6f94 0.57
(cH3)5cCl -1.62 -1.06
- Fecly 0.14 -0.58

F,CCl, 0.59 ~1.28
P3CCL . 0.74 -2.20

<

&



Table III-4. Cl 2p3/2 Binding énefgy Shifts and Cl

KL2'3L2'3(1D2) Auge; Energy Shifts Calculated

Comgopnd - AECl,2p3/2 AE- KLL(lDz)
(ev) < (ev)

Sicl, - | 0.0. 0.0
HSiCly -0.24 -0.06
H,SiCl, | -0.40 -0.08
CHyS8iCly ~0.67 0.42
(CH3),Sicl, /’—1.28 0.80
(CHg)3Sicl ' -1.58 1.27
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respectively.  Some. of the phdtoelectron and Auger:

.energies listed in Table I1I-1 had beén reported by other

workers;43'44rthe values obtained in this work are in good
agreement with literature ‘Values with the exceptioh of
) o = _ .

’ ot 1 ) . .
§ome'.of= the C1 KL2!3L2'3( D,) Auger‘ energies which are
about 1.2 eV smaller than those reported by Aitken et

a1.43ﬁ;This discrepancy may be due to the use of different

calibration proéeduréq. Two;talibrantflines,both on the

H

low kingtic energy side of the unknown line were used in
the previous - study whereas - in this work -two peaks

bracketing the unknown line were used..

All the values reported are the averages of at least

Peak positions were determined by a least squares fit

26 Chloriné 2p

curve of a Gaussian lineshape to the data.
was fitted with two Gaussians separated by the spin-orbit

splitting of 1.8 eV. The spin-orbit splitting of the

Silicon ?2p level was not resolved. The Silicon

a

52

three measurements. The maximum deviation was 0,05 eV. ..

2py /2-2P3 /2 energy difference has been r?POftédtlﬁ?‘ be

about 0.6 ev.4> Howéver, it was not possible to fit two

Gaussian compohents /éeparated by this amount to the

experimental peak because of convergence problems so the'

>

Si 2p lines were fitted with a,sihéle Gaussian of greater

full width at half maximum (FWHM). Presuming, as seems



o

reasonable, that the spin-orbit splitting is essentiaily a

'
v

constant,. this procedure‘Will not affect shift wvalues.
.From Téﬁigé III-1 and III-2 it can be seen that the
energies do nb? change drastically from one compound to
the éther. | Ho&evef there are somé definite trends in
agreemgnt-with chBmical environment consideration.
Plots of ‘the experimental Chléfi;e 2p3 /3 ﬁyfnaing
energy shifts - _vergﬁs thé4 experimentél'.géhlorine
KL2’3L2’3(1D2)"Auger shifts - for Carbdn compounds and

Silicon compounds are shown in Figures, III-1 and III-2,

respectively. The sign ofu ‘the Auger shifts has .been’

~

changed because the binding énergy axis and the kinetic

energy axis, which are used for the Auger energies, have

opposite directions. In both series of compounds the.

points lie on different lines

4

change with the environmentﬁof the Chlorine and none of

.them is unity which would correspond to equal absqglute

value of the shifts. For the Methyl substituted compounds °

4in the Carbon and Silicon series, the Auger -shifts are

.stmaller than the photoelecﬁron shifts ~ whereas the

Chlorofluorocarbons have much larger ‘Auger shifts as
compared to the photoelectron shifts. For the
Hydrocdrbons in both. series, . the shifts of the binding

energies are 1in opposite direction with respect to the

- ?he slopes of these lines:

53



. 54

. : _ . .mw>ﬂum>ﬂhmv SUeBY3ISW 303 ~Qmm< ‘s331Tys Abasus mc¢U:HQ

2/€4 , ST . ny ‘T e
:_N 1D snsxaa mnu S33Tys Abasus 1abny Amaﬂvm_mqm ¢I 10 Tejusutisdxa *T-III 2anbtg
) . Q A
A8/(dxa)deqy
G0 00  G0— Ot= Gl—
' T T : T !
, 100%CHO) 04 " | — -
£100fHD 2109%(E
‘ 109¢(*HD)

. . . _

4100

: m

X

-

~

) ..Mq ﬂxu

10k 5

<

@

<

10¢ .

100°4




N

n . : ' *SSAT3IRATIOP mcMAHm I03 ;QNm< ‘s3ztys Abisus DCAﬁﬁﬁn

=

N\m&N 1o snsisa (T oo. 4s337ys Abasus Iebny ANQHVM.NAMANAx 10 Te3uswrIadxy *7-III sanbrd

A8/(dxe)deqy - ~
00 S0- Ol— Si— 0Oc¢-
T T i

1DISE(EHD)
(]

-0 L— |

>

o m

. i 2101S%EHD) a
le'og— ®

G0 2

0. O

EIDISEHD <

™

<
PIoIS P o

00

- E10ISH




shifts in Auger energies. Differences in magnitude of'%he
Auger, energy s%ifts and binding energy shifﬁs have
wprev1ously been observed?® for Si 2p and Si KL2 3L2 3 in
dlfferent serles of compounds. Also in that case the

N

Methylchlorosilanes (CH3), SiCl,_, gave smaller Si KLL

Auger shifts than Si 2p binding-eneréy shifts. For the

L}
molecules 1lying ‘on the same 1line in- Figures III-1 and

III-2 it can be assumed that

AEp, = -k AEg I11-20 "

where the constant k, given by the slope, takes different .

values dependlng on the groups present .in the molecules

Al

From Tables III-3 and III-4 it can be seen that the Auger

‘shlfts in the HxSlCl4—x series are small compared to the.:-

corresponding series in Carbon compounds .

The varioes potential models were used to calculete
Chlorine 2p bindingwehergy shiﬁfs.‘ The potentials at’tﬁe
nucleus have been obteined from CNDO/Z} semi-empirical
caiculations, using the original parameterization .of Pople
et al.3% with the exception of Cl for which revised
' 47

(I+A)/2 parameters were used. Calculations have - been

! : ‘

performed with and without inclusion of d orbitals in the

basis set. Values of Chlorine 2pj/2 binding energy



shifts, AE2P,7ca1culated using GPM potential differences

according to equation III-7 from CNDO/2 calculations

-

without 4d orbitals in the Dbasis set are plotted against

the corresponding experimental values in Figures III-3 and

I111-4" for Carbon and Silicon compounds, respectively.. If
the model'reproduced‘the experimental results, a linear .

plot with slope of un{ty would be expecfed. The lines in

the figures have been calculated by 1eést sqﬁarés anAIyéis
and the parameters of the fit are given in Table III-5.
Deviations ‘from ideality are observed An all cases. "  All
the points corresponding to molecules with the same Kind

of chemical environment follow one line;characterized by a

unique leée which is determined by the Xkind of

substituents 1in the molecules. The negative and small

value of the slope obtained for the 1iné correlating

‘Chlorofluorocarbons FXCC14_* vis quite peculiar. The

Relaxation Potential Model w¢s also applied for  these

compounds. - The Chlorine 2p /2 binding energy shifts,

calculated using RPM potential differences according to

equation III-10 and without 4 orbitals in the basis set

for CNDO /2 calcylations, are plotted against the

corresponding experimental values in Figures III-5 and

I11-6 for_Carbon'and‘éilicon compounds, respectively. The

57

parameters of the least squares fit are given in Table

.



*sTe3TqIo p jnoy3tm sTet3zuszod ebreyo 3utod z/OAND BUTSN (WdD) TIPOW T[BT3US304 PuUNOIH

8Yy3 wOoIJ pauTe3qo 8I9M SIFTYS paje[ndred *SOATIRATISP SUBRYIONW uow s33Tys Abasus burpurq
, d
¢y

N\mmm 10 .AaxmvaNM¢ \ﬂmw:wEHummxw sns18a ¢ (WdD) y ‘pe3zernoleo jo 30T1d .M|HWH 2anbTd

. - A9/(dxe)d23y
G0 00 | m.“OI O.r,l. ~ m_._.l 0'E—
S _ T 100%HD)
102— b .

m
N
o
0)
g
~
®
g <

2100% a 100
P - Biood : .




ey . . -

s o A

: - . s . .
. *STE3}TqIO P 3INOYITA sTetauazod abxeyo 3urod Z /OaND m:ﬂmsAAzmwvxamvoz Ter3ua3od punoid

K}

w:u woXJ PpauTe3lqo 8I8M S3IFTYS PIIBTNATED ‘saaT3eATIOp BUBTTS 103 s33Tys Abasua HbuTpurq

2/€q; 1o ¢ (dxe)9Cay ‘Teiusutiedxe snsiLA + (nao) $¢ay ‘peaernoTed 3o 30T4 p-III 2InbTd

/

y A8/(dxe)deavy
00 go— OL— G- 02— v
; ; 1 T T
| | - loz-
> 121SSEHO) .
le'1— D
gi- b
N
1R
0
\ {o'1— ©
/- Z
€10ISEHD //\
a®
_ <
160~
14
1018 loo ,




¥ rable III-5. Parameters from Least-Squares Fit

a.

b.

Figures III-3 and III-4 (GPM) -

of Data in

Compound?® - Slope Intercept Corr.
K .
(CH'3)xcc14_X . 1.76 -0.04 1.00
H,CCly_y 2.24 -0.13 0.98
FXCGl4_X ' -0.28 0.08 0.75
(CH3)xSiCl,_, = 1.12° 0.02: 1.00
HSiCla_y, . 0.43  -0.03 0.98
o
x = 0 to 4: H3SiCl is missing from the series.

Correlation factor of the fit. G

60
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{
. ’ -b,
III-6. - In this case all Carbon’ compounds correlate with

each other with a slope >1 and likewise all ‘Siliéon

Al

- compounds correlate but with a slope of approximately»

unity. Also the points relative to F,CClg_y series are

scattered- about the 1line 'with positive slqpé. " These
results ' show that the RPM approximation; which accounts
! : . . ra!

63

for that part of the chemical shift which is due to the

"relaxation of the molecule accompanying " the

phoéoionizatidn process, is a better.model than QPM. The
Transitioﬁ Potential Model,thidh is an alternate model
equivalen£ "to the RPM, was also applied‘ to Cl 2p3/2
"biﬁding energy shifts. Eqdation I1I-11 wés uSed.wittht d
‘orbitals included in phe. basis set 'of the CNDO/Z

calculations. ° The plots obtained 'from TPM potential

differences  are :showﬁ in Figures 11I1-7 and III-8 . for

N

1

Carbon and Silicon compounds respectively. As expected

the resdlts‘aré similar td-those obtained from the RPM.

[

The parameters of the least squares fit are given in Table’

- DR )

I1T-7. When the d orbitals were included in the basis set

' of the CNDO/2 ca}culatiohs,,within'the TPM approximatiOn,

\4_;"""/\

the results shown iﬁ Figures III-9 and ITI-10 fér Carbon

and Silicon compounds were oBtained reSpgétivéf§.~f No

relevant change is observed. for the Carbon series compared

to the results obtained without d orbitals. For the'

r ! B .
. /
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Table III-6. Parameters from Least- Squares.Fit of Data in -

Figures III-5 and III-6 (RPM)

Compbunda Slope . Intercept corr.d

L,CCl,_.P 1.31 0.02 0.94
x 4_x ,I . vo V . .

YsiCly_,© .~ 0.99  -0.06° 0.98

/

<:jqa.. x from O to 4; H35iCl 'is missing from the‘se{iesg
b. L =H, CHz, F. -
‘c. Y = H, CHj.

d. qurelaﬁion factor of the fit.

.
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Takle III-7. ' parameters from Least-Squares Fit of Data in

Figures III-7 and III-8 (TPM)

Compound? } Sibpé- intérCept corr.d
; b . . N ¢ . . : N

L,CCly y 1.36 0.11 0.94
. e . ‘

v,siclf .S  1.03 0.01 0.99

‘from 0 to 4; H3SiCl is missing‘from the series.

: Y T _
'b.. L ='H, CHg, F. o
c. Y =H, CHj.

"~ d. .Correlation factor of the fit. .

67
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¥

Silicon series two different linés, onée with a positive
slope for»the (CH3)xSiCl4_x sub-series. and a?fther with

negative .slope for the HySiCly_y sub—séfiés were

obtained. ' The parameters of the least squares fit.

a

relative to the TPM results with d orbitals included in
the CNDO/2  Dbasis \§et are giQen in Table I1I1-8. The
drastic change obtained for the,Siliéon series and shown
in Figﬁne‘ III-10 could Dbe dué " to an improper
parameterization fo; the Silicon a o;bitals.'

Returhing to ‘the queétion of possible d orbital

involvement in Silicon compounds that might have been

shown by this experiment, it can be concluded, from- the

" 70

fact that the RPM and TPM models applied to the chemical

shifts of Carbon and Silicon compoundé produced similar

‘results, that the effects which determine :the Chlorine

energy shifts are the same in Silicon and Carbon series.

and there is no evidence of "d orbital pa;ticipation" in
’Silictn bohding; ' |

| - Using 'eqUations ;III-8, ° II1-17 -and III-18 it is
~ possible tovestimatg the.magnitude of the relaxation and
"initial state potential effects difectly from experiﬁental
results and compa?e theni with the corresponding. values
obtéined from CNDO calculations accdrding lto equations

’

_III¥7-and II1I-9. The results are reported in Tables III-9



Table III-8. Parametérs from Least—Seuaies Fit of Data in

Figures IT1-9 and III-10 (TPM)

Al

Compound?®: Slope Intercept Corr.b
LyCCly_y 1.48 Q.08 0.94
(CH3),SiCly_4 - 0.31 -0.05 0.95
H,S51Cl _4 -2.05 -0.02 0.99

a. x = 0 to 4; HySiCl is

b. Correlation factor of

missing from the series.

the fit.

71



Table III-9. Relaxkation Energies—and Initial State
Potentials Derived from Experimentai Shifts

' \
and CNDO Potentials, Relative to CCl, (AR =

Rcompd_lRCCl4' AV = Vcompd—VCCl4)

AV (CNDO)

Compound ) BRexp AR(CNDO) MVexp
‘ (ev) (ev) (ev) - (ev)-
ccl, - 0.0 0.0 »_ o.o;s - 0.0
~ HCCl, T o4 ~0.34 ~ 0.28 0.44
HycC1, -0.45  -0.73 0.78 1.04.
H3éél ~0.89 —1(23 o 1.68 1. 81
" CH4CCly ©-0..09 -0.18 . - 0,58 0.85"
(CH3),CC1, “0.18  -0.31  1.12 1.86
(cH3)3CcCl | -0.28 -0.50 1.90 2.82
FCCly ~0.22 -0.68 , 0.08 -0.16
F,CCl, o -0.34 ~0.45 ~ -0.25 0.12
FyCCl ~ -0.73 - -0.93 . -0.01 0.11



and III-10. There are diécrééancié§ petween the
experimental. ‘and the calculated'values; However, except
for the Fluorine degzvatives, the trend in both series is
reproduced. In agreement with othef studies,43 the
relaxation within the series of compounds: H,CCl,_, and
"Hy8iCl,_, shows the effect of repiaciﬁg Chlorine by
Hydrogen. The high polgfizability ofAChlérine as. compared
to Hydrogen results in. a decrease in relaxation energy

from CCl, to CH3CI1 which is regular through the series.

Chloriné is more electronegative than Hydrogen, and so the
nggative electrostatic potential at the Chlorine nucleus

of interest increases in the H,CCl,_, series from CCly to

CH3Cl. The effect of replacing Chlorine with Fluorine is
shown by the series F,CCly_,- The relaxation energies

decrease with replacement of Chlorine by the less
{

polarizable Fluorine. There is, however, no definite

trend for AV, thus, as the small values observed for FCClj,

and\F3CCl suggest, exchanging Fluorine for Chlorine does

not have an -appreciable effect on the potential term.. A

similar result has been found by Smith and Thomas48 for a

series of Halogenated  Carboxylic acids '(CH2XCOOH)

o

substituted by Chlorine, Bromine and Fluorine.

73



Table III-10. Relaxatio? Energies and Initial State
'Potentials Derived from Experimental Shifts

and CNDO Potentials, Relative to siCl4 (AR =

N

, Rcomp"‘RSiClA" AV = Vcompd—VSiCl4)
Compound  BRegp AR(CNDO) AVgyn -+  AV(CNDO)
(ev) ° (ev) . (ev)’ (ev)
sicl, 0.0 ?uo - ‘0.0 0.0
HSicI, -0.15 “0.11 .39 . 0.39
HySiCl, . -0.24  -0.25  .0.64 ~0.91
. . . N 7
CHysiCly  -0.12 -0.02 . - 0.79 0.71
(CH3),8icl,  -0.24 . -0.06 | 1.52 1.33
(CH3)3S8iCl  -0.15 , -0.08 1.73 1.81
- %



W

CNDO calculations reveal also that the AV term for

these compeunds is small. The series (CHj)xCCl4_x and

(CH3)xSiCI4_i show that replaci Chlorine‘by CHj yields a

slight decrease in the relaxation energy.  The positive AV
terms .indicate that the éiectrostatic potential on
Chlorine increases on replacing the electron acéeptor

Chlorine by the electron donor Methyl.

A direct comparison between the-behavior of Silicon

and Carbon compounds i§ provided by the relaxation energy

75

shifts and the. potential .energy shifts for each Silicon .

<

compound relative _to the corresponding Carbon compound;

The results‘are given in Table III-11l. The negative sign
of the relaxation energy shifts means that the relaxation

energy decreases 'upon replacement of ‘the

2

the Silicon atom without other alterations to the

Carbon_étom by.

molecule. The positive potential teérms are in agreement

with the more electropositive nature of Silicon relative

.to Carbon. Silicon tends to donate more negative charge -

to Chlorine ihcreasing the potential at the Cl nucleus.
oo . Ve
Auger energy shifts can be estimated  from equation

I11-17 wusing AV and AR terms obtained from potential

differences given by CNDO/2'calculatidns. The results are

[}

listed in' the second'coiumn of Tables III-12 and 171—13

for. Carbon and Silicon compounds respectively.  The



 Table ITI-11.

'”?ff13Potent1al Shlfts Derlved from Experlmental}' |

—

o (er =

AV o= vy,

‘- . .
o N
RN . S l .
N N : S
. R SRS
. ‘. -
,'/, r o K ‘

Relaxatlon Energy Shlfts'and Inltial

."‘.

:Shlfts and CNDO Potentlals

, RL SlC14_x Lxcc}a_x

v

x51C14_ X L CCl4_x, L = H, CH3)

uCompbundf--f

g[_a(,‘

—~—

?éRexp ;,»:AR(cnpo)' AV AV(CNDO)

QXP

C(ev)y v te(ev)y (eV) (e

. *T¢r‘”f
’slc14

W Hle13

HpSiCl,

CH3SlCl3

:(CH3)281C121,"”

(CH3)3SLC1

“7-0.51 f“ -0.71: f k;. 0.76 - 0:80.
S0.30 0230 o062 0.6

:.~ -0 .54..' _’9.55 | - 0.97 o O"..66v

6.5  -0.37  1.15\_-  0.08

-0.38  -0.20 0.58  -0.20

)

"‘%0;51“v7{[“f0;4§%ﬁf7‘uijo;é7¥:'»~t~o;75\'~1"
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" Table III-12.

e

L e
.

Ve LT

77

Au er Ener Shlfts AE | (l )
ge 9Y cl KL2 3L2 3t P2l
.Calculated Accordlng to Equatlons III 17

(CNDO) and III -22 (Semlemplrlcal) and . :

:Experlmental Auger Energy Shlfts, Relatlve

Lo cCcl, S o SRR

}Qdﬁpodnd
O

e

By (CNDO)  aEyg (semiemp)  aEgyy(exp)

(ev) ev) (eV)

. CCl,

LIS

s HCCly

HyCCl,

 (CH3)CCly

(CH3)5CCLy

CFCCly
F2CCLy

F3CCl. »

0.0 0.0 0.0

;oise o -0.18 -0.16 -

-1.15 -0.59 &, F0.57

-1.88 S -1.20° . =1.00

“o.31 - 0.30

 ,§$§5 .;3

L 1.06

1.322 1.76

- -2.20 c1.28  -0.58

-1.23 0~ -lool ~1.28

22,68 7 ~2.28 22.20



- Compound

T

ﬁﬁfablé;iilflaff

) (CNDO) and III—22 (Semlemplrlcal) and

‘ O ' S |
Auger Energy Shlfts AECl KLz RPN Dz)

;qualculated Accordlng to: Equatlons III 17 _"; <‘

' : Exper1mental Auger Shlfts Relatlve to SlCl4)

e

© AEgpp(CNDO) -

(ev)

AEKLL(semiempf

(ev)

(ev)

" 8Egyy,(exp)

&~

}SiCl4.."

‘HSiCl,

HpBicl,

CH3SlCl3

(CH3)2slc1z}.

(CH3)3SlCl“

0.0 -

'0.06

n0416 ,'.'

; ?_O.Qz>

e

© 0.18

“e.0
' -0.06

~0.08

0. 42 3  : N

O 80 ;
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-~ T: cqumn. of the vsame rtables. fl As shown Sdn- th ‘\tables,f

dlfferences ex1st between the two {sets jﬁF 'values.;

& _wyf equatlon III 17 the Auger energy Shlft 1s expressgd»”"

qfunctron of ‘a potenb1a1 term AV(Y) and a relaxatlon term
. if 1

Ut

@f - AR(Y) assoc1ated w1ﬁh the formatlon of ‘a s1ngle core hole

pl

1n the level Y Bquatlon III 13 represents the Relaxatlon*'

'experlmental Auger energy Shlfts are 91Ven 1n the fOurtb ;},g

“m\\A Potentlal Model for the Auger ShlftS and can not be used'-~*

,.Q

' T"for Chlorlne because of ithe< 11m1tat10ns of the CNDOf' ,'

ﬁ'! parameterlzatlon.,‘ If equatlon III 17 1s subtracted from:“°“7u

W

,i'a.'\'-.‘

. ‘ equatlon III 20 is. Obtalned ‘5731_ Ihif5'

| AEAu‘i(vec';‘. ITI-13) = AEx,(eq. III-I7) = "¢

V- - ' . . -
w3 . .,

1p: T . S
E[Avﬁ(z+2)—AVn(z+1)] -—QEEAV(Z+1)-AV(Z)] = |

- .. . L . . ‘. . v . v . ; o . - -:\\\g . ‘ o .. L . . » . .
,‘J, - . ’ s ’ ."'\ .‘ .

T’he second term-ln brackets :LS AR whlch represents the

o0 L relaxatlon energy shlft assoc1ated w1th the formatlon of \a

h;.SLngle ‘core holef The fxrst-term 1n-brackets, “which is
. B . .

v:, .

~indlcated-as-AR*i represents - the relaxatlon energy shlft_-

kR

K assoc1ated w1th the formatlon of a double core hole from a

e




charge

“andaﬁﬁherefore

he & erlmentaIEAuger parameter Aa, defined 1n eqﬁatlon
&

C -

1f 1n equatlon III 18 thev relaxaglon

MIIhOle"AR*' Yleldlnglgﬁm'iV'c.fi,;ﬂ
. . T S
o SEaatam s R am
;, . ) } » R ) \ ) . ','»,’!:" ,_. B § " e | ~,‘a.
X "‘écmbinihg ‘eQUagfdhg III 8 'and]vf ; 1f¢116wiﬁgk~r,I
/ equatlon is obtalned o "" R

AEAu = AV + AR + 2AR*‘

‘ e e 4 : S L
]It waé not p0551b1e to compute potentlals for the nuclearj-

af
.

{ charge cf *Z+2a_ therefore AR*')was obtamned- frdm fﬁhéxﬁﬂ;l
experlmental energy Shlfts accordln to equatlon III 21 o
E - Lo
,and vaIues: wa AV and AR were é@talned from CNDQ/Zvu“:f

Y'calcuIaticns?A In order to dlstln@txvely laber these new.f“

-”calculafichs;, the attrlbutlon semlemplrlcal" has beenf

N



e

The results are shown 1n the
.u; . : ‘ o

‘HLlII 12 and III 13 In both serles-f

1

_ of compounds, a better agreement between exper1m_enta1~

7.

o

o

lcorréctlon,_ The.dlscrepanCLes,for the H, 81C14 -x may ‘be

)

.] I

L : | A

'for these 'compounds as, compared to " the

, . FE]

*H cc14_

apprec1able d dlfference N between 5 Carbon f'59a Slllcona

derlvailves. uHoweVer, 1f-¢he small relaxatlon for 5111con_€

v
compounds, 'whlch determlnes the magnltude of the Auger

o

Shlfts, was due to a pmrt1c1patlon of the d orbltals of

. Slllconlln a- (p+d)n bondlng w1th the Chlorlne, thls;WOuld.

f{lncrease from SlCl4 to HbSlClz and would haVe decreased

Y

[

‘l(

the capablllty of theﬁ Chloane and SlliCOH charge to"

( .

relax. The calculated values of AR should therefore have

been less negatlve than"the experlmental ones because thef'

e e}

e

model that was. used ‘dannot accommodate thls effect~ on-",

-

)

the other hand con51der1ng the way AR - is calculated as -

due to the very small experlmental shlfts whrsh\ confer_

“f(Tables III 3 End III-4) seenr “to be zthe onlgé‘

shlfts;fyfnd}f calculated shlfts “results from Ffthism'“'

arger ,prqportlonate- experlmental errors., 'uThe-ssmalierd' o
\\gerxﬁshlfts

dlfference of potentlal terms, 1t ‘IS poss1b1e that a -

. ﬂ

-a

fortULtus cancellatlon -of errors arose to yleld relaxatlon

terms COmparable w1th the experlmental ones., ,oo La

\ .
\ .

s
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The appllcatlon of the Relaxatlon Potentlal Model and“sev

e

2

i substltuted Chloromethanes and ChLor051lanes gives betterﬁ

LY

hresults than the'ground state GPM scheme. The 1nclusxonf

‘of 4 orbltals 1n the CNDO calculatlons dld not alter the’

\.,v .

