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ABSTRACT

An inner-shell electron vacancy in atomic or moleculax systems can
be filled by one of two modes characteristic x-ray emission or Auger
electron emission  The Auger electron results from an Auger transition
which can be described as an electron-electron coulombie interaction be-
tween two electrons of lower binding energy than the inner-shell vacancy
Usually the initial state, an inner-ghell vacency, le created without
additional excitation If this vacancy is filled with an Auger transi-
tion, the process is rveferred to as normal  An Auger readjustment to an
initial state with additional excitation other than & hole in the K-level
results in satellite processes  The normal processes result ordinarily
in the wost intense lines and their characterization is the main incerest
to the Auger spectroscopist

If the K- and L-ghell electrons are involved in the fuger transi-
tion, the interaction is referred to as a K-IL Auger process The high
resolution K~LL Auger spectra of some simple gagecus molecules were
recorded and analyzed The molecules that were atudied are NE’ 02
3‘r", CH, Py s CHF3, CFl‘_, S:I.Hh and SiF),  Each spectrum

» CO,
no, 0, €O,, CHy, CH
vas excited by electron impact. In addition to electron excitation, some
portions of each spectrum were induced by x-ray irradiation. Also, the
ls=photoelectron spectrs in a few cases were recorded

In the analysis of en Auger spectrum that was excited by electrons
four different energy regions were located The divielon of & spectrum
in four regions was mccomplished by using a very simple shell model. By

incorporating auxiliary experiments, i.e , the ls-photoelectron and Auger

iv

v
spectra that were excited by photons, the normal and some of the satel-
lite Auger processes in each spectrum could be distinguished The satel-
lite processes that were considered in the analysic are (1) Auger elec-
trons that resulted from the decay of (a) autoionization and (b) monopole
excited and ionized states and (2} Auger lines that appear frem ioniza-
tions and excitations by the noxmal Auger electrons

From the identification of the normal lines in the Auger spectra,
energy values were calculated for (1) the minimum erergy required for
deuble electron removal for the ground shate of A neutral molecule and

(2) the second ionizatiocn energy for & given molecular orbital
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CHAPTER I
INTRODUCTION

In the past century qualitative and quantitative chemical analysis
and the nature of the chemical Dond have been increasingly explored by
many spectroscopic techniques (see Figure 1). One of thepe techniques,
which in the last few years has proven %o be & powerful and exciting
instrumental tool with great potentialities,is high resolution electron
spectroseopy  This technique measures the kinetic energy of electrons
The four main divisions of electron B‘pectro'scopy stem from the menner in
which excitation is induced electron impact spectroscopy (EIS) - scat-
tered electrons from monocenergetic electron impact with the target gas,
penning ionization spectroscopy (PIS) - electrons resulting from a proce
of the form A% + M » A + M+ + e in which the target gas M interacts wi
A*‘, an excited atom and often a metastable species, photoelectron space
trosecopy (PES) - photoelectrons from the rhotoelectric effect, and Auger
spectroscopy (AS) - secondary electrons from the Auger effect EIS is
useful for studying normally empty electronic levels and particularly &
studying "forbidden" transitions of optical spectroscopy The results o
PIS studies yield information concerning filled valence levels of a mole
cule and the intermediate states of the A" + M xntersction When applie
to molecules, PES ¢an be subdivided into messurements depending on whebh
the ejected electrons originated from the “inner" or "velence" shell of
the stom  Since inner shell electrons are highly locslized on & particu
lar atom of a molecule, inner-shell binding energy measurements give

1
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SPECIMEN

lysis and used to explore the

Spectroscopic techniques used in chemical ana

nature of the chemical bond

Fiaure 1

information for each atom in & molecule Changes in the chemical environ-

ment about an atom, such as a change in the oxidation state, are reflected
in these inner-shell measurements  Valence shell binding energy measure-
ments are descriptive of the electrons involved in chemical bonds, and
these measurements have been related to theoxy, optical data, stability of
the resulting singly positive ion, and also to the strength of the chemi-
cal bond For further discussions on EIS, PIS and PES the reader is re-
ferred to references 1, 2, to 2, 3, and to 2, 4, §, 6, respectively
The last nain division of electron spectroscopy, Auger spectroscopy,

has been used for surface studies on solids, such ae surface composition
and contamination, particularly for the identification of low atomic num-
bexr elements T Alsc the Auger teehnique has been used to study goacous
molecules where the Auger data can be related to the finel electronic
states of the resulbing positive iona.s"ll This diviaion of electron

spectroscopy Will now be discussed in detail

A History of Auger Phencmencn -~ The Auger Effect

In 1925 while studying the photoradiation of inert gases, ﬂ\.\g-s::':"2

reported paired tracks as seen in & Wilson expansion chamber The two ob-
served tracks were the result of zonlzation caused by the lnner-shell
photoelectron and the secondary Auger electron The longer of the tracks
vas ascrived to the photoglectron which depended on the magnitude of hy

and satisfied equation (1-1) Ee‘ is the energy of the photoelectron

E-=-1% (1-1)

which is directly proporticnal to the amount of ionization that occurs in



h

the cloud chamber and, therefore, to the length of the fog track, hv is
the energy of the iwpinging monochromatic photon, and b is the binaing ORNL-OWG 10-1444
energy of the electron being ejected. The shorter track was assigned to

the fuger electron whose path lengbh was independent of the energy of the

Ly
hv beaa. Auger supposed correctly that the shorter track electrons were Ly
Ly
agsaciated with the decay of an excited atom folloving the sjection of
the photoelectron from an immer shell. hy i Nt K-
PH -
An {nner-shell veeancy ean be created in an atom by photens, as in ELEE:?RON
the casa of Auger's experiments, cr by chargad particies, such as alec- K
trong. Within ~ 10-,114 gecond this vacancy will bhe filled by one of two NEGN
modes  charyacteristic X-ray emission or Auger electron emisefon  The Figure 2o  Inner-shell exeitstion of a neon atom by & photon
fuger elechron resulbts from the AngeT process which sen He desorited as
an electron~electron coulosbic interaction between two electrons of lower
=Ryl AUGER
binding energy than the Initial inner photoeleckron This interacktion is
el — ¢ Ly o=
regarded as a perturbation under the action of which a transiticn takes L:—-o—vo--: LE ———
Ly =1 Ly —o—0—
place where one of the electrons fills the inmer-ghell vacancy and the By
e
other 1g raised {nto the continuum outside the atem  Consequently, the Kay i
]
Auger yrocess can £imply be described ms & non-radiative readjustment to K-Lplpy
an inner-shell vacancy Figure 28 represents the interaction of & mono- ] l
[ o] ©
chromatic photon with 8 K-electron of a Ne atom. The resulte of this in. DOUBLY
CHARGED
teraction are [1) a K-photoelectron and (2) the formation of a singly posi- NEON
tive ion, Nex*. Figura 2b shows the tuo modes of de-excitabion of Nam'. Figure 2b De-excltation modes of Nem'.

The number of transitions resulting from a non-radiative readjustment
to an inner-ghel) vacancy can be expressed in terms of a matrix elewant,

M, vhere M iz described by equation (1~2).‘13



1 ] ]‘[j-(:rctrE I‘r)) (1"2)

1
l'lf deseribes the raw eigenfunction of the final electronic state derived
from a given coupling scheme (I-5, j=3), and H:L describes the eigenfunc-
tions of the initial vacancy plus the Auger eleatron, again coupled
::'(:|:'a,::'ﬁ + } is the radial coordinate for an electron (o,p, ) which in-

corporates the Auger transition is a coulombic operator re-

—
1% = %al
lated to the coordinates of the initiel and final states

B Different Typeas of Auger Processes

Usually the more intense lines that appexa in an Auger spectrum sre
the result of "normal” Auger procesges and are referred to as "normal"
lines Frequently, the less intense peaks are due to the "satellite"
Auger processes forming "satellite" Auger electrons  Ordinarily an ini-
tial inner-shell vacancy is created without additional execitation If
this vacency is filled with an Auger transition, the process is z‘eferredl

to a8 normal However, there is a high probability, for neon at least 20

|
14,15 and probably higher for molecules, for the occurrence of ini-

percent
tial excitation via promotion of one or more less tightly bound electrons
either into the continuum causing multiple ionizetion or into discrete
levels Initial ionization or excitation is caused by moncpole transi-
tions resulting from a sudden change in the shielding as the inner-shell
electron is being ejected Initia) monopole ionization has been referred

16,17 end & non-radiative readjustument to a

to as the "shake-off" process,
state formed by the shakc-off process results in the formotion of low

energy satellite Auger electrons. Initial moncpole excltation hes been

7

referred to aomevhat awkwardly as the "shake-up" process ,h' and readjust-
ments to shake-up states usually result in high energy satellite lines

Additionsl high energy satellite processes can occur as the result
of an autcionization process An sutcionizetion state is formed by the
resonence absorption of an inner-shell electron into an unoccupied molecu-
lar orbital With electron excitation the inmer-shell resonance absorp~
tion evolves from the inelastic collisions of the incident electron beam
with the molecule during which the high energy electrons impart to the
molecule only the necessary energy needed to excite the inner-shell elec-
tron into the vacant excited level Decay of an subtolonization state by
A nor-radietive transition results in high energy Auger satellite electrons

Additional low energy satellite electrons can occur from sudden mono-
pole excitations and ionizations {"double-Auger” 1::-:.-.»<:essee~.)l8 when the
Auger electron iz ejected These satellite Llines do not in general cause
confusion in identifying the normal line, as will be seen later in the
analysis section, Chapter IIL, page 87

Also characteristic of each of the different processes is the charge
on the resulting ion following the Auger transition normel processes,
& + 2, high energy satellite processes, & + L from autcicnizatlon and
a+ 2 from monopole excitation, low energy satellite processes, a + 3 or

greater from monopole lconization and & + 3 from the double Auger process.
C. HNemenclature for the Auger Electron

For atome, normal Auger processes that result in the formation of
doubly charged ions are labeled K-II, K-IM, I-MM, ete The first letter

indicates the main energy lavel where the initinl hole was made in the



8

avom, and the last two letiers refer to the original levels of the two
loosely bound electrons that are involved in the Auger process  Roman
mmersl subscripts are provided to denote the sublevels involved in the
transition, i e , K—I.:[LI or LIII-MIMI The Auger electron showm in
Figure 2b, page 5, has been labeled K"I'ILIII’ signifying one electron
esch from the I-I and LIII sublevels were involved in the Auger transition
flso included with each Auger electxon, if known, will be the finel elec-
tronic state of the charged ion

The nomenclature for high and low energy satellite Augexr electrens is
similar A XI~ILL satellite electron would indicate an initial KL joniza-
tion, formed by a shake-off process, followed by a transition promoted by
the coulombic interaction of three l-~shell electrons A I(M+l-MI.. auto-
ionization electron means initial K to M excitation followed by M,L
electron-electron interaction

The nomenclature for Auger processes in molecules to be used in this
disgertation follows the general scheme used for atoms  The normal Auger
procegses involving only weakly bonding electrons, w, will be labele.,
lo-ww (like K"LII,IIII'II,III for neon} Those processes involving one
weakly and one strongly bonding election, g, will be labeled le-ws,
processes involving two tightly bound electrons will be labeled ls-gs
An autoionization process, for example cone which involves an electron in
the excited orbital, e, and a weakly bonding electron, will be labeled
lse"'l-w Satellite processes that result from t e decay of multiply
charged ions, cuch as KQKI'H', will be labeled law-www.

In this disgertetion atoms in molecules with atowic number of less

than 11 are studied {except for the two sllicon-containing molecules which

2
will be given special attention later, poge 139), therefore, Auger pro-
cesses anvolving only the K and L shells are of interest From an atomic
point of view, LII and LIII jevels for these elements can be considered
degenerate Table I lists the six pogsible nermal K~-LL Auger lines that
ean result frem s neon atom The final electronic stotes of the doubly
charged ion are also given in the table These states arise by using the
proper L-S coupling scheme for the doubly positive ion A similar coup-
ling scheme can be applied to distomic molecules to derive the different
possible final electronic states These final steates will be given in

the discussion of the spectrs of Individual molecules
D Energy of the Aager Electron for a Normal Auger Process

The kinetic energy of the electrons resuliting from K-LI, Auger pro-
cesses are approximately direetly proportional to Z2 , and the normal pro-
cesses Tor atome are given by equation (1-3} 19 EA is the Auger electron

Ey = By - By, - B (1-3)
energy, EK and EL are the binding energles of the K end L shells, respec-
tively, and EL' is the binding energy of an L-shell electron appropriate
%o an element singly ionized  Since EL and EL' are small compared to EK’
K

A
Auger electron energies that result from a free atom of each element from

ig the same order of magnitude as EK Table I lists the calculated

carbon through neon as taken from Appendix b of reference L These Auger
electron energies were obtaived as a difference between separate calcula-
tions on the total energy of en atcm with a hole 1n the K-ghell and the
total energy of the final doubly charged lon. For these calculetions

relativistic, seif-consistent wave functicns were uaed



TABLE I

FOR DIFFERENT TRANSETIONS IN A FREE ATOM

AUGER ELECTRON SYMBOLS, ENERGIES AND INTENSITIES

Intensities
from Neon

Experimentally
Determined
1 oo

Ye

Auger Energies
from Frec Atom
Caleulations (&¥)P
[¥
2k3 356 LTh 61C 781
252 362 W8 627 T8

[

General
"SPI’I
Formelism

Final Elecironic
State of the
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Ion®

Possible Rormal
Auger Elechrons

BTy Ly

106005
+01°

2 87 + o 05°

258 369 W95 638 Toh

1la-252p

1g-2528
ls-2s82y

0,1,2

S

Kebolyr rrr
Kbyl ryr

10

10 00 £ 0 18°

265 373 504 650 808
266 375 507 65k #13

1s-2rop
1s5-2p2p

1s~

0
2

i J A

Kby rerVrr-zIr
K-Ioy zrrlors1T

E-Lrp rryfrr-1ix

< 0.c2g?