'-correlatlon Sin the Methane .serles but the acorrelatlon‘

r

7 T L.

»?

'ftbetween calculafhd predlctlons and experrmental resulz;a

“fﬁfor the Sllane serles - was poorer, pIOb%bly sdue’ to’

'fl(, B o

I;nadequate parameterlzatlon for the_ d' orbltals-\,f?NO

’ev1dence of d orﬁltal part1c1pat10n in Slllcon bondlng lS’.

A 7‘*
_;hOWn from th e results., The relaxatlon of the molecule
. . LN . [ 'O ,M.

faccompanylng the phot01onlzat10n 1s dlffsrené“ from thef

R

‘H

relaxatlon acCompanYlng the Auger ﬁrocess, and dependlng\

.

) ﬂfrelaxatlon affects dlfferently Ehe %Potoelectron and Auger;'

1 SR
nx\

“‘_EIectron energles. - A better ‘estlmatlon 'of the Auger'

\ ) .

7{ hlfts 1s obtalned 1f the relaxatlon a550c1ated w1th the'

;

v

.

formatlon of a 51ngle core hole from the ground state.:

) o ’) - ».
5 Cue N
S . a0y 4
L. Y o v
* SN
- . . oLl
. =N - »
- . L K Lol
b : W : ..
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7@Tran51tloﬁ'¥otent1al Model to the Cl 2p chem1cal shlfts 1nf73.'ﬁ

“‘on . the klnd of substltuents 1A the _compound , thert S

;thormatlon of ‘a double core holé from a slngle Core hOle 155*

""consldered 1nstead of ‘the" rel@ma‘n assoc:.ated with the"__'"
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wT 'GERM&NIUM Lz 3M4 5M4 5, AND L2 3M2 3M4 5 AUGER SPECTRA
B K O GERMANIUM COMPOUNDS

. B B . s ey . .
- . o [ - P ' ¢
. ) wl. o - ' J.4 . 5 ¥
&t

T - L ‘ Tl e
A, -"Introdugtion - = - PRS- A S _
PR I SR SR i : L
R e e T = ' n
_ . To analyze the 1nfluehce of the\chemlcal env1ronment
i . .4 "A._’,h ..A,‘)- ‘.
’ : dﬁ? 1nner"shell %Auger*'spectra,._Ge‘ L2 3M2 3M4 g and,

NET . . 5 -

L2 3M4 5M4 5 spectra haVe been measured in a Varlety of

u\,’ ®

rGermanlum compounds.' In thls cafe thé Auger process is

5 o -

=} ',ev.referred to as 1nner\shell beCause 1e 1nVolveS only core‘
SR ““; eiectrons-r the)%§a1ence electrcns ,arej hot spec1f1cally_
__h'_qlnvolved ln the tran51t10ns., For Germanlum and the other
2 :tgelements of the thlrd perlod, the 1onlzat10n probablllty;

of‘the L leVels by Al‘Kab,2 or . Mg Kal 2 X ray is high. 7b\

st qulzatlon of L2 and L3 levels 1eads predomlnantly ‘to. LMM
.éf%f rather than LMN or LNN Auger spectra 7b Ionlzatlon of the
T =(

Ll‘level by~Al Kal ,2 X—rays 1s only between 15% to 40% as

probable as L2 3 1on1zatlon and furthermore this vacancy

leads‘ predomlnantly ’t L1L2 3M Coster—KrOnlg Auger
[k I
tran51t1pns-?‘ In " addltlon, tran51t10ns 1nVOlVlng the Ml

level aret usually ‘very weak 50 the L2 3M1M2 3 and the
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1pspectra,v

84

L2 3M1M4 5 - tran51tlons play a mlnor role in the LMM Auger=

49 iin:_.agreement w1th a- -small tran51t10n

-

_probablllty value (see equatlon I-12). 'As’a-result Ge
iiAuger spectra are domlnated by the L23M spectra where the

'M components of hlgh angular momentum dominate.

L ) o v

Most peaks of the LMM Auger spectra are broad and do_

'}not show much structure because of the large number _of"'

*flnal sta es. “with diffepvent terms and eﬁergxes.. The ‘term s

2

'spllttlngs afe small, only a few electron. volts,’ and are.ﬂ

comparable, to the: llfetlme broadenlng 'of ;the7 Auger

trahsitidns._ As it w111 be seen for the Germanlummcase,_

.fthewv Lz 3M4 5M4 5 term ~ spllttlngs ;'arelv more eas1ly

¥

resolvable than'the L2 3M2 3M4 5. term spllttlngs-

in_‘ thls ‘ work ”the" experlmental ' energles . and

intendities of the Auger spectra 'are compared w1th the

’

theoretlcal calculations.

Atomic Germanium has ‘an’ open shell ground- state
EI

;electronlc conflguratLOn (3d104524p ) 850. that coupllng o§§\

<

‘ithe 4p electrons with the flnal state holes in -the 3d or

\

3p shell»resu}tlngifrom the”L2i3M4'5M4r5_and L2,3M2’3M4;5
Auger-transitious:gives rfsepto additional energy'level_

“splittings; ﬁowever, the molecuies provide a closed shell

canfiguration with filled nblecular orbitals. The total

coupling between'final state holes'of'the-Auger process-



‘and valence fOrbitals; is~ntherefore' zero. This greatly

Qsimplifies;the“gnalYSis bf.the.spectre. Calculatlons were

T/ °

: based on .the intermediete' coupllng (1c) apd Russell-

v

JSaunders (LS) coupllng 9chemes Relaxation cont¥ibutions

" were evaluated from Auger and core level measurements.

"~ B. ' Experimental

from ;Alfa Inorganics. Al Kay o radiation (1486.6 ev

.‘> r » . -.

The_L2 3M2 3M4 5 end L2 3M4 5M4 5 Auger spectra of

‘Germanium in gaseous GeH4,_ GeGCH3)4, Ge(02H5)4,“ GeCl4,
GeF4,.and,selid'Ge02 were measured. Ge02 and GeCl4'were

obtained ~ from Aldrich * Chemical Company; GeHy .  from

85

Mathesonj GeF4,frovazark Mahoning, Ge(CHj), and Ge(CyHgly -

”

wes,used to xexcite’ the Auger spectra.' The spectra»were

qalibrated with Ar 2p3/2 photoelectron line (248.62(8)

binding' energy)?slland Ne . KL2 3L2 3( D2) Auger 1line

)21*

(804.557(17) eV kinetic enérgy)24g The Ge 2py/p, Ge 203/2

_photoelectron llnes were exc1tedbby Ag Laj. radlatlon w1th

energy of 2984 34(2) eV23_ and callbrated by comparlson

w1thlthe Kr LMy sMg 5‘Auger line (1513.73(10) eV Xinetic

kS

‘energy see Chapter 1II) and Ne . 1s photoelectron -1line

s

(870.312(17) eV binding energy).2%  The Ge 3d, Ge 3p

,photoelectroh lines were -also obtained with Al Kay , 2

radiation and were calibrated:with respect to Ne 2s (48.42



. »
eV2§ ‘.binding . energy ) phoroelectron lihe " and Ne
'KL2 3L2 3( Dz) Auger\lines{;' For EOlid'Gebz,'the AUger

5peotra and the photoelectron 11nes were callbrated w1th

i respect to  the Ferm1 1evel» u51ng ‘Au 4f7/2 photopeak :

~

(83 8(2) ev blndlng energy)«25 orrglnatlng from a’ small

spot evaporateq onto the surfaee of'the sample.

§ -

C. Theory - - Gl ey
o . . ! .‘\ : . ‘x

To obtaln a theoretlcal estlmate of the energles 1n a

By

igroup of Auger' dlagram::llnes‘ the& scheme proposed by

: Shiriey , vcan. be used. Accordlngly the energy of LMM

- Auger electron transxtlons can be wrltten as'

’
Ny

E(LaMpMes X) = E(Ly) = E(Mp)-E(M) = F(MgMc; X) '+ RgT (pMy)

4 e
cs

IV-d

EN

E(La){ 'E(Mb)} .E(Mé)4 are }the"ekberimehtal'.core .level
binding energies which are determihea h& XPS. F(MbM ; X)
and Rg (Mch) are the coulombLo lnteractlon energy and the
static relaxation ehergy respectlvely which . have already
been described in Chapter I. Combining the core eleotron
fbindinge energies’ and. the BAuger "energiee; the foiloeihé

" relation is obtained
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LrE(Pa)jE(Mgf*E(Mc};E‘LaﬂbMé7 X)f;‘F(Mch7 X)'RST(MbMC)?Isz

. s
- The expression on the left is.»ide of 'equ,atiOn IV-2 which is

composed of only experimentally determined quantities is
. . ) oo

;hefﬁhger'parameter_g as.defined by ‘Lang and_Williams:s1

’

8 = BlL)=E(M,)-E(Mo)=E (LaMpMcr X) 1v-3
. _ , (\V- v o
From equatlons IV 2 and iv- 3 1t follows thatékhe Auger

-

_parameter,,ls equal ‘tqffth coulomblc term ‘minus ‘the

&

v

. relaxationfferm.”' S A :”‘

£ = F(Mch, x) - Rg" (MbM ) . Iv-a

and if the term F(MbMt\ X) can be esttmated equatlon IV= -4

allows the determlnatlon of RS (MbM ). : ¥

-~

" The value of the coulomhlc 1nteractlon energy depends'

on the coupling seheme employed 18 In pure LS coupllng‘

“.t"_l'xef'd"2 'hole state conflguratlon correspondlng to the,

- final state of “the L2 3M4 5M4 5 -Auger process glves rise

to 5. leyels: 1S, lg, 3P, lD, 3F: 'The P ~1g-1 hole St§t8<

 configura xon'.eerresponding to the 'Ly 3My 3My g prbcees_‘

giVeS'iise ixﬁyé'levels: 1p, 3P,~1D, 3D;_1F.'3F. : In -~

o A . 8 4

‘Ihtermediate Coupllng the levels .aiiéing from. the

conflguratlon a” -2 are split accordlng to the- J value,

il

G’



.coupllng'*";%;Vf?ele‘“ai Lo

‘E(1G4).=;2EMZ’S+F0i3d3q);j —4F2(3d3d)

'5EK§?510;>g.2EM; S+F0(3d3d) + —F2(3d3d) ——F4(3d3d)

[

yleldlng 9 States.f'* Theitsixj’IeQels arlslng from. the7

o

ficonflguratlon ,p 1d'l ar ‘-'eéiit 1nto 12 states. 2 “Thea'

SN .
general expresslons for F(Mch, X) are. glven 1n ref 52 1n,_;»

- Q; J

;terms of Slater s 1ntegrals 53 The energles of each flnal;“

-t

wstate belonglng to the a2 conflguratlon are, 1Q3jleﬁ:ﬁ?,f7ﬁ“"

. ’ v

o,
v s
SR
4

\ L
41F (§d3d)

49 4

1

CE(3Fy5,) eHzEM4;5+F9<§asd)ij§§r2(3a3d>‘— —~F4<3d3d)

o=

CECsg) = 2By, #0(3a30) + 7??<3?3d"?r7F4(3d3d’1; e T¥S,

e

Bl
A P

25E2(3d3d) + %§F4(3d3d)

. . . L -
e o .

3

1oy 0
E('Dy) = 2By, +7%(3a3d) - g5

3

Because of the qulte large spln—orblt spllttlng in the

'1n1t1al state (2p1/2—2p3/2~30 eV)54;and the small spln- ,

'orblt spllttlng im the final state (3d3/2-3d5/2-0 7 eV)54A

the mixed coupllng scheme55 56 "wasf',qsed .ffo;_ffthe_-

'calculation of. the relatlve '1ntensitieafwa*.the Iihe

'@fgéomﬁeﬁents. This s&ﬁeme applles 33 coupllng for the

a

1n1t1a1 state and 1nt%rmed1ate coupllng or LS coupllng for.

e L. ) . L. ) ,

$
B
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“ -\" : . ', . D ' : - .;},»_' ,» ) ,. ' ", ' . N - N L . - o v . - 2
'1.m;pthe”final'state.'T'For 1ntermed1ate coupllngp the spln-.
~;",orb1t 1nteract10n matrlces of Condon and Shortley "were
.t7wggusedﬁﬁ The numerlcal value of the 3d spln—orblt parameter'
k. od y ‘

By .,/’al.57,

x

r:relaxatlon term wh;ch 1s the amount by whlch the blndlng

A

. 'energy of the second electron 1n the Auger flnal state 1s‘

I

‘_ﬂwas obtalned from the theoretlcal calculatlons of Huang et

The relaxatlon term RS (MbM ),mas descrlbed 1n the'

89

general 1ntroduct10n (Chapter I),_ the total statlc;'

'reduced by the relaxatlon Of. the pa551ve orbltals toward"

"the hole left by the removal'of the flrstselectron. Thlsf”

o o

statlc\‘relaxatlon 1 is dlfferent _fnom the so—called‘

"dynam%c WreiaXation"n‘ that ”'i§:x assoc1ated . with' vthe_c

: A
.‘.qcvlonlzatacul of the: electrons Ly, 3 and M4 5 (or L2 3. and
}1M2 3) in the analy31s of the Auger process energles u51ng

gjs

_the format16n energy oﬁ the 1n1t1al hole state (step (a)'

'of equatlon IVb6) and step (b) of equatlon IV—G, ?an

1

experlmental measure*of the formatlonwpf ‘one of the holes

created 1n the Auger process,

o | “B)r C U ‘ . . . v ",0, ',’\ .
Lo ) M4-. 5' > M4 e e oo Iv-6
. s ‘ o E “ o b . - e

»and whrph ‘is accounted for byfthe use'oftempiriCal binding_

Venergles.'mfhe"staf

_urn_step.fc),of equatlon IV—6 1s usually spl tﬂlnto two

EN
K

'“c:relaxatlon energydRS whlch arlses

‘\
.2 \-‘_
Sen

Qo



”whlch accompanles photoemlsélon

&

90 -

Rs (M4 5“4 5)‘- Rs (M4 5M4 s) + Rs 3 (Mg 5M4 5) ‘ 7f]'

-

Rq (M4 5M4 5) 1s the . statlc relaxatlon of a free atom and

'ea(M4 5M4 5) 1s the extraatomlc relaxatlon energy that

arlses from electronlc relaxatlon in the suﬂ&oundlng. The

_'atomlc term is set equal to tw1ce the dynamlc relaxatlon

58 59

o RgP(Mg sMy g) = 2Rp(Mg s+ Iv-B.

e S e

7N“Thls dynamlc ternl can be calculated from: the ’optlmlzed

Hartree—Fock Slater results of Rosen and Llndgreneo, from

s " -N

where EHF 1s the orbltal elgenvalue in the Hartree-Fock

Rp = €HF = €ASCF . S

scheme andn-EASCF "is the dlfference in total energy ofef

LA

-Separate field calculatlons for the neutral.'atom‘ and

P

appropriate. 1on.” Unfortunately, calcuratlons have not

‘been done for Germanlum, 'however ,mt) 1s p0551ble, with

¢

reasonable accuracy, to apply the blndlng energy calcu—»

LI

Applyhng,IV—B glves therefore Rs (M4 5M4 5)Kr = l7.8;eVr

"latlons/,for Krypton, whlch gave RD(M4 S)Kr 8 9 .eV._'



v calculated for Br ASe,"As,;’Ge;, AR4P(Br) = 1.22 evk‘

;approx1mat10n

‘;The.corresponding‘duantityﬂforﬂGéﬁﬁauiumfuasaestiﬁatea;ov
"subtractlrv\from RS (M4 5M4 S)Kr the contrlbutlon to the‘
'atomlc relaxatlon ar181ng from the four extra 4p electrons-
.of Krypton. Thls last quantlty may be calculated u31ng a 

comblnatlon of Slater s 1ntegrals,5_2 the equ1valent coresw

3e 31-'

and Mann S: tables.53:

the approprlate terms for Krypton the co;fespondlng termsv

‘for Bromlne.were subtracted\\

BRgp =(FO(304p) - Ig G'(3a4p) - 7— &3 (3d4p)JKr o

. - . -

Therefore from“

91_

1v—1o'

S UrE%zaap) - 12 cl(3a4p) - %— '3(3d4p)35r o

i

The COefficients of'thé'Gk integrais_were obtained -from

'Gk do not vary llnearly' w1th ‘the. atomic number so the

equlvalent cores approx1matlon produced: dlfferent values

for the relaxatlon contribution of the d4dp electrons when

AR4p(Se) l 28 .ev, AR4p(As)f= l 36 eV, AR4p(Ge) =‘lﬂ50

Standard multlplet theory. The'Slaterﬂihtegrals Fo= nd |

eV. The average ‘of the four was taken, multiplied by“4"'

andlsubtracted frdm'RS (M4 5M4 S)Kr giving Rsa(M4 sMg, 5)ce

='12.5 eV. The atomic relaxatlon calculated as descrlbed

can be ,expressed as dthe ,sum of separate felaxation
. . . ' o : e A

contributions from the various shells v .

A\l



"Rsa(M4,5M4;5) ? Rlnner(K and L) + Rlntra(M) + Router(N)

92 - .

S IV- -11.

. The ;innerfshe11"7£efm‘ ﬁaéf7béen¥“found by ‘Hedin. and
fJohaneQOnizg via the AESCF method to be negllglbly small

o compared to the intra and outer shell terms. As 1nd1cated7

~in Chapter -III, the: relaxation; energy is: given by  a

comblnatlon of Coulomb _and - exchahge 1ntegrals representlng

”fifthe electron interaction energy (equatron' I11-2).

Slater52 has 'given ,the‘-exPress1on 'for . the interaétion'

'energles between electrons of angular momenta L and 1

-_Shlrley39 dﬁtalned “on summlng over. the outer shells and
'u51ng the equlvalent cores" approach the following
oexpreselon for the outer shell relax%tlon- | |

{

/

g [Vgln'a> = 5 BB Doy 00y 080 (ng,n s I -
o . "R_::':' . ) I . v
S e . IV-12

A.ﬁlgk[(xx_) (ng nl‘)]};_ iy

;Qhere : L ’ \ Q-

8F%(na,n'2') = Fo(nain'2'; 2+1) - Fna,n's’; 2)
| ' | Ivil3a

*and '..f‘f,b.'



AF9(3d41")

. BGy(3d42')

‘QAGk(ni;n”R')

f{Q. kn, d; rv':  ;,‘!r

hN(n'l')gis:the occupation number of the n'4&'

GK(n,n'2%; 2+41) = cK(nt,n'2'; 2)

IV-13Db |

T Y.
~ subshell in /

b

the .parent‘ atom.  The factots “f(ll')' and‘ gk(il') were-'

S‘nlrley.3 ‘

They apply rlgorously to closed outer shells,

but it has been observed39.that only small errors arlse if

they are used for open shell atomic conflguratlons. For

_Germanlum, the outer - shells are 4s and 4p

nU

of 2\ j%gh and the expre551ons used

cores . approxamatlon were-'

It

e

.’ ~

EquationnIVélZ”beoomes ;

ﬁouter(3d3d)jﬁzé{GAFo(3d4p) —_%AG;(3d4p)]
‘ T?é.

2470 (3a4s) + %AG2(3d4s)

FO(3d42':.as) - FO(3a42; Ge)

G*(3a42';°As) - GK(3d41': Ge)

with populatlon

fobtained from Slater”s results52 and they are 1lsted by\

.

the 'equlyalent‘

v-14(a)

1v-14(5)“'d

35

- ——AG3(3d4p) +

IV-15

tables>3 yielded ROULET(3d3d)g, = 5.6 eV., ' Subtracting

. Evaluation of IV-15 with Fo_and Gk-integrals'from Mann's



Router

- thls value from 'the total atomlc' ;elaxatlon calculated

.above, ylelded Rlntra(3d3d)Ge 6.9 er

N

.‘_The‘values

.are only an approx1mate estlmate but they

~fuseful 1n prov1d1ng 1ns1ght 1nto 'the magnltude of the
orbltal contrlbutlons to the total atomlc relaxatlon.

leferently from  the 1nner cotre electron case, for,whlch.

the -outer -shell 'relaxatlon is by far yt\ 1argest

contrlbutlon to the relaxatlon, in"the"case of a - 3a

be the larges&}term.

have been obtalned for Riﬂtfa;aﬁa_-

electron in. Germanlum,,the 1ntra shell relaxatlon seems to

,The calculatlon for the extraatomlc relaiation:~

. e
(equatlon IV 7) is more dlfflcult belng very sen51t1ve to

estlmate, glVlng the order of magnltude, can be obtained.

on the ba31s of a model59 6l postulated for metals. The

the chem1ca1 env1ronment 'ln the molecule. Alzcrude

model assumes that the extra .unit of 9051t1ve vcharge‘"

g

‘induced on one atom in the molecule by . the appearance of a
v
hole 1n the fllled 3a orbltal is screened by the outermost

electronS'ln such a way that the out901ng Auger electron-

sees’ less” of'-the p081t1ve ‘charge and. 1eaves _w1th an

lncreased klnetlc energy In' the ‘limit of 'COmpletely

LY

local screenlng, the screenlng charge comlng from out51de

the atom occuples the flrst unfllled atomic orbltal The,‘

'ﬁﬁa'

e



e

"*J'

"qQ'extraatom1c7relaxatiéﬁ (M4 5M4 5),visvthen.given by

'e»:orbltal' whlch is a 4p,‘aqd the 34 orb1ta1 expressed as a .

) kS

\\‘

Lthé two electron ‘ lhteractlon betweenh’ thls - unfilled

.uv,

[N !
.";

comblnatlon of Slater;s 1ntegrals

. y{“_'_ 'w_g,. L ..

52

R ea(3dsd) = FO (3d4p) l (3d4p) - 76G3(5d4é5'“'

D IV-16

i
R

bl - . . Y
: B
’.

“'Using"the appr0pr1ate VaLﬁﬁﬁ for ¥O and ck integrals,

o= 23. 64 eV. Conflrmatlon of the approach 1s prov1ded by'

o and I-17.

_equatlon IV 16 ylelded Rg ea(3d3d) é 11 2'eV7‘ The'total

'statlc relaxatlon for Ge metal %herefore is RS (M4 5M4 5)

N \.

the reasonable agreement of our . estlmate with the value- of

,' '

23. 3 eV found by Antonldes et al for Germanium metal62

who ‘used an emplrlcal approach to evaluate this term.
. %, -
The 1ntens1t1es of various L2 §Mﬁ 5M4 5 lines were

<

calculated'ln the mlxed coupllng schemeww1th jj coupllng

in- the 1n1t1a1 state and LS coupllng in the flnal state.

The transition” rates for LS coupllng in® the flnal state

l'.:

were obtained from the trans1t10n amplltudes"gzzglven by

"H: and 'S. Aksela63 us1ng the dlrect and exchanqe matrix

"

elements64 D  and E deflned 1n Chapter I by equatlons I-16

95



obtained by curve fitting procedures

D. Results and Discussion d”

*

. The blndlng energles of .Ge 2p,3p,3d photoelectrons,

and the klnetlc energles- of Ge L2 3M4 5M4 5( G4)

Table Iv=1. . For comparlson ‘purpose the“Germanium“metai

energles from ref 62 are: 1ncluded. ‘Spin—orbit sPiittings

obtained from the difference between the measured:Auéer

'obtalned dlrectly from the photoelectron measurements.v

The value'of ~314eV (the same for all compounds) agrees‘

w1th the compllatlon by Sev1er54 and the value glven by

Antonldes et al 62 for ‘Ge metal. The. spllttlngs obtalned

from,the L2'3M2'3M4’5‘spectra,are less reliable because of -

the poorer statistics of" the experimental‘data! The Ge
Ly, 3Mg, 5M4 5 and Lo, 3Mgp, 3M4 5 spectra of the six compounds
are shown in F;gures IV—l to IV:12. The band components

26~are ‘shown under the

the spectra, only four peaks:were,fitted'in each grOup Ly-

FI

L3M4'5M4'5.t.For'the fitting procedure a Lorentzian }ine.

shape with a constant tailZ2®
shape gave a larger least squares standard deviation

Y]

96

"Lz 3M2 3Myg, 5( FlP) “.Auger'. electrons_ _are glven - in _V
’are"the’ same for‘ceach Aof the compounds within~ thep:
:experimentel' error.- ‘The " spin-orblt‘ spllttlngs A2p

'ﬁ2M4.5M4 5(1G4).and L3M4 sMy, 5(1G4) lines agree,With thoser

_experimental envelope. Duée to the limited resolutlon of -

was used. A Gaussian line
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1ndlcat1ng a poorer fit of the data._- The“-efficacy"of‘

Lorentz1an analy51s suggests that the Auger llneshapes are“”ff‘??’“

domlnated by the natural laneshape charactevlstlcs and

that the spectrometer contrlbutlon is mlnor.A In order to

‘ perform a comparable flttlng for all spectra,' it was

‘ ;assumed that the llne w1dth of the dlagram llnes within

the same flnal .state -conflguratlon was constant. ‘For

certaln cases this restrlctlon prevented convergence .of

RS _—

,,,,,

fIV 2 llsts the experlmental Auger energles.: The klnetlc

energies of the L2’3M4'5M4 5 and Ly, 3M2 3M4 5 dlagram

lines relative tolG4 and (lFlP) termsv‘respectlvely ‘are.

glven in Table. IV 3 fhese data show a ~good overall

“:agreementﬂbetween the relatmve,energﬁfé,qf the Auger lrnes*

of all compounds. The largest dev1atlons ‘are observed for

the L2 3M4 5M4 5( SO) flnal state.' .The -experlmental

i

122

<«

] the programne so the wwxdths were unconstralned Table °7*r‘f

Lody oA

Y S R

determlnatlon for - thls term may tontaln some uncerta1nty~-va{.

,'Y~

because of the pmesence of broad satelllte peaks in this

energy reglon. As shown in Flgdfes Iv- -1 to iv-12, in nost .

of the spectra there is also a. hlgh background on’ the,lowhgb

energy 51deva In some” cases’ it was attempted to £ix .the .

'slope of the background at zero, = but th1s- restrlctlon

N

&

- parameter was, a. preferable procedure. Relatlvely high

)

.created f1ct1tlous peaks.v Allow1ng ‘the slope to be a free”'"'”
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v_df - low 1nten51ty. f ;The peaks . of th

badkgroundsj.,are _prooably' due ‘to‘” combinations . of

inelaStically scattered.Auger and?otﬁerdelectrons in -the

sample volume w1th contrlbutlon ﬁrom Auger llne satellltes

L e

*f}spectra are due> to, overlap .of. many llnes (L2 3M2M4 '5)
. ﬁQ 3M3M4 5) and sO they are qulte broad. .L3M21§M415.Auger

";group shows 1n all compounds two promlnent peaks w1th ‘a

. - - . . - . .
. B “ .

) large"width (FWHM ~ - 4-4.5. ev). - »‘Accordlng”' . the

7 ¥
calculatlons the peak at "lower energy is attrlbutable to

“

- L2,3Y2, 3M4 5

the sum ‘of 1F3 and' PO terms ‘and the. second peak to the

“sdm of 3D123 and 3P012 . The weak peak in' the same group

is‘ due to a comblnatlon of‘ lDz, and 3F234, it does not
appear'in‘the spectrum of GeO, which is Verw,broad nor in
the spectrum of'Ge0C2H5)4-for which poor statistics were
achaeved : %;>

The attrlbut;zé of the peaks 1nnL2M2 3M4 5 spectra is

more dlfflcult. In the spectra of all compounds there is

only one dominant peak which is quite broad (FWHM = 4.5

eV). This;peak is .found about 31 eV to higher energy of

" the first strong peak in the L3Mp 3My 5 group so it is

reasonable ‘to attribute it to a combination of 1E3 and IPO

lines. On the'nign energy side of this peak, about 9 eV

highergpthere is a small peak due to the combination of -



3?612, and 3D321. The.3F234 and‘1D2 flnal‘states are. noti
;obsefved probabLy because theln intensities are veryAlow'
;asvehowﬁ,by_thehtheoretlcal calculatxons of Antonldes_et
a1.62_for atomiO“Gefmanium.fg A deﬁai%ed'analyéia:of?the‘;"
intensities.of.éach peakiwae not poseible anevto the poor
;statlstlcs of- the spectral ;However from the’suonf #hel
areas enclosed by the Lorenezlan’cur;es, tne:intensi£y.og
A‘:the‘.L3MQ»3M4 5 Auger ’group vrelatlve"‘to 4the intensity' of ~
the L2M2 3M4 5 group has been estlmated to range between'
“\2.2  and 2.5. Tbls tvalue, whlch iév larger than the
snatietioal distribution‘(Z:L) of the ‘initial state holes
‘in the 2p3/2 and 2p1/2 levels (given by éj+i/2j'+1 with - j

= 3/2 and j' = 1/2) may. be a consequence of the high

-

background which increases the intensity of the low energy

-

peaks belonging to the L3M2 3M4 5 group ,as. coﬁpared to
: those from the L2M2 3Mg, 5 group. ‘ 4 . ~
In, Figures 1IV-1 and IV-2 the® L2'3M4,5M4'5 and
_L2;3M2;3M4'5 spectra of solid GeO, ane 'ehoyn, 13_Roth
' regions afe:uquiten;broadj only_‘the lsb, ‘164. and 3F234ﬁ
components have '~oeen fitted in- -tne ' L2'3M4’5M4'5
spectrum. The 3P012 and 1D2 components were not resolved
and fhey.probaoly contribute to the intensity assigned to
£he highest peaks thus thesegintensity values are probably

high.



‘IV -3 and IV~4} In the L2 3M4 5M4 5 spectrum the two Auger
; %7

v
groups w1th L2 and L3 as 1n1tial stateS show one more . peak

The_szgMMespectramof,Ge(C2H5$4'afe shbwn'in _Figures

‘due to 3? and ?1D “1yin too close in. energy- to be"
012; 2 Yg :

fseparated In the spectrum there are also features that -

\)

- .

1152 35 eV and at 1181 51 eV are due to phot01on1zatlon of

Ge3d by reSpectlvely Ge L (1188 0 eV)65 and Ge LB (1218 5

129

-

‘do not belong to the dlagram Auger llneS- The peaks at .

eV)65 radlatlons, presumably arlslng from . some - Germanlum___

s

‘deposition on . K the anode produced by the decom9051tlon of

the Germanium compounds in the open X-ray tube.» . This

lnterpretatlon is ' supported Dby the fact that © the

1ntens1t1es of these peaks increased during the analysxs

/

and the appearance' of these peaks bccurred to a large-
extent w1th those Germanlum compounds with the lowest

thermal Stablllty ‘The position Of ‘these lines can not be

accurate - becausé of the uncertainty. ©f the radiation

emitted by unidentified Germanium' decgmposition

products. Although seallng the -cell to prevent such

'

leakage w1th the ;esultant contamlnatlon of ' the spectrum

was attempted, ° ‘the requirement that there be a slit to
allow electrons to enter the analyzer means that so;e of
the Gé»compohnds will’ enter -the pumping system and gain

3

access to the open X-ray tube. Sealing .the X-ray tube and

N



2

.’~» prov151on 'of more’ ~efficient differential ‘puﬁping‘ would
V\probably Hsolve the 'oroblem. but resources were not

.. _ available to éo‘thrstrior £o>or du}ipg this study. 1In
N f”ihe{regioh aroond'llél'eV'tﬁeustructure ie‘Quite broad
EV‘..:' probably because of contribution from other setelliees.‘

 Theiy2’3M2I3M4n5,speoerum'showsla peak at about 1018 eV

which is also quite broad and which could be ‘due to a

shake-off processlapoomﬁanyiog the ionization of the Li

level.

The'Ge(CH3)4 épectra shown in Figures IV-5 and IV-6

are very similar to the Ge(C2H5)4 spectra. Agaih the-Ge3d

photoelectron 11nes appear at about 1152 eV and 1181 eV- in
: ﬁ v g
. ; .

the - L2 3M4é§$% 5 spectrun\- of”’ thls compound The

...L2 3M2 3M4 .spectrunx shows -'a Dbroad peak at '’ 1021 37 eV

o

130

which 1is attrﬁ%uted to shake- off processes, and a small,

. peak” at -1057,,,34 eV which could be due to Ge3p
photoelectron lines excited by Ge L radiation. The Auger

spectra of GeH, illustrated in Figures IV-7 and IV-8 show

the normal Auger lines in the Ly, 3M4 sMg 5 sPectrum and;

agaln ‘the Ge3d photoelectron lxﬁes appear at around 1151
eV and 1181.eV - There are also two satelllte peaks at
11121 eV’ and 1142 eV. In the LBM2 3M4 5 and L2M2 3M4 5
regions, there are two- peaks on the‘ low energy side

of 1F3 lPot terms - at 1017.1 " eV and 1048. 2 eV

-
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reSpectively.h>,All of these‘structures could arise from

shake- off processes._h

u

.In Flgures IV 9 to IV l2 the Auger spectra of GeCl4_

)

and GeF4 are- 1llustrated.

“The L2-3M4 5M4.5 spectrum of GeGl4 shows features

‘which are ‘31m11ar to the above spectra of- Germane and

Alkylgermanes.‘ The L2 3M2 3M4 5 spectrum of GeCl4 has one

extra peak on the low energy 51de at 1011.8 -ev, whlch 1s

due to the Cl 2p photoelectron line exc1ted by Ge LB

radiation. : R L &~ QA‘H

Theﬂ corresponding spectra vih GéF4-,afézngenefa¥lY

*
i

.

for the lncreased breadth of the peaks could be a shorter

W

llfetlme of”“the hole state in thls molecule-,whlch

e

contrlbutes to the broadenlng of the spectra. - In the

2

L2 3M4 5M4 5 spectrum the Ge3d photoelectron peaks exc1ted

» [

by Ge »L . and Ge Eb- are_ not as strong as in the other

* fJ

compounds because Ge F4 is presumably more resistant to

broader than those for the other compounds. .The reason~

decomp051tlon 1n the electron beam 1n the X—ray tube. 'In

these spectra there is" a broad feature centered at -ll4l

.

:' eV that could contaln some contrlbutlon from the . Ge 3d

'

photoelectron llne although the photoelectron line is not

'clearly resolved. The L£73M2 3M4 5 Auger spectrum of this

.~

i

compound also shows -a small peak_ at ~1050" ev whlch, is
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probably’ due to the Ge 3p'pnbtoelectron line eXéitedpby,Ge‘

L,“radiationaggﬁﬁﬁ;tg : L : NS .j-”*
R ST : g g
“HHAs;;1t~_1s fshown kn Flgures _IV—lgﬁtO' IV 12

sz 3M4 5M4 5 sPectra of all compouhds e&hlblt a‘ qulte

.\‘,;4

,broad band on the fow energy 51de wh1dh ‘in certaln Casesjl

'”h,

AL

),,,,

’ o
L may be due’ to multlelectron proces%es.66 67

R
N % ) .

.has been fltted W1th more than oné Lorentz1an and whlch

‘ The calculatlons 'ofJ‘the relatlve energies and

1nten51t1es have been made ln the two—hole representatlon
ﬂ - . l’

‘(equatlon 1- 14) ‘ Iﬁ the 1nrt1al state -the 1nner shell

‘hole 1s coupled to ‘a hole 1n the contlnuum representlng
the mlss1ng Auger electron, and Ln the flnal state the two -

vacanc1es are’ coupled For the calculatlons of the

A ¥

1

‘_energles of the L2%3 4, 5M4 5 Auger spectﬁa, the spln—orblt_

1nteractmon has been taken 1nto account. 'In Table -IV-4

< g -
°

are llsted the calcurated energles of the L2 3M4 5M4 5 and'

L2 3My, 3M4 5 llnes.= relatlve to 1G4 and ( F31P0) terms'

respectlvely j :In column (a) are | llsted ' the values.c

Lo b

obtalned in- the pure LS coupllng scheme.' In column (o) .

the values obtarned';y addlng the dlagonal elements of the

L -
;»spln -orbit matrlces to~ the LS vélues are’ glven. - The

values in - column (c) were’ obtalned from the solutlons of

‘& 16

the ,secula': equatlons correspondlng,pto each _term‘

accordlng to the lntermedlate coupllng scheme. LThere,is a



. _“Table &V;4;ﬂicalculaped'Rélative Eﬁéfgiés (ev) .of the

\L2, 3M4'5M4, 5 an:i L?,/:SMZ,,Q‘Mﬂ',S Auger Lines Of

“Germanium
Final LS + .
o o State . Diagonal
Transition Term = Pure LS Elements Ic
- (a) (o) (c) =
L2, 3Mg,5M4, 5 L | | ,
f lsg -6.28.  -6.28  -5.72
1o, ©0.00°°  0.00  0.00
35 | s
: Pg 0.62 . 1.341
3p, 0.92 0.77 " 0.77"
3p, 1.07 - 1.68
Ip, 1.48 1.48  .0.78
. 3p,, R '3:59 3.98
SFy 4.19  a.04. 4.04
3k, '  4.64 4.66
L2,3M2,3M4,5 .
lp, 1.51
*py | .
3p, 10.01
*p, |
3py 10.97°
3p
P .
lp, 16.23
i 3,
3p, 18.38
3 . —
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reasonahly "good., agreement between the pure LS values lw
Table IV 4 and the experlmental results. glven 1n 'Paole
-IV -3 w1th the exceptlon of the lSO terms whlch ias" Qas
previously ».noted, _ are ~ not experlmentally . well
idetermined. 1t iseems that the pure Russell Saunders

scheme is satisfactdry for the‘analy51s of these spectra

glven the small spln—orblt spllttlng of the 3d level in

Germanium (0 7 eV)54 whlch was' not = resolved

_experlmentally AIn the case of L2 3Mz 3M4 5 spectra, only
;vthe LS coupllng scheme was applled o

The Auger parameter g for each compound was obtalned

',from the experlmental Auger energy of the strongest llne

(-G ) of the L and L groups and - from the exper1mental
4 2 '3

’

binding energles. The values for all systems are llsted

-

1n Table IV—S along w1th the tbtal relaxatlons obtalned

LIS -

&rom the . Auger: parameters and ~the. coulombic term

F(M4 sMg 5;"1G4)\‘(equatron v~ 4) The coulombic term

.F(M4 5M4 57 lG4) ‘was | calculated for. the . .neutral

3

mconflguratlon Ge(3dlo4sz4p ) in the LS coupling scheme in
terms of Slater's 1ntegra1s from Mann's tables.53 ;A value
of 36.12 eV in agreement with ‘the value of 36.2 eV. given

by . Antonides et - al. was ‘obtained.62v McGilp ‘and
,weightmanas also evaluated F(M4'5M4'5; X) - .using

electrostatic”integrals.determinedvfor the Ge2+(3d84824p2)
'y . Do . . .
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- Table IV—B.‘ The Auger Parameter and Relaxation for

Germanium Compounds : -

- o

v

~

b;' Calculated
i , .

., 36.12 eV

c. Calculated from eguation

12.5 eV.

d;‘.Experimental values from

from equation

from eguation

IV-4 taking F(My sMg 5: 1G4)

B

v-7 taklng Rsa(M‘4'5M4'5) '=.

Ref. 62.

>

g2 g2 RE(M415M4;55b 'Rga(m4,5M;,5§C
Mg (lag) My(le,) Mg(My) Mg (iy)
 ged 12.90 12.90 23;22,(23.22)":10;72 (10.72)
GeO, ) 16.27 16.28 i9{85'$l9;84) L 7.35  (7.34)
Ge(CyHg) 18.37  18.30 17.75 (17.82)  5.25 (5.32)
Ge{Cﬁ3)4' 19.12 18.84 | 17.00 (17.18) . 4350 (4.68)
'Geﬁ4 w29i941 >~2b;96£"15.18 (15.16) ~ 2.68 - (2.66)
cec1, * 18.92  18.83  17.20 (17.29)  4.70 (4.79)
Gég%k'v 20.81° 20.53  15.31 (15.59) - 2.8l (3.09)
a'. .Calcdlated IvV-3.



conflguratlon from the Hartree—Fock programme of Froese—'v

'Flsher69

tﬁat_ obtalned above., However thelr 'results‘”for ‘the

multlplet spllttlng calculatlon of Ge L2 3M4 5M4 5 spectra

_ovarestlmated by 20% the measured separatlons lso 1G4 and

1G4 3F0. Thls was attrlbuted to a neglect ot relat1v15t1ca

' effects whlch, by 1nd1rectly expandlng the 3d orb1tal

‘reducet'the électron—electron Coulomb repulsion. . The:

Valuee usedfabove for‘the.electrostatic integrals of the
neutral eatom.'coufiguratioh were about '10%i.sma11er than
those for ‘~the'l“ 2+(3d84é24p2) configuratiou thus
‘c0mpensat1ng in ogrt for the relatxvxstlc effect.
Assumlng that the atomic relaxatlom c0ntr1but10n 1s
constant (1ndependent of-the envlronment of the,atom), the

4

_extraatomic, environment sensitive, portion was extracted

by subtracting’ the Rg? term evaluated above (12.5 ev) from

the total relaxation terms, ‘1eav§ng tﬁe' residuals Rséa
which . are giuen in- Table IV~5,‘ for compariéon:purposes
the corresoonding values for Ge metal obtained using.the
experimental energles from ref. 62 have been«iucluded in

tﬁe‘table. . The relaxation term obtaihed iu:this way for

obtalnlng a value of 39 1 eV 3 eV 1arger~than"

the metal agrees qulte well w1th ‘the value of 23.64 eV g’

calculated in part c. of thls -chapter; The relaxatlon

terms found for the other systems are. con51derably smaller



© (equation IV-16).

‘than the calculated _value. because'?the electrons"on

4 e

'neigthuring‘-atoms,: beingf more attracted by thelr..own
~nuclei,; have a smaller sCreening»effect on the charge on
_ . T , ~ ST S

"the central atomfthanfis_estimated by the atomic .integrals

- As’ shown in. Table .. IV-5, .GeH, and GeF4 have
approximately the samen:relaxation <value.a - As it ‘was

pointed out in Chapter'IIl, relaxation and polarizability

are related to each other. The results for GeH4 and GeFy .

agree w1th the results obtalned by Altken et al.43 on a’

serles of Chlorlne compounds whlch shOWed that Hydrogen

‘and Fluorine have the same 'polarlzabrlltyw . The -

substantially. greater electronegativityA“ofj' Fluorine

P

relative to. Hydrogen . produces a large decrease 1in ‘the
electrostatic potential at the Germanium nucleus yielding

larger Germanium bindfﬁg edergies in GeF, than in GeHg.

It"is interesting to- compare the relaxation ‘energies

in GeH4 and in the 1soelectron1c noble gas Krypton. The

relaxatlon for Krypton was estlmated from a- comparlson of

the: eXperlm ntal energy of the. L3M4 5M4 5 (1 G4) Auger term

w1th a cal ulated value. obtalned accordlng to equation

photoelectfon' energies were taken from ref. 8. -r'A

relaxation of l7.7';eV vwas‘zohtained for Krypton in

ing the RST term. The experlmental Auger and



R

"agreement‘lwith the value of 17.8 eV obtained 7frem ‘fhé~

ﬁresﬁltsAof»ROSen‘and7Lindgren.60_

to explain why the value.for Germane ie_Smallerathan the:

relaxation .value ‘for Krypton.. Whereae~ Krypton - has a

smaller polarizability than 'a Germanium atom’ (avefage

polarlzablllty of - Rrypton and Germanlum are respectlvely

2.48 and T6L07-.id units : of lO -24 cm3) 70 the larger

polarlzablllty of Methane (2.60 x lO -24 cr@)gj}/relatiVe‘
t

to Neon (0,3? x 107 -24 ”cm3)7Q,v suggest | hat :thé
polarizability‘ofeKrythn wilL'beFSmaller than that of
Jléermane and, eonsed@thly,leypton would have a smaller
relaxation'than‘Germane:: It would appear4that effeqts

other than the.polarizability ofiﬁhe molecuLe controls the

relaxation.. In Kfypton -all the ;e}ectrOns7 and 1in

17138

‘It is' not however ‘easy

particuia; the ones of interest, 3d and 4p,»afe localized.
. . e

in their orbitals and can fully contribute to the

Y

. ’ , . . , ‘
relaxation potential (equation - III-2) - which is a

combination of Coulomb and exchange integrals.:‘In'GeH4

- the ~‘Hydrogen 4isi ‘slightly Amore. electronegative than-

Germanium. When- a positive charge is created- in the

N

Gerﬁahiumvfatom,~ the eleCtronegatiVity of Hydrogen may

restrlct the flow of the electron denSLty,_Whidh is the
source of the relaxatlon contrlbutlon, toward the poaltjve
" hole in thercentral atom. So~1t seems that,’ inz%dditlon

to theypolariiability of the molecule itself which is



v
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related to thé size ahd:to'the’charge in the molecule,—,/l

theramopnt of eiectrohio charge which can be poLarized on

"the atom of}interest is also important. In-Ge(C2h5)4_the

relaiation energy of.l7,7 eV, very close to the Krypton -

value,'suggestS'that the electrons from the Ethyl groups

can flow more freely toward the'Germahidm hole creating an

‘electronic environment analogous to that of the noble-gas

Krypton -which has 6 electrons in the 4p orbital.
. N ' q - N " . ' . N
Chlorine, due to. its" large -atomic size, is more

polarizable than Fluoriﬁe and produces a larger relaxation

Acontrlbutlon to the Germanlum Auger energlg§ laneCl4 ‘as

wT""

compared to GeF4. Ge(CH3)4 and 'Ge(C2H5)4 show large

- relaxations which are comparable with that of GeCly, in

agreement with 'the results‘ by Smith ‘and Thomas48 on

CHZClCOOH and C2H5COOH which 1nd1cated that Chlorlne and

Methyl have about the same overall relaxatlon. Thevatomlc
size and the electronegat1v1ty of Chlorlne&act in such a
wa& to produce in GeCl4 the same relaxatlon energyxas the

alkyl groups in:.Ge(CHj3), and Ge(C2H5)4 'In Chapter III it

- was - observed that the relaxatlon effect created Dby a

. atom rather than the central atom. The

Chlorlne atom was sllghtly larger than that of a Methyl

group, however, in that case the probe’ at.g was a termlnal

" binding and Auger energies in the case 0of a terminal atom

response of the-




o, -

to the. chemical environment was . smaller and somewhat

. constrained by the_terminal atom -character. ' Purthermore

in that case, the analysis of tne relaxation was based on
the assumption -that the chemical shifts in bfmding

energies were the same for all core electrons, whereas in

this case the appropriate experimental energies for. each

o

level involved in the Auger process are uséd in equation

- 1v-1. The large relaxation shown by Geozxib attributed to

tﬁeISOlid state where, in general, because of the presence
of a larg&wnumber of atoms in prox1m1ty, the relaxation
effecbﬁ%etexblgger than those in gas. phase.72

Assumlng a llnear relatlonshlp between relaxation and

F

polarlzabllaﬁy :substltuents ‘around -thé central

atom, results"QTablé IV-5) pro@uce an

Lo~

order of "pdigfiéébliity (g ¢ F<CH3<C143?H5
. 'S Y

- 8a. .,
analogous to that given i o)\ Altken .eﬂ 31343‘

Tt

For metallic Germanium the extraatomic relaxatlon can

N Il v

be used to evaluate the solid vapJF shift by noting«that

the Lang. .and Williams'51 Auger parametef'(equation IV-3)

isvindependént of state. "Writing- equation IV-4 for solid -

¥ . hd ) . .
Oor gaseous state gives

g99° = F(My, sMg,5) - RgT (Mg gMgq 5)928

140
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2solid L nin . k. T Sysolid .
5 ) o= F(M4,5ﬂ4,.\5) - Rg- (M4:', 5M4'-5,)Vs‘v.Ol:_Ld '
. T . .
and recalling that the solid state fterﬁy can. be divided
into atomic and extraatomic components
A
)solid =

T(m a(um N ea ' solid
Rg™ (Mg, sMy 5 = Rg® (Mg sMg, 5) + Rg™" (Mg sMg, 5)

whereas in the case of atomic Germanium only the atomic )

tern contributes:

o : T N ‘gas _
, ~ Rgo(My, gMy 5)998 =

b

a ! - " "
s (Mg sMy 5)

ACE = gsolld _

3 _ l'd _ . .
&gas = Rsea(M4’5M4)5)so 1 = lO.72leV

€

b

The Auger parémeter'ﬂ;s been shown by Thoméé38'to“be ap-
proximétely 2ARY. (the oﬁtershéll 'relaxatioh associated
withi the ‘forhation of a single core hole) therefore
ARV'=_5.36 ev. ;

Thé binding energy shift for solid to Qapor Germﬁpium
is ﬁhen_éiven by o DR ™ -

B ) - v N

solid-gas _ » solid _ gas
AEg 9as = pg8°* Eg9!



Applying the reiétioh for binding energy in' terms of core

potentials and felaxation (from_equatiog I111-8) -

v

Eg = -V - R . - 1V-17

and assuming that the core potentials (V) are insensitive
to the state (assumpﬁion,suggested,by the argument that

the bfbitﬁl'energy differences between solid and vapor are

smal_l)59 gives .

[

.AEBsolid—gaégé._Rsolid + Rr9as

= _arSOlid-gas . 5 3¢ ev

and the binding energy should be higher in thelvapor state

142

by.about 5.36 eV. The Auger energy in the s&he form'(from o

‘equhtidn I1I11-17) is given by - . - o o
Epy =V + 3R | ' IV-18

and the same arguments yield for the solid-gas shift

NAEAuséiid—gas = 3grsolid _ 3Rgas'

3(prS0Llid-gas)y - 16 08 ev



)

with the Auger-eﬁergy lower by i6.08 eV in the gaseoué

state. While the valges‘aré not Xnown for Germanium, the

solid-vapor shifts répo:ted?%;74‘75~féf Ag(.Zn'ahd—Cd show

thé eléctggn binding eﬁgrgies to be ~3 eV hiéher‘ih the
vapor sﬁéte and t%e>£u§2}ienefgies 12;13‘eV?Lowe; iﬂ_thé
vapor state in keeéing QiFhA£he aégzeyprediézggﬁ;’;ﬁhg
estimated' vaiués ,ofﬁﬁgxtraAtomic ;élaxatian giQen 'ab;vé

. P T D .

seem to be accdeptable in that these estimates  .yield
reasonable shift predictions. Since . the _extraatomic
contributions = are reasonable for metallic Germanium it

also seems reasonable to consider the corresponding terms

for the Germanium-_ﬁoleculés studied herein -to bes aﬁ.

evaluation of the relative contribution of molecular
. ' 7/

effects (i.e. the presence of adjacent electrons and atoms

in' the vicinity of the probe atom (Ge)). The value of

11.32 eV estimated for the extra%}omic relaxation’ from -

egquation 1V-16 is close to £He value (10.72 eV) obtained
from the experimental energy analysis fé; the Ge}manium
metal; but 'it is much larger than the alués_.for"the
uGérmangum n@lecuies, Equation 1V-16 gives an upper limit
for ihe extraatbmic relagéiion. ThiSvlimit.appIies tb‘the

situation when the hole in'tﬁe 3d level (as'in the Ge

Lo 3M4'5M4’5.case) is completely screened by one unit of
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éharge arising from'soutside the atom with the hole and ;

lééalized_in:thel4p level. In the case ostefhaniuh metal
where.'the screeniné - charge a;ises; frs% the ﬂcsnduction
band, thsv4p,srbital.may be delocalized and therefore the
:atomic'integrals used in equatibn IV-16 overestimate the
‘eleCtrostaﬁic,%nteractioﬁ between a 3d and a 4p electron

Iyielding an"‘extraatomic relaxation which is5 slightly

.largeg thanr the value for Ge metal. ‘In mdlecules the

électrons ablésto screen the pésitive charge associated’

with the ,ho}é are 'feWer - and delocalized‘ dnw,thé ‘whole .

molecule.  therefore it . is perhaps not 'surprising that

ﬁ%lecuies_ suffer smaller relaﬁation effects than. the

metal. ’ . : -

.In Table 1IV-6 the ‘+theoretical and experimental’

intensities of Ly, 3M4 sMg 5 Auger specﬁra have been

liSted The theoretlcal trans1t10n rates were calculated-

in the mixed coupling scheme , 55,56 ;reatlng the initial L

shell and continuum hole in_ jj-coupling and the firhal twWo

fholes in LS coupling. The calculated spectrum for

Germanium atomsisﬁshown in Figure IV-13. The spsctrum‘was
N . . ) - . 4 ‘ -

obtained by a curve_ simulation programme,76 using relative

‘energies .as’ derived from fhe pure LS calculations, areas

as requlred by’ the mlxed coupllng 1nten51ty results and

v

widths ff@h he deconvolution of the experlmentdl

e

s
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“spectra.-u . The 'distance ‘petween . the. L2M4'5M4'5 and .