267 377 509 657 816

oupling assuming the LII and LIH levels to be
15 The antensities are releted to the K'Iiri(lso)

0,1,2

Syalues were taken from reference
dValues were taken from reference 20

line which is set equal to unity

Byalues were taken from refevence 4

a‘l‘hese states are derived from I-8 ¢

degenerate,

11

Anger energies, Ey, for normal Auger lires in molecules can be de-
seribed ac the difference in the binding energy of the ls ghell, Els' and
the total energy of an electronic sfate of the doubly charged lon relstive

£o the ground electronic state of the vewtral melecule, Byn (equation 1-b)
E, & E, ~ Eg2 (1-4)

However, Ex-ra velues are generally unkncwn and have been calculated only
in a lapited number of cases!al,aa therefore, to estimate the Auger tran-
sition energies for different elemsnts in molecules, equstion (1-3) sndfor

Table I are often used
E Selection Rules ~ Transition Rates

Intensities of peaks or bands obtainable in spuctroscopy are gener-
ally governed by selection rules Mehlhorn has listed the rules for Auger
processes for at0m523 gnd for molecules 8 For stoms (1) Ji = Ji”

(2) S, = 5, end (3} I, = I, vhere §, L and J are quantim muabers delin-
ing the initdmil, i, and finel, f, states invalved in the Auger process
For molecules (1) gy =Jp (2) no change in the symetry properties of
the initisl end final states, l.e., + -+ allowed, but + — - not allowed,
{3) in the cace of homonuelear molecules y —>p end g — § Bre the only
trepsitions ellowed, () 8; = By enl (5) & = Ay by * 1 where A refers
to totsl angular mementum of an initlal or final state In using these
selectlon rules, the final states, f, are derived from electronle states
of ‘the doubly charged ion, and the initial state, 1, evolves from the A-S
coupling betwean the inner-shell vacancy end the enitted Auger elactron.

The relstive juger Intensities have baen calcwlated for K-LL processes

for a large number of atoms, Generally good agresment is found between
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the caleuwlated and experimental transition rates except for Light

2k The addition of configuration interaction inte the theo-

retical calculatlion by .Asaadz

elements
? seens to lead to bebter agreement with the
experimental values, but the situstion is still far from catisfactory 26
A rough intensity distribution can be obtained from the statistical occu-
pation of the different orbitals invelved in the Auger transition, e g ,
15-2p2p processes are more probable than e 1s-2s2s process Table I,
page 10, gives the experimental relative intensities for the normal K-IL

Auger vrocess 1in neon 13

F. Instruments Used apd Compounds Studied by Auger Spectroscomy

Basically, the instruments available for studying the Auger spectrum
of atoms or molecules can be divided into two groups  low resolution
instruments suitable for elemental identification of solid surfaces, and
high resolution machines usable for detaill analysies of gases and solids
Three companies, Verian, Veeco and Physical Electronics, meke low resolu-
tion instruments for surface analysis of solids Two companies, Varian
and Picker, have on the market high resolution dispersion tywpe spectro-

meters which in principal sre capable of achieving detaill Auger structure

Thus far all the high resolution spectra have been taken on non-commercial

dispersion spectrometers, Table IX lists some of the gas and scolid
samples that have been studied by Auger spectroscopy using these deflec-

tion type instruments

G Proposed Problem

In addition to assisting in the calibration of a high resolution

electron spectrometer used at Oak Ridge National leboratory (ORNL) ard in

13

TABLE II

MOIECULES WHOSE K-1I AUGER SPECTRA HAVE BEEN STUDIED
BY HIGH RESOLUTICN ELECTRCN SPECTROSCOFY

sample Phase Reference Sauple Phase Reference
Ne Gas 4, 15, 20, 23 Mg Solid 29
Ar Gas 11, 27 K Solid 30
02 Gas 11, 28 Cu Solid 3L, 32, 33
N, Gas 8, 11 Cuy0 Solid 33
co Gas 11 Cuo Solid 33
CHL; Gas 4, 12 Ge Solid 31
CFI;_ Gas 11 Kei Solid 34
Gy Gas 1 K50, Solid 3k
CaHs Gas n Na25203 Selid 35
HaCl Solid 4
NaF Solid 36
l*"[gll“2 Solid 36
LiF Solld 36
T102 Solid 4
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the design and construction of its exeitation sources, this author became
interested in Auger spectroscopy largely through the prior endeaveors of
Dra Thomas A Carlson and Manfred 0 Krause at ORNL Under the direction
of Drs G X Schieltzer and W E Bull at the University of Tennessee and
Drs Carlson and Krause, the study of the Auger spectrum excited by elec-
tron impact of each element in different molecules was proposed The
molecules were NE’ 02, €0, WO, 002, H’P.O’ CI-I,\L, CH3F, CHE'E‘E, CHFa, CFb(,
SiHh_ and SiFl} The first four were chosen because they are simple homo-
nuclear and heteronuclear diatomic molecules  The additional spectra of
€o, and Hgo allowed fox the study of the Auger spectra of triatomic mole-
cules and, in addition, permitted the comparison of the oxygen K-LL Auger
spectrum in different chemical envirorments The recording of the spectra
in the fluoromethane series sllowed one 10 chserve the overall change in
the spectrum of a given element in a homologous series In order to
elucidate scme of the initial states available for Auger processes, the
photoelectron and the Aupger spectra excited by ma x~-rays of a few of

the above listed compounds were recorded

CRAPTER II
INSTRUMENTAYION AND TECHNIQUES
A Electron Spectrometer

Figure 3 displays the electron spectrometer that was installed at
ORNL  The henrt of the spectrometer is exhibited in Figure 4 and as
1llustrated by a schematic diagram in Figure 5 The latter two figures
show (1) the target chamber, where the x-roy or eleetron beam from the
exeitation source interacts with the sample, (2) the two spherical sector
piates (Lontained in an aluminum housang) where electrons are analyzed
according to their kinetic energies, and (3) the detector In brief, the
Auger electrons produced in the target chambexr are separated according to
their kinetac enexrgles by the eiectricul fields applied to the plates and
then counted by the detector

The region where interaction of the electron beam and the sample gas
occurs is shown as an insert of Figure 5  Also shown in the same figure
are the entrance slits used to define the resolution of the spvectrometer
The slits are adjustable and Table IXI gives the spectrometer resolution
for the various slit sizes

The ejected Auger electrons produced in the target chanber enter the
region of the twe aluminum electreostatic plates  Predetermined voltages
of opposite polarity are applied to the electrostatic plates Two saw-
tooth voltages, also of opposite polarity, are superimposed on the electro-
static plates, and the sweep of the sawbooth 15 kept in synchromaization

with the channel advance of a RIDL kOO channel analyzer Thus, for & given

15
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g TABLE III
5
! SLIT SYSTEMS USED FOR DIFFERENT
5 SPECTROMETER RESOTUTIONS
g &
|
& 32 Dimensions of SLit Cbserved
x s Defining £1at Bafilc Percomtage
E 2RE (tmm {rvm) Energy Resolution
g
g 10x10 15x15 039
@ . 05x10 1 x15 0.17
=
b
g 02x10 06 x10 509
5
g ;j: 01 x10* 05 x0 06
1=

TARGET CHAMBER

4he defining slit that was used to obtain 0 06
percent resolution was curved to a 20 cm radius

hThe perceybage resolution was cbtained by

§ " N meesuring the full wid%!i at half nméioﬁum (FW})!M) of
wooo . Wy A the most Intense line line at 15 eV) in the
Eg g = \\\\ T %‘? neon K-LL Auger s:pect;:ur't.unn2 Loss of resoluticn was
;E §g g RS noted at higher target chamber pressures and higher
°u B3 28 intensities of the excitation beam
g s

~Schematic diagram of electron spectrometer and assocaated eguipment

i

ELECTRON REAN
N

PORT FOR ELECTRON GUN
AND Ha DISCHARGE TUBE
X~RaY TUBE

Figure 5
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voltage on the plates, only electrons of specific kinetlc energy are
allowed to fall on the Millard Model No BUYIOBL electron mulitiplier  The

signal is amplified prior to reaching the multichannel snalyzer A block

CRKL OWG 63 Wi3IR2

diagran of the experimental epparatus is showm in Figure 6

While traveling in the region between the electrostatic pleates, the

L

PULSE
GERERATOR

electrons move through a magnetic field free space (< % 2 x 107 gouss)

To cbtain this field free space the earth's and stray magnetic fields were

cancelled with three pairs of Helmholtz cocils The reader is referred to
reference 37 for more detailed information on the spectrometer, such as
the type of voltage suppldies used and the dimenslons of the aluminum e
wg
electrostatic plates §§
B  Excitation Sources — e
€3 g5 gz
Two excitation sources were used to excite Auger processes (1) an -F w
electron gun and {2) an x-ray tube The electron gun produced approxi-
I HI
pately £ifty times the activity in a peak as the x-ray tube but with four § —‘b‘“'.;
& 23w
times the background compared to peak intensity §§ égg
- a>— 3 =‘g
i L gg
1, Electron Gun 5 23
_— 5%
= —
The electron gun is shown in Figure 7  'The main structure of the gun ?%’ ES
d £
consists of a Tektronix cathode-ray tube which 1s mounted to flange A via I

glass stand-offe. The cathode-ray tube congists of Ffour metal electrodes

labeled (1), {2), (3} and (k) A tungeten Pilament taken from a General

ELECTRON Gua
OR X-AAY TUBE

Blectrie No 1630 light bulb sits inside electrode (1), When the electron

gurt 1s in operation these four electrodes are at negative, ground, nega-

tive and ground potentials, respectively. For example, to excite 3 keV

zasurang the kinetic energy

gram of experimental apperatus used for m

Figure 6 Block dia,
or Auger electrons

of photo-
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FILAMENT HOLDER
(N TS MOUNTING}

&

ELECTRON GUN
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electrons a negative 3 kV would be applied to the filament and electrode
{1} Electrons are eritted by passing either aliernating or dirvect cur-
rent through the filament wlre The electrons leaving the negatlve fila-

ment are accelerated through a cne-eighth ineh hole in electrode (1) to

o
§ Z y ground potential of electrode (2) Then they pass into electrcde (3}
E] i [ 3=
o 53
5 z e where they are de-accelerated and focused into a beam source Electrode
5 2 & sg
.::“,_ & % E&% (3) is operated at 2 4 kv (approximetely BO percent of the filament
- ] ool
EE L voltage) The focused beam is again accelerated by the ground potential
{vel
O A |
gg %\"\}\\ :\\}k\\\\\ - of electrode (4} The resultant electron beam is one-eighth inch in
2 &)
§§ H dlameter and 1 to 100 microcamperes in intensity The maxdym kinetle
=
meL L1}

energy of the electron beam obtainsble from the gun was 5 keV.

The inner structure of the electron gun attached to flange A can be

INCHES

inserted dinto its housing vis flange B The housing contains baffles and

Figure T Electron gun - Tektronix cathode ray tube

§ ® o portholes for differential pumping, three adjustment screws, and bellows
"E‘J" E for electron beam slignment The differential pumping allows for minimasl
2 o : g o pressure in the electron gun, vhish in turn inereases the life of the
g i g g filement end increases the maximu operabing voltage The adjustment
; - s screws allow for alignment of the electron beam with the entrance slit of
’ ' H I l ! ; terget chamber in order to obtain maximum detectable Auger processes The
; i electron gun assembly is mounted +o the target chamber of the spectrometer
o ; p ¥ia flange C.
gi R % For scme of the later experiments a BT (Brad Thompson Industries)
E% e model 780 electron gun was installed., The Pierce38 geometry is used in
;E the cathode-anode design By employing this geomebry no external focusing

of the electrons into a beam source is required The gun was cperated at

5 to 6KV &nd 30 to 100 microamperes emission, although it is capable
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of obtaining 9 6 kV and 800 microauperes Compared o the electron gun
degeribad previously, where two stages of differentisl pumping Were used,
the BTI gun employs one additional stage to aild in obtaining higher operat-

ing voltages.

2  X-ray Tube

M x-ray tube consistes of a cathode electron source whose electrons
begbard, an anode to preduce x-irradiation ‘The x-ray tube used in this
astudy is shown in Figure 8. TIhe cathode end of the tube consists of a
tungsten filamernt (General Electric Ne 1630), a vanadium windew shield,
leads for filsment heating, high voltage pyrex glass stend-offs, and a
water jacket for cooling Ab sluminum anode, that was hollowed, beveled
and insulated from grownd, was used The copper cylindrical houeing of
the x-ray tube has a window to allew for the x-rey beam passage into the
target chamber.