148

L3M4'5M4;5.Auger;§roups Was“takeh;equal to the Ge‘épvspin—_

‘orbit°splittin§'value whiCh'is'31'eV. The components 1p -

and 3P have  been comblned to obtaln a spectrum comparable

to the exper1mental spectra. The results .of the” 1nten51ty'

calculatlons ‘show that the tranSLtlon rates for 1SO, 1G4,

“and- 1D2: and " the separate' sums of 3P and 3F terms are:

independent ‘of the -3 value of the 1n1t1al 2p hole.

However' the dlstrlbution of'the transition rate between

: the tomponents of 3? and 3 &
: .
thegtwo{groups. The calculated 1nten51t1es are: 1n qulte
good'agreement with those obtained previously by Antonides

et al 62 who used the same couollng scheme. Even with the

Y,
[3

1naccuracy of - the llne decomposltlon procedure,'it‘seems
that the 1nten51t1es of- the dlfferent terms do not change
much from one compound to . the ‘other. Poor_ resolutlon

,renders unrellable the- 1nd1v1dual 1nten51t1es of: 1G4,

3?012 and'loz terms, but the sunm of the three terms is

.,reliable. The largest deviations from the calculated
;1ntens1t1es are shown Aby ‘the GeFgy spectrum probably

because of the- dlfflculty ‘in f1tt1ng the peaks due to a

A ~

larger linewidth 1n_th;s case. We have attrlbuted the

broadéning to lifetime effects.

significantly different inﬁ

&t



» c R ) . _ :
Table Iv-=7 glveS" the relatlve' 1n§ens1ty ratio _

I(L3M4 5M4 5/L2M4 5M4 5) obtalned from the calculated peak

areas of ‘the fltted curves. For most of the compounds the.

.

‘rat10uof the total 1nten51t1es of the two Auger grOups
.reflects the statlstlcal dlstrlbutlon of the hole states

B} betWeen the L3 and LzlleVels of approx1mately 2 w1th an

exceptlon ln the case of GeCl4 whlch shows a substantlally'

larger value, but the reason for the dlscrepancy is not

clear. There is some difficulty: arising in. this case‘

because of the relatively high background~ level in the.

S

spectrum.

E. Conclusions

The analy51s of the Ge L2 3M2 3M4 5 and Ly, 3M4 5M4 g

Auger spectra of ‘'different Germanlum compounds shows that

the . chemical environment does- .not change ¢the general .

characteristics of the spectra. It affects the relaXation

contributions accompanylng the phot01onlzatlon .and the

@

Auger processes, resultlng 1n ‘a constant energy shlft for

all components . of ‘the Auger spectrum;.~ _ Complete

jtheoretical‘reproduction,of the absolute energies requires

a comprehensive” treatment of ‘the relaxatlonn

contributions. | ~However it is possible to obtaln an

understanding of the trends demonstrated in molecules from

149



'-',Tabl'g IV-7. Experimental Intensity Ratio
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Compounds. CT(L3Mg, Mg, 5)/T(LoMy Mg 5)

GelC,Hs)q(9) e
Ge(cH4),(q)
.GeH4k§)‘r . o   ' 1.8
‘GeCl4(§) SR S f 2.6

GeF4(g)‘ o o | ' 2.3

I~




an .empirical analysis based on the use of experimental

biﬁding energies and the assumption that the atomic’terims

. can- be adequately~oalculated'from'atomic\theory leaving

“the residuals to - be associated with the molecular
eﬁvironhent effects.
‘The . results’ indicate that the depéndence of the

_requaxionienergy,on‘the chemical environment follows the

same order as the“polarizébility of'the'érOup attached to

. - \
the central atom.

The model used to estimate the extraatomic relaxation

term is 'valid for metals, .only in, those cases where there

is a complete soreening'Ofothe_positive chafge associated
with’the hole. The model overemphasises the Rsea term in
‘molecules.

The LS coupling scheme is adequate to predict the
2 ) S . o ‘ : ;

relatiVe'energies of.the L2;5M4,5M4’5 spectra. The mixed °

.2

."coupling SCheme for the calculations o©f the intensities

seems to reproduoe the expériméntal Values within the

?uncertainty of the curve decomposition procedure.
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_CHAPTER V

A

'NEAR THRESHOLD IONIZATION EFFECTS IN AUGER SPECTRA

' OF GERMANIUM COMPOUNDS

A. IntrOduction

.In the previous chapter the Al-Kai‘z excited L, .MM
Auger spectra of',Germaniumlbin a‘ sefies of Germanium

Vcohpounds 'were_»deSCribed, ' The many features of these

LR

spectra dwere.'those normally expected for the system.
Cons1der1ng the . proxlmlty of the Magneslum Kal 2 radlatlon‘
to the 1on1zat10n energy of the Germanlum 2pl/2 (L2)
energy level 1t appeared that ‘it might be lnstructlve to®
compare the Mg Kal 2 exc1ted L2 3MM Auger spectra w1th the.
corresponding Al‘Kal 2 excited spectra. Having only the
flxed Mg Kal 2 radlatlon energy at our dlsposal, the same
approach Aas was used by Bahl et a1.’7 "for Selenium was
used. The differenCe between”the Ge L2 blndlngwenergy and
-the Mg Kal 2 eXc1tat10n energy was changed by selectlng
Germanlum compounds with dlfferent L2 chemlcal Shlfts

(chemlcal tunlng) so that the threshold 1on1zatlon effects

could be %ﬁganned by XAES. (X- ray Auger electron -

152



"spectrechpY); " Because the L3 binding éﬁergy is

_v_signifiéaﬁﬁly"smalle} than the energy of ‘the Mg Ka; 5

 radiation, no threshold effects areﬂexpéctéd\in]tbe L3yMM

spectra. ‘In all cbmppunds;‘ pronounced Post - Collision

Interaction (PCI) effects wefe’obseryed{ Also, for the

first time, -a pronouhéed effect of éhe Aﬁger,final'state
‘configdfaﬁion wasﬂbbserved by’meané of a éomparisbn'of the
behayior of the L2'3M4’5M4:5 Witﬁ‘the L213M2'3M4'5 Auger
'spectré,-the two strongest diagram Auger transition grougs

in Germanium compounds.

" B. -Experimental
. - -
‘The details of the experimeﬁt&lvﬁroéedure have been

given in Chapter IV except'for the use of a Mg Kal;ZLXQray

source'(1253.64 eV)21 to excite the spectra. The same

bompoundé as in Chapter IV were analyzed:; gaseous GeHy,
: Gé(CH3)4, Ge(CpHg),, GeCly, GeFy and solid GeO,.

e mheory SRR S

The':'_Auger -decay, following _inner shell

phofdionization( is not usually'gffected‘by the-energy_bf
thelincident,photon.- However, when the photon energy is

very close to the ionizatioh. threshold of the prihary_

153
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electfen being ejected, ihevemission‘of an'Auger‘elecﬁfegi“
"~ may deegr while the slowly'reeeding photoelectron is;sﬁilli‘
in the vicihity.of the excited agbm. In such a situatiéni’
the Auger spectrum is expected to be 1nfluenced by what is
called Post Colllslon Interaction (PCI) 8, 79. Thls term
‘ :as first used‘for the autoionization of an atom which,
under certain conditions, may be influenced by the Coulomb
field of a sldwly recedihg'particle. Much experimental
data on PCI H?s been.reportedvforeautoionieation following‘

- 4
- electron impact

e+ B > BY + e (1 (slow) . ,
V-1.

R > Bt h em(2) (fast) =1,

where ‘the slowly reeeding éarticie isfehe inelastically
scattered .electron::e-(i)li “At imbaet energies slightly
'above the threshold for exc1tat10n of the aut01on1z1ng
stite the ejected electron e (2) peaks were found tQ‘be
shifted. - towards higher .‘energiesu eand | brbedéned.BQ
Experiﬁenﬁally it“appeared that the PCi led to an enefgy
loss for the slow electron e~ (1) ‘and an energy gain for
the autoionization electron e - (2). PCI phenomena have

also been observed®l for the process Qf inner. shell

ioénization by X—raybfollowed by Auger ejection of a fast

“electron
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‘hy + B » BY + e~ (slaw) .

o I;, . B2+'+ e” ﬁfast)7 :

V-2

When the energy. éf “the photon is Verzf'closg tb the )
iénization eneréy .Qf ‘ﬁ,A then the #Ei'ﬁspec£rum is
observea; The main features in a:fCI‘spectrum,>shift in -
the Auger energy, line_broadening and line asymmetry, are
explained with a semiclaséicai theory due to Niehaus78 in
terms of pure energy exchange between the fast aﬁd the
Slow electrons.

Accérding to this moéel, tbe slowness bf the recedihg
N,électron, compa:ed to the other bound electrons and to the
fast ejected Augér ektectron, allows the separatiph of the
motion ofbthe sloQ electrbn_fromAthe‘motipn of the éther'
electrons. its behavior .méy bé dgscribed in terms of.
potentiai -cmrves repreéenting .a pure Coulomb potential
(—l/R) iﬁithe ihitialbstate before the Auger;ﬁeCay and a

, . o
Coulomb potential (-2/R) thereafter for the. system of the
ion plus a slow eleétron. The model!éyovidés an anélytic
expfessionffor the energy distributidﬁ;oﬁ.the.energy gain
Cg of the Auger electrdn (energy ' loss -e £6r the

photoélectfon). The . distribution depends on the excess

energy AE which is the difference between the energy of

/



4

the incident photon and the ionization energy of the atom,

and on the lifetime of the inner shell ionization

process. The results predict an asymmetric Auger peék

Y

| .

distribution which satisfies the following relatiog§hip
| . -

[2(g + 6)1/2 - g(52 + 48)) =0~ V-3
where the teduced energieé ) and £ are related to the
excess energy AE and to thé Auger peak enefgy shift (e) by

the lifetime (<) of the core level according to the

equations

2/3

o
I

ET

6 = AE12/3
with all quantifies in atomic units. The use of 'reduced
energies in equations V-4 .allows the énergy shifts to be
expressed independently of the lifetime (<1).

_From equations V-3 and V-4 it‘followsﬂthaﬂ: a) for 6§

+ 0 (at threshold) the Augerbpéak energy shift is equal to
. . ' ~ )

- . : : . ¢ . S L B
having. a high energy tail. The most probable energy shift™

is determined as the positicn at the maximum of the energy.

156



f

_

(f3757)2/3; b) the peak positionvﬁaries smoothly across
the threshold. When e << AE equation V-3 reduces to the

classical result obtained by Barkér and Berry82

= -

o . v-5
Y - 7 2/28,
. - ' " "/
according to which fog 5§ + 0, £ + =» and also € + o. In

o~

the absence of PCI, the probability for ionization and so

the subsequent Auger‘ effect would be a step function

. rising abruptly"ét AE = 0 from zero to one. As it is
shown in theyﬁfﬁigféus78. theory  and confirmed

-

experimehtally,82 the probability for ionization increases
smoothly through the threshold in‘ba rather wide energy

13

range whose width increases as the lifetime of the hole

state decreases. ;

Another pheﬁomehon arising at the threshold is the so -

called Auger ReQOnaht Raman effecp83'84 by analogy with

the X-ray Resonant Raman effect. In the X-ray Resonant
Raman effect, absorption @f a photon hwl promoteé ‘an

atomic inner shell electron to an excited bound state.
: 4 e

The inner shell ,vacadéy is simultaneously filled by

another atomic electron under emission of a characteristic

X-ray photon huw, (< hml). For the Auger Resonant Raman

effect, an Auger electron is emitted in place of the X-

-~ 157



ray. The resonantly emitted Auger"electrcn (or fX—ray
line) is different from the normal Auger electron in that

. s

it reflects the width of the exciting radlatlon as Well as

the natural lifetime width T of +the 1nner_ Shell hole

state. If excitation is accomplished with a sharp line,

then thelenergy of the Auger electron (or .emitted photoh).

will,vary with the energyfcfvthe incident photon hyjy over
a rahge of T. The linear dispersion and the narrOWing‘of

the emitted Auger electron line (or the emitted radiation

156

linewidth) are the identifying characteristics .of the -

Auger Resonant Raman process. ‘Two possible sPectral

appearances arise depending on whethervthe electron placed-

~

in the excited state acts as a spectator while an Auger
process ‘takes place with two of the more tightly bound

electrons; or whether the electron in the exc1ted state 1s

directly involved~in the filling of the hole. Both cases,,f

result in. Auger electron energles which- are hlgher than.

o e L}

the normal Auger l}nes, with the latter hav1ng the hlgher
LI . . (-‘"

energy. ¢

D. Results and Discussion -

The Ge L2 3M4 5M4 5 and L2 3M2 3M4 5 Auger spectra of.

" the  six compounds exc1ted by Mg Kal 2 X-radlatlon are

shown in Figures V-1 to V—LZ. The figureS'corresponaiﬁg“

L .
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‘to the L2 3M4 5M4 5 Auger spectra contain an 1nsert with
‘the LoMy 5M4°5 reglon taken from the complete L2 3M4 5M4 5
spectra excited w1tb Al Kay 2 radlatlon which were

discussed ‘in Chapter 1IV. The band components were

N [

ohtained by ‘the curve fitting - procedure described in
Chapter 1IV. All the L2 3M4 5M4 5 spectra excited w1th Mg

: Kal 2 radiation contaln the photoelectron llnes arlslng

?

from exc1tatlon of Ge 3p1/2 and Ge 3P3V2 levels (EB ~ 130

eV) and thls_feature appears 1n thewreglon of 1110hll20 eV

" obscuring the lSO ‘term. - As with the Alj'Kal,z excited.

e,

-spectra,.‘the MQF Ka © excited spectra show the Ge 35

photoelectron line excited by Ge La and Ge LB radiations

generated from some Germanium deposition on the anode.

'The L3MM group of the Auger spectra excited by Mg Kaj > is

4

et iatly the same asﬁuthat excited by Al Kay o, as

@@ted because the 2p3/, (L3)" -binding " energy is

sUbstantially smaller than the Mg Kdl 2 radiation energy

: in all chemical environments of Ge, ‘thusi no threshold

'effects arise-in thls group.

]

Ge02 which has a 2p1/2 blndlng energy 2.43 eV smaller

than the Mg Ka; » radiation energy shows an L,MM spectrum

(Flgure V- l) w1th some. prondunceé dlfferences compared to

T
the spectrum obtained w1th Al Kal 2 radiation. The

L2M4'5M4,5 group is shifted by 0;37 eV to higher energy in
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R S T asa

thefMg‘Kal‘b spectrum reiatlve ‘to the group p051t10n in

‘the spectrdm exc1ted by Al Kaj 5 radlatlon. ' Also

noticeable’ = is a’ dramatic decrease in the
] ' . N o .

LoMy 5M4 5/L3M4 5M4 5 1nten51ty ratlo,\changlng from O 5°

with Alumlnum 'excitatlon to - 0.2 with  Magnesium .
excitation. This behavior reflectS‘the‘variation of -the
4 N . o o

2pl/2 photoionization cross-section near the threshcld,_

It seems that there is #lso an alteration of the relative .
. , . ) ) . .

inteﬁeities ‘within the L2M4“5M4:§ group. ' The peak

previously attrlbuted to a sum of the 3P; lD, 3F flnal

'stateS'(Chapter IV) is increased in 1nten51ty relatlve to '

1

the G4 final state in comparison with the Al Ka; 5

"spectrum. Also in the :spectrum excited with Magnesium

‘radiation there is a.structurekat high energy, about .8.5

1G4 lines which does not seem to belong

eV away from the
telany of the diagram Auger transitions. The origiu of
this feature is unkhewn. The'L2’3M2’3M4’5 spectrum‘shoyn
in Figure-‘ve? has.,the same features as the Al Ka1'2‘
excited spectrum. The only difference is a shift of about
0.97 eV of the LoM, 3M4 g group to hlgher klnetlc energy

in the spectrum exc1ted w1th Mg Kal ) radlatlon respect to

that  excited by Al K“1,2 radlatlon . No change in the
]

AL2M2’3M4'5/L3M2’3M4’5 intensity ratio ie observed.

In Figure V-3 the L, 3M4'5M4'5 spectrum of Ge(C2H5)4

is shown. For this compound the Germanium-ﬁpl/z-binding



. . i

Lenergy is '0.51 ’eV nlarger than the Mg Kal 2 radlatlon '

energy- The L2M4 5M4 5 Auger group/exc1ted by Mg Kal 2
dlffers markedly frOm the Alumlnum excited spectrum, whlch

is the normal Auger spectrum because of _the threshold

185

ionization phenomena. Because of .the limitations of the_"

°
»

curVe flttrng proceaure whlch ~allows only the use: of’

B

either vGau831ans or Lorent21ans, Athe’ asymmetrlc-»shape
) KN . . . e

'found in this region coula onlyW be fitted w1th two

mLorgntZLans vcenteredf at 1166. 63 ev.. | Thls feature is

shlfted by 2.18 eV to hlgher energy w1th respect to the4

>

normal Auger 1line 1G4 (L2M4 5M4 5) ln the Alumlnum ex01ted

spectrum. The two - Lorentz1ans were then replaced by the

PCI_asymmetrlc shape calculated byaDr, J. Vayrynen of this

laboratory - according to the theory of Niehaus.’8 As the

resu1t shown in Figure V-3 indicates, - the PCI function

reprpduces reasonably well - the "structure in the‘

experimental spectrum. At about 6 eV, above the normal IG4

(L2M4i5M4,5) another structure similar - in appearance; to

the diagram'.Auger line appears. This 1lipe can Dbe

explained as . a spectator .satelllte Auger line. The
- :

spectator satelllte Auger process may conslst of a 2p1/2 +

kd exc;t,atlonL followed by the Auger decay w1th the kd

electron actlng fas a spectator.' 'in the ,case of a

part1c1pat10n of the kd electron in the Auger decay, the

e
I3



.
e

'-process would have appeared as. a structure at even; hlgher

7'

“energy. The 1ntensrty rat10,<as derlved from the areas

€

’obtalned from the’ least square flttlng procedure, of the

';;§CI and satelllte structure over the L3M4 5M4 5 reglon in

,VI'

fthe- Mg Kal 2 exc1ted »spectrum was‘:comparedw to the

rvL2M4 5M4 5/L3M4 5M4 5 1nten51ty ,ratio‘ ohtainedéfinnlthe'

o

186

,’spectrum exc1ted w1th Alumlnum radiation. A 38%fdeCreasen'h

,of the total 1nten51ty of PCI and satelllte peaks with

~respect to the normal LQM4 5M4 5 Auger transition was

_5observed. The L2 3M2 3M4 5 spectrum of Ge(C£ﬁ5)4 shown 1n

’,w1th Alumlnum radlatlon, there bexng«only awra@her Jarge

“ratio was observed

Rspectrum of Ge(CH3)4;~.for this'compound the energy of the.

rrrrrr

Flgure V—4 is very much llke that of the spectrum excited -

.shlft @f‘ the L2M2 3M4 5 group by 4.5 eV to higher

.
©

.Lfenergyrn No change 1n the L2M2 3M4 5/L3M2 3M4 5 1nten51ty,:

A\

o

mfIn Figure'.V—Sl,is‘ shown - th%.'Lz 3M4‘5M4 5 Auger

Ge 2p1/2 1s O 86 eV above the Mg Kal 2 radiation. The

L2M4 5M4 5 spectrum shows the PCI effect con51st1ng of a

¢_:broadened, asymmetrlc_ lineshape 'shlfted by 1:93 eV to

higher ehergy reiative to the normal 1G4(L2M4 5M4 5) Auger,<

‘ 11ne and w1th°@ dlagram Auger—llke llne shlfted by 6-2 ev

'-to hlgher,ﬁz’etic energy relatlve to the -normal-

\j\?" R '. U .“
P Tt g




}G4(L2M4;5M4;5X'Auger line. -The asymmetric structure is
‘ matchedhquite well by ‘the ca1Culated'RCI function. The
latter. part of the- spectrum is again eXplained ‘as a

;spectator satellite“ Auger line. 'The intensity  of the

%,entlreé structure (PCI and satelllte) relative to the

vlnten51ty of the L3M4 5M4 5 "group is about 25% less thau

N

'the L2M4 5M4 5/L3M4 5M4 5 1nten51ty ratlo in the Aluminum

exc1ted spectrum.- In Figqure V-6 the L2 3M2 3M4 5 Spectrum
“of Ge(CH3)4 exc1ted by Mg Kap 5 ‘radiation is
R = ’ . .
illustrated. The LM M group is shifted by 4.62 eV
, b 272,374,5 A

to higher.kinetioﬂenergy'reiative to, the Aluminum excited

LM, 3M4 5 group. . The statistics of -the ,spectral'_data,

obtained with Mg Ka “excitation were poorer than that of

187

the spectrum excited with Aluminum radiation, however an

\\

J\n the L2M2 3M4 5/L3M2 3M4 5 1ntens;Lty ratlo

\<

The L2 3Mg sMy, 5. sppctrum of GeH4 is’ shown in - Flgure

V'7ﬂr The blndlng energy of Ge 2p1/2 'is” 2.78 eV .larger

than th\ Mg Kal\? radlatlon energy Even thls far below

h\ \the threshold the L2M4 5M4 5 spectrum exc1ted by the

) Magne51um anode‘ shows \some PCI effect wath a. structure

whlch eis shlfted by 1. 55\\eV to hlgher klnetlc energy

relat1Ve to the normal\ G4(L2M4 5M4 5) Auger line. ' The
!

1nten51ty of thls peak is qu1te low and 1t is not p68$1ble

approximate estimate of the intenSities.revealed no change



to discern an 'asymmetrlc shape} " A ‘satelllte peak is
present at 6.11 eV abbve the dlagranl lG (L2M4’5M4;5)
Auger "line. f.The .small\ peak between the PCI and the
satellite structure may \pe due 'toi another spectator
satellite 1nvolv1ng a dnfferent "orbital. The' comblned
,1nten51ty of PCI and satellltes retative to the 1nten51ty

of<the L3M4’5M4'5 group of the same,spectrum is only 40%

of the L2M415M4’5/L3M4,5M4'5 intensity ratio obtained in

the spectrum excited by Aluminum radiation. The.

L2 3M2 3M4 5 spectrum shown in Figure V- 8‘1s 51m11ar to
the_ spectrum exc1ted with Aluminum radlatlon, the only
nctable”difference being the shift of the L2M2 3Mg 5 group
by 5. 74 eV to higher energy The structure near 1054 ev,
whose 1nten51ty 1ncreased durlng the measurement, may be
due to the Ge 3?l/2f and Ge 3p3/2 photoelectron lines
. excited by Ge Lqa radiation, again due to Germaniun
depoSition on the anode. |

Different features from the ones described above are
ﬁismown by the Ge L2 3M4 5M4 5 Auger spectra of - GeCl4 and
GeFy 1llustrated in Figures V-9 "and V~ 10.

The Ge 2py /2 binding energy iu GeCl, is 4.94 eV
larger tﬁan the 'Mg' ka; o, radiation energy In the
L2M4 5M4 5 reglon of the Magne51um excited spectrum there

is a weak”’ structure shlfted by '0.18 eV to hlgher klnetlc

. .,188



'energy with respect :Lo the normal' 1G4 line in the
VL2M4 5M4 5 spectrum excited by Alumlnum radlatlon, "and a
.weak satelllte peak shlfted by 6.11 ev to hlgher ‘Kinetic
’energy agaln w1th respect to the normaI‘lG4 trans1t10n.

ey

The: - comblned 1ntensity of PCI and. satelllte relatlve to

ﬁhe_;nten51ty of the L3M4'5M4{5 group 1S'only 22% of the

S .
L2M4'5M415/L3M4'5M4;5 intensity ratio in-,the Aluminum

excited spectrum.

In GeF, the Ge 2p1/2 binding energy is 6.37 ev larger

than the Mg‘KaI 2 radiation energy. The L2M4 sMg 5 region
of the L2 3M4 5M4 5 spectrum shows a peak shifted by 0.22
eV and . a satelllte shr;red by 8. 81 eV to hlgher kinetic
energy borh w1th respect to the normal ,G4(L2M4'5M4,5)

-aiegram' line. The -combined 1nten51ty OfJ the +two

structures relative to the L3M4 5M4 5 group is only 18% of

the L2M4 5M4 5/L M4 5M4 5 1nten51ty ratlo in the spectrum
excited with Al Kal 2 radlatlon
In Figures V-11 and V—12 thé‘L2f3M2;5M4'5 spectre of

GeCl, and GeF4prespectively are shown. In the regioh of

thegL2;3M2,§M4,5 spectrum of CeCl4 there'was also a strong

: Cl“2p photoelectronlline (the deleted portion of the data

in the figure) with the corresponding satellite due to the

Mg'Ka3l4 radiation. 1In the‘L2;3M2’3M4,5 spectrum of GeFy:

there 1is some structure  neéar 1053 eV:VWhich increased

Q

189



duriﬁg the measurement, éuggesting that it‘was due .to the

- Ge 3pl/2 and Ge 3p3/2 photoelectrodiglnes exc1ted by Ge La 

radiation arlslng from anode contamination. - These llnes

o appear to be quite- strong in comparison to the LyM, 3M4'5'~
i L

Auger group. The shift of the LzMé 3M4 5 groups-relative;~

to the L2M2 3Mg4, 5 spectra excited by Alumlnum radiation is
3 84 eV for GeCl4 and 6.21 eV for GeF4, both to higher
Kinetic ‘energy. For both compounds the

L2M2r3M4}5/L3M2 Mg, 5 intensity ‘ratios, in contrast to the

other systems, 'are much smaller #n the Mg Kal 5 than in

the Al Kal 2 eXClted spectra. : : g

In Tables V-1 and V-2 are listed fesulﬁs for all
compounds. In Table V-1 the Ge 2pl/2,binding.enefgies
relative to Mg Kaj radiation are given along with the
PCI shifts and the satellite shifts.” In Table V-2 the
PCI/L3M4'5M4,5.intensity ratios are given, excluding the
intensities of the Satellites. As  shown in this table,
the peaks in the GeCl4l and GeFy 92,3M4,5M4’5 spectra,

’

wHich are shiftea only by 0.18 eV and 0.22 eV»respectiQely
-have only ‘4% and 3% of the intensity " of the unshifted
“L3Mg 'sMgq, 5 diagram line.  If it is considered that in a

diagram  Auger trapsition . the L2M4'5M4'5/L3M4’5M4'5

: iﬁﬁensity ratio is approximately 1:2, as has been observed

from the diagram 164 (L2M4;5M4'5) Auger line (Table V-1),
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' Table V-2..

Compounds-v ,;

192

v

Inten51ty Ratio'fof Germanium

PCI/L3M4 5M4‘§
U

K
RS

- Geo, (s) T 1 0.20

Ge(CoHg)slg) . . 0.18
Ge(CH5) 4(9) . 0.17
Gety(g) WE. . 0.13
GeCly(g) |

GeF4(g)

=]
s .
5
W

O
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[

intensities of these smali( peaks are about 8% of the

normal L2M4 5M4 5 Auger group. Therefore, . it . seems *

reasonable to attrlbute these peaks to the Mg Ka3 4 hlgh

energy satellite in the qnfiltered X—radiation, ‘which lies
- about 10 eV above the Mg Kal 2 iine, and - possesses an

1nten81ty of approx1mately 8% of the pr1nc1pal Mg Kal 2

radlatlon. The weak peaks are also sllghtly shlfted 

because of the prox1m1ty ioﬁ the ‘radiation,‘energy
A
n(approx1mately 1263.6 eV) to the threshold of the Ge 2Pl/2

blndlng energies.

‘In Figuregg V-13 and V—l4 plots of g and § as’ deflned"

"for the ‘Aluminum excited spectra, ' it follows that the ,
. : o ' 4 :

193

, by equatlon V-4 using T 0:95 eV85~are shown for the

M4'5M4’5 and M2'3M4’5 final states. The PCI shift 6f the ’

diagram Auger (M4}5M4'5)‘final state"(Figufe,V—l3)'shows‘a
behavior simi;ar teathat reported by_Browh et al.83 for Xe
L3M4M5(1G4). " The PCI shift passes through a’ maximum .value
near the threshold, and the shift deCreeées when the
excess energy has larger p051t1ve or negatlve value. The
”’two ?01nts .relatlve to GeCl, and GeF4, for the reasons

given above, represent a.different situation in that the

slightly shifted L2M4 5M4 5 traﬁsitions are  those

.apparently excited by the My Ka3 4 satelllte. However a

"small contribution from some PCI shifted diagram Auger

™
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. transitions can not be e*cluded.' A djfferent beﬁavior is
observed for'the L2M2'3M4’5:shifts. .From Figure V-14 it
éppears thag,the shift' increases when the excess energy

. becomes more negative, with exéeégion pf}GeCl4 for which a

. decrease in the -shift is —observed. Fronx‘both ;ets of

t

experiméﬁtal data, LMy 5M4 5 and LoMsy 3My4 5. spectra, E

values larger than those predicted vby ‘equation V-3 aré
obtained. Only Géoz has a PCI ghift (g = 0.28 au) of the
diagram Augerst:ahsition to the fiqal state M4’5M4;5 which
agrees reaéonébly with the value of g = 0.32 au given by"
the theory. ﬁighre V-15 'shows the plopgbf.tpe spectatof 
satellite peak corresponding to'the;M4’5M4’5 final.state
relative to thék‘unshifted lG4 (L2M4'5M4’5) 'Aﬁgér line
versus the excess ‘energy. It does not show the linear
dispersi&n that was '}f%erved by Brown et al.83 Tﬂe
behavior .of ,thé; éhift is very similar ﬁo_ the shift
observed for the Auger transition to the M213M4’5 final
state suggesting,.thbn, that in both-caées~the processes
‘may be quite similar.:

The appearance of PCI effects and of the spectator
Augér satellites iﬁ Ge(CHy) 4., Ge(C2H5)4 and GeHy can be
"explained as follows. . The' energy ;Qf_lphé ‘incident
radiation (ﬁv = 1253.64 eV) is léss than the thresholad

value of the L, binding energy therefore it is reasonable:



197

‘s°*s

"9 / FHhIsus SSDIX8 poonpax snsiaa
Y .

. : 1y et . r
9 !'s33TYS O3 TTIe3Es 103d310ads a8bny m.va vZNA wuntTueWIS®H pIadNpaY "SI-A aanbtd

('n'p) 9

0"1 6'0- 0 §°0- 0"1- §'I- 0°2- 52~

,ﬁ ,_.. oo nrmu -

nfllq

L3

LR L T

~ MeReayey

UTTEDY

&



/

to presume that the 'L,- electron has been excited to a

1

198

Rydberg or -anﬁibonding molecular orbital, which is an -

unoccupiéd bound level. ' This excited state decays through

a radiationless process following, say, two channels of

comparable probability. Both channels consist of an Auger.
process. It is possible that when an electron from a,Mg g

level fills the hole in the Lo level with emission of an

Auger electron, the change in the nuclear potential felt

by the Ryabe:gfélectron kthe'nuclear chargé becomes more

 screenéd by the additional Lo electrop)‘ causes this

‘excited ané loosely bound electron to mbve sléwly out of

tﬂe'mélecule (the précess can be consideréd analogous té a
‘ n

relaxation proceés). ‘ Théﬁ Ruger electron, thereforé;

interacts with the slow'electroﬁ gaining kinétic'enefgy

with ©an asymmetric probability 'distribution"which is

'typng}/GEF/PCI effeqtv' The feature present at higher
kinetic energy,- and ‘which resembles a normal Auger
™ ' .
transition, is the so-called  spectator-Auger satellite

wherein the atomic core vacancy. becomes filled through an

Auger‘tranéition, and the excited electron is undisturbed

in its excited level. In effect, an exgited neutral

species is undergoing an Auger transition with a

characteristic energy which is different frbmvthat/of the

normal ionic precursor state to the Auger process. The
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: en.ergy'. ' This\stéte is a“more Stable state wit

‘only the spectator Auger satellite is observed,;fw

two decay modes are illustrated in Figure V-16. Wheh the”
energy "of the incident photons, hv, is very much below the
4 .

- Lg threshold, as_in the case of GeF, and GeCl,, the

ekcited'state reached by the L, electron will be

lifetime; »It is then p0551ble that the ex01ted state will

‘not be affected by the fast change ‘in potentlal produced

'by the Auger process,’ and that, as a COnsequence, the

probability for the PCI interaction becomes very Small,;so

When the final state of the Augef‘fprgceés changes

‘ A - . - sy
from Mg, sMg, 5 to My 3My g5, a different relaxation may be

felt by the Rydberg electron. The process giving rise to

a PCI éffect ‘shown in Figure V-16  for the My gMy ¢ final
) . - ! 'Q‘

state, may not occur- for the My 3M4 g final state and only
the satellite structure due to the Auger process in

presence of a spectator electron in an excited state is

1ower

a longer

199 .

observed. The process in the two different 'f,‘inal“’s,tatesf~

r

is illustrated in Figure V-17. It seems poesible thatmthe B

relatlve probab!llty of the PCI and spectator ‘satellite

'-processes depends on the llfetlme of the exc1ted state and

on the 1nc1dent energy whlch selects the exc1ted state. ¢

~The. results. in Figures V-14 and V-15 can be explained

by screening effects. Increasinginegatively the excess

°
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. ehergy, that is, increasing chemically the binding energy’

202

of Ge 2p1/2, the L, electfon is- actually ”excited"to*‘a'.

3 - : ?'

lower unoccupiéd Rydberg Level Ry, (Figure V-17). - As a
consequence, the spectatof electron will. more effectlvely

screen the Auger'electnon yleldlng a greater increase in

¥

the kinetic energy of the outg01ng Auger electron The

pecullar behav1or \iff GeCl4 in both cases, M2’3M4'5. and
My 5My, 5 spectator satellites, could be attributed to its

large relaxation enehgy (Chapter FV) which .strongly
V)
determines the netlc ehergy of the Auger electron It

is possxble that the effe%t of the spectator electron on

the kinetic energy of the Auger electron is small compared

to the relaxatlon process "and so the extent of the shlft

a ,
is decreased A compllcatlon for thls argument is that

Ge(02H5)4 also has a° large nslaxatlon energy and should

behave srmllarly to GeCl4.~‘Ho&ever in this case, because

of the smail, excess energy, Ehe L, electron will be

A\

A 3
excited t6 _a higher unoccupied\\}evel producing less
screening and consequently smaller sﬁgft;

E. " Conclusions

>

In agreement with what- observed by Brown et a1.83
. S

this work has shown that, as the incident photon energy

varies-through the threshold'region; the lG4 diagram line

(:.

<
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of the M4 5M4 5 flnal state 1is shlfted to hlgher energy,
and it . assumes an asymmetrlc shape indicative of a PCI
effect. " Above this shifted dlagram llne a spectator
satelllte appears, whlch per51sts even after the'intensity
of the dlagram line has vanished, whlch occurs about 5 eV
below the threshold‘ as ﬁllustrated by the Dbehavior of
TS , _
GeCly and\}SeF4. Preyiously .unobserved 1is . the evidence
shown here of the dlfferent behavior exhibited for the
M2 3Mg, 5 and M4 5M4 5 flnal states. In the case-of the
M2 3M4 5 final state »it seems that only the Auger
spectator satellite ef ect occurs as is suggested from a
comparlson of the shifts obtalned for the LoMy 3My, 5 Auger
' spectra. and the spectator satellites in the L2M415M4'5
Auger spectra. | In both cases the excess of energy is
guite large and greater than the natural line width oflthe
inner ”shell 2py /2 tr>= 0.95 eV) 1level. Therefore the
L , . .
conditions necessary for the observation of the Raman
linear dispersion,83 ich requires that the change 1in
photon energy is of the order of r, are .not, fulfilled.
When the excess of energy ¢ is changed by more than P, the
electron 1in the L2 level may be excited to dlfferent\
unoccupied levels _ljing,‘clOSe to each other, yleldlng | \\
dlfferent spectator':satellite .shlfts (see Table v-1). | |

Also, because dlfferent molecules are belng studled ‘the

)
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unoccuﬁ%ed levels reached by each of thebtransitions are
’éiffereht. ‘The screening effect of the‘exeited electron
'is different anéfdependent en‘the excited orbital in'which‘
it hae‘been placed The concept of "ecreeniﬁg" can also
be used to explaln ‘the dlfferent shifts obtained for the
M2 3M4 5 and for the M4 5M4 5 spectator qatellltes;\

An, 1nterest1ng question which arlses from the above
results is why the Auger transition to the M2'3Ma’g fi;el'
state does not show any PCI effect as eompared _te the
M4'5M4,5;Auger traneition. This obsef&ation contradicts
the generally eccepted vbelief that the PCi' effects are
determined only by the slow electron (photoelectron in
this case) and are not influenced by the fast electron
whicﬁ means theg’only the in;tial eﬁate is important in
such effects. '

| It would be interesting to compare these results
obteined by . "cﬁemical tuning" of the threshold eneréy,
with results obtained by:changing smoothly the ionization
energy across a fixed threshold energy,.usiﬁg for exampbe,
- synchrotron radlatlon.: Wlth this technique the relaxatlon
effects would not Qary through the experlment because the
© same molecule would be probed w1th dlfferent eXCLtatlon

s

. energies.



CHAPZER VI,

TIN M415N4i5N4'5 AUFER SPECTRA OF

sn(CH3)4 AND [Sn(CHj3)3],

A.. Introduction . .

The MNN spectra of Tin compouhas 'have .many
siﬁilerities "with the‘ LMM  spectra discussed above for
Germanium compounds. The w4\$N2 3N2 3. peaks areée extremely
broad ‘because cﬁ the N2/3N4 5N4 5 supe:—Coster—Kronlg
Auger transitions in hzch éhe'lnltlal state hole end both
final stete' ﬁoles arey in  the same shely.’ ‘These
transitions cause .ﬁé%}//lifetime broadening of up to 20

eV.86p

.other MNN spectra ‘are qu1te weak and broad, so only the
M4 5N4 5N4 5 Auger transitions which have sharp peaks will
be analyzed in this work.
The My 5N4 sNg 5 spectra are more complicated than
\ ’ - : )
the L2'3M4,5M4’5 spectra because the M4fM5 separation is
smaller than the Lo-L4 separation so the My and Mg groups

partly overlap. Also in contrast to the L, M, My g

spectra, wbieh‘ showed the same appearance for the two

205 \

Except for the M@ sNg4, sNg, 5 tranSitions all the
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gropps L,- and . L3-, here the cotréspbnding M4— and Mg-

N4;5N4’5 ~Sp§ctraf» even if the final states for the.

tfansitions are the,ééme,'have differentVShabes because
the métrik éléments for -thé\ transitions from differen£
initial states»to the same. final sﬁgtES»areAdifferent.

The Sn M; 5Ng, sNg 5 inner shell Auger speétra of
Sn(CH3)4 and [sn(CH3)j3 ]2 were obtained and analyzed with

comparison to ¥he spectrum of Tln metal reported by Pessa

et al.87 Wi%p the same approximations used for Gegman;um
" compounds, the relative energies and intensities .were
calculated and compared to the experimental data. = The

‘energ§‘ célculétions were based on poth Russell-Saunders

states. The intensity calculations were based on a mixed

coupling ‘scheme. Relaxation contributions were deduced

Al
from a comparison of Auger and core level measurewments.

B. Expefimental

Tin  compounds, ~ Sn(CH3)g4 and [sSn(CH3)3l,, were
obtained from -ALFA Products and used without further
pdrificatioh. The ‘Auger spectra of the vapors were

excited by incident electrons with energy of 2.5 KeV

- produced by an electron gun. The spectra were calibrated

" with reference to the Argon L3M2'3M2;301D2) ‘Auger line

206

(LS) and intermediate coupling (IC) of final hole ~



'?;electrons 1s glven by an expre531on

L IV- 1. .

RS ' B T AT SOTN - T o
e i ) N . o g':} Wiy oty P
O » H B "

Auger 11ne (804 557(17) eV klnetlc energy)a i The Sn 3é

and 4d photoelectron llnes were :exc1ted by Al Kal 2

radlatlon -(1486 6 eV) 21 The 3d lines ‘were calibrated

wxfh resPect to. Ne KL2 3L2 1( D2) Auger line and Ne 1ls

photoelectron 11ne (870 312(17) eV blndlng energy) 24 1he .

""'>'~4H

TIn 4d llnes -were callbrated w1th respect ‘to the Ne 2sv
(48.42(5) ev blndlng energy) and the Ne 2p (21.59 ev

binding‘ene_rgy)8 photoeleetr9n¢1ines,

c. Theory

e

’TheA klnetlc ‘energy .of the :M4;5N4-5N¢,5,"AUQ¢F_,3_ B

50

E(M475N4,5N4,5? X) ='E(M4,5) - E(Ng,5) - E(Ng,5)

’
Ao

e ae WD e, w

“;;.f‘?%fiﬁf””'F(N4 5N4 Exe x) +. RS (N4 5N4 5) e

-
BEACCS Pk
S
I v

"gimilar to ‘equation-

where F(M4 5)s E(N4 5) are‘the core level blndlno energles'VF

directly measurable by XPS. F(N4 5N4 57 X) describes the
' ' o
interaction energy betwen the two N4 ¢ holes in the final
state X. R (N N ) is the total static relaxation
S 4,5%4,5

energy. F(Ng sN4 57 X) can be. calculated using standard
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fmeJQ£ioasﬂof_the corré

from the-'theqretichl

 the interaction energ

?mulpfplét‘gépué}}ﬁg'AtﬁeQrYQszi' Because the final state

_N4>5N4’5 has an electronic configurationmd'z('the same as

[\
Nl

for a Mg, 5Mg, 5 firal state, the number of terms arising in

pure LS coupling are again five; lS, lG, 3P, lD, and SF.

The general expressions for the ehergy of,eaéh'ierm52~are

the ones already given in IV-5. In intermediate ¢oupliﬁg
| ‘ a

(ICc) the five levels split into nine states. Guided by

88 ang Cadmium73,* which are

successful results on Xenon
close to Tin in the periodic table, the mixed coupling

SChem855'56

applying J3j. coupling ﬁpr‘thé_initial state,
and intermediatefcoupling for the final7§taté/ was used to
Calculate the relative intensities of the line

components. :; In the’ calculations’' of the energies of the

final - state. levels in  intermediate coupling,  the

expreésions in equation 1IV-5 were used together with the

spin-orbit matrix element from Condon ‘and Shortl’ey;l6

' “Numerical values -of the sgin—orbit‘parémeters'were taken |

caculatibns ~ of = Huang = et -
) . , . .

sponding secular equations yielded

levels in intermediate
each of thise _en€rgy values, the mixing coeffigients.
These coefficients were used to obtain the intensities for

the transitions tq\ihe different levels in intermediate

o

‘a1;57;.

F 4'5N4'57 ‘X) »Of the yvéf%QUSf

sbupling and also, corresponding to =~
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. equivalent cores b_approx1matlon

‘tables.

couplihg, in terms of‘{the umperturbed "Russell-Saunders

89

amplltudes ((amplitude)2 = intensitY). . The relakation

term RS (Ng 5Ny ) was calculated in the 'same way as for

the Germanium spectra. It was divided into atomic
Rsa(N4}5N4'5) . Tend “extraatomic Rsea(N4'5N4’5)_

_cbntﬁ%butioﬁs39
7

i

- B 4

T ] — a ea o : :
Rg (N4'5N4,'5) = RS (N4‘5N4'5) + RS (N4’5N4,5) V_I—Z-

209 *

The ~atomic term was set  equal to twice the 'dynamic .

relaxation which accompanles photoem1551on58 59

can be obtained from _the optimized Hartree-Fock-Slater

_atom;c_;relaxatlon arlslng from the »three extra _Sp

o

and which’

_results"of Rosen and ﬁindgren.6o ‘Because calculations
T . R , '
were ‘not available for'Tin,"the‘results.for_Iodine6o were
‘gsed which -gave RS (N4 5N4 5) = 9.25 - eV. o The“
'correspondlng v quantlty . for Té? : was;: estimated soby

' subtractlng from RS (N4 5N4 5)1 -the - contrlbutlon to .the .

electrons for Iodlne. Thls correctlon was estlmated in

" the way descrlbed 1n Chapter jaY for Germanlum, using the

30, 31 58 .ana Mann's

53 7 From the appropriate terms "for Jodine, the

corresponding terms for the equivalent core atom Te were

. subtracted



-

aRsp = [F0(4d5p)- Leat(4asp)- 3o (4d5p)]I
e | R
- [¥0(4asp)- Lol (4asp)- 2567 (4d5p) g

L

Because Qf;the‘nonflinearitx of the Slater's integrals,FO

'different”valdéS'fof tﬁe'relaxation contribution of the 5p

electrons when Calculated for Te, Sb and Sn, (ARsp(Te) =

'n"’

0.82 eV, ARSP(Sb) o 93 ev,. 'ARSP(Sn) ="1.02 eV). ..The

average of the three ‘was. 'taken,="multiplied- by 3 and

.subtracted from .the above value for RS (N4 5N4 S)I glv1ng

KS (N4 5N4 S)Sn = 6.47 eV. U51ng ‘equation IV-9 w1th the -

- appropriate factors_ fl22') and‘ gk(xx_)39 and the
53

approprlate"' Slater s ’1ntegrals, an outer~ ‘shell

>

-contrlbutlon of 3 9 ev and an 1ntrashell contrlbutlon of -

3.6 eW to  the atomlc relaxation were obtalned.

-Differently fronrvGermaﬁium:f?the«-intrashelln~eleCtn¢QS 4d

~and the outer shell electrons 5s and 5p produced almost

v

"the same relaxation contribution.
"Following the same approach used for Germanium in
~Cha§ter 1V, the extraatomic relaxation was given by the

two-electron interaction between a 5p and a 4d electron

expressed as a combination of Slater's integra1552

R

<, L. - B .

and,Gk'witH_the atomiclhumber,_equation'VI—3 gave three

210
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1

I-4

ea ‘ _ O pq 1 1., 3 .3
Rg ‘(N4'5N4’5) = F-(445p) - —3§ (4d59) - 76G»(4Q§p%)

The use of Slater's,intégrals, given in Mann's'tables,53

211

yielaedf ﬁseaxﬁ4,$§3;§) = 9.57 eV. Combining the two

. . & ' L ‘
contributions -Re2(N N ) and Ro®3(N, N4y ), - the-
s (Ng, sNgq g)  and  Rg™ Ny gNg o), -t

calculated total staticvrélaxatidh for Tin is

“ RS“(N‘4'5N4,5) =-16.04 eV

7

S e o7

-~ Theé intensities of vanioué.‘M4 gNy €N, Tines were
: N ) R t ’ ’ ' . .

jéaléﬁiat;a~iqffhe-mixed,coupling schemé Wiih 33 codpiing

for the initial state and with both LS coupling and.
. . \ ’ ta

intermediate coupling for the final state. The transition - -

rates for LS coupling in the -final state wepe"obtained~

directly from the expression given by El Ibyari et al‘,89

i usipgﬁthe.direct»and'exchange matrix element calculated by

64

‘

McGuire. The transition rates for intermediate coupling

in the final state were calculated following the procedure

outlined by Hagmann et a1.88'using the mixing coefficients

" obtained from .the energy matrices- and the amplithdéé in LS

coupling.
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D. Results and Discussion

The binding energies of 34 and 44 phdtoelectrons and

the kinetic energies of the Mg gN4 5Ny g (1G4, lDé) Auger

212

lines are given in Table VI-1 along with the corresponding *

values for Tin metal.8” Spin-orbit splittings a:é the &

same for each system within the experimental error. The
spin-orbit splitting Ajq4 obtained from the measured Auger

' S PR | e - 1 : - )
MgNy 5Ny 5 (7G4, "Dy)7and MuN, Ny 5 Gy Dy) lines, (834
='8.52 ev) - is slightly'lé}gerwthaq that thained'directly
from‘ﬁhe photoelecﬁfon meaSureﬁents (A3d = 8.39 eV). The
disagreement could be due to tgé\ lack of resolution. of

the 1D2 and IG4 lines and concomitant fitting errors. For

[

~ the. spin-orbit. splitting A4q, a valuye of 1.18 eV \was ' .

~compilation by Sevier.

cand - positiops, and  areas. as, required. by the..caleulated .

’ |

obtained. Both splittings Ajq and byg agree with the

54 Experifental and calculated

spectra of Sn(CH3)4 and [Sn(CH3)3], are shown 'in Figures

\
VI-1 and VI-2 respectively. The calculated spectra were

75

obtained by a curve simulation programme using widths as

-derived'fromwthe deconvolution of the experimental-data

-

‘mixed coupling intensity results. Each Auger.group -in the

H

experimental spectra was decomposed into six component

26

"iibes?byTMeéhy“Of‘tﬁe'least'squarésﬁprogramme‘".emplbehg“

a Lorenmtzian line shape. with & constant tail. 'As*fdrlthé
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| Sn(CH3)4 1
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‘Arbitrary Units

oy
L.

!

M
!

Ma s Na5Na s Auger

GOUNTS *10°/ 280"

420
- KE (eV)

. Flgure VI -1. Experlmental and calculated (Ic) M4 N 4, gN 4 &

d'Auger spectra of Sr\(CH3)4 vapor. The experlmental spectrum

- ‘was: exc1ted w1th 2.5 keVv electrons at a sample pressure

’ of 1u. The M ( G ) peak of the calculated spectrum has

Been arbltrarlly allgned W1th the experlmental energy.

o

S



'COUNTS =10° / 8 sec

Figure VI-2.

" has been arbltrarlly allgned with the exper

Arbitra‘ry Units

15

10

Auger spectra of [Sn(CH3) ]

spectrum was exc1ted with 2. 5 keV ele

pressure of lu.-

420

KE (eV)

Experlmental and calculated (IC) M4 5 4 5 4,5

vapor. The experlmental

ctrons at a sample

he Mg ( Gy ) peak of the calculated spectrum

1menta1 energy
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 Germanium compounds the Gaussian lineshape gave a poorer'

bjs.j - 51ngle peaksv and :a5 sllghtly larger valueA of «12 00

el - nee .