Under normal cperating conditione the cathode and anode ere at anega-
tive and positive voltage, respectively Two amperes gurremb are e.p'_uliexli
to the tungsten filament resulting in 20 milliamperes erisaion The elec~
fron beam strikes the aluminum ancde and x-radiation is produced The alu-
minum Ka radiation is allowed to pass througha O OT7 mm aluminum window
The thin aluminum window removes low energy Brehmsstrahlung from the x-ray
beam and allows for e minimal emount of high energy Brehmsstrahlung The
aluminum ¥, line appears as an unresolved doublet (X, = 1.48670 keV, Kae

9

= 1.4882T keV)Bg with & FWHM of 0.9 eVl Other detectable lines are KB
of 1.5574 kev3? and K, satellite of 1.4960 kev'® at 6 5 and 13.0 per-

& %3,1

cent abundance ,1'0 respectively, of the main Ka line. The vanedium window
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shield decereases the probability of tungsten, from the filament, being
deposited on the thin aluminum window

In the latter stages of this work it was found that the x-ray tube
worked better without the tantalum shield, with the cathode at ground and
the anode at a positive 8 XV  For this work a 12 kV high-voltage Screnson

supply was utilized
¢ Operating Pressure of Sample Gas

The gaseous samples were studied at constant pressure during a given
run, The gas pressures ranged from 5 to 10 microns in the target chambex
and approximately .10'5 mn pressure in the spectrometer housing  Indepen-
dent pressure studies, Chopter IIT, page 56, suggest that contributions to

the cbserved Auger spectra from inelastlc scattering are negligible
D. Energy Colibration of Spectrum
1 Sweep Calibraticn

The Auger spectra of the materials used in this study were recorded
on energy sweeps of 2, 12, 30, 68 and 96 eV  The calibration of each of
+these sweeps had to be made, 1.e., the increase in the sawtooth voltage
over the 400 chamnels of the analyzer. Differences in energy between the
Auger electron peaks in Ne K-LL and Ar I-MM spectra are accurately known,
therefore, these were chosen to calibrate the energy sweeps The Ne K-LL
on 2 68 ¢V and Ar I-MM on a 30 eV eweep are shown in Flgures 9 and 10,
respectively The pesk energles and differences are given in Tables IV
end V  Figures 1la end I1b give the known peak energles versus the channel
number for the 68 eV and 30 eV sweeps from which the energy per channel

was determined,

INTENSITY {counts /sec)

a7
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Figure 9 Neon K-LL Auger electron spectrum on & 63 eV sweep
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TABLE IV

K-EI, AUGER ELECTRON ENERGIES OF NEON

CHANNEL NUMBER

Figure 10 Argon I-MM Auger electron spectrum on & 30 eV sveep

Absolute AR Frow
Transition Energy (eV)23 1D2 tine (ev)
K-Dy LI(lso) 48,1 + 0 65 56 1 % 0.1
S M 5 ?T
KLy bpy, 11zl Po,1,2) 62 0 22
K-Bry,go1 ar, 1ot o) 800 5 3.7
K-Lpy, 131 In,:n(lna) fok 15 co




mryoads KOIFOITI

TABIE ¥

I-MM AUGER ELECTRON ENERGIES OF ARGON

AE From
Transition mglﬁ%)e? LII‘HII:III(Z!%,III( Po,l,a)

Lyt 4 (s,) 179 93 0 25 27 08 £ 0 02
I111'“11"13:,111(1"1) 187 16 19 85

ot MII,III(lPl 189 30 T
Lyyy¥g M11,1:[1(31’0,1,2) 190 6 16 25

Iy ”11,111(3"0,1,2) 192 90 W11
TyrrMer, ror Mo, oot So) 200 87 6 14
LMo, Myz, 33(D) 203 26 375

Ly Mrr,aor My (B ,p ) 2O+ & 2 20
LpyMpy,rrz ”11,111(132) 205 40 161
Lrr-MyT, 103 “11,111(31’0,1,2) 207 01 0 00

qrT =andTd

00} 0%

0%}

YIAWNN TANNYHD

unzgoads uoIaoeTe

oee OOE 0g2 002

Io9nY p~1 uoBiw Bupsn ucpyuiqrTeo desas a6 Of

OTT SIN¥TL

Ja8uy TI~Y toau @ Furen uoTheIqiIed desms A g9

YIGWNNN TINNVHD

AeV ENERGY FROM K-LppLp g{'Dy) LINE

O
o = 3 -1 8 =] o
[=] =] f=] [=] o o [+
[a]
L I T [ 1]
]
el ]
=
ab ]
8 .
ol .
4 -
rak
Q1 -
=18 ]
e J
o — —
oL
Wi 4
Q- -
Qf i
ul 1
&
[=]

vEGkl 0L 9m0 THHO

ot

TE



ORKL DG TO 2060
2 Energy Caelibration of Sample e T ]
-tEpl, T4 2iev ﬁsz ]
[ K by uly il ]
Energy calibrations for the pesks of the sample under investigetion [ 1 J
were made by using & Ne, Ar, end sample mixture Under a constant pres- 1
[ 990 |
sure and electron beam intensity, the spectra of the individeal components o zeey .
» ¥ Ly aly afSol -
in the mixture were taken on & 12 eV sweep for 400 channels 'The resulis ; J
[ N .
for an oxygen ¢alibration are shown in Figure 12  Prior to the recording r
of each spectrum, the voltage on the plates was determined At this indi- M. . ! _' w1
cated plate voltage the minimum kinetic energy electron is detectable in - "L
[P PR T R
channel zero of the analyzer. The relationship between the kinetic energy F Tim "aoFomibel | ARGON 3
B-lg,), t988Tor 5 :L:"u:':fa:l.l's,:'l L MM 1
of the electron at chamnel zero, E_, to the predetermined plate voltage, P, 2 [ N
[a] 5 [ rl-n"n by w0 o
n = Mo Ma gt .
is given by equation (2-1) £l - u'j' e 1
)
E =oP +V 2-1 = o v ]
o [+1 o (2-1) ] - TS .
& pin vy B
vo is censtant for each calibration, but is dependent upcn the components & :‘_”“.,z.vsqu "t
= VW — N
T hm——— 54 Y —————stm— N
of the gas mixture, the pressure of the mixture and the intensity of the —— paet—— \ L]
F - 1+ -~ t '+ 1 " T 14
ionizing electron beam Alpha (&) is a proporbicnality constant whose ElEgly, 489 66 ¢¥ aXYGEN
value is dependent upon the energy sweep and the number of anslyzer chan- 3 ]
1y -
nels that were used Tt E——
- + 6 OT gy —mmdd N
+495 ¢y —
In the oxygen calibratiocn (Eo)Ne and (Eo)Ar are determined by know- E'F-?'" I ! ]
ing the energy of the peak, the channel at which the pesk appears, and the il 1y SE b
X 1 % b 3
sveep calibration Alpha (@) can be found from equation (2-2) For the Kol * - ) ]
™~
(EO)Ne - (EO)AI‘ L 1 -
&= (2-2)
We © “ar : ] 2 ! 1 N 1 N )
[ 80 160 740 320 a00
oxygen calibration of Flgure 12, « was determined to be 4 056 By know- CHARNEL NUMBER

TFigure 12  Calibration of molecular oxygen K-LL Auger electron

ing P ! (E")Og can be ¢alculated from equation (2-3) Then by knowing peeks using neon, argon end oxygen mixture

(30102 = (B) - Py - Fo,) (2-3)
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the sweep calibration, the chennel at which the oxygen peaks appear, and
(EO)Og’ the energy of the Auger electrons in the oxygen peeks can be found
E, Chemical Materials
TABLE VI

Table VI lists the gaseous materials studled and their percentage

GASEQUS MATERIALS STUDIED AND THEIR
parities PERCENTAGE PURITIES

Gas Percentage Purity
a
Oy 59 99
N, 99 999%
o 99 9%
NO g9 g%
o, 99 995°
Hy0 re-purii‘iedb
CH, 99 99°
(»3
CHgF 99.0c
o ne
CHE
cl?u3 99 7°
SiH), 99 9999%
SiF, %9 6%

BMe 1listed percentage purity ls the
purity specified by the manufacturer

bDissolved gases were removed from the
distilled water by heating the liquid water 4o
approxamately 70° C in vacuo

“Mass spectral data were taken on these
compounds



CHAPTER III
ANALYSES OF A K~LL AUGER SFECTRA INVOLVING THE VALENCE ELECTRONS

In analyzing a K~LL Auger spectrum of an atom or molecule excited by
high energy electrons, one can use the following prelimipary steps in
order to identify the normal processes (1) divide the spectrum into dif-
ferent energy regions sccording to the binding energy of the valence elec-
trons that are involved in the Auger transition, and {2) determine the
contribution of satellite lines with the help of auxiliary experiments
(such as, the examination of the saetellite lines found in the photoioniza-
tion epectrum of the K-shell or the comparison of the Auger spectrum
excited by different energy sources) By Tollowing the above procedure,
one can ascertain information that is unattainable by other physical
methods, such ag the energy of different electronic states of doubly
charged jons With emphseis of interpretation placed on nitrogen, the
Auger spectra of four diatomic moleeules, NQ, 02 ; CO and NO, are dipcussed
in detall Also, the high resolution K-LL Auger spectra of more complex
molecules are presented and analyzed in a similar fashion  All of the

spectra vere taken with at least a tenth of a percent resolution
A Dilatomic Molecules

Shown in Figures 13-18 are the K-LL Auger spectra of each element in
NE’ 02, CO and NO The identiflied peaks are shovm in each spectrum by
arrows, and Tables VII-XIX 1ist the energies of the peaks associated
with each figure, Each spectrum is divided into four energy regions

Baglcally, from highest to lowest electron kinetic energies, the nain
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TABLE VIIT TABIE TX
ELECTRON PEAK ENERGIES IN K-LI AUGER ELECTRON PEAK ENERCGIES IN CARBON K-LL AUGER
SPECTRIM OF MOLECULAR OXYGEN SPECTRUM OF CARBON MONOXIDE
Absolute Ener Absolute Energy
Poak® (o) & Peuk® (ev})
A-L sig Lk xoé A-1 2730+ 02
A-2 slsziog A2 22 T+02
- &+
ﬁ.a gﬂé;gh A-3 2fo 8t g2
A—g 5112¢04 A=l 2706 02
A~ &
AT gigos;gg A5 afoh o2
A-B 50T T+ 05 -6 202+ 02
2:2: gg%g*” AT 267 b & 0 2
B-1 5829;&03 -8 264 3£ 03
-2
3_3 ?m?igé 29 2621+03
B-4 501 4 02 A-10 259 Tx02
b8 7997503 ot 259 0 40 3
B-g 1;9625:06 B-1! 256 0 %0 3
+
g-9 llga £z g g B-1 254.0 £ 02
B-10 11:92 g £05 E-2 252 5 = Q.4
B-11 1 &6+ 0
B-12 k?%atog B-3 250 bt o2
B-113; 11:33 E £ 0.6 B6 26 b 0.1
B-1 + 0.
c-1 L;'rjéﬁ:g;{ B-T 245 320k
-2 llgﬂliOS B-8 22 b0k
c- B3£06
C-a usg.g £09 B-10 239 3 + 0.5
c-1 230308
a -3 2209£09
'All peaks except A-9 were identified in
the electren excited spectrum, Figure 1b  A-9
was peen in the photon axcited gpectrum, Figure &pa peaks were identified in Flgure 15.
26, page 64 ‘The onset of a peak 1s indicated The onset of a peak is indiceted by a primed
by a2 primed nurber. mumber .



46 ht

TABLE XTI

ELECTRON PEAK ENERGIES [N NITROGEN K~LL
AUGER SPECTRUM OF NITRIC CXTDE

PABLE X Abgolute Energy
Peak™ (ev)
ELECTRON PEAK EMERGIES IN OXYGEN K-LL AUGER

SPECTRUM OF CARBON MONOXIDE Al 9806
A2 5206
a Absolute Energy A3 382 5 £ 0h
Peak {ev} Ak WBrLa2xok
A~3 516604 A-5 T 6206

A-B 510 L %05 B-1' 376 1
A-10 505 T£035 s B-1 3hBrok
B-1' 501 6 B-2 31310k
B-1 500 bz02 B-3 3N TE02
Bl gg 1 204 B-5 3700x 03
B-5 oh s 0k B-6 WT6£05
B-T b9l 5+ 03 B-7 369103
B-9 4T6203 B-10 32 7203
B-11 485 1 03 B-11 361.5 & 0.5
B-12 15207 B-12 BOOLOE
c-2 g b 2 05 B-13 357.1 & 0.6
c-b bso L 207 B-1k 355.86 £ 0 3
D-1 2206 c-2 U EL£ 05
D-2 b3ITH 2009 G-3 339.1 £ 0.5
==, — e c-4 332 & 0,9
8p11 peaks vere identified in Figure c-5 325.5009

16 fTae onsst of a peak 1s given by a
primed munbex

“A1) peaks except B-1 and B-2 vere
identified in the electron excited spectrum,
Figure 1T B-l and B-2 were characterized
in the photon excited spectrum, Figure 33,
page 80 The onset of s pesk is indjcated
by & primed number,



TABLE XII

EIECTRON PEAK ENERGIES IN OXYCEN K-LL

AUGER SPECTRUM COF NXTRIC CXIDE

Absolute Energy

Pesk” (ev)
A-b 51604
A-6 509.9 + 0 6
B-1' 508.9

B-1 5072 +£0%
B-b 503.3 £ 02
B-5 52902
B-8 hog 2 £ 0 6
B-9 o xo2
B-10 k955 + 06
B-11 o 0+ 06
B-12 ko2 5+ 06
B-13 49 8206
B-24 188 3t 0L
B-15 4850205
B-16 2 4 205
e-1 4801 %03
c-3 bT.5+09
c-h 61+ 09
c-6 456 0 £ 09
D-1 Yh,5 £ 08

B-1'

8411 peaks were identified in Figure 18
was estimated from Flgure 33, page 80.
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conbributions %o the four divisions are (1)} & - readjustmente to a 1s
vacancy by sn Auger process involving electrons in nmolecular orbitals
from sutcionized and monopole excited states, (2) B - readjustments to a
1s vacancy by an Auger process involving weskly bound electromns, W,

(3) C - resdjustments involving both weskly, w, and tightly, s, bound
electrons, and (4) D - readjustments involving essentially only tightly
bound electrons, & For the location of the Auger eleclron energies
found in region A, ls-sbsorption and ls-photoelectron data are used The
absolute magnitude of the energies in regions B, C and D can be located
by employing equation {1-L4) or Table I, page;s 10-11 In practice,
however, region B is the only reglon that is effectively located by
employing one of the above, C and D are more realistically found by using

equations (3-4), (3-5) and (3-6) of this chapter, poge 88

1 Analysis of Region A - High Energy Satellite ILines

Auger electrons produced in region A result mainly from the decay of
autoionized and monopole excited states by an Avger transition As will
be recalled from Chapter I, page T , an autolonized state is formed by
resonance excitation of a 1s {or K} electron into an unoccupied molecular
orbital, a monopols excited state is formed by the exciteticon of a valence
electron into an excited moleculsar orbitel due to the sudden formation of
an inner-shell vacency If monochromatic photons greater than the 1s
binding energy are used to excite the K-LL Auger spectrum, rescnance ab-
sorpbion willl not oceur Thus, the Auger spectrum arising from photon
excitation will be absent of lines that result from autoionization transi-

tions Monopole excited states will form with either electron or x-ray
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excitation Thus, the decay of these latter stabtes will appear in an
electron and an x-ray excited Auger spectrum. However, by exciting the

K-1L Auger spectrum with electrons and photons, high energy lines can be

=
tdentified and in some ceses characterized, which in turn alds in the 8 3, g c?l §
identification of the highest erergy normal Auger process g e S_': - 8
Mz ow
a HNitrogen. The electron configuration of nitrogen is (lsc:g)2 g §§§
(lauu)a(esos)e(aaau)a(apﬂu)u(elmg)a The molecular crbital disgram is ; ggé
given in Figure 19 From the ls-absorpticn data of Nakamura, et al,hl % 2 ©
using synchroton irradistion, eight uwnoccupied molecular orbitals are
filled by resgonance absorption giving rise to eight initial autoloniza~- *
tion states of 400.2, 405 6, 408 5, k06 T, 4OT T, 4OT.9, 408 2 and 4oB 5 E
e¥, The 1ls to 21:1(8(111“) absorption et 400.2 eV, represented in Figure 20e, Z é
is the strongest in intensity (by & factor of ten shove anmy of the other 82 —
transitions). If we assume similar autoionization states can he formed E ; g
by using & high energy electron beam, Auger electron energies would be % *b=
expectod at 383 5, 388 9, 389.8, 390 0, 391 0, 39L.2, 391 5 and 391 8 eV g &
These energies are calculated by using equation (3-1), where EA(A) is the
E,(a) = E* - E&J,:L {3-1)
Auger electron enexrgy found in reglon A, E* ie the resonance sbsorphion é 22
energy -- the energy available for the Auger transition -- and F.x2+l is E éé > >
the energy of the electronic state of the singly charged lon In the z o é-’ 3
L 0 —_m
above caleculations the energy of the apnu orbital, 16.T eV, was used. &ll- 5:-_ ““ﬂ 8

Because of the absence in Figure 13, page 37, of high energy Auger elec-
1
tron energies above 385 eV, there appears to be only one autoionization

electronic state, J’l‘lu, apprecisbly populated by resonance absorption.

J1s
401 6eV

a

409.9 (b)

o s

1soy,
150g

o

)

{a), cbtained from reference 37, (b), cbtained from reference 11

Figure 19 Molecular orbital disgram for nitrogen

15 [
40{.6eV
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Figure 20a Formation of Nax* by absorption of a 1s(K)} electron

into the empty Ep:tg level
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Figure 20b  Decay of NEK

(1), cuter-excited process, {2), inner-excited process
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The autcionization states will be represented as XQK*, ie, for
nitrogen, NQK* The 4wo decay modes of Nax* by sutoionization, shown
in Figure 20b, are classified as 4o whether or not the electron in the
excited molecular orbital, 2131(5 in the case of Na, participates in the
transition For example, for nitrogen, when the excited malecular orbi-
tal participates in the Auger transition the proceas will be labeled
ZLs(Epn:&s)'*:L - (Epng)w and will be referred to as an "outer-excited" auto-
ionization transition, and, a precess in which the 2pn G electron remains
ag & "spectator" will be labeled 15\2prrg)+l - ww and will be referred to
as en "inner excited" transition (again, w signifies the weakly bonding
electrons)  As vointed out Tor nitxogen by Carleon, et a1,9 "inner-
excited" autolcnization transitions are basically rormal K-II Auger pro-
cesses ococurring under the electrostatic shell of the spectator 2px g
electron {see Figure 20b)

The data points designated by (+) in Figure 21 are derived by repro-
ducing Figure 13, page 37, without 1tz background ‘The Auger electron
energies A-1 through A-4 and the shaded area of Figure 2L have been
assigned to autolonization transitions ‘Table XIII comperes the energles
of the resultant singly charged ion Eﬁa.,_l, as cbleulated from equation
(3-1), with known values Qualitatively, the gereral appearance of the
"inner-excited" structure A-3 and A-b through 370 eV should be compared
with the diagram lines B-1 through B-6 (the latter lines are shifted on
the order of 10 eV higher in energy)

If the assignments of peaks A-1 through A-4 and the shaded area of
Flgure 21 are correct, the processes that result in this structure should
be sbsent if the energy for rceonance absorption (1s -217;18) is not avall-

sble. Thereforz, if monochromaetic photens of energy sbove the 1s binding
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TABLE XITX

ASSTGNMENTS OF THE PEAKS APPEAFTNG IN THE HIGH ENERGY SATELLTTE
FEGION OF THE K-LL AUGER SPECTRUM OF MOLECULAR NITROGEN

F:N'Q'I'l fram EN +1 from ENe‘{-l from
Initial This Work Other Auger Other Scurces
Pesk®  StateP (eV)= Date (eV) {ev)d Aseignment®
K¥ +h2 Outer-
Al 15 5 15 576 (X2,") emaaer
1 2 M -
w2 55 16h 165,816 0" 16603 (BBt Outers
. 20 T3
XK b 44l Inner-
A-3 N, 21 6 211 (uz“ l)m cxcated
21 9 ("s,)
# 230 (;zu)
X Inner-
Ak Ty 23 3 23 8( Rg)u excited
24 6 (DPR)*°
25 0 {g*5 11,45
K+* u
a-5 ¥,
a6 W EP
AT mEH

811 peaks appesr in Figure 21 Peaks A-1, A-2, -3 and A-l also
appear an Figure 13, page 37

hNax* is the sutolonization state of nitrogen populated by Teso-
nance ebsorption of the ls electron into an execited molecular or'bita;lc
In the cese of nitrogen apperently cnly the 2pn, is populeted N2K+
iz an excited state of & nitrogen ion with a hole in the 1s level

nEN£+1 ls the energy of the nitrogen positive-one icn relative to
the ground electronic state of 4 neutral nitrogen molecule The differ-
ent Ey.+1 values were calculsted from equation {3-1), page 50

d".['he final electronic state is given in parenthesis
®penk A-1 probably results from & ls(apng)"‘l— apngzpuﬁﬁxaz *y

transition  Peek A~2 results from & ls{2pm,) 1—-2pﬂ§2pﬂu( nu)g‘transi—
tion  Peake A-3 and A-% are assigned to ls 2pﬂg)+l— processes
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energy of nitrogen are used to exeite the K-~LL Auger speckrum of axtrogen,
the peaks attributed to autoionization should disappear The high energy
portion of the aluminum Ka excited molecular nitrogen Auger spectrum
{0 - data pointas) of Figure 21 with hackground removed ie superimposed on
thke elzctron excited spectrum (+ - data poants) The reader ig directed
to cbvious disappearance of A-1 and A-2, the "outer-excited" peaks, and
to the decreage in the intensity of the "inner-excited" structure between
A-3 and 370 eV

The remaining peake, A-5, A-6 and A-T, epparently do not result from
resonance absorption, but rather from a readjustment to a ls-vacancy of an
excited nitrogen ion, the monopole excited NEKJ”* The decay modes of Nax"'*
N K+*
2
states can be obtained from the ls-photoelectron spectrum of nitrogen

by an Auger process are represented in Figure 22 Knowledge of

glven In Figure 23 The pesks on the low energy side of the ls-photoelec-
tron peak can be attributed to the formation of monopole execited states

In eddition, structure due to excitations in neutral nitrogen molecules
ceh be found Excitations of neutral nitrogen in the ls-photoelectron
speetrum can be accounted for by (1) studying the ls-photoelectron spec-
trum as a function of pressure and (2) studying the inelastic scattered
electrons at the same pressure and energy ag that used in the photoelectron
run  ‘The two pressure Investigations gave consistent results. The pres-
sure corraction for collision losses in neutral nitrogen is represented

in {2) of Flgure 23 By subtracting contributdions for these collision
losses different “2}(4-* states could be ascertained The contribution of
menopole excited stetes in nitrogen is represented in (3) of Figure 23

The energy enalysis of Figure 23 is given in Table XIV. Figure 24
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TABLE XIV

RELATIVE ENERGIES AND INTENSITIES OF THE OBSERVED PEAKS IN
TH® 12-PHOTOELECTRON SPECTRUM OF MOLECUTAR NITROGEN

Energy.

a from aP Intensity a
Peak {ev) Relative to a® Assignment

a 00 100 LA
b -100 %03 09 NEK"*
¢ “132£05 N,

4 16350k Lgt1a N2K+*
e -198:o0d 08 R
£ 233%03 19 A
g 24 9%03 22 NQK"'*
h 259%05 13 K+
1 287504 12 RS
3 311205 08 n K

BPeaka were observed in Figure 23
1:'Pea.k c is pressure dependent

Cone peak Intensities were corrected for unelastic
seattering from neutral nitrogen

d'ﬂam' reﬁresents a nitrogen ion with a vacancy in the
1s-level N &¥
N2 represents an execlted nitrogen neutral molecule

represents a monopole excited state cf Nax"',

61

illustrates the elastic end inelastic scattered electrons from neutral
nitrogen, and Table XV gives the results of the scattered electron
measurements From the analysis of Figure 23, shates of NaK"'* appeay at
-10.0, -16 3, -19 8, -23 3, -2k 4 and -25 9 eV above N, vith the pesk
at =16 3 of greatest intensity

Since the charge on the resulting ion from readjustments to N2K+*
is plus two, one might expect to see the normal lines {B-1 through B-T)
shifted some 10 0, 16 3, 20 0, 23 3 &V, etc to higher energy at 0 9,
46, 08, 19, ete percent of their original intensity The apparent
shift of B-1 through B-T some 10 O ond 16 3 eV is consistent with the
dbserved structure, A~5, A-6 and A-T, excited by x-rays (see dnshed lines
in Figure 21, page 54, for curve fitting following the shift of Bl

through B-T to higher energy)

b. Oxygen The electronic configuration of neutral oxXygen is
(lscsg)a(1551111)2(2568)2(25tru')2(Epfsg)a(E:pﬂu.)u'(2;9::3)a Figure 25 gives the
molecular orbital dlagran of oxygen with the associated binding ensrgies
of the different orbitels Since the 2p:tg level is half filled and no
ls-absorption data is available, the formation of the initial autoicniza-
tion state {or states) is not clear in the case of oxygen  Any assign-
ments of the autcionization Auger transitions to different final elec-
tronic states of singly charged oxygen cannot be made  However, classi-
fication of the structure as to inner- or cuter-excited autoionization
tronsitions 15 considered

The points (+} of Flgure 26 are cbtained by expanaing Figure 14,
pege 35, and subbracting the background If A-1, A-2 and 4-3 are

attributed to cuter-excited aatoionization procegses in which the excited



TABLE XV

RELATIVE ENERGIES AND INTENSITIES OF THE INELASTIC
SCATTERED ELECTRONS FROM NEUTRAL NITROGEN
AT APFROXIMATELY 5 MICRONS PRESSURE

Energy Intensity Knovn Energy
8 From & Ratio From a
Peak {eV) Relative to a {eV)
a 00 100.
b -G 1 % 0.3 03 -9 16
¢ 280k 3.k -12 93
d -13.8x 0% 30
e 16004 18
by 18807 1k
:4 2260k 11
h 292207 10

Bpeaks were observed in Figure 2k,
b'l'he -9 16 and -12 93 eV were the mest intence in-
elastic scattered peaks thab occurred in the spectrum
measured by lassettre et al, reference 46  Other pesks
of lower intensity were observed at -12 26 and =13.21 &V
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Figure 25 Nolecular orkital diagram for onygen
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molecular erbitel perticipates in the tremsation, A-M through A-8 could
result from anney-sxcited transaticns  Since the imner-excited transi-
tions ¢an be imagined as normal Auger processes occurring under an occu-
pied excited shell, & comperison of the likenesz of B-#, B-5 and B-6
(the normal lines) to A-5, A-6 and A-T (which are shifted on the order
of 10 &V higher in energy) assistas in the sbove assignment

The fAuger data excited with aluminum K, radiation 15 shewm in
Figure 26 (0 - points) superimposed on the electron exelted spectrum
(+ - points)  A-b through A-T have dissppeared with x-ray excitation,
but the disappearance of A-l and A-3 could not be determined because
the statistics were not sufficdent Table XVI summarilzes the results
of the autolenazation structure seen Tor oxygen

Figure 2T illustrates the ls-photoelectron spectrum of oxygen
excited by aluminum ch radiation, and Table XVII gives the energy re~
sults of the observed structure Three peaks, -8 §, -10 5 and -22 3 &V
of 57, 7T6and 2 7T percent relative intensity to the 1s line, could be
identified with monopole excited states of oxygen The expected decay
of these three states to different eleckronic states of 0242 by an
Auger transition that involves the excited molecular orbital is shown
by the dashed structure of Figure 26 The dashed structure does not
coincide with any of the 0 - podnts However, the excited molecular
orbital can remain occupied, and more tightly beund electrons beneath
this orbital can be involved in the decay of 02K+* states (see Figure
22, page 57, for the representation of the two decay modes of N2K+*
states) Krause, et al ,20 have demonstrated for neon that processes

involyving the spectator electron in the Auger transition account for
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fme f —
a Enewgy Trom A-1 » 3 3
Peak {eV) Assignment - .
A1 00 Outer-excited -, - N
A2 L2 Outer-excited | .
A-3 23 Outer-excited A .
Al 66 Inper-excited T
A-5 -T78 Inner-excited
A-6 -9 0 Inner-excited C o
AT -0 h Inver-excited '_‘ -
A-S -11 6 Inner-excited .-I

T T

®peaks were obtained from Figures lb and 26,
poges 30 and GY, respectively

| | | |
25 -20 -15 =10 -5 0O +5
A ENERGY (ev)

Figure 87 The 1s photoelectron spectrum of cxygen

%, raw data, 2, Ergaaure correction for collision losges in
neutral oxygen, 3, Op  pvetes
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TABLE XVII

RELATIVE ENERGIES AND INTENSITIES OF THE OBSERVED
PEAKS IN THE ls PHOTOELECTRON SFECTRM
OF MOLECULAR OXYGEN

Energy. Intensity

From ab Relative
Peak® (ev) %o o Assigrment®

a oo 100 02K+
b -12%03 02K+
c 850k 58 02K+*
d -10.5 £ 0 &4 T6 02K+*
e -15 8 £ 0.6 02*

£ -223£06 27 02K+*

% Peaks were observed in Figare 27

1:'Peak e was pressure dependent

“The peak intensities were corrected for in-
elastic scattering from neutral oxygen.