O'»..,

co

"'if“w.“ ’flt of- the- data A FWHM value of Q. 96 eV was used for the"*—‘

~ obtained qu thé MSNA sNgs eL«G4,c(;D2)"line';in -thélwi'““

Sn(CH3)4 spectrum, was used for all the other unresolved o

-~ ‘double peaks,. For the experlmental spectrum of Sn(CH3)44

R (Frgure VI l) the two. broad peaks centered at 408 17 eV

? 3
L . ' s B

o : kg e

"‘('-i ")

x %

necessary to give fa good flt, can be vassocxated w1th?;“

-~ .
-

background ‘ For the same reason 1t has been necessary to

BEA 1nclude three broad peaks in the spectrum of [Sn(CH3) 15

i \

D & o

(FWHM‘= 25 eV) and 413 16 ev. (FWHM = 9.4 ev); whldh “dre-

shown ln Flgure Vi- 2 -+ In thls case they are centered at

- @1ndeterm1neg 'shakeLOff «which becomes part .IOf . thei.ﬁ

> 409. 79 Y (FWHM 13.5 ev), 415.14. eV (FWHM = 2.4 eV)and

#

L ‘ )“ "’:‘9;‘. \1"\’"’-\ ."-A":-uu &y et e . : - o ’
QA22.66 eV. (FWHM = 4 4" eV) Similar features® were “also~
PR .
observed in“'some\-KLL Auger spectra.90 The arbitrary

it
i

location of these extra peaks could affect Ehe ratios of

I

the diagram Tines. They also ‘could account for the'

o observat,‘i.on tha't the: ‘I (M5N4 ,5@4, 5 )/I (M4N4 s 5N4'5) inten'sity
. ratios‘_of 1.64 and 1.77 for Sn(CH3)4 and [Sn(CH§)3]2
L espectlvely are both greater than the’ statlstlcal value

of 1.5. 'The relative klnetlc energles of the Auger lines

are given in Table - VI-2. ° These data show a good overall

agreement between the relative energies of the  Auger

-_2_‘116". - L
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Table VI-2. Experlmental Relatlve Klnetlc Lnergles of the"”’”’""”

T1n M4 5N4 5N4 5 Auger Lines for Tln Compoundsﬂ

—

- "-:"".Tra@sition _ Final" .,,Sh(éH3)4"f[Sn(CH3)3]é‘-Sn(Metal)a
' ' ’ State Téfmé o lev) o - - {ev) .. (eV)

Mgy sNg 5 TN e R
/ 1sg ~4.25 ~4.38 -4.08

>

MgNg4, sNg, 5

S L R A | .-4.46 -4.15 24.48

lG = . SR IR
4 ©0.00 0.00 0.00

“SF, 3.38 " 3.33 3.34

. aj Relative to Fermi level. Ref. 87..



' calculated energies relative to the 1G4 level of ,the

-~ been included in the..calgulations. From a comparison 9£

relatlon.

. components for_tne_tnree different systems. ‘Thé largestA

"deviations .are;-observed" for the; lSO (Mg 5N4'5N4'5) and

the 3F4, (M4N4 gNg 6) components. Although the 'eneréy

shlfts between dlfferent terms should be the same in the

> A v M an a & T S

M4 and M5 groups, the differences observed here are due to

the- limited resolutlon~ of certaln lines and to the’

inability ‘of the decomposition procedure to separate

closely spaced linés. Tnerefore it is assumed that these

'dlfferfnces do . not have., any ‘physical 51gn1f1cance. “"The

<

<

N4,5N4'5 final state ponflguratlon are givén in Table VI-3

in LS ‘and in intermediate ggQupling (IC). In the LS

coupling scheme, the spin-orbit diagonal elements have

a9

Table VI-2 with Table VI-3, it appears that there 1is a

- A
: , t

good agreement between the experimental. and calculated

values in intermediate coupling, except for the lSO and

3.

the “F, states which were qu%te‘poorly resolved in the

'speCtra. Absolute transition. energies were: calculated

~

N

semlemplrlcally from equation VI-1 u81ng the experlmental

<«
Y

core level blndlng energles given in Table VI-1l, and the

!

218
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" Table VI-3. Calculated Relative Kineticftnérgies;gfffher-1.50

.M4;5N4'5N4;5 Auger Lines of ‘Tin

,
Final . Ls? - 1cP
. ‘State.Terms (eVv) B
. 'so .. —4.45 478
oL h;@;; . "”}5i¢3¥, - oﬁod'
p, ‘ 1.04 0.13
- 3pg 0.25 b,eo
;3P1 0.51 0.54
s |
3p, 1,01 L "1.43 o
e e e e e 2 e e e e e e e e e .
SR Jfo ° b e w Q«.3F~‘2 R -zﬁulaé_-;,a 3% .8 06T 2956f , - o,
. 3F3 2.74 2.77
3, 3.76 3.86 |

‘a. LS coupling plus diagonal ,contributions from the spin-

orbit interaction. ' Lo : 5
b. Intermediate coupling.’



G

§ where 546 L& the»splnﬁorblt”parameter.‘ The,E1N4 5N4 5, X)

I\.«

fused”’%he R @T§4“5N4 5) tenm»was negleotedu, The values

obtalned in thls way are 1lsted ]Jl%fablé”VI-4 aﬂd VI -5

- o Y L -
along with ,the'_experlmental energles., _‘The"average
dev1at10n of experlmental from calculated values 1s 10 46

-

“5fterms obtalned in-. theiantermedlate coupl;ng scheme were T

L™

: (+o 6@) for . Sn(CH3)y ,_‘__a'n_c'_]_; i1, 41 '(-_ijO_._._,65i)‘ eV for

(

l.f[qn(CH3)312 ' These'hlarge 'differences' arise fromf:the

"fneglect. of the RS (N4 5N4 5) termwijy_equation Iv-1 ahq‘

~ . these differences can: be con51dered equal to the statlc

'frelaxatlon»1contr1butlon The statlc relaxatlon term found '

in this way 1is .smaller than the theoretlcal “value-

e 5. .- . .
. @ > e . o - °

calculated above by "5, 5 eV for Sn(@H )4‘and 4 fey for'

-

[SIV'I(CH3)3]2.

In the <case of Tin metal the \ average ‘static

»

relaxation of 16.27 eV bbtainédhbylthe:éaﬁeianalysi5~of3

(T .

each llne agrees WeIl w1th the theoretf%al value of l6 04

eV calculated;.ahove.__ It ls_ notable that “thi® statlc -

noae

- . v - . LZ ) < Ty - ' - BT . v - vt . .’ . .
relaxation term . 1s con31stentruthroughou55 the varlous

N

‘multiplets for"ah§'loﬁé melecule indicating. - that _the

[

;multlpleth state‘ effect contributions ~are adequately

Sl fiy

descrlbed by the coupllna term.' urthermore the M4 and Mg

sets gave the“same ‘results so the .contributions’ are

’

“'iwﬁndeﬁendemt of “the initial.state. .




SetTn e . Transition "Final State :-<."Calculated . - . Experimental =
. R . , = ke
=~ e . R ' AR ST R - . .
s ) o AR - el R .. . .
. FTITEe S 'ferms ons Energiesr. (evt) 2 Values:-(eV). .-
R C e tnrrT v e w e ot : . R AR T " ; %
M4N4;5N4. § : e .

Ten- o MsNg gNg s

S 413.89
- 414.36

414.30
T .7415.19"
" 416:.32

416052
417.62

400,56
405.34

405.47
© 405.94

405,88
406.77
407.90

408710
409.20

S 44,

" 424,

411

415.

" 41%6.

417.

418

419.

39

92

.37

42

88 .

.71

28 L

54

30

26

.24
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3 - . . ) . ) ) -
- * e - oL : T
' - e g
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d ¢ . E
: o
" . . -
Yy v . )
e AR AR P & P = R .
LT Y ¢ aie 5 i
Y . . N . BN A_"x'.'u e i
! . . . - . P o

o ' ' ' C LR R R

. rapie Virs, " GEleulated snd Expbrinental Tin Mg Vg sNe,s . S
SR L ‘_Atiger "Energies for "L.s_g_'i(cgla)jjz e

Transition - Final State ~» - Calculated Experimental’
Bom N, e e s e C e : C - N - . e L

eI .

." f,fﬂeiﬁng?jy__gnéfgieé (ev) ~Vélués-(eV).Hfﬂ.

e e MgNg sNg s e _ .
T ')"'_"lSo:_';_ 40911 ., 42005 ..

lg, T a13.89 g R

o \ 425.41

D, T 414,027
414.49 .
T l . 426.15
3, a14.43 0
3p,- 415,32\ 426.87
3,7 7 416.45 -
' , ..427.78 -
i 3”1"3 - .. ... .. 416.65 [ v v:).
| . 3F4 S E I - f428.83f
~ MgNg, 5Ny 5 |
e e M; ' lso 400.74 412.73
' 405.52

D, 405.65
3p, ~ 406.12 | .
| | l 417.63
3p, 406.06 ,
: 3p,. 406.95 .  418.35
3F, 408.08 S
- ] ~.418.30
3F,. | 408.28
3¢, 409.52 1420.21
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The approach ﬁsed <above to.'bbtain"the'_relaxationu"

<, . N . r

eiterms 1s equlvalemt to the use of the Auger parameter as

defined;byx&anguand_w;lllam551 and descrlbed in Chapter v

SR S e e

~ oy

"" « P
- S
A
N R R x P, 5 o i
‘and also e T -
‘ o - _ e e
- (9 - N g - e -
- B ..
- : -
. -
N - - b4 .'c_c La

£ = B(Ng 5Ng55 X.)-'RSH,N4-,5N4-,5'). e vI-7

FocuSsipg ‘only on the strongest rfeature'vin the Auger
spectrumy the principal‘liae 1G4 of the M5N415N4'5 group,
the position of whlch is better defined, and using the
experlmental E(3d5/2) energy for E(M )f.the experlmental

E(4d3/2) energy minus the’ ‘'spin-orbit parameter g for E(Nb)

and E(N_.), and. the 'COulgmbic “tgrmt"F(gﬁ¢5§4,§ff,}§4)f
obtained in the IC scheme, the total relaxation values of

©11.14 eV in the case of '[Sn(CH3)3], and 10.43 eV in the

L%

Pessa et a1.87 for Sn metal gave RST(N4’5N4'5) = 16.18 eV
forvthe\same-analysis. Similar analysis ef,the{lG4 line

ofl the My, :group' using E(3d3/2) gave results in. goodp

.

"agreement -with those derived from the My set. Assuming

now that the atomic relaxation contribution is constant,

A

5 = E(M ) - E(Nb) - B(N <) -E(MaNch X) VIi-6.

case oEfSh(GH3)4 (Table VI-6) were obtained. ', The -data. Of -

<



‘Table VI-6.:

Tin Sbecies

224 .

The'Auge:'Parameter'and Rélaxation Terms for.

sn(CHz ),

>v_.l(ev)'",f

‘ [S}n(CHA3 )‘3]2 o

- Sn® metal

Eb:MS(F¢45

ea’ ST a
R7s (Mg, 5N4,5) 7 Ms

AE = 2AR, .

e Mgthey

L]
13.27 .- - 12

Rl N 3C M T10h4Rc
R S(N4r5N4;5?.~M5j 10.43° .. - - 11

R N

13.36 ST 12,

. 3.96- a4
My 4.05 4.

Mg - 0 e 0.

T (eV)

65

.67

84

71

a8

.14
.31

7.

7.

.

~16

le

{evV) :;‘

61 .
.18
.18
.71
J71

Mg - o 0.79. . -
AR, - 0.36 -

. (a)
(b)
(c)

(a)

\\\ _

Experimental values from .Ref. 87.
- Calculated from equation VI-6.

Calgulated from equation VI-7, taki&g F(N4’5N4’5; lG4)

= 23.79 eV.

Calculated from ‘equation V}>2, taking RaS(N4,5N4,5) =

6.47 ev;u o }»  “. w,//, -

& .

61 -
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(independent = of. the environment of “the ' atom) the

225

. extraatomic, environment' sen51t1ve, portion - can rbe

' extracteé' by subtrdctlng ‘the Rsa term evaluated above“~

(6 47 eV) from the. RST terms leav1ng the res1duals whlch"

are given as Rsea in Table VI 6. For metallic Tin this

residual (extraatomlc relaxatlon) value of 9.71 eV is. 1n;_l'

‘-

good agreement with the - theoretlcal estlmate of 9 57 eV

~derived in Sectlon C. Thls extraatomlcwrelaxatlon value

- permits the prediction of the solld-vapor shifts in

binding . energy and Auger energy by notlng that Lang and

W1lllams'5l Auger parameter (equation VI- 6) is 1ndependent‘

of the phy51cal state. By the  same analysis done in
Chapter IV for Germanium; the solid-vapor difference in
the Auger parameter is given by:
pg = gSOLid _ £9as - geeA(N, N, ) = 9.71 ev

v N &

!

"which is approximately 2ARV38 (the‘outer'shéll relaxation“
- shift associated with the formation of a single,core'hole)

therefore AR, = 4.85 ev. Applying the_.relation38

Eg = -V - R ) IV-14



to the state,”?R gives “for

.shifts

‘and-assuming that the core 'p

-

shifts

AEésolid—gas; _gsolid r9as
= LprSelid-gas o 4 g5 ey ‘

RN

and the binding energy should be higher in the vapor state

by about 4.85 eV.

“Parallel arguments yiéld for the Auger solid—vapor

AEAusolid—gas = 3rsolid _ 3pgas

= 3(prsolid-gas) (14.55 ev

/

' w1th the Auger energy lower by 14 55 ev in /the gaseous

state. These estlmated shlfts seem to be quite ‘'reasonable

being in the same energy range of shifts observed for Ag,

Zn -and cd.73.74.75 These results suégest‘ that the

.estimated values of  the " extraatomic relaxation are

reasonable.. It seems plausible to consider also the

correspondlng terms for sn(CH3), and [Sn(CH3)3]2 to ‘be "an

evaluatlon of the contributions of molecular effects

potentials (V) are insénsitive

‘the binding.eﬁeréyvsglidﬁﬁaﬁor}

226
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~

_ The values in Table VI-6 show the expected trend; the

total ‘static relaxation contribution increases from

'Sn(CH3)4 through [Sn(CH3)3]é,to_metallic,Tin, in the order
of ihéréééing éomplexity of the environment.  The
"d;ffg%epce beﬁwéen Sn(CH3)4 and [Sn(CH3)3]2.can be felated
to the,molecqlar‘effects.afising froﬁ the replacement of a

CHy group with a (CH3)3Sn group; It may be due to'the>

227

difference in- the délécaliZation of the Tin 4d and 5p'as a -

result of chemical bonding with the Cafbon and/or Tin.

The.e%traatomic relaxation terms (Table VI-6) of 3.96" eV

in Sn(CH3)4 and 4.67 in.[Sn(CH3)3]2 can then be attributed

to the  contritution of the electrostatic interaction’of 

the additional valence shell electrons, previded by the

substituents bonded to the atom of intereét, with the 44

electrons. The largest contribution arises from metallic
Tin in which the conductiop band provides a mobile supply

of electrons which can respond to the increased effective

core charge. The supply of electrons is more restricted

in the two molecules relative to metallic Tin presumably

because of

substituents. It can then be concluded that the Sn(CH3) 5

g%oﬁp has a lower effective electronegativity than CHy

probably because Tin has a lower electronegativity than

Carbon. The model as it stands does not recogﬁize the"

-

the effective eleétronegativity of the



effects of redistribution of:the 5p'electrone (th from

the atomic configuration and extra charge ' from the

surrounding)- For this reason thefatomic and ‘especially
the extraatomic relaxations are overestimated by 'the
‘calculations. ~ If - a proper detailed ‘analysis can be

.:, performed, the relaxation term could provide insight into

’electron distributions in molecular systems.

'The calculated relative ‘intensities .of thé Auger:

228

components in the M4 and‘MS groups are given in Table»vll7fﬁ

v } -

along with the experlmental values. The IC results are in
.better agreement with experlment in all cases except that

the calculated (1C) 1nten51ty of_the peak “due to the sum

3

of the |3 and Py . terms is -s8lightly 1lower than the

experlmental Values.'for, the combined unresolved peaks

whereas the calculated (IC) intensity of the 3
ﬁ.
sllghtly larger than the exper1mental 1nten51ty 1n,both

P, term is

the M4 ‘and the M5 Auger groups and for both compounds.
v e
The sum of all 3p terms is however well predicted by the

I¢. method Within 'the accuracy of the spectral

decomposition procedure it seems that the ihtermediate
coupling calculation- reproduces satisfactorily .the

experimental intensities®for all three systems whereas the

1L.S coupling is inadeqguatel
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E. Conclusions

. *
-

The above results indicate that. present intermediate

. coupling theory gives' good agreement with experiment for
the ‘intensities of the peaks. ‘However, 1in order to
reproduce the absolute energies, a better treatment of the

Is .

‘relaxation effect is neceséary;, This refinement should

account for the redistribution of the valence electrons in

,ﬁhe'moleéﬁlar én&ironmént. -

It would ﬁé useful to have a comparison speétfum'of
;tqﬁic Tin in order to evaihaté more reiiabiy-~the
coﬁtributions.arising'from chehiéal'environmental‘effects.

L

v
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CHAPTER VII

-

A

KVV VALENCE AUGER SPECTRA IN SIMPLE MOLECULES: OF,; BFj

A, Introduction
«

The Auger spectra which have . been analyzed in _Ehé

=

preceding‘chapters involved‘ohly transitions between‘cOre
' ) ‘ | ‘ ' L »
levels. Those spectra revealed -essentially atomic

: : . . . . - o
character and therefore could be interpreted by means of

»

v -

atomic theory 'according‘ to thé aépfépriate coupling
schemé. Cofe type spectra haQe_én internal inva;iénge
with respect £o ppth energies and intensities, in’ that
they 'reépond‘ to ‘différent chemical envirbnment “with a
unifornl'energyéﬁghifﬁ. Another group of Auger spectr;,1i‘
~ which ‘only rgcéntl§ hés ;ecei&ed some experimental and
ﬁhébféﬁic§i ‘attention) 1invol§es‘ transitions_ to final
statesvwﬁereid‘bOEH final «state vacancies are dis£ributed
aﬁon94 the valence molecuiar »orbipals. These spectra
usuélly éhqw qqite broad features due to thewpresence'of a
large numbér 6f stages, and also because the valence
double-hole transitioﬁs produce in general a considerable

vibrational and dissociétive broadening. In addition, the

232 . ’ , *
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N

“analy51s of valence Auger spectra are compllcated by the

1nterference of . other processes,91 the most 1mportant off 
whlch are' the ”"shake:off" and shake up ' transitions
assoc1ated - with multielectron"core‘ level excitation,

double Auger‘transitions,&autoionization (especially using

electron impact) and inelastic scattering.gl

" In this
work,_val%pce.level Auger spectrap the O(KVV)»aﬁgﬁF(KVV)
Auger(fspectra of OF, and the B(KVV) and F(KVV) Auger
.spectra‘banF3\have been investigated. These spectra are
duevto ah.Auger transition-f:om.an ihitial state with.a
hole in the core level K to a final state with two holes
. ;- ';n the'valence shell V. The 1n1t1a1 core hole vacancy was’
1pnoduced by electrpn impact eicitationfa Eﬁergies have
beé? compa}ed with the cofresponding.calcﬁlated values. | <

.

B. Experimental

OF, gas was used direcygly from a cylinder supplied by
the Ozark Mahoning Chemicall Company. The absence of air
- in'the cylinder was ascertiined by scanning'the Nitfogen?
(N,) and Oxygen (0,) core -line regith' withfwhegatiQe
results.' BF3 gas was used as supplled by Matheson. The
spectra were excited by 1nc1dent electrons with energy‘bf.

2.5 KeV produced by the electfon_ gun described earlier

apter II). The beam current was 700 pA. The spectra



f&‘»

T
\

were callbrated w1th respect to.the Argon L3M2 3My, 3 (1 Dz)‘

Auger ‘line (203n49(5) ev klnetlc energy)25 and ‘the Neon

KLy, 3L2 3 ( D2) vAuger line (804 557(17) ev klnetlc

"

energy).24 “The B 1ls, F 1s and 0 1ls photoelectron llnes'
were excrted by Al Kal 2 radiation (1486 6 eV) 21 F'lsk O.
‘ls lines. were callbrated with respect to the Ne . KL2 3L2 3

(1D2) Auger ‘llne and the Ne 1s photoelectron . line .

(870.312(17) eV binding eenergy). 24. ' Boron ls was
callbrated w1th respect to Ar’ 2p3/2 photoelectron llne

(248 62(8) ev blndlng energy) 25

Ci .Theorz

~The same expression50 used previbuslykfor inner shéli
Auger processes can be applied to the case of valence
Auger spectra

Ky7 = E}"{YZ - P(YZ) + R(YZ) | | VII-1

where. EKYZ is the trans1tlon energy deduced . from the one-

: electron binding energies E(K), E(Y), _E(Z) (equation

234

I-23); F(YZ) is the coulombic two-electron interaction.. .

energy'descripigg'rhe'coupling of the final state holes in

levels Y and Z and R(YZ) is the relaxation energy



" ligands, and includes botﬁ one-center and two—center
terms. All the one center integrals were_obtained from
Mann's tables.”3 - Integrals involving two centers ‘are:

v

. 235

associated with -the two-hole final state. In this case ..

the two electron inieractiénj eneréy F(YZ) and " the

relaxation energy R(YZ) are defined within. the context of

the MO nbﬂel,gz The expression used for the coulombic
. { ‘ _ _

term is:.

Ve e w2 o2 w0(emy
F(YZ) = 1 ¢y Czp F-(nm) , . VII-2

n,m /
) !

where the cyn and ¢z arg,the gtomlc orbital pppulaﬁlops

in the Y and 2 molecular orbitals ;espectivelyf and F°(nm)

N ; . .
are the atomic Slater's integrals betw%en the atomic
= _ , .

AT
\‘-_::‘ [.“l

orbitals h and m. The sum in equation VII-2 includes all .

—

atomic orbital contributions to the molecular orbitals,

i.e. orbitals of the central atom as well as those of the
. : \

cdlculaﬁed using an approximation by Mataga and

Nishimoto”3 - L Co.

nm T F ¥ £
n m

FO(nm) = e?[R 22 ] VII-3

R,m 1s the internuclear distance between thevtwo'ceﬁpgrs{

e is the charge on the electron, and £, £, are the one

-



E3
-

center Slater integrals. Tﬁis"apprOXimation takes an

appropriate average of two extrema; for large an,'Fo(nm)"

F’O(V'nm) = .(,f

=’e2/an, gnd'for veﬁy sméll'an, n t fm)/2.

The reiéXation'énefgy in ihe ifiner shell Auger processes,

as described in Chapter 1 ~is  divided into " four

componehts;.ihnef, intra and'oj er\ shell components of the

central atom, ana. an expraatBmic ”cbmponent due’ to

'eiectrons on the other atoms. Consideriﬁg £hat the
. :

O(KVV), F(KVV) and B(KVV) Auger processes create two holes

in- the outérmost orbitals distributed in principle aqver
!
7

“the whole molecule, thevpreviously empioyedﬂboncepts of
outef shell relaxation and expraatomic “gélékatioﬁ
éOntributions lose their meaniﬁg. A_bettef model er the
'relagation energy for valeﬁce Auger processes consists in
evaluating the intrashell contribu;ion arisingfffom thgse
molecular orbitals which contain the final ho;es; Inner
shell relaxation contributions can be' aséumed to be
neglfigibly small .in analogy to the‘atomic'caseuzg'so The
relaxation term in eqﬁation VII-1 is then givengzlby'ﬁhe
a&erage of the:felaxation energies Ry and Ry associated
wiéh eéch o£\;§?e molecular: orbitalé .Y and Z which

contribute a final sté?é*hoig

~—.

R(YZ) = %(RY +. Rg) oo _VII-4
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Within the context of the MO model, these relaxation terms

‘RY and R, are obtained by a sum of .étqmic relaxation

energies Ri weighted by the atomic orbital pbpulations c%

and c% respectively, associated with the atomic orbitals n

that contribute to the molecular orbitals involved in the
. . &

Auger process i

cZnR3 ~ VII-S

. e o g kLN ' ’ .
.Calculations “are not available for the intraatomic

. .
[ < -
o

 reiaxation'Rg. éoweyér;‘the term R(YZ) car be obtained by ,
subtractiopfbfi§%§? 99qE?@bic interaigion_F(YZ) from the
hAugef paraheté?ﬂé;;m55§%§as described‘;nuChapterﬁf;
: AR LA _ T e
given by thé differ#ficé, between expégiméﬁ?élh@gi,
energies and the Auger energy (:é&gtioﬁs Iv:é‘ananVrdﬁ«

ISR
B

The transition intensities are calculated from the

equationgg’94 ‘5; . - :
! I = 7 2 2 P
KYz * “yn Szm “Knm ) VII-6
n,n T
where C%n and cgm are the populations'&f the n, m atomic

orbitals on the central atom in the Y and Z molecular

orbitals respectively. Pxnm “is the Adger' transition



%

_probabilityfgiQen by the %pprdpriate atomic Auger matrix

element exprésséd.as o ' | \ C -
p = 5 |<oxER'|ry, 6 0 >]2 7
Knm Y K 12 %n®n VII-
Al

where ¢y and ER' are the core and continuum .orbitals’

respectively. Since several values of the orbital ahgular
momentum guantum number &' of the continuum hole (Ex')_l
may cbuple with the quantum number 2 of the initial

vacancy to give L. = Lgipale the summation must be

initial
car;ied'out'over all possible values of 2. Fbrlihe'Auger

%N - . -
processes which involve an initial s vacancy (£&=0), &' has

only'dne value ' = Le. In the KVV transitions of Oxygen,

Boron and Fluorine in the molecules investigated, the

initial® vacancy is in an s level and the two final state
holes are ‘dn  molecular orbitals formed from atomic
orbitals belonging to the level 1, theréfore in equation

VII-6 the KLL transition probabilities are appropriafe.

238"

In Table VII-1 are listed the analytic expressions for the -

KLL transition probabilitiesl2 in terms of direct and

exchange Slater's integrals.

Q
r

k ' ' : : . .
R*(n.t4n_2 ., n_2 EL') represents. the radial part of
‘I ibtcter - Tata P %5 - L Pe
the Direct and Exchange matrix elements defined in Chapter
A3 .