4y K+ pepresents an oxygen ion with a vacancy
in the Ls-level 025{""* represents a monopole eX-
cited 02K+. 02* repregents an excited neutral
molecule
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only 20 percent for the frequency of filling the X-vacancy with a mone-
pole excited state Thus, the remaining Auger structure of Figure 26
can be accounted for by reducing the dashed lines by one-fifth of thelr
intensity

The origin of the structure B-1 apd B-2 is still guestlonable, 1 e.,
they could result from the decay of monopole excited states by an "inner-
exclted” Auger process ‘The first excited state of molecular oxygen with
an electron paired in the 2px g orbitel lies approximately 4 5 ¢V above the
ground. state 48 Shifting the dashed structure of Figure 26 by this amount
does not coineide with B-1 and B-2 Calculations on neonhg indicate that
the decay of monopole excited states by "inner-excited" transitions will
lie 20 &V lower in energy to the decay involving the electron in the
excited molecular orbital  Apparently B-l and B-2 result nelther from
the decay of autcionization nor monopole exclted states but from the

decay of 02K+, %" and %" initial states

¢ Carbon monoxide The electronie configuration of neutral carbon
monoxide is (lso)a(lsc)a(Esob)2(250*)2(2prtb)h(2pab)a Flgure 28 gives the
molecular orbital dlagram of carbon monoxide with the binding energies of
the different orbitals Figure 29 illustrates the high energy side of
Figures 15 and 16, pages 39 and 40, excited by electrons (+ - points) and
alurinum Ka photone (0 - points}. The absolute energy and energy separa-
tione cbservable 1n the carbon spectrum offer & unigque opportunity to
study vibrationsl structure by Auger spectroscopy The reglon in which the
vivraticnal structure cen be determined has been seen in more detail by

11

Siegbahn Table AVIII compaves the data obtained from Figure 29 with
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TABLE XVIII

ASSIGNMENTS OF THE PEAKS APPEARING IN HICH FNERGY
SATELLITE REGION OF THE X-LL AUGER
SPECTRA OF CARBON MONOXIDE

Energy From Results
A1l in b Energy from of
e Carbon Spectrum A-8 in b Siegbahn®
Peak (V) Oxygen Spectrum {aV) Assigunentd
A-1 000 ——— 0 00 Guter-exeited
A-2 -0 28 £ 0.3 ———— -026 £ 002 Outer-excited
A-3 -220% 007 (:é §) — Outer-excited
A=l -2 40 + 0 06 S Eg ?;?) toop Outer-excited
A5 -2 60 £ 0 06 - {~0 19 £ 0 01} Outer-excited
A6 -2 80 006 — (-0 38 % 0 0l} Outer-excited
AT -5 60 * 0,06 —— -5 65 £ 00k COuter-excited
A-B 37 0.3 ('g g) 87 0.3 Inner-excited
A-9 =109 03 ——— -109 %03 Innexr-excited
A0 -133 202 (-13 2) -133 %0.3 Inner-excited
A1l -1b 0 03 ——- -139 + 03  Inner-excited
®Peaks were observed in Figure 29

b,
Energy of peaks obtained from insert of Figure 29
indicates no peak observed in the oxygen spectrum

®Data were cbtained from Reference 11,

+1

dPeaks A-1 and A-2 probably result from a lsc(e -
transition, peaks A-3, A-4, A-5 apd A-6 from le (e}t - e
and A-T from 15_{e)*

inner-excited autoionization

c

- e 280, (BL")

Dashed line

e 2po }C28+)
2prt, CA=IL),

A-8 through A-11 are Frobebly

%ransitions where the exeited e orbital re-
mains occupied during the transition » 8lthough the delay of a moncpole
excited stete might account for the peak A-9

T3

Siegbahn's results n The obgervance of vibrational structure with peaks
of O 19 eV FWHM allows cne to set an upper limit on the lifetime of the
excited autolonized state of 2 x 107 sec

By comparing the x-ray with the electron excited spectrum, pesks
A-1 through A-11 disappear, therefore, they are sssumed to result from
autcionization Unfortunately no ls-absorption data are available, and
energies of the final electronic states can not be calculated and compared
with known energies However, A-1 (A-1 and A-2), A= (A=l through A-6)
and A-T most probably result from the removal of Epub, Eptb and 2sc®
molecular orbitals in forming the differemt final X2£+, AEII and Baﬂ+
electronic states of CO+1_, therefore, these transitions would be classi-
fied as "outer-excited" autoionization processes The difference in
energy between A-1 and A-I and between A-1 and A-T agree well with the
spectroscople differences between the X°&' - A% (2.57) and X2=* - ¥2E*
(5 69) states >0 4-8, A-9 and A-10 could result from “inner-excited”
Auger transitions taking place under an ocecupied excited orbital (see
the similarity between the normal lines, B-1, B-2 and B-3, and the the
"inner-excited” lines, A-8, A-9 and A-10, except that the latter appear
on the order of 10 ¢V higher in energy)

11

It has been cbserved in both cur and Siegbahn's™™ experiments a

small pesk above the v = O state of the AaIl electronic state The
appearance of the vibrational peak A-3 could result from the decay of a

vibrationglly exeited initial excited state to the ground wibrational

state of the AZT electronic state of O™ This is analogous to a “hot"

band 5%
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The following two Figures, 30 and 31, show the ls-photoelectron
spectra of carbon and oxygen in CO. The values for the photoelectron
data are gilven in Tables XIX and XX Since monopole excitod states deo
form, one wowld expect some contributions from the decay in the region A
of the Auger spectrum to oceur However, results due to the decay of

monopole excited states ere inconclusive

4@ Nitric oxide The electron configuration of nitrie oxide is
{lsa)a(lsn)a(asab)2(2pcrh)2(2pnb)u(2pn*)l Figure 32 gives the molecular
orbatal disgram of nitric oxide accompanied by the binding energies of
the different orbitals Figure 33 illustrates the high energy side of
the K-LL Auger spectrum of nitric oxide (Figures AT and 18, pages 41 anq
42) excited with elsctrons (+ points) and x-rays (O points) Table XXI
lists the possible assignments of the observed pesks  As in the case of
molecular oxygen, there are many possible initial and final stetes, and,
because no ls-absorption data is avaeileble, assignment involving final
stetes of the plus one ion is impossible If A-1 and A-2 which are
present in the nitrogen spectrum are assigned to outer-exeited transi-
tions, then A-3 through A-T would arise from inner-excited transitions

In comparing the oxygen and nitrogen spectra in ragion A, there ap-
pears to be a greater intensity of autoionization transitions in the nitro-
gen spectrum This is consistent with the atomic population of the 2pn*

o2 and photo-

moleculayr orbitsl vhich has been shavm by SCF caleulations
electron spectroacopy53 to have approximately 64 percent nitrogen chamdcter
Since peaks B-1 and B-2 d¢ not disappear in the x-ray excited spectrum,

their origin is other than the decay of an autoicnization state, B-1 and B-2
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oxygen ls-photoelectron spectrum of carbon tonoxide

tp:'esaure correction for collision losses in neutral
ates

RELATIVE ENERGIES AND INTENSITIES OF THE OBSERVED PRAKS IN THE

TABLE XEX

CARBON 1s-PHOPOELECTRON SPECTRUM OF CARBON MONCXTIDE

Peak® Mergvfrom ° Reﬁzi::i:g -3 Assig-‘menth
a 00 100 o
b -85 18 Ko
¢ -1 6 ao*

a -12 9 06 o+
e -1t 9 29 &0
£ -18 0 ah CK+*°
g .19 § 20 C]{+*o
h 23 0 20 &+
3 23 8 20 o

250 12 o
% 275 15 ¥

Spenks were cbgerved in Figure 30

bCK"'O represents & carbon wenoxide molecule with a vacancy

in fhe carbon 1s level without any additional exeitation

ck+'g represents a carbon monoxide molecule with a carbon ls-

vagancur but with additicnal excltation of valence electrons
C0" represents & neutral excited ¢arbon monoxide molecule
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NITROGEN NITRIC OXIDE OXYGEN
TABLE XX ATOMIC MOLECULAR ORBITALS ATOMIC
ORBITALS ORBITALS

RELATIVE ENERCIES AND INTENSITIES OF THE OBSERVED PBAKS IN THE
OXYGEN 1s-PHOTCELECTRON SPECTRUM OF CARBON MONOXIDE zpo” Y

e
2pm” 926 {o)
@O 4 0g 357
a Energy from a Intensity b 2 1568 20 2p
Peak. (ev) Relative to & Assigment P . 1738 1 o
ot 14 Saev LM F ()t
a 00 200 co e 13 6lev
5 ny o6 coK‘*‘* zpo"’ 218,33 Alri)
> 250" AN 2T e )
c -11 9 co 2s [ \UJ 233 1x (b)
%
d -1k Q cQ 20 39V
. 4% 2s
e 15 9 T8 o 250’ @ 406 3x (b ]
£ -18 © 38 ook NV a3 28 46 eV
*
g -23 7 15 oo
h 26 4 12 cot+*
W+ isa” 3¢
i -28 5 12 COK s [~__® o _® 1‘311‘.&:\
401 gev \ b [
{s¢ 543 3 Juib) —{ 10— |5
Breaks were cbserved in Figure 31 @ 3940 i) 53]203\1

bCOK"' represents & carbon monoxide wolecule with a vacancy

in the oxygen ls level without any additional excitation trie oxide
Co¥+" represents B carbon monoxide molecule with an oxygen Ls- Figure 32 Molecular orbital diagrem for ni
vacancy but with additional excitation of valence electrons

#*
CO%™ represents o neutral excited carbon monoxide moleculc (a), obtained from raference 5%, (b), vbtained from reference 1l
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Figure 33 High energy portions of the Auger electron spectra of
nitric oxide excited by electrons and aluminum Ka rhotons

plus date points (+) represent the electron excited spectra of
nitric oxide, eircle data points (o) represent the A.'LKa excited spectra.
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TABLE XXT

ASSIGNMENTS OF THE PEAKS APFEARING TIf HIGH ENERGY SATELLITE
REGION OF THE K-LL AUGER SPECTRA OF NITRIC OXIIE

Energy From Energy From
A-1 in Nitrogen A-h in Oxygen
a Spectrum Spectrum
Peak {eV)} {av) Assignment;

A-1 o0 -— Quter-excited
A2 “13+0h —— Quter-excited
A-3 -7 3+ 0.k ——— Inner-excited
AL 860k ('g'g) Inner-excited
A-5 S22 23207 ———— Inner-excited
A-6 - ("la $) Inmer-excited

®peaks were cbserved in Figure 33
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could arise from mormal Auger processes or from the decay of monopole
excited states, although their origin hes not as yet been determined
However, by recording the niftrogen ls- and oxygen ls-photoelectron spectra
of NO, the energy of the monopole exeited states can be found Position-
ing of these monopole states into Figure 33 could ald in the ldentifica-

tion of B-1 eand B-2

2 Annlysis of Regions B, C and D - The Diagram Iines

The principal contribution of the structure that is seen in regions
B, C and D can be attributed to normal Auger processes - Auger transitions
that result from electron readjustments to an ion with a X vacancy that
has been formed without excitation of any of the other orbitals In the

case of pitrogen this state is deslgnated as N2K+

The decay of N2K+ by
the Auger process results in the formation of "normal" or "dimgram" lines
Also in the analysis of the regions B through D one must be cognizant of
processes that arise from the decay by an Auger process of initially
multiply charged ions that have been formed by monopole jonizations, e g ,
Ny initial stetes Readjustments to N, result in low erergy
"satellite" electrons to the diagram Iines  Still smaller contributions
due to the excited processes resulting from transiticns involving

(1) autoionized states, (2} monopole excited states, (3) excited states
caused by the Auger electron and (%) "double" Auger processes can occur
in these three reglons The processes involving autoionized and monopole
excited states ({1) and {2) sbove) normally oscur in reglon A, but when
the excited molecular orbital remains oceupied, and more tightly bound

electrons are involved in the decay, these processes are shifted to lower

energy under the diagram line structure.

83

K+ K4+
a Nitrogen. The decay of N2 and N2 states by Auger processes

involving weakly bound 21:(18, 2pﬂu gnd 280 ' electrons are illustrated in
Figures 3la and 34b, respectively Such transitions result in most of the
structure seen in reglon B between 348 and 368 eV of Figure 13, page 37
The more intense lines B-1 through B-T are attributed to normal la-wa
processes  Since these processes result from the formation of 1\12""‘3 ions,
the energy of the different electronic states of the dowbly charged ion,

ENE-GQ, ¢an be calculated by use of eguaticn (3-3)
Ex2+2 = E,(8) - E (X;) (3-3)
This is equation (1-U4), page 11, rewritten EA(B) is the Auger electron
energy for the ls-ww process, Els(xe) is the ls-binding energy of the
molecule x2, end Exz.,e ig the energy of the doubly charged ion (for nitro-
+2
en = } The possible electronic gtates for N, with ww
g By 12 = By, 2
vacancies are
-1 =1
(2po ) Hepo )t - 2
g g
-1 1 1 3
(2po, ) "(2pn,)™ - T, Ty
=l =1 + - 1
(2on ) e )t - 5 s,
-1 -1 L
{2pn )" (280,)™ -
-1 “l_1lg + 3p 4+
(2po, )" (2s0, )™ - "B, 7B,

(Esuu)'l(asuu)_l

The Ewa-re values obtained from equation (3-3) by using the Auger data

f3om Tsble VII, page 43, and By (N,) = 409 9 av' axe listed in Table

8,11

¥XII along with other experimental and calenlated values e
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TABLE XXIX

ASSICGHMENTS OF THE PEAKS IN DIACRAM LINE REGION CF THE MOIECUTAR NITROGEN K-LI AUGER SPECTRUM

Possible Results Results
Prcobable Final a of of
Initial Blectronic EN2+2 Stalherm Siegbﬂlmu Caleulations®
Peak™ Stateb Btate® {ev) {ev) (ev) (ev}
-1’ n kz.g <he T>
©n, {0.0) (-0 1)
B-1 LR xlzs+ 43 3 (0 0) 13300} (0.3) L2 T3 (0 0)
Alzg' (1 0)
B-2 N 'blIEu g (15%03) (1 8) {13)
B-3 A AM35* sk (30203) (29) (31) (2 5)
B4 LA 1 KT % (40 £ 0 3) (3.9) (4 ) (3 5
B-5 w clltg 49 7(63201) (6.k) (6 8) (5.9)
15«3153 {19}
B-6 H2K+ dlzu*' 512 (7.8%01) (19 (8 1) (1 9)
B-T n &+ st 530(96%01) (9 5) (10 0) (9 8)

B-8

B-9

kit

MG 0L Sdd THwO

4+



TABLE XTI {conbinued)

Results

Results

Possible

of
Sieg‘bahnll
(eV)

of
Stalherm

Final

Electronic
State®

Calculations®
{eV)

8

{ev)

(ev)

By 42 a

Probable
Initial
Stateb

NK+

Peak®
B-10
B-11
c-1
c-2

¢-3
C-k

D-1

9% g (451 5 £ 0 8) (453 0)

B

12+

N2K+

B-1 is the onset

The electron energies of these peaks are listed in Table VIX, page 43

of the normal Auger line B-1

a,

K+ signifies & molecular nitrogen ion with & hole in 1s-level

oy,

Peske with corresponding

+ initial states, although these

Auger electrons

NEKIH-

2
blank spaces in this column probebly arise from decay of

peaks could result from excitations caused by the normal

These are finel electronic states of a doubly charged moleculer lon of nitrogen

<,

dEN2+2 are the energies of the electronic states of doubly charged nitrogen ion relative to

quation (3-3},

The value of 42 9 eV rep-
ground state of a neutral

was obtained for the appearance poten-
Another double ionization was witnessed

Fhese values were determined from e

The value listed in brackets, b2 T eV,

The values given in parentheses are relative to the B-1 line
lectron impact studies (reference 55)

d electronic state of neutral nitrogen
2 from e
eV by Porman and Morrison

molecule

2

groun

resents the miniwum energy required for double electron removal from the

nitrogen
tial of W

page 83

the

€Thege values were obtained from veference 22

at 43 8
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Although the peaks B-8 through B-1l of Figure 13, page 37, could
result from processes involving N2K+, one suspects these lines to be due
to satellite lines, probably from Auger readJjustments to NEKLH Hawever,
this structure sould result from other excited processes, i.e , (1)
through (%) on page 82 Of these smaller contributions only those transi-
tions due to double Auger processes can be completely eliminated  These
processes have been shown to account for T 5 percent of the decay of a
Nem' icun,:]‘8 however, they will appear as a continuous distribution of
energy below the normal Auger lines (i e , at lower Auvger electron ener-

49 on stomic systems show that

gles than occur in region D) Calculations
{1}, (2} and {3) will occur in the three regions B, C and D although,
from experimental results in the K-LL Auger spectrum of neon, such transi-
ticns appear to be low in intensit.,r.ao

Use of an exeitation source, either electrons or photons whose
energy is close to the binding energy where the initial vacancy occurred,
has been shown to be useful in redueing the percentages of initisl

17,56,57 and argon 5 Thus, cholee of &

multiply charged ions in neon
source just above the s bindilng erergy of molecular nitrogen could said
in the identificetion of not only the structure B-8 through B-11, but
also substantiate the assignment of B~1 through B-T

The regions C and I have been designated ms the regiona in which
one would expect ls-ws end ls-ss normal JMger processes to occur, respec-
tively Calculations as to where ls-ws and ls-ss processes would appear

reletive to the main diagram lines in region B cen bhe related to the dif-

ference in energy of the various ways of removing two electrons from &
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neutral molecule Consider an satom or molecule with shells 1, 2 vhere
1, repregsents the least tightly bound orbital, 2 the next tightly bound,
ete,. Tf coupling in the final states of the doubly charged ion are
ignored, the position of the Auger linea resulting from vacancies in the

first two orbitals may be taken as
B -B=tp- (3-4)
Ey - By = 2(, - €)) + ol ~ ¢y) (3-5)

vhere El, EE and B, are the fuger 1ines or bands with E. representing the

3 1

highest kinetic energy Auger process, and c¢ is a factor vwhich is related
to chenges in the configurations as electrons are successively removed

¢ may be cbtained empirically or from & model For example, if one con-
siders en atom to be & series of rigid, concentric, negatively charged

shells of radius r about a central potential of positive charge, c¢ is

given by
e = (afr, ~ q./ra)/ts2 - ey (3-6)
where g is the charge of an electron and ¥y and T, oare the radli of shells
L and 2 in the neutral atom

The above considerations can be applied £¢ neon as an example where
B, =216 eV and B, = 48 3 eV for the 2p and 26 orbitals,™ respectively
By using the radii ilisted for the Nartree-Fock sclutions of neon,58 one
obtains from equation (3-6) & value of 0 086 for ¢ In Table XXJIII the
energy values cbtained from the gimple model are compared with experi-
ment, vhere the experimental values are the welghted average of the term

values for the Auger transitions 1e-2p2p, ls-282p and ls-2s82¢ in neon.

TABLE XXTTT

COMPARTSON OF DIFFERENCE IN AUGER ELECTRON ENERGIES BETWEEN
REGICNS B AND ¢ AND BETWEEN B AND D FOR NEQN

Theory® ExperimentC
Region®™ {en) (ev)
E, - B, 26 T 275
E, - By 55 7 56 1

®The highest kinetic energy Auger vrocess that appears
in region B is represented by By Epand E3 represent the
kinetic energy of Auger processes that are present in regions
C and D, respectively

Pmese values were caleulated by using equations {3-I)
and (3-5) A velue for ¢ of C 086 was used in the caleula-
$lons

*The experimentally determined values were apcertained
from the neon K-IL Auger spectrum by using Intensity-welghted
term values for EJ.’ E2 and E3
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For the mclecular studies, c is arbaitrarily chosen to be O 1 in the
calculaticns, which is consistent with whet one would expect for the remov-
al of electrons from orbitals made up of stomlc outer-shell s and p elec-
trons  Examining the case of molecular nitrogen by assuming shell 1 to be
the weighted sum of the least bound, Epcg, 21:mu and Escru, molecular orbi-
tals and shell 2 the 2:;::g orbital, the binding energies of 17 1 and 37 3
eV, respectively, were found By using equations {3-4) and (3-5), E, -

}3}2 and El - E3 are calculeted to be 21 and k0 eV Teble XXIV lists the
energies where regions C and D {relative to region B) would appear for the
other studied diastomic molecules

In the nitrogen K-ILL Auger spectrum, the center of the main structure
of region B appears at 362 eV, thus, one would expect ls-ws (region C) and
1s-ss (region D)} processes to appear at 342 and 320 eV, respectively In
Figure 13, page 37, bands C-1 through C=4 and D-1 do appear in the regions
Cand P The assignment of the bands as Lo diagram or satellite lines is
diffienlt Most likely C-1 arises from ls-eso’gapog or ls-EsaEEpuu pro-~
cesses and D-1 is probably due to 15-25052555(12;) process  The elec-
tronic states of N2+2 that arise from sw and ss configurations are listed

below for region C,
-1 -1 1, + 3.+
(2so,) Hapo )™ - 5t 35,
=1 -1
(20, ) Hepm, )™ - T, B,
-1 =1 1.+ 3.+
(Esag) (2sou) - L, 7R,
for reglon D,

(260 E=)'1(25‘,3)'1 s *

]
!

91

TABLE XXIV

LOCATTON OF REGIONS C AND D RELATIVE TCO REGION B IN THE
K-LL AUGER SPECTRA OF NE’ 02, CO AND NO

Energy. Energy a
Shell 1°  Sheil 2° E% -E, E%, Eg®
ev)

Spect.a® {ev) (eV) ev)
i, 171 83 212 4o 3
0, 18 8 40 6 218 b 4
Carbon of CO 173 383 210 399
Oxygen of CO 17 3 383 e1o 399
Witrogen of NO 171 k2 0 2k g k7 3
Oxygen of NO 1T ko o 24 9 47 3

®he K~LL Auger spectra of Na, Op, CO and NO are
1llustrated in Figures 13-1B, pages 37-42

b‘l‘he molecular orbitals used in computing the
energy of shell 1 for the different molecules are as
follows  for No, 2po,, 2pn, and 2so0,, for O, 2pn,,
2pm,, 200, and Escu, $or cor 2pd®, 2p® a.nd.ogsu*, fna
for NO, 281%, 2pmd; 2peP and 2s¢*  Figures 19, 25, 28
and 32, pages 51, 63, 70 end T9, give the values of
the different molecular orbitals The energy glven fox
shell 1 15 computed from the weighted sum of the elec-
trons in the different orbitals

®fhe moleculer orbitals used for conmputing the
energy of shell 2 for the different molecules are as
follows for Np, 2scy, for Op, 2sag, for €0, 2sd-,
for N0, 2so”

dEl- B, values were calculated from equation (3-4),
page 88

°E, - Ey values were calculated from equation (3-5),
page 88
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If the anmlysis of D-1 in the nitrogen spectxrum to the process is
correct, an estimate for the second lonization energy of the orbital can
be made In ¢alculating the second ionization energy, I(I)Hz, for a given

orbital X, equation (3-7) is used

(x)® = &, (%) ~ B,(P) - (x)™ (3-7)

where Els(xz) is the binding energy of the ls electron for a molecule X,
EA(P) is the Auger electron epergy for a given peak P, and I(x)'l is the
first ionization energy for the orbital X For P = D-1, EA(D-:I.) =315 0
oV, for X = 260 orbital, I(Esag)"l = 37 3 eV, end for X, = Ny, B (V,) =
k09 9 ev  Substitution of the above energies into equation (3-7),
1(2503)'2 was caleulated to be 57 6 eV

By substitution of EA(B-I) into equation (3-3), page 83, one as
allowed to estimate the minimum energy required to remove the two least
bound. electrons from a neutral nitrogen molecule EN2+2(m:Ln) This value
was calculated to be 43 4 &V  Dorman and Morrison?? have measured two
Tinal electronic states of N2+2 of k2 T+ 0 1L eVand 43 8 0.1 eV by
electron impact studies Perhaps a better value for compsrison with ¥2 7
eV would be the onset of the highest normal Auger pesk B-1 This is
labeled B-1' in Figure 13, prage 37, and has an Auger electron energy of
367 0 eV Substitution of this velue into equation (3-3) gives an egti-
mate of 42 9 &V for EN2+2(min)

b  Oxygen The diagram line region of the molecular oxygen K-IL
Auger (Figure L%, page 38) lieo between 442 and 508 eV. The twe poasible
initial states of 02K+ ’*z and 2!.'. are separated by 1 2 eV and are formed

in an approximate two to one intensity ratie. A few of the finsl elec-

tronic states for 02+2 have been caleulated by Hurley ce Bince the
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gplitting of some of the final Oy electronic states have approximately
the same epergy separations as the injitial twe states, the explanation of
the K-1i Auger spectrum of molecular OXyEen is more Aifficult than in the
analysis of nitrogen The energy spacings Between B-1 and B-2, B-b and
B-5, B-8 and B-9, B-10 and B-11 are approximately the splitting of the ls
level in oxygen, and, each set is approximately in a two to one intensity
ratio Thevefore, these peek combinations have been assigned to the
decay of the %= and & of 02K+, respectively

Using the cbserved Auger data from Table VIIT, page 44, and equation
(3-3), page 83, energles for the electrenic states of O, +2, EO 42, can be
computed E02+g vajues are listed in Teble XXV, &nd assigmments are made
and compared with the theoretical caleulntions of Hurley gnd the experi-
mental results of Mehlhorn 28

Experimentally, four bands (-1 through C-4) ave cbserved in region
¢ Charpeterization of these bands is dfficult C-1 1s probably due
ton 1s-asag2pn , Process although & ls-2&c, uasau transition might also
arise in this region The :l.s.s-atsugaeu:tE process apparently 1s not seen in
our molecular oxygen spectrum either hecause of its low probability of
oceurrence or because of the large span of the peaks observed in region C.
The arrov at 445 eV in Figure 14 indicetes approximately vwhere the
lS-ESGgEBUg process would be expected to appear

If the assignment of B-1 and B-2 ig correct, then the second loniza-
tion energy of the 2pn. orbital cen be cemputed. By substituting 315(02)
= 543.1 eV and E,(B-2) = 504 O oV and I(2pr g)'l = 13 1 eV into equation
(3-7), p2ge 92, I(ep:rs)'a yas caleulated to be 26 0 eV  The value cb-

tained by substituticn of B-1 into equation {3-7) is 25.2 eV, therefors,



TABLE XXV

ASSIGNMENTS OF THE PEAKS IN THE DIAGRAM LINE REGION OF THE
MOLECULAR CXYOEN K-LL AUGER SPECTRUM

Possible Results
Probable Final a of
a Initiel Electronic Egy 2 Hehlhorn28 Calemdations®
Pzak Stated State® {ev) {eV) {ev}
B-1' 3Th<365>
B-1 oK+ &) xlzg+ 38.3 0 0)
_ 00 k8 (00
B-2 o< (%) xl.‘:g+ 391 3548 (00)
B-3
B-k o8 (%) e ke 8
- (b 1) b3 k
B-5 of* (%) e k2 8 ®3 ¢
B-6 0 (') BE (k)
B-T
B-8 OEK"' ) 48 6
_ (9 9) 5
3-9 0 (&¢) 18 5 @)
B-10 o ) e 52 5
" (13 7) {12 5) (13 0)
B-I1 o (357) e, 52 &
B-12
TABIE XXV {continued)
Possible Results
Probable Fanal B, 42d of 28
Initial Electronic 02 Mehlhorn' Calculations®
Peak™ Statel State® {eV) (ev) {ev)
B-13
B-1h
g-1 o5 ()
c-2
c-3
o~k