I (equations I-16, I1-17); n,, n, and lbj 1. are
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v

respectively. the principal.and orbital duantum numbers of

the two.electrons.missing in the Auger final state:; n

arF

and 14+.2' are the correspondihg numbers for  the emitted

electron 'in the initial state and the Auger electron in

LM

the continuum.

P

&

Summing over all the ﬂﬁerms' arising from .the same

Y

Pt

calculated by Walters amd Bhalla®5 within. the HFS SCF

method,; the transition probabilities &i;ﬁid in Table VII-2

for Boron, Oxygen and Fluorine, expressed in atomic units-

of time =

o (2.42 x 10~7 sec) were obtained.-

‘There is no .clear agreement about the orbital

populations to be used in éequation VII-6, the local or the'

: Mulliken. Both are defined by the MO overlap equation®®

/
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‘configuration and using the ';radialéﬁ.iﬂ%égrals: :§k;ww

- 2 : -
I cpCpSpm = Ilcy + T cpcpSpm) = 1L VII-8
n,m n . m#n
%
where Chr Cp are the orbital coefficients and.snm~is the
ovérlap integral Dbetween the orbitals n and m. The'

ﬁE&liken,populations include the bonding.charge such that

a .

I ¢

m#n

Shm VII-9

|

0

+
N =

n®m

and satisfy the sum rule
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Table VII-2. KLL Auger Tfansition Probabilities for Boromn,

a

Oxygen and Fluorine

Transitions ; ATransition‘Prébability LT
( " 3 C (a.ui) /= o

B KL,L, S 2.663 x 1073 |

B KLjLy 3 . 7.653 x 1073

O KL L; | 2.656 x 1073 .

0 KLyLop 5 L 7.871 % 1073

O Kby 3Ly 3 18.254 x 1073

F KLjL; . - © 2.631 x 1073 )

F KL Ly 5 7.803 x 1073

F KL, 3L, 3 18.029 x 1073
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N

s )
rpM=21 -+ vir-lo.

n - g L , .
‘ "Thedllqcal bopulatiens include only the“diagoﬁal terms
PnL ?'cg.' It is how;beCOmlng generally accepted that ‘the"

N

‘Auger process  samples the populations onlyeon the atom

with the core hole. The;}nteratomic Auger matrix elements

PKabl= <¢K¢E£.|r12_l|¢a¢b> for aAsystem of two atoms agand

S

97"

b with .core hole K in ‘the atom, a, have been found to be

‘ﬁuch smaller - than the intraatomic elements Praa =

'J-,<¢K¢El |r12 1|¢a¢ > However the extent of' the radial-

wave functlon sampled by the Auger process is not clear

&a‘a_valld3questlon whlch remalns_ls whether.the Auger

>’:progeSS~probes only’ the electron density on the atomnwith;

the core hole, or also the bonding ehargé.' So far
F:comparisons with 'éxperimehts have been inconclusive.

There are examples of good agreement obtalned w1th either

the local or fthe‘fMulllken_ populatlons‘ in dlfferent»

problems 98 99 dependlng on the more -or less locallzed

«
A

nature of the ‘electron densrty, In the follow1ng analy31s
the erbitalicoeffieiehts, as giveh_by CNDO calenlations,
Vhave' been ﬁsed. fT’ThesehAvalues,.reflect- the vlpcal
‘contribution ofalea;hf atomic orbital”ito the ‘melecular

orbitals..

\

- g



D. Results and Discussion

r\\ ) R i gt
. .

In .Table VII-3 and VII;4: the core level binding

energies and the expeﬁgmental 1on1zation potential ‘of some
v : o
of the nmlecular orbitals as found by others100 102 are

llsted for OF2 and BF 4 respectively The electronic con—

figuration of neutral OF2 1n the ground electronic state
is. “(3a;)2(2b,y)2 (a21) (1bl)2(5a1) (3b2)2(la2) (4b,)2-
(6al)2(2bl)2.3sp' The electrdnic configuration of - BF3 in

'_the ‘ground state is (3a' )2(2e" )4(la ")2(4al )2 (3e" )4

243

_(l ‘)2(le")4(4e')4 The orbital eigenvalues, obtaine?
from CNDO/Z35 calculatlons are also given. It has been
found104 that approx1mate ILCAO 'SCF calculations such . as

CNDO/2 give ehergies differing from experiment by ~4 ev.

To obtain corrected" binding energieS' this value was
subtracted from  each CNDO orbital energy and the corrected
values were used as Koopmans'tu'theorem ionization
'potentials in subsequent calculations wherein.‘7 The
results given in Tables VII 3 and VII-4 show that CNDO

calculations gave - generally larger values than

experimental for ‘the ionization potentials, the largest

discrepancy from the experimental value being of the order

of 2 :ev. .

'Before considering the detailed analysib’ of the

spectra, it is appropriate tOHﬁescribe the general feature



\
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o

Table.VII—3. Experimental COre~LeVe1‘and Expérimental and

-'Calculated Molecular Orbital Ionization .

. Energies (eV) of OF,

a. The valdes are taken from ref._lOO.
b.. This study.

¢. Ref. 101. -

Experimental® o - CNDO/2-
13.26 - i5723’2bl
16.17 - " 16.63 6a;
7416.47 ;» ' T 717.30 4b, l
18.68 | . _i. 19.12 1a,
19.50 20.70 3by,
20.5? L % .06 5a;
| | - 21.9z'ib1'
32.15 4a, . :
41.43 20,
45.85 3a
: : * )
Ep 1s = 545.32°, 545.33°
Ep 1s = 695.13°, 69%5 .07
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Table VII-4. EXperiﬁental Core Level anq'Expefimentai and -

‘Calculated Molecular'Orbital‘Ionizatioﬁ

. Energies (eV) of BF 5

Experimental®

CND0/2
‘15.95‘ 15.9 (4e')
16.63 16:7 (le")
17.13 17.2 (1a'y)
19.06 21.2 (3e')
20.14 21.5 (4a'1)

*t) 21.40

L - b - c
EB 1s = 202.74%, 2Q2f8

b c
‘ Ep 1s 694.77"%, 694.8‘

. <A
Iy .

a. Values given in ref. 102.

b.~ This'studyn

c. Ref. 103

22.0 (1la',)

44.0 (2e')



L
of these valence Auger epeetra. The molecular orbitals .of
the: first row elements may - be partitioned into inner and
outer nvalehEe Orbitals. " The fofmer"being ma;ply. of 2s
character, are tigﬁtly bound, wﬁereas the latter which are
essentiélly of'2pICharacter arelless tightly bound. This
leadsAwte_fa netural division of the double hole Auger
_state§ into three classes, comprising outer-outer,. oﬁterf
inner, and'inﬁer—inner yaéancies. These three éroups of
states w1lll represent non- overlapplng energy regions in
the Aeger spectrum. Most of the lnten51ty is found in the

first ‘energy interval corresponding. to the outer-outer

grouplof states of the‘high kihetic'energy part, as will

be seen in the spectra of OF, and BF3. On the low kinetic

”energy'side of the spectrum, the bands become weaker and
broader, and the -background increases further’ obscuring
the discrete transitions. The analysis of the bands

occurring in this part of the spectrum, i.e. the second

and the third energy regions, - is’ ardbious due. to;lthef

&

presence of different ‘satellite processes.a A ceﬁéiete
classification of dlfferent types of satellite - processes
1n‘ﬁuger spectra has been given by Moddeman ét al. 105

The O(RVV)'and F(KVV) Auger spectra of OF, are ‘shown
iﬁ Figures VII-1 and VII-2. Tﬁe B(KVV) and F(KVV).Auger
spectra of BE3 are ‘shown . in Figures‘ VIIiI-3 and VII-4

Yy
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3

Counts x 10%/22 sec

0 KV\:/_Aug"erof OF,

CaTc

Arbitrary Units

1b,68,
1b,5a; |

spectra of gasedﬁs OF .. The experimental spectrum was
P : : 2 p

T

480

KE (eV)

Figuré VII-1. Calculated and‘experimentalYO(KVV)’Auger

500

excited with 2.5 keV electrons at.a sample pressure of lu.
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F - KW Auger of OF,

- Calc

Arbitrary Units

o
(05}
‘o
oV
QN
~.
™
@)
~-
5
N B
s
-
.3
(o)
O o-
. T T ' T ] 1 ] T ] 1 | 1 1 1 I i
600 620 640 660 680
KE (eV)

Figure VII-2. Calculated and experlmental F(KVV) Auger

spectra of gaseous OFZ. The experimental spectrum was

excited with 2.5 keV electrons at a samplé pressure of lu.
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B KVV Auger of BF;

~ - 3a,3¢€’ ' 1a,3e’
2e'1a, 1ay4a) -

Arbitrary Units

Counts x 103/15 sec

AN

4 T T T r- T ] T
120 130 140 150 160 170

KE (eV)

Figure VII-4. Calculated and experimental B (KVV) Auger -

Nspectra'of gaseous BF3. The experimental spectrum was

excited with 2.5 keV electrons at a sample pressure of 1u.

Lt
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 F KW Augerof BF;  °

Counts x 102/140 sec

T T T ~ )
2
'c
)
-y
o
:.é
<
12
9 -
6
3__.
O— 1
580

S

Figure VII-4. Calculated and experimental F (KVV) Auger
spectra of gaseous BF‘3. The experimental spectrum was
- excited with 2.5 keV electronfS at a sample pressure of lu.



respectiVeiy alony with the -corresponding calculated

” :
" spectra. Even if the Auger processes of the two elements
in both compounds (Oxygen and Fluorine in‘OFz, Boron and

Fluorine in BF3). involve the same final states,  the

251

appearance of the  spectra is ‘quite different. This -~

indicates that the transition probability for a given

final state is determined by the location of the initial K.

hole. The experimental line shapes were decbmposed into

component Lorentzian curves bz/’means of a  least square

line fit prograrnme.-26 The linewidths were allowed to be

free parameters in order to achieve -the best fit. The
calculategd %pectra have been obtained by a curve

simulation programme76

equation VII-1l, neglecting the relaxation term, widths as
derived from the deconvolution of the experimental data

and areas as required by the intensity values derived from

the molecular orbital intensity model (equation VII-6).

Lorentzian functions have been computed for .each peak and:

these have been sUmmgd to give the total envelope. The
coulombic terms F(YZ) required in equation VII-1 ‘were
-c;lculated from equation VII-2 us§n9~the atomic orbital
coefficients given by'tﬁe CNDO/2 calculations performed on
the neutral molecules. ,Thé experimental energiés, widths(

intensities, and for comparison, corresponding calculated

using positions estimated from



values are given in Tables VII-5 to VII-8 along with the
coulombic terms obtained as above.. In the tables are also

-given the final state configufations which are the major.

contributors to the intensity of the peaks.  On the baéis

v

of the atomic characﬁer, of the moleculaﬁflorbitals,
assuming that only transitions to moleculAf orbitals with
atomic contributions from the element_with tﬂe core hole
pfod&ce the Auger spectrum, and on the basis of the étomic
Auggr matrix ‘elements, it was possible to ‘deduce ‘the
number of possible fiﬁal state Vconfigurations in each
 spectrum. For the O(KVV) and F(KYV) Auger spectra of OF,
ﬁhere are 45 and 55 final ' state configurations

'

respectively. The B(KVV) and F(KVV) Auger spectra of BFj;

-

involve 10 and 36 “final state  configurations
’ . 3

respectively. In order to have comparable‘calculated and

experimental spectra, many of the lines afising from

o

different final states were grouped by energy iﬁ,such a
way as to yield approximately the same number:ofvpeaks as
observed in the experimental spectra. Liﬁewidihé were.ﬁot
calcuflated, the values used in the simuiaﬁed spectra wére
Faken from the experimental results, except in’thOSe cageé
whe; the ‘attribution of the peak was uncertain and an
a;bitrary width,\suggestédﬁby the number of final state !

contributions, was used. The relaxation terms R(YZ)

252
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listed in the tables were ' obtained from - the Auger
parameter as described in Section C, and they.are'equal'to

 the dlfference between the experimental. and calculated

261

- Auger energles listed 1in Tables VII 5 to VII- -8. In

‘contrast to the inner shell Auger spectra and xassumlng,

that the coulomblc 1nteractlon terms used in our analysis

are correctly.estlmated, the relaxatlon contrlbutlon for

valence AugerESPectra is diiijyent forveach line.. The
calculated 1nten51t1es; ;i::n in the tables as areas of
the»peaks, were obtalned from-eouatlon VII 6 u51ng the
coefflcieuts ﬁrom Tables ' VII-9 and VII-10 and_‘the
transition pfobabilities .from _ Table VII—2. . The
coeff1c1ents llsted in Tables VII 9 and VII-10 for OF2 and
ij ‘molecules ;espectlvely " were obtalnedA from two

diffefent CNDO/2,l calculations performed on both

. molecules.- The'values refeftingito Oxygen and Boron were

obtained from calculatlons perfOrmed .on‘ molecular ions

w1th a nuclear charge of Z+1 for Oxygen and. Boron atoms.
.This procedure was followed to _take into account the

A alteration of 'the' populatiOn» ‘in response- to the

1ntroductlon of a core~hole in. the 1n1t1a1 state of the -

-Auger_process.106

in both G pounds' were' obtalned. from calculations

The coeff1c1ents relatlve to Fluorlne’

performed on the neutral molecules. It was_obse;bed that -

'

.§
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in the case of Oxygen 'and Boron spectra, the coefficients

obtained from CNDO calculations peffqrmed with a nuclear

charge of z+1 for thé“ central atom produced better:-

*

agreemeni between experimental’'and calculated intensities
than the coefficients obtainéd frénl the calculations on
the neutral molecules. ﬁor the Fluoriﬁe spectra of both
compounds, the coefficients'.from' tﬁe neﬁtrél moiecule
' célculations gave bette; results. .

Tables VII-5 ahd Vii-6, together with'FigﬂiéiéviI—l

and VII-2 referring to O(KVV) and F(KVV)7in'OF2‘ how a

general agreement ‘between the calculated " and the

gxpefimental spectra. However, at the low energy sidé of
Both spectra,.the calcdlétions underestimate the iﬁtensity
of the peaks; The experimental Auger energy scales‘for
éhe Onyen KVV and Fluorine KVV differ approximately by
150 eV whiéh i€ the diffgreﬁce between the o) is and F 1s
binding enérgieg"ié agreeﬁent with the fact thaﬁ the fina;
stétes are the-séme in both’spectraﬁ 'The experimental
spectrum of O(KVV) in OF, is very much different from the
éne obtained for .watef vapbr,107 which exhibited some
similarity Qith the normal atom—likevKLL Auger spéctrum of
the,isoeiectronic Ne Speci§5108 shown for”comparison.in

Figure VII-=5. The resemblance was attributed to the

domination {of OXYgen character in the molecular orbitals

| 2
- .
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the large amount @f Fluorine character
{

of watef. In OF2
Y

in the molecular orbitals (Table VII-9) alters the O(KVV)

spectrum of this molecule so that it is quite different
from that of the ‘isoelectronic relative of the central
atom, Neon. The experimental “spectrum of F(KVV) in OF,
(Figure VII—Z) shows some similarity wit; the atomic KLL
spectrum~ of Ne, ﬁqweVer the. contributioﬁ of the Oxygen
orbitals to the molecular orbitals is also large enough to

alter the atomic shape of the spectrum.

The experimental O(KVV) (Figure VII-1) spectrum shows

two structures on the high energy side, which are not’

predicted by the theory. These structures can be due to

267

. autoionization or formation of excited state .showing as -
£, . "

$
105 The autoionization process 1is

<higﬂ energy satellite.
usually verified by comparing the electron- excited
spectrum wi£h an X—rﬁy‘eXcited Spectfum. ~For this purpose
a {Mg Kay o excited 0(KVV) spectrum was. also obtainea,

however fhe intensity was so low that it was not possible

tofverify the presence of these high eneérgy peaks. In the

" electron excited F(KVV) spectrum of the same -compound,‘}

there 1is no evidence of high energy satellite peaks. For
atoms which are surrounded, in molecules, by ,highly
electronegative species it has 'been postulated the

" presence of a "potential parrier" 0%

to explain certain X-



g -

ray ' absorbtion features. This.potential barrier arises

from the following situation: an electron, when it is

T

within the cage of electronegative atoms and near the

s -

electropositive atom, will experience a net attraction due
to the partially screened nucleus of the central atom;
.this region of space is defined as the "inner well"

potential.  An «electron will . also experience a ret

attraction when it is at larger distance and sees only the

Coulomb attraction by the molecular ioh; this region of

space 1is defined as the "outer-well"” potential. At

intermed;ate distances the poteﬁt;al may nbt be attraéﬁ;gg
and ﬁay'constitute a “bérrieg"(due to the electronegative
atoms located thgré.ﬂ If_thevbarrier is high (10-20 ev),
quasistationary states above the K shell edge cén gxist.
whether or not transitions from an initial state to these
states can occur depends also upon the relative‘éyﬁmétry
of initiai and excited states, i.e. these states must have
opposite parity for‘a non?banishing dipole transition. It
is possiblé, then, that in ai_moleculer like ~QF, the
poteritial barrier created by the two Fluorine atoms‘givgs
rise fo.excited st;tes-that may be reachedq.“

'electron and not by the' F 1s electron, explaining the

absence of high energy satellites in the F(KVV) spectrim.

by the O 1s.

268



"CNDO values, the latter are generally larger than the

The energies of the Auger - lines, estimated excluding

R(YZ), are genérally smaller than the experimental
‘values. ' The diffefences are an estimate of the relaxation
contribution. In the O(KVV) spectrum {(Table VII—S) the

relaxation seems to decrease .with increasing energy of the

Auger electron. However, because orbital energies from

CNDO calculations for the high valence ionization energies
which were not experimentally accessible were used, the.

relaxation 'contribﬁtioﬁ extracted for transitions

involving these -innermost Valence‘ orbitals are ~not
reliable. As it is shown in Table VII-3 from a compafison

of the available experimental ionization energies with the

.

experimental energies. For O(KVV) and F(KVV) spectra of .

OF,, ‘the intensities of the ‘peaké. at high energy are

.QVereétimated by the calculations, whereas the low energy

-
P

~_.peak intensities are underestimated. The discrepancies

’

may be due to the use of inadequate values of the atomic
matrix elements (Walters and Bhal‘la95 obtéined these
matrix elements without allowing for the relaxation of the

electrons and using neutral-atom ground state orbitals) or

to the inadequacy of the atomic orbital populations/irom,

-

CNDO calculation.

269
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L In the O(KVV) spectrum (Flgure VII l ahd Table VII 5)

peak\ll at 501.38 eV has the maln contrlbutlon from the”

trap31t10n to ‘the flnal state (lbl2bl), peak 12 at 502,43
‘eV 1s due :to a comblnatlon of tran51tlons to the flnal

.states (6a16a1), (4b26a1) and (4b24b2) 'Peak 13 at.505.13

-leV is due to a comblnatlon of tran51t10ns to the flnal'

‘states (6a12b1), (4b22b1) “ All the orbltals lnvolved in

these trans1t10ns,\ as we can see from the atomic

r

-

popdlations‘ ih wmable VII-9, have a-vlarge"Oxygen 2p

character. The peaks at '10werAjenegies"are due” to

: tran51tlons 1nvolv1ng mostly the- molecular orbitals 3al

LI

© and 4al, whlch ‘Have. Oxygen. As character._‘i\\

~

In the F(KVV) spectrum (Flgure VII -2 and Table VII -6)

peak 6 at 645 95 eV gets most. of the 1nten51ty from the

A

tran51t10n to the lazlaz flnal state and peak 7 at 64% 81v

- .

270

eV is due to a comblnatlon of tran51t10ns to- 5314b2x\g.

1bi4b2, lbréal flnal states whlch lnvolve orbltals with

- /

large Fluor ne 2p character wher‘eas_,the peaks at lower

- energy 'are due ‘to 'tranSLtlon -involving 2b,, 4a1i 3a;

drbitals.whidh'have-large Fluorine 2s character. Others.

\ have.suggestedI06‘that the‘screeniﬁg charge is mainly s

-Tllke, thus the screenlng increases the ss and ‘Sp Auger

contrlbutlons relatlve to the pp.‘ As it was prev1ously

°

95

noted, - the’ matrlx elements‘ were. obtained = without -



- . . » ' . K ‘\\ " . i . i
considering relaxation of the electrons;‘eo they ‘do not

abcountkfor;the increased ss. or sp contributions. ' Another
N . v o . ;

7

possibilify ' for the observed discrepancies between

\éaiqulatedeeeéIexperimental intenSities could arise from
the bﬁaekgfound contributions. théh‘ are difficult to
acCount‘fof péoperly. |

The ekpefimental spectre‘of B(KVV) and F(KVV) in BF 5
compared to the simulated .spectra are shown in ?igures

VII-3 épd VII-4 ‘respectiVezyil . Che perametere' of the

spectra are listed in Table VII-7 and VII-S8. The energy

271

scales of B(KVV) and F(KVV) differ by ~490 eV which is the

.difference between the B ls and F 1s bindiné energies.
a . : '
. The- experimental’ . B(KVV): spectrum@,has “a simple

structure in agreement with little Boron OEpital‘character

I3

for the mdlecqlar orbitals (Table VII-=10). ‘ In the

. . 5 ) ) ‘ ‘ i
calculated, spectrum a quite strong peak at 103 &% is

predicted by ﬁﬁe_»theory which is not seen. in the

experimental spectrum. The structure ﬁreseﬁt at ~132-134

eV in the experimental spectrum is less pronounced than in-

the calculated spectrum where it is predicted to occur at

"~1267129- ev. The group of lines at '1514151' eV in. the

experimental spectrﬁm is predicted by the theory, however:

there are discrepanc®es in the relative intensities.' 1In

.

the experimental spectrum at ‘160.11 eV there is a weak:

wa



peak not given. by the-.theory, it may be due to

autoionization or' formatlon of exc1ted states. : In
contrast to the O(KVV) case, 'here the peaks at 'hlgher

energy are underestlmated by the calculatlons. Peak 7 at
|

-3

153. 53 eV and peak 8 at 155. 48 eV have been attributed to

Auger tran51tlons to the la s4a'y and la 23e final states

\

.reSpectively. FroT the«atomlc orbltal populatlons glven

~in Table . VII-10 1t 1is seen that the major contrlbutlons

from Boron to~these molecular orbltals come from s and p

"atomic orbltals,'therefore the transition rates for the
corresponding Auger lines must be proportional to thevsp

matrix elements.

(Flgure VII -4) with . the atom—llke Ne KLL spectrum (Flgure

J -
r

VII-5) in thls case is due to the large Fluorine orbital

contrlbutlon to the molecular orbltals in BF3 (Table VIii-
10). The calculated'and‘experimental F(KVV) Auger spectra
illustrated in Figure VII-4 show the& .same overallrshape.

~However, the calculated peaks; vaIUes for which are given

in Table VII-8, occur at higher energies ‘than the

The 51m11ar1ty of the ekperlmental F(KVV) spectruhf

272

experimental values. Considering that no relaxation'has_'

been included, yhidh would further increase the energies,

+

the' coulombic . ‘interaction, term must have :'been

substantlally underestlmated. Comparing the most intense

[



;-
amd fnarrom.ipeaks Cin t_e‘ experlmental ‘bi- calculated
"spectra, it appears thaf the coulomblc term F(¥Y2Z) should;
be at Least<3-9‘ev/larger (more negatlve) 1f‘a relaxationf

ﬁ

. ¥ . : . )
‘zero is assumed. If the relaxatlon 1s non zero, “then thke

A,

T

coulomb;c term must be even larger.. Fluorlne is mdch more

’ -
’ .

elecgronegative thah -Boron and . its ,contribution to thef
molecular orbitals,- . as exPressed by the = atomic.
COefficients,j is -largér' than'fthe contributibn from

Boron. Con51der1ng that Fluorlne in BFj3- is more like ‘FT ;o

L]

calculatlons of' the coulomblc i grm- have . also been

attempted using negatiVe ‘ion one center 1ntegrals111

instead of the nebtral atomlc 1ntegrals. However, b{"“

N ’

.the ion ;ntegrals wete sllghtly‘smaller (<10%) th@fu
atomic Ones;' the coulombic terms derived _from‘-E%ese.
1ntegrals were‘.smaller than those .obtalned from atomlc
'1ntegrals yleldlng 1arger dlscrepanc1es. Itlls p0551blef‘

then, that the atomic orbital coeff1c1ents~representing

~ ;

local populatlons were not adequate. 'fn the\éxperimental
spectrum of E(KVV), there are two bands on. the low energy. 3>‘ é
side~at around 606 eV and 630 ev whlch are not predlcted

X*by the theory. hese two features could be attrlbuted to

L 4 L

shake—off satellltgs assoc1ated with the strong peaks at

615.75 ev ahd at 641.45 eV respectively.

EAN
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40

T

A S A T
“between' 641 ev and 650 eV 7are» oVerestimated‘_by the

'calculatlons. From the analy51s of the spectrum followbd-v

-.fthat peak 5 at 641 45 ev is’ due malnly to a combinatloqi

[

ftrans;tlons to le"le", - la 24e _ 4F 13e flnal stateSrand;

v o a-
A

. peak :6 at 643’44,eV is due to a comblnatlon of trans;tlonsf

N ‘

‘to 3e’ le" :‘3e 4e '3e 3ef flnal‘states. * Peak, 7 at 646 . SSijg

feV is. due to the tran31t10n to the le"4e flnal state.'