BThe electron energies of these peaks are listed in Table VITI, page b4, B-1' is thne
onset of the norzal Auger line B-1

by K+ (hz') and 0.5 (%-) are the initial states and derote an oxygen molecular ion
with a hole in tve ls-Ievel. Peaks B-12 through B-14% and C-2 through C-4 probsbly arise
from the decay of OgKD4+ initis) states, although they could sxise from decay of 0.%%, 32K+*
or exeitations caused by the Auger electroms

“These are the final electronic states of the doubly charged oxygen woleculsar ion

dE +2 are the energies of the electronic states of 02+2 relative to the ground elec-
tronic g%ate of neutral oxygen, as determined from equation (3-3), pege 83 The values
given in parentheges are related to the B-1 line The value of 37 4 eV represents the mini-
mumn energy required for deuble electron removal from the ground diate of a neutral oxygen
molecule The value listed in brackets, 36 5, was cbtained by Dormann and Morrison,
reference 60, for the appeerance potentirl of the doubly charged ion of molecular oxygen

eTﬁese values were obtained from reference 22

46

g6
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an average value of 25 6 eV can be estimsted for the second fonization
energy of the 2prtg orbita).  The begimming of B-1, B-l', appears at 506 8
eV in the Auger spectrun By using the value of B-1' and Els(OE) in

equation (3-3), page 83, E02+2(min) was computed to be 3T 4 eV

¢ Carbon monoxide In Figure 35, the carbon and oxygen K-LL Auger
spectrd of carbon monoxide are compared in the regions where the diagram
lines ought to appear The two spectra are compared such that their
energy scales differ by the ls-binding energy of the carbon and oxygen in
co n This difference in energy should correspond to the difference in
energy between the initial states CK+0 {a carbot atom with a hole in the
1s-level)} and oAl (en oxygen atom with a hole in the ls-level) involved

+2

in the Auger transitioms The final electronic states of €O~ expected

for the differest regions B, C and D are listed below for reglon B,
(2pe®) L2pe®)? - 15t
(2pe®) L(2p®)? - 31, n
(2pn®) H2pr®)2 - L, %-’ ig®
(2s0*) L(2po”)~L - 3&*, gt
(260" ) L2pa")t - 31, 11
(280" ) L{2e0®)t - 1=*

for region C,

(2pa®)L(2sa)"t - 3*, 1zt
(2mb}-1(250b)'1 - 3]'[, Iy
(25::*) (23 1 - 3!‘.4‘, L+
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KINETIC ENERGY {ev}

Figure 35 Disgram line regions of the carbon and oxygen K~LL

Auger electron spectra of carbon monoxide excited by electron impact
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for region D,
(aaub)'l(ewb)“l -t

Since the final electxonic states of GO'> for Auger transitions are
the seme iegardless of whether the iniltial stabe was cK 0 or C<:>K +, one
might expect some similar calculated ECO'*Q values to result from both the
carbon and oxygen spectra  The ECO'*E wvalues can be computed by using the
observed Auger data in Tables IX and X, peges 45 and 46, and equation
(3-3), page 83 The binding energies of the ls level were taken from
Siegbabn's results n The calculated Eco+2 values are listed in Table
VT  Since only s few peaks match in the carbon and oxygen Auger spectra,
the probebility of filling a 1s vacancy in carbeon with a given Auger
transition to a particular finel electronic state of cote is different
than for the £illing of & ls-vacency in oxygen by the same process

Another explanation of why only a few pesks are coincident in the
comparison of the carbon and oxygen spectra can be formulated by consider-
ing the atomic populations of the molecular orbitals 1ln neutral CO
59

Neumann and Moskowitz” have calculated the percentage character of the
valence melecular crbitals in CO and have found the percent carbon cherac-
ter in each orbital to be as follows Epab- 92, 2pﬂh‘ 33, 250*- 20 and
250"- 33 Auger transitions involving the least bound Epub molecular
orbital might result in a large tranaition moment for a readjustment to

a carbon le-vacancy ‘The first three peaks, B-1, B-2 end B-3, in region
B of the carbon epectra are strong in intensity, and the remaining lines
B-5 through B-8 are correspondingly weak Therefore, B-1, B-2 and B-3
probably involve the 2p-:rb electrons in the Auger process In the K-LL

oxygen spectrum of CO the strongest peaks occur between B-5 through BT
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TABLE XXVX

ENERGIES OF THE FINAL ELEOTRONIC STATES FOR THE DOUBLY
CHARGED CARBCN MONOXIDE MOLECULAR ICH

Bngt2 Eppte

CO O

Peak® (carbogvmm)b (wge:vmm)c Assigmment
p-1' 39 4.2 <kl 8>

B-1 M9 b7 2s-2pg°2pr®
B2 43.4 ls-epcbw
B-3 b5 5 ls-epabw
B-l LT la-ww

B-5 b1 6 lg-ww

B-7 50 6 50 6 La-ww

B-9 s5h 5 lg-wy

B-11 5T @ le-ww

c-1 65.6 1s-2ad’w
c-2 T ls-aaubw
D=1 gk 9 13-250"2501’

%peaks were cbeerved in Figure 35 B-1' i5 the onset
of the normal Auger line B-1

bEco+2 values are the energlies of the final electronic
atates of the doubly charged carbon monoxide molscular ion.
Thege values were calculated by using the carbon Auger data
of Table IX, page 45, and equation (3-3), page 83

®Mege values were calculated by using the oxygen Auger
dste of Table X, page 46, snd equation {3-3). The value
given in brackets, 41 8 eV, was cbtained by Dorman and
Morrieon, reference 60, for the mppearance potential of cot2,
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and apparently involwve the 2pxb, Escr* and Escrb molecular orbitals The

intensity of the first peak, B-1, in both the carbon and oxygen spactra
of CO0 is strong, suggesting that thls peak arises from = ls-21:v:t.i)2;pc;b
transition Also consistent with the atomle population of the apcb orbi-
tal is the essigmment of peak D-l to the ls-EBu‘bQBUb processes This pro-
cegs is presept in the oxygen but sbsent in the carbon spectrum of CO

If one agsumes the mssignment of D-1 to be correct, the second ioniza-
tion energy of the EEab orbital gan be calculated sinliarly to that de-
scribed for nitrogen on page 92 I(2sab)"2 wae agcertained to be 56 6
eV The onset of B-1, B-1', can be used with equation (3-3) to calculate
a value of 40 1 eV for Bc0+2(min) This velue was calculated to be 39 ¢
eV from the carbon data and 40 2 oV from the oxygen data, for an average
60

value of 0 1 ¢V Dormsn and Morrison”- heve memsured the appearance

potential of k1 8 eV for co*?

d  Nitrie oxide Figure 36 compares the nitrogen and oxrgen K-IL
Auger spectra in the disgram line region The two spectra are related to
each other by the energy difference between the initial 3n states of nitro-
gen and oxygen in NQ. From the Auger data that were given in Tables XI
and XTI, pages 47 and 48, and equation (3-3), enexrgles for the different
final electronic states of NO+2 were ascertained These energy values
are listed in Table XXVII and compared to the electronic states that have
been calculated by Hurley 2 Also, the assignments for NO"L2 are glven in
Table XXVII

A double hole vacancy in nitric oxide of Epr*z;pcrb glves rise to a

12£+ final electronic state, and s Epﬂ*E?ﬂb cenbination forms a Aall state.

CRNL DWG 70 858
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PABLE XXVIT

ENERGIES OF THE FINAL EIECTRONIC STATES FOR
THE DO
CHARGED NITRIC OXIDE MOLECULAR ION ot

Eyo+2d Eyp+ed

Final, Nitrogen o
Initial Electronice Dat Date

Paak® Stateb State® (evb)‘ I():\tr? calc‘(li%ionse
B-1 L I57<398> 353

B-1 3n X2p* 370 36 1 38 10
B-2 3n b 372

B-3 ln A%n 386 38 T2
B-4 311 B2pt o o k2 87
B-5 i B2+ ho 3 ho k h2 81
B-T 3 43 4

B-8 3 LL

B.g n bt 3

3

B-10 1 47 6 b7 8

B-1k 3n 54k 5

-2 63 7

c~3 T2 TL 8
g-h 76 1 77 2

-1 98 8

aEnergies of the
Ieaks were obtained from Fi =
ond 36, page 101  B-1' 15 the onset of peak By C " 3 Pege 80,

P30 and 1 are the 1
nitial states for NC*o (an MO mo
a is vacancy in the nitrogen atom) and for NoK+ {an WO mo;::gﬂz ::il:]l:
8 16 vacancy in the oxyzen atom) For nK+0 $he initial singlet and

triplet states are separated b,
¥y 15 eV, For +
and triplet states are separated by O T ev O the dnstiel singlet

|

[+
These are the final electremic states of No*2,

0+2 are the energies of the electronic states of Jot2
No
:: l:::dg;;;u::igle:;ro:ic stg:e of peutral NGO  These values we::l::ife
g the Auger data in Tables XTI and XII
and equation {3-3), page 83  The val 580 T amd s,
ues of 35 7 and 33 9 oV
calculated values from the nitro for the ot
gen and oxygen Auger data o
i!i&:::egn:rx;g;br r;egu:redssog double energy of NO (ENOEQ(min)) fo;‘h:hsa?\iag
ckets, s was obtained by Dorma
ence 60, for the appearance potential onyD‘*E. P ond Noxrisen, refer-

e,
These values were obtained from reference 22
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Atomie populations of the different molecular orbitals for neutral NO
have been thecretically cbtained by Brion et al 72 They arrived at the
following percentages of nitrogen chaeracter 2p1r*- 6k, 2p1‘[b- 33, 2pub>30*
and Esu*- 50 TFro: the above percentages, one might expeet (1) the
15-2px*2p0b(){22+) transition to heve a large intensity in the nitrogen
spectrun and & smaller one in the oxygen spectrum and (2) & transition to
the A2I[ electronic state of I\'O'h2 to appear with equal probebility in both
spectra  Peak B-3 in the nitrogen spectrum does not have a counterpart
in the oxXygen spectrum, suggesting that B-3 could have criginated from a
ls-zpﬂ*Epcb(va+) transitien ILidkewlse, the large intenaity of B-5 in
both spectra suggests that B-5 resulted from a 15-2p7t*2prrb(A2H) transition
These latter assignmments are possible with the ohsexrved Auger dste from
two sdditional considerations (1) there is some doubt about the origin
of B+l and B-2 -~ they have not been conclusively shown to have formed
from normal Auger processes (these low intensity peeks could have formed‘
from the decay of monopole excited states - see page 82) and (2} the ex-
perimentally determined value for ENO*E(mm) ; the ninimum energy for
double electron removal from neutral NO, from the Auwger éate would be
closer to the appearance potential messured from electyron impact studies
(39 8 ev) g0 By using the energy of B-1' and equation (3-3), en average

value of E (NO)"‘2 wis calculated to be 35 L ev

tin
In additicn to the 3I[ initial states of !i]{+0 and N0K+ {5 mentioned

in the first paragraph of this section), there exists a singlet inltial
state, T, for each N*0 and NO¥F. As shown by Eiegbahn et al,’t the
triplet and singlet states are separated by 1 5 eV for nitrogen and O 7 eV

in oxygen. The relative population of the triplet to singlet states is
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three to one  Some evidence Tor the splitting of the dnitial state is
seen in both the oxygen and nitrogen spectra  In the nitrogen spectrum
B-1 and B-2 are separated by L T eV in approximately a three to one ratio,
and, in the oxygen spectrum splittings of O U4 eV between B-h and B-5 and

of 05 eV between B-G and B-10 are seen
B Triatowmic Molecnles
1l HWater

The electron configuration of water is lsolalelbaaaalelble The
molecular orbital diagram of weter, accompanied with the orbital energies,
is presented in Figure 37. The K-LIL Auger spectrum of water is shown in
Figure 38 Compared to other oxygen spectra, such as molecular oxygen and
nitric oxide (Figures 14 end 18, pages 38 and L2, respectively), the water
specbrum is exceedingly simple Of the eight bands visible in the water
spectrum, the four lying ip region B involve w orbitals {w = :Lbl, 8&1 and
1b2) in the Auger process, the two lying in region C involve w and s
electrons (5 = J.al) , 2nd the remaining two appearing in region D probably
involve 8 electrons Four of the bands, B-l, B-2, C-1 and D-1, probably
arise from normal Auger transitions, and the remeining four from low
energy satellite procesges

Since the J.'bl orbital of woter hos the Lowest binding cnergy, one
might expeet the first normal Auger line, B-1l, to have resulted from a
ls-lbllbl vrocess From calculaticng ,61 the 1b1. orbital cen be simply
written as the 2px atomic orbital of oxygen, indicating that the J'bl orbis
tal is 100 percent localized on the oxygen atom in the water polecule

It also seetis reasonable to assign the most intense Auger line, B-1, to a
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OXYGEN WATER HYDROGEN
ATOMIC MOLECULAR ORBITALS ATOMIC
ORBITALS ORBITALS
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Zs[

28 47eV

[ o, 539 7 (b @ ay

532 OeV

Figure 37 Molecular orbital diagram for woter

{a), cbtained from reference 62, {b), obtained from reference 11
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transition involving the maximum use of this orbital, 1 e., the 15-1‘ullbl
transition The energies of the Adifferent peanks and their assignments
are given in Table XHVIIT