F I

As shown\from the populatlons llsted in Table VII 10

.,all the orbltals 1nvolved }grthese Auger trans1tlons havegﬁ}

Lo ‘ E
‘a strong Fluorlne 2p - character ? therefbre, the Auger

; 9
htrans1tlon rates are best expressed by the pp Auger matrlx

= e;ements. " The peaks "at ‘loweri energles whlch are dﬁiﬁ
'mainly;tc‘transitions~tc:2e52ef,-2e 3e' . 2e! 4e 3a 13a 1
. - . Tl B o L} i . "!

final states, are underestimated. From Table VII 10 1t 1s

’

‘'shown that the orbltals 'inonVed in these flnal states

7

the_,other has Fluorxnem>2p character, :so the vAucerﬁ

, 5
have elther hoth Fluorlne 28 or one has Fluoflne 2s and

:In the‘samefspectrum;'thejpéaks‘atnﬁigherﬁenergy,pz.‘

274

 de:

tran51t10n rates - are dependent on' the- ss and sp matrlﬂat_

a0

elements. Because of the s screenlng effect,106 which hasf

‘,»_A

been. menmloned aboVe, the natrlx elements may exaggerate

~,

the pp/ss ang pstp ratlos, resultlng ’1?, the, dbserved

o I Co 2z
dlscrepanc1es. L L . LooE BN

: . . . . . o . <
~ e j: @ . . S ey '



'tron removal EII(mln), from the relatlonShlp-lOS

-

I 1\4' o T K R

Brpmin) B0 < By v

. T T .
- @ N

‘ ? _ )
where E(K) lS t e*blndlng energy of the K shell and EA ig

."the measured Auger energy for thevhlghest energy normal_,

T . Lo \

. oo Q : o
_Auger llne. The -value obtalned Sine this way is the

b
_— g

!

, vertlcal 1onlzatlon potentlal whlch ‘is. the energy requlred

for the< formatlon of aﬁ ion. in .a !v1brat10nal_ state
different ﬁrom~the‘groundjyibratioﬁal state. - Taklng the

. ohset " "of . the Auger . - line, . the- adiabatic 1onlzatlbnv

potential is'd$tained. : Thls corresponds to the energy*

< .’/

-f'

v.requlred for the formatlon of a molecular ‘ion . in itsv

|>

'lowest v1bratlonal state. AS‘lt was noted beforégithe

L3

55 probablllty for reachlng a glven rlnal Auger state WTIL

a .

v W

. depend on whether the orbltals 1nvolved in the - transltlon E

are'*stronglgj assoc1ated with the atomw haVlQQ tﬁelﬁK

LIYvacancy; It|is expected therefore( that different values_
for the enengy ~of the doubly charged molecular 1ons sare.

tobtalned frpm the Auger spectra of two dlfferent elements‘

g\

in the.molecule, the smallest value represents EII(mln)

-

;ca‘ obtaln the mlnlmum energy ~ for double '




'Table v11 11 lists- the EII(mln) values ‘obtained from

uo(va) ‘and. F(KVV). in OF2 and B(KVV) and F(K V) dn BFé.' To
obtaln the adlabatlc 1on1zatlon potentlals the onset of

'the peak was takqn as the 1ntersectlon of the tangent to

-\v»the,egperrmental’peak,wrth tne,baseline‘of~the spectrum.

Yy . . g T~

'E.* Conclusions:

QE The analy51s of valence Auger spectra showed that the

" No

276

general shaperof the spectra can’ be reprodqced u51ng a

% - ‘ ‘. ‘£ .
molecular orhltal treatment.‘ 'In some cases, for example

r;

-7O(KVV) and B(KVV) Auger.fspectrar ~improved agreementd

R

Vbetween experlmental and calculated 1nten51t1es resultedv

from . the use . of -atomlc populatlons :cahcwlated. forv am

:nuclear charge of Z+l 1n the -atom w1th the 'core hg;e thhs

D - ] 0

ataklng 1nto account the alteratlons of the populatlon 1n
4 (

response to the 1ntroduct;on of a core holé 1n the 1n1tlal

¥

state of the. Auger process 106

N

ompounds, it seemed that this effect was not lmportant'

and the populatlons from the | neutral molecule gave better

t . E

For Fkuorlne' in both;f

results, .at - least 1nsofar as’ 1nten51t1es were concerne“n'

'Perhaps the Auger process is faster 1n1lpeJ@luor1ne atom

than the‘ eventual ' rearrangement of the‘ electronlc

'{charge.f The reasons for thls pecullarlty arefnpt clear

-R

and ‘more studles on,fluorlne contalnlng molecules«should‘

. '
be done. . _ \\\\\\\\\_ ‘
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;,Tabiegvll;rigg:Mlnlmum Energy Requlred for ProduCLng Doubly\\
L ,Charged Moleculartlons, as Obtalned from the:

. B

! , g )
e “3?' Auger Spectra of Both Elements in OF2 and
o o o o s B ‘ !

s °B g - - ’ 5 By o . g . }C‘ . - .
- BFj% S : ; S
. H . . v

Yo o B .
L ,(J . R R @
- "( )

g ion;'_;:? E(mln)vert ‘”['f.' ,,,,, “E%min?adiab?‘ .
(eV) e (e

%(0F5)2%. [ 38.03(0); 38.51(E) - 36,22(0), 36.70(F)
e v o W e SECIE
S R . s o é. e
(BF3)2*, 45.58(B), 44.18 (F) 43. 78(B),’42 38(F)
‘ .l):’; ! I' . r' . bﬁ\, .f -_ o . e ‘
: P i A S .
- a. Values%obtainea-from‘the positiofi of the highest energy
¢ o R . e L :

no%mal Auger peak. “

.

g' b. Va}ues obtalned from bhe onset of the hlghest energy

o normal,Auger peak, ‘ v -",', ff £~
IR ' e, 3 '

C i

A . ) ’ . .
&:i . . -

-y
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R IO AT - .
& The relaxation terms for O(KVV) and F(KVV) in OF, dre

. )
-amall and - of
. S

peaks at™ ﬁigh"eﬁérgy  for Which_bexperimehtal ionization

comparable magnitUde,_léspegially,]forjAthe '

" energies were used. This result suggests that the main

effect to the relaxation is'duethjthe fiﬁal'state”which*

L

is t@e same in-both spectra. A different result arisesf

for B(KVV) and F(KVV) in BF3. F(KVV), even considering

. thg all,approxiﬁ”tioﬁs psed to calculate theienérgiesAQf
N . ) ) - ) " . .

each . term, . appears  to.- hive

coulombic term  (negative) than that which has been

~ estimated, and a very small;rélaxation term.-

q « s . -

a significantly &lafgerW




. .- .~ .  CHAPTER VIII

v,

-

CONCLUSIONS

PO ‘ : . Y

/

The_ original goal of the work descrlbed in thls

L .
the51s was. to e¥u01date chemical effects on molecular

_Auger,,spectra: : It "has been shown that the absolute_r

'energles of the Auger spectra depend mostly on the so-

called "flnal state effect" which 1is: assOc1ated with the

relaxatlon process suffered by the molecule-as the result'
o

of the removal of electrons. "This effect also\contrlbutes

«

\significantly to photoelectron shifts with, " ‘however,

reduced magnitude. e e .

’ b
. The inner shell Auger spectra of: Ge and Sn exhlblted

an energy shift which was constant through all the diagram’
lines while maintaining a general: atomic_‘shape with
essentially unchanged intensity ratios. Therefore atomic

theory  can be used to adequately describe such spectra

both in terms of the relative energies and the intensities
within a group of Auger lings. The theoretical estimate
of the extraatomic 'relaxation  energy is close to the

experimental value for a metal,  but it is larger than the

experimental relaxation for molecular® systems.- : A

279
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A

’

.different approach to the estimation of this ‘“extra

atomic” contrlbutlon is requlred whlch takes 1nto account
¥

the chemical environment of the atom of 1nterest.

. .

In the case of - the valence~ Auger spectra, the

s

energles ‘as well as the 1nten51t1es were very dependent on

molecular envxronment, and a theoretlcal estlmate of

‘both was accompllshed u51ng a molecular orbltal model w1th

semlemplrlcal calculatlons. Thls approadh seemed to be
reasonably successful alloW1ng the repioductlon‘ of the

main features of these spectra. - However, ‘relative.

J

. intensities of some - peaks - were’ not , well- predicted,
. possibly’ because of the inadequacies of semiempiricai,’ﬂ
- (CNDO) atomic coefficients. . The. relaxation terni obtained .

from a comparison . of experimentai and balculatéd spectra
. Prad

was, in general, lower than that found for the inner shell

4

Aug bectfa. The reason for this is attributable to ‘the

Pof the electrons ihvolved in the ffnal state of the
, p .

Auge}’process. They are “valence electrons which helong“to
the outexmost orbitals ih'the mo}eculg and therefore‘thére‘
can hot‘.be' outer shell and' extraatomtc 'reiaxaticn‘
contributions to the relaxationiterm. The energies of the
doubly charged ions were also obtained from the Qalence

P2

Auget‘spectra.



‘O

Using c‘hémi;c:gl "tuning" of the inner shgll“ionizatiio.n

energy, 'requirgp to providei the initial vacancy' of the
Augér“process,-fhe effect "of the/ excitation energy near

-] \ . . N E » . o
the threshold photoionization energy on the 1nner Auger -

. : . . s » .
~ spectra ggg studied for Germanium. Post Collision
Interaction éffjcts' and spectator. satellite Auger peaks

A dependence. of the PCI effects on the
B

‘fihalistate of the'Auger.degay, not previously noticed,

were observed.
. )

’, °

was- also -observed. Also. in this study, extraatomic

vrelaxation; éffects seemed to play’nan 3§Tportant role;"

‘ \ . . . . -
yielding "deviations from the purely atomic post-collisjion

s

. g

" pehavior.



) T

REFERENCES , - e

~ : LT

©

!

v

A. Einstein, Ann. Physik, 17, 132°1905).
P. Auger, Compt. Reid., 177, 169 (1923). L s

K. Siegbahn, C. Nordling,- E. Sokolowski, “Chemical

Shiftstf Pbéto_and;Auger Electron Lines“ in Proci_“
;Réhovot@ Conf. ‘en Nuclear ‘Structure 1957, ed. be.

"'H.J. Lipkin, North-Holland, Amsterdam .(1958), p.

» - T : e ,
291. " o I

DvW. Turner,  M.L. Al-Jobury, J. Chem. Phys., 37,

- ”

3007 (1962). ts.
J;W; ,‘Rabeléis,f' “PrinCipigs "dfﬂ:‘Tﬁl£f§Vi61et
-Spectroscbpyﬂ; wileyélntefSCience, ﬁe& fo:k (1977),'
..MS;T:. Méhsoﬁ, J.W. Coopér, Phys.v kév., 165, 126
(1968).
lsee fd; example:
a. T.A. Carlson,m “Photoelectrbn.' and Aﬁéer
| vSpectroscppy“,'Flenum Press, New Yérk:(l975);
" b. K.D. éevier, “Léw Eneréy %le;tron Spectrometry","
ﬁiley—Intefsciénce.(1972). é' | .
Kﬁ'Siegbahn et Al. "ESCAIAppiiéd t6 Frée~ﬁ61gcules“;

_ North-Holland (1969).

282



[

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

o

10. - M.O. Krause, T;Aw‘wcérlsonj‘JPhys, Rev., 158, 18

_(1967).[

¢

'jj12§,‘w7 ‘Melhorn, ‘Uhpublished Qlecture'wnoﬁes;- "Electron

ot

i

. Spectroscopy of - Auger,  and fAQtéionizinéW States:
: . i ' R . . * 0

+

v

University of Aarhus, Denmark. )
. ) L . ‘ R PO

-

5300 0

13, D

. Qoster; R.de L. Kronigy‘Pby§}can,2\§13%(1935);
© 1407 W Bémbyhék,03: Cfaéemaﬁn,vR.W. Fink, H.U.

*

H. Mark, C.D. swift, R.E. PgigeL'P.Vf-Rao,.Rey._Mod.

Phys., 44, 716 (1972). R
Lo ¢ R
. 15." G. Wentzel, Z. Physik, 43, 524.(1927).
eomL T s ' ! ' ¢
. 16. 'E:U. Condon,

A .

'Specﬁfa", Cambridge University Press {1959), p. 174."

-
Q

17,h‘w:N{ Asaad}vE.H;S}unﬁhbp, Proc.

s ’

., (1958). e

18. J.C. Slater, "Quantum Theorykgﬁgﬂtomic Structure,

ad .
2

“Vol. 1", McGraw Hill, New York (1960).
19. H.A.'” Beghe,. R. Jackiw, “"Intertediate Quantum
o p ‘ - : ’ " . ‘ 1 v

'Mechghicsu,'w.A{'Benjamih Inc. (lé68)5hp. 1#35.,

P
1.

1?'

11. 'R.L,,Martih,_D;A. Shirley, J¢ Chem. Phys., 64, 3685

‘Experimént'and'Thedryﬂ. From LeCtures<held ddrihg~

‘--.";ghe' summer of"l9?8 at the Institute of Physics,:

”Freund,.

G.H.  Shortley, '~ "Theory of ‘ Atomic

Phys. Soc:, 72, 369

283




. , e | 284

e

2O.I‘K{ Faegri Jr., O. Keski-Rahkonen; J;'Eléctr.1Spectr.

21.

22.

23.

26.

,

27. .-

29. .

30.

- 28.¢

Relat{,Phenom.,'li, 275 (1977).

E. Kdllne, T. Aberg, X-ray Spectr., 4, 26 (1975).

M.O." Krause,  J.G. Ferreira, J. Phys’, B8, 2077

-

(;975).'»

0. Keski—RahKoneh,'M'O.aKrause,-J, Electr. Speétr.

Relat. Phenom., -9, 391 (1976). g

.T.D# Thomas, R.W. Shaw .Jr,, . J. “Electr. 'Spedir;\

/

v

Relat. Phenom., 5, 1081 (1974).

G;tjohannson, J.,Hedman; A. Berndtsson, M. Klasson,

'Rﬁ Nilsson, .J. Electr. Spectr.'Relat. P¥enom., 2,

295 (1973). -

FCAN

The lineshape programme is a lbcally estabiisﬁéd:?"

version of, thé programme by C.S. Fadley and C.
Lederer (LawtendejfBerkeley Laboratory) which is

described in C.S. ~Fadley TﬁééisA-(University'vOf

S—

california 1970) UCRL 19535.

.D.B. Adams, D.T. Clark, Theor. Chim. Acta, 31,‘171

(1973).

T..Koopmans, Physica, 1,104 (1934).

L. Hedin, A. Johansson, J. Phys., B2, 1336 (1969). -
J.M. Hollander, W.L. Jolly, Acc. Chem;yRés,, 3, 193

w4

(1970)



285

'”31.. W.L. Jqlly,‘D.N. Hendrickson,'Jﬁ.AmQ'Chem; Soc.,‘92,
1863’ (1970) | .
32.- D;w. Davis, D.A. Shiriey, J. Electr. Spectr. Relat.
Phenom., 3, 137 (1974). R
33. H. Basch, Chem. Phys. Léﬁ\{; 5, 337 (1970)
34.  M.E. Schwartz, Chem. Phys. Lett., 6, 631 (1970) .
v357 &J:A.:Pople, D. L’ Beverldge, "Approx1mate Mﬁlecular
“ Qrbital.Theorles . McGraw Hlll, NeW«York (1970) . -//
36. G. Howart,vo,-Goscinskik Chem. Phyé. Lett., 30, 87
(1975). | f\\\w 
37; D.B. Adams, J. g;gcfr..SpectgikRelat:'éhenom.} 10,
247 (1977). ! N | X |
\38.‘LT;b.iThoﬁéé, J. Electr. Spectr. Relat. Phenom., 20,
117 (1980). o |
39. D.A. Shirley, Chem. physﬂ‘iettl; 16{'520 (1972).
401 C.D. Wagner, P.-,giléén, Surf. Séiencé, '35, - 82 ‘
11973). - | N |
41. N.F. Mott, .R.W. vGurney, ﬁlecﬁronlc Processes in
Ionic Crystals"”, Ciarendon, Oxford (194qg |
'4%#fxéfD, Wagner, Fgraday-DiscussJ Chem. Soc., 60, 2917
H '(19;5y, . _ . : < :
43. E.J. Aitken, M.K. Bahl, K.D. Bomben, J.K. Gimzewski,

. G.S.. Nolan, T.D. Thomas, J. Am. Chem. Soc., 102,

4873 (1980). . S S



BTF

(8,

46.

47,

48.

49,

50.

51.
52.

53.

54.

55.

b

286

~

T.D. Thomas, J. Am. Chem. Soc.,.92, 4184 (1970).

‘K. Siegbahnm, D. gaﬁﬁbnd, H. féilnér—Féldegg,iE.F.
fHBarﬁett, Science, 176, 245 (1972). : o .oe

P. Kelfve;jBa Blomster, H. éiégbahn,‘K. Siegbahn, 
“Phys. Scripta, 21, 75 (1980). . .
[Hf'éiegbahﬁ;fn, ﬁgdéiros,ib; Gés;inski; j;"glecﬁr.

Spectr. Relat. Phenom., 8, 149 (1976).

'S.R. Smith, T.D. Thomas, J. Am. Chem. Sbc., 100,

5459 (1978).
L.I. Yin, I. Addler, T. Tsang, M.H. Chen, D.A.

Ringers, B. Crasemann, Phys, Rev., A9, 1070 (l974).f

Al7, 1556 (1978).

D.A. Shirley, Chem. PHys. Lett., 17, 312 (1972).

N.D. Lang, A.R. Williams, Phys. Rev., B20, 1369

(1979).

J.CLSlater, "Quantum Theory of Atomic;-StchtuEe,

1

! > , . .

Vol. II", McGraw Hill, New York (1960), pp. 286-294.
J.B. Manﬁ,i “Atomicﬁastructure Calculations. i,
Hartree-Fock Energy Results. .er“'thei“ Elements:

Hydrogen to..Lawrencium", Los Alamos Scientific

Laboratory Report No. LASL-3690 (1967),'unpq§lished

iK;b. Sevier,. At{rData'and Nucl. Data Tables, 24, 323

(1979).

LY

W.N. Asaad, Nucl. Phys., 44, 399 (1963).

o



56.
57.

§
58.

59.

"b. Phys. Rev., B8, 2392 (1973).

60.

61.

62.

W.N. Asaad, Nuél. phys;,'se, 494‘(1§65).

K.M..Huang,’M. Aéyagi;'M;M.bcﬁen,.é;_Crasemann; H.

Mafk, At. Data;Ndél._bata‘Tablesqila, 243 (1976).

D.A. Shirley, Phys. Rev., A7, 1520 (1973).

a. S.P. Kowalczyk, R.A. Pollak, F.R; McFeely, L.
Ley, D.A. Shirley, Phys. Rev., ‘BS, 2387.(1973);

N A L.

A. Rosen, I. Lindgren, Phys. Rev., 176, 1l4 (1968).

S.P. Kowalczyk, L. Ley,.F,R; McFeely, R.A. Pollak,

D.A. Shirley, Phys. Rev., B9, 381 (1974).

. E. Antonides, E.C. Janse, G.A. SawatzKy, Phys. Rev.,

B15, 1669 (1977).

-63.
64 .

65.

66.
!/

67.

68.

69.

H. Aksela, S. Aksela, UniQersity of Oulu, Finland,
Rep. No. 41, ISBN'951-42loi64é7 (1974), unpublished.
E.J. McGuire, Sandia ReSeafch Labo#afories'Research
Report No. SC—RR710835., unpublished.’

J.A. Bearden, Rev. Mod. Phys., 39, 78 (1967).

‘M.O. Krause, M.L. Vestal, W.H. Johnston, T.A.

Carlson, Phys. Rev., 133, A385 (1965).

(1965).
J.F. McGilp, PB. Weightman, J. Phys., €9, 3541

(1976) .

C. Frose-Fisher, Comp. Phys. Comm., 4, 107 (1972).

A

-

287

.T.A. Carlson, M.0. Krause, Phys. Rev., 137, Al655.

s



N al

.“_r
N R

70. T;M; Miller,.B..EederSOn,fin “Advénces ip Ato&ic?angi
Molecuiag' PhYSiCS) eéﬁf, D»R. Bates, - B." BéderSon,f-
Academiévéress,.l3; 1?(1957).:: N '.1_

71. O.E. Frivold,‘o.‘ﬂésséi, E. Hetlandt Physik. Z.., 40,
29 (1939). o | | | - *

72, J.c. Fuggie‘ _in "Eigcgréh. Speétrosc@éy", eds.

,fBrgﬁdlef Egker, Academic ?ress,'4, 85 (19825,"

73. H. Aksela, S. Aksela, J. Phys., B7, 1262 (1974)."

74. R. Kumpﬁla, J.. Vayrynen['T._Rantala, S. Aksela, J.

¢ .
¢

Phys. C., 12, 1809 (;979);
75. 'J‘h VaYrYﬁgﬁ, S. Aksela;‘ M.-‘Kellokumpu, 'H. . Aksela,

phys,,kqv., A22, 1610€21980) . | |
76. Writtén'by.Dr.-C. Pua of tﬁis laborator?.’

77. M.K. Bahl, "R.L. Watson, K.J. Irgolic, Phys. Rev.

Lett., 42, 162 (1979). 4 o ‘
. . : ) ‘\ B

'78. K. Niehaus, J. Phys., B10, 1845 (1977). . \\\*
79. R. Morgenstern, A. Niehaus, U. Thielmann, J. Phys.,

B10, 1039 (1977). L
, ' | =~ - ‘
80. A.J. Smith, P.J. Hicks, F.H. Read, S. Cvejanovic,

| » o .‘
G.C.M. King, J. Comer, J.M. Sharp, J. Phys., B7,

(

ehlhorn,.Mfo Adam, F:

L496 (1974).

81. V. Schmidq, N. Sandner, W.
:/Wuilyeumier, Phys. Rev. Lett., 38, 63 (1977).

82. 'R.B. Barker, H.W. Berry, Phys._ Rev., 151, 14 (1966).



N

" Rev. Lett., 45;‘1937>§1980);

~ B4.

85,

87.

88.

89,

90..

91.

92.

923.

94,

"H. 'Ag_reh,.vJ. Chem. Phys., 75, 126'} (198'1)..\,74\m

e
.\_\ L]

G.S. Bréwn, M.H. Ehen,'B.vCrasemanh,'G;E; Ice, *Phys.
' 5 H g .

o

5P.fEisenbefger,'PJM.&ﬁiatzman, H. Winick, Phys. Rev.
: v B : 22

Lett., 45, 1937 (1980). ; v

M.O. Krause, J.H. Olive§¥7J. Phys. Chem. Ref. Data,
8, 329 (1979).
M.S. Chen, B. Crasemitin, ‘L.J." Yin, T. Tsang, I.

Adler, Phys. Rev., Al3, 1435 '11976).

.M. Pessa, &." Vuoristo, M,'-Vﬁlli, S. Aksela, J.

Y
X

vVdyrynen, T. Rahtala, H. Rﬁ%@ia, Phys. Rev., 'B20,

3115 (1979). e

s. Hagmann, G. Hermann, W. Melhdﬁﬁg Z. Phys;,'266,

o
Al

189 (1974).

-
.

S.V. El Ibyari, W.W. Asaad, E.J. McGuire, . Phys.

Rev., A5, 1048 (1972). | ey

J. Vayrynen, R.N. Sodhi,, R.G.  Cavel%, J. Chem.
. R , g0 ’

Phys., 79, 5329 (1983). : LW

AN

D.E. Ramaker, J.Sg.Murday,‘N.H:'Turner, G. Moore,
: - ' o L
M.G. Lagally, J. Huston, Phys. Rev., B19,> 5375

(1979). - . e @

: : - . . - . ) -”\- KR
N. 'Mataga, K. Nishimoto, Z. Phys. Chem. (N.F.), l?;

140 (1957). S o .

D.E. Ramaker, Phys. Rev., .B2l, 4608 (1980).

o
'

289



95 .

CY I

-

T X T

D.L. Walters,. C/P. Bhalla, Phys. Rev.,: A4, 2164
(1971). | '

-

'F.L. Hutson, D.E. Ramaker, B.I. Dunlap, J.D. Ganjei,

'J.S. Murday, J. Chem. Phys., 76, 218% (1982).

97. J.A.D. Matthews,* W. Kominos, Surf. Sci., 53, 716 -

98.

-

99.

100.

101.

102,

103.

'104.°

105.

- 106.

v

(1975).

S.D;VBader“ L. Richter, M.B. Brodsky, Solid State
Commun., 37, 729 (1981). |

D.R. Jennison;'Phyé;.Rev. Lett., 40, 807 (1978).
A.B. Cornford, D.C. Frost, - F.G. Herring, 'C.A.
Mcbowell, 'J. Chem. Phys;; 55, 2820 (1971). -

A.A. ngké, H.-W. Chen; W.L. 'golly, J. Elect.
Speétr; Relat. Phenom., 20"333 (1980)

T.E.H. Walker, J.A. Horsley, Molec. Phys., 21, 939-

(1971). ' ~

-

D.A. AllisAn,vG.;Johansson,lC;J;'Allan, U. Ge;ins,
':H{ Siegbahn, J. Allison, )(.'Sieépahn; J. Electr.

Speétr.'Relat. Phenom., 1, 269 (1972).

‘D.W. Davies,; Chem. Phys. Lett., 2;/173‘(1§p8).)'

IW,E.' Moddeman, T.A. »Carlson,v.ﬁ.o. Krause, B.P.

Pullen, W.E. Bull, G.K. Schweitzer, J. Chem:. Phys.,
Lt : . ) . ) .

55, 2317 (1971).:

D.E. Ramaker, Phys. Rev., B25, 7341 (1982).

y



107,

291

H. Siégbahm, - L. Asplund, P;: Kelfve,. Chem. Phys.,

Lett., 35, 330 (1975).

‘108ﬁ W.E. Moddeman, "Auger Spectroscopy of Simple’ Gaseous

109

- 110.

111..

‘(1970),

Molecules", Ph.D.’ Thesis, Oak Ridge’ National

'Labbratorzrand;University of Tennessee,,ORNL¥TMr3QL24

° '

- J.L. Dehmer, J. Chem. Phys.! 56, 4496 (1972). ' )

- ) »

-R.R.  Rye, J. Houston, Jg' Chem. Phyé:, 78, 4321

1

(1983). f | S .

\

.C. Fisk, S. Fraga, Can. J. Phys.,‘ 46, 1140 (1968).

a