If the assignments of B-l at 498,6 £+ 0 3 &V and D-1 at 45T h £ 0 6
eV are correct, the second ienization energy of the 1b1 and la.l orbitals
can be agcertained by using eauation (3-T7), page 92. I(lbl)-a and
1(10,)" were calculated to be 28 5 and 50 1 eV, respectively, By using
equation (3-3), page 83, end the onset of B-1, B-1', an estimate of 35 2
€V is wade for F.Heo-ra(min) , the minimm energy required for removing the

two lemst tightly bound electrons Lrom an unexcited water molecule

2 farbon Doxde

2 2 LTI U S - S T 3
Carbon aioxide hae a le,"ls, (1ug )} (1crl1 )} (2:.1g ) (20, )} L, l‘r!g
electron configuration Figure 39 shows the molecular orbital disgram

of CO The carbon and oxygen K-LL Auger spectra of carbon dioxide are

2
shown in Figures 40 and 41, respectively. Each spectrum is divided into

reglons A, B, C and D, The Auger electron energies for the observed
peaks in each spectrum are given in Table XXIX

The relative pesitions of the Auger linee in the carbon and oxygen
spectra are conpared in Figure 42 ag to the difference in the twe 1s
binding erergies of carbon and oxygen in CC}2 {for a similar comparison
see CO and NO, pages 96 amdl 100)  The peaks in region A have been
ettributed o high emergy satellite lines Six peaks in region B have
been assigned to normal Auger lines Enexgies of six possible final
states of (:02'hg can be calculated by using equation (3-3) and the cor-

responding energy for each of the ldentified normal lines By vsing
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TABLE XXVIII

ASSIGNMENTS AND ELECTRON PEAK ENERGIES
IN WATER K-LL AUGER SPECTRUM

Absolute
Energy Eﬂao'ba
Peak {evia {ev)b Assignment®

B-1' 500 5 % 1 39 2
B-1 hoB 6 + 0 3 o1 1s_-1b b,
B-2 ko3 B0k ks 8 18 ~wW
B-3 486.8 + 0 b sateiiite®rd
B-k W20k satellite®
c-1 bk 6 £ 04 63 1 1s -iagw
c-2(sh) Wo2 06 satellite®
p-1 WTL 206 & 3 1s -la d8;
D-2(sh) Wretlo satellite®

%me absolute energy of the peaks listed in

colummn 1 were obtained from Flgure 38, page 106

g i@ 18 energy of the different electronic

states of the doubly charged water ion The ot
valiues were calculated from equation {3-3), page 83.

®Refers to a low energy satellite line
d15-3 could also result from a lao-lbalbe

transition
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Figure 39 Moleculsr orbital diagrem for carbon dioxide

{a), cbtained from refersnce 63, (b), obbained from reference ek,
(¢}, obtained from reference 11
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TABLE KXTX

ELECTRCN PEAK ENERGIES IV THE CARBON AND OXYGEN
K-LL AUGER SPECTR. “F CARBCN DICXIDE

Ep{C- Oy} Ep(0-C0s)
Peak® (ev)P {ev)®
A-1 2261205
A2 2682 05 511 3203
B-1 a59 7 503 4
B-1 258302 501 903
B-2 ash2 £ 0L k8 3+05
B-3 oo+ 03
B-k 251 T+ 02
B-3 29603 k93.3 203
B-6 2l 1 £05 wBEetok
B-7T ks 6t 05
B-8 2502206
c-2 e T205
c-2 2352 %05
c-3 231 5%+05
[« Lp 6+05
C~5 228h 06
c-6 kg 8208
c-7 LE6 6 £ 1 0
c-8 ke3 b 12
-1 2141207
D-2 hso0 8 +0 8
D-3 W5 1+10

SMme onget of a given pesk is indicated by
a primed mmber v

bBA(C - C0a) represents the electron emer-
gles of the different Auger lines measured in
ggu; carbon K-LL Auger spectrum of COz (Flpure

°g,(0- C0n) represents the electron ener-
gles f.:fA the different Auger lines measured in
Ehc; orygen K-1I Auger spectrum of Clp (Figure
1

ORNL bWG 70 0817
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the value for B-1' and eguetion (3-3), the minimm ionization energy
L
regquired to wyemove the 4wo least bound electrons of 002 vas estimeted to TABLE -
FINAL ELECTRONIC STA
be 37 6 eV. Table XXX sumarizes the above results msxc%ﬁgoﬂuﬁyméﬁégg gﬁnﬁ DIOXIDE MOLECULAR ION
C  Polyatomic Molecules Feo, ) E002+2
{ Caxbon Data) (OWEZ:; Date ) Assignmentc
1 Methene and the Fluoromethanes Peak' eV oo
ol 37 8 375 <36 >
The K-LL Auger spectra of the carbon and fluoxine elements in CHI'_, Bl 39 2 9 0 la-ww
CH3F, CHEFQ, C!{E‘3 and CFI& are shown in Figures k3-51, and,Tables ¥XI- 22 L3 3 he 6 la-ww
¥XXIX give the peak energies indicated by the arrows in each of the 33 439 L
figures  Figure 52 gives an orbital energy disgram for the above listed 8ol ks 8 lg-WW
compounds Bes 47 9 W 6 1B=WW
1g-wH
i 52 3
a The carbon spectra A composite of all the carbon spectra of B-6 53 18-¥E6
the fluorcmethone sexrdies is illustrated in Figure 53 This figurc inda- c-2 60 5 1e-w8
Cw 67 3
cates an inerease in the complexity of the spectra from CHh and CH2I~‘2 3 ¢ 3 1a-%5
and then s leveling-off to CFLL This observation of the increasing -l 1s-86
6
complexity parallels the number of non-degenerate molecular orbitals D-1 B 16-08
90 1 -
availsble to form different electronic states of the final doubly charged D-2

ion  As the number of molecular orbitals incresases, the nunber of pos-

Bpeakg were cbserved in Flgure 42
sible double hole combinations also may be expected to increase, thereby

1c
hE 4o values are the energles of the final electron
enlarging the complexity of the resulting Auger spectra

aioxide moleculer ion

e doubly charged carbon e

;‘Ezzzsvgluzg were glculated by using tae carbon Auger 4a
of Teble XXIX and equation (3-3), page B3

be assigned to transitions involving 'bg electrong, i e , 1s—t2t2 process

In photoelectron spectroscopysT the appearance of a broad band has been

In the methane spectrum a brcad maximum ocecurs at 250 0 eV This can

n date
CThese values were caleulated by uai:g thcé ﬁ;q;%e o
ble XXI¥ The value given in brackets, 3 tﬁ el
jc;gtgined by Dorman and Mergisen, reference 60, for

pearance potential of COp
attributed to (1) transiticns to several unresclved vibrational states of

a stable electronic state, (2) transitions to unstable electronie states,
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TABIE XXXIIX

BIECTRON PEAK ENERGIES IN THE FIUORINE K-LL AUGER
SPECTRUM OF METHYL FLIUORIIE

TABLE 30O0XYY
Abeolute Energy
ELECTRON PEAK ENERGIES IN THE CARBON X-LL AUGER Peak® (eV)
SPECTHUM OF METHYL FIUORIDE ;
B-1 657 8
a Absolute Energy B-1 655 L0k
Peak {ev)
B-1' 258 3 B.2 5. 0%05
B-1 2561 %0k B-3 4B 1L+ 0h
B-2 2472+ 08 B-4 Gis hxoh
c-1 a2 3+05 B-5 6430205
¢-2 23181 £05 B-6 6384 +08
D-1 231501 B-T 635 310
D-2 223210 B-8 631608
D-3 217112 B-9 626 B0 7T
c-1 618106
aPeaks were observed in Figure MI- o-2 610.6 £10
-1 599607
D-2 sBg Tx12

%penks ware observed in Figure 45
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TABLT! 10XV
ELECTRCN PEAK ENERGIES IN FLUROINE K-LiL AUGER
TABLE XXXV SPECTHUM OF DIFLUCROMETHANE
ELECTRON PEAK ENERQIES IN THE CARBON K-LI AUGER
SPECTRUM OF DIFEUOROMETHANE Absolute Energy
Poek® (ev}
a Absclute Ensroy 31’ 658 8
Pesk {ev)
Bl 656 L+ 0T
a 60207
-2 651205
b 23552 £ 05 B >
B-3 647.4 2 0,6
¢ 522207
Bl 64 7205
é 28 9t 06
B-5 e b 205
e w69 07
-6 6376205
£ 243 9 + 0.6 ® 7
BT 61 8+09
-4 2392:07
.8 625609
h 234 7+ 08 B 5
l 61810
i 229810 ¢ ’
c-2 flL 312
J 2250210
D-1 568 0 10
k 216612
D-2 588.7 £ 1.2

Bpeaks were obeerved in Figure 46 Bpenks were cbserved in Figure L7
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TABLE XOIVII

ELECTRON PEAK ENERGIES I THE FLUORINE X-LI AUGER
SPECTRUM OF TRIFIUCROMETHANE

TABLE XXXVI
ELECTRCN ggxmwgéaga g ﬁom K-LI. AUGER poar® Ahsoll(lZg )Enerey
B’ 657 5

eak® Absolt(x:?r)snergy 51 65h 023
a 265805 B-2 650 b x 0 &k
b 260007 B-3 Gi8 9 £ 0k
e 255 5 £ 0 & Bk 646 8206
d 2853005 B-5 Es € 2 0b
e 29 B204 B-6 643 b £ 0,5
£ 2T et ol B-7 Bl 206
3 2450205 B-8 66206
h 20.3 2 08 B-9 6316+ 08
i 2295211 B-10 Gah b xo T
J 225911 c-1 617T0206
k 22T T+15 c-2 605 6%09
D-1 5974 21 7

®Peaks were obeerved in Figurc 48 D2 SBr 8 £ 2.3

Bpenks were cbserved in Figure 49,
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TABLE WKKYILT TABLE XOKIX
RIECTRUN PEAK SNERGIRS IN THE CAREGN K-LI AUGER EIROTRCN PAAX ENERGIES TN THE FLUORINE X-1%: AUGER
SERCERUM GF TETRAFTLORCMETHANE SPECTARG OF TETRAFLUCROMETHANE
Poay® ﬂbsﬂll{-l:;)Eneff‘f o Ahsalt(zﬁg)@erm"
Al 278 9 % 0,5 1 6575
A2 2651205 B £55.5 & 0.8
A3 286. 7T+ 05 Pz G5L O &£ O.b
' 250.0 B3 G0 x0h
B-1 238 s+ 05 Pl €45.5 £ 3 5
B2 2352405 Pus 643 9 £ 0.5
B-3 253 8 0.4 6 gu2.3 50k
Bk 250.8 % 0.3 =7 glo.3+ 06
B3 algasoy 28 B EOE
B-6 2hs.9 205 -5 ENOCE09
b-7 2092407 B-10 6238306
©-1 2302208 o1 6151406
o-2 2371207 o2 604 3+ 1.0
©-3 218 5 £ L. 1 596.5 & 1.3
-2 5071 3 2.0

Spesks ware choarvnd in Figure 50

Bregks wers opserved in Flgira 5%
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or (3) transitions which involve pre-dissocistion Silegbahn et ar™®
have suggested that the broad band in methane results from the rapid pre-
dissociation of CH,:'Q To support their suggestion they measured the dis-
soctation enoray of CH,'Z (<13 eV), or 6 H.*? (-8 ev), and of oglis*?
(+1.3 e¥), and,they relate the observation of the sharp peaks in the ben-
zene Auger spectrum to the stabality of 06]-E6+2 However, the teu' elec-
tronic configuration of CHM+2 would exhibit Jehn-Tellexr distortion  The
degeneracy of the t2 state would be expected to be split and, consequently,
Auger transitions to these different states might also be the reason for
the observed broad band ‘'fhus far, an calculetions on the electronic
states of CHJ:E have been attempted If Jahn-Teller distorted final
states are the cause of the observed broad band for the J.s--t;Et2 process
in the methane spectrum, one might expect a decrease in the FWHM (fuil
width at half mexirum) of the peak attributed to this process, as cne pro-
ceeds from CHu to Smb, to CFM_ where the amount of splitting|of the elee-
tronic states is known to decrease This supposition iz made by analogy
to the band widthe observed upon the removal of a 't:2 electron in the
photeoelectron spectrum of C‘H,*, S:I.Hh_ and CF,& The FWHM of the peak in the
Auger spectrum resulting from the J.s--tat2 process does, indeed, decrefse
in this series '
The strongest peak appears at 249 2 eV for CH3F, 248 9 eV for CH, Py,
249 8 ev for CiF 5, and 250 & eV for CFy, and, the FWHM decreases from a
broad band of 6 T eV for CHh to a sharp peak of 0 8 eV for CF!+ This re-
duction in FWHM suggests a decreasing trend toward pre-dissociation or
Jahn-Teller distortion and an increasing trend toward stability of the

final doubly charged ion
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As pointed out previcusly with the diatomic molecules {Section A ¢
Cheper III), analyses of the peaks in a K-ILL Auger spectrum are assisted
by the division of the spectrum into different regions. For exawple, i
the methane spectrum (Figure 42, page 113) pesks B-1 and B-2 most likel
involve the 1:2 electrons in the Auger process, C-1 most likely originat
from ls-alt2 preeesses, and D-1 from a8 J.s—»alal process

The carbon Auger spectrum of tetrafluorcmethane (Flgure 50, page 1
is algo divided into different regions according to the electrons invol

in the Auger process From the division, the ls,-ww process (w = 3t2,

c
1tl, le) involves essentially all fluorine-like electrons  These trans
tions appear low in intensity compared to the lsF-w processes in the
fluorine spectrum {see Figure 51, page 124) In Figure 50, the stronge
peak at 250 8 eV possibly results from a lsc-2t23t2 process, and the pe
at 230 2 eV originetes from a lsc-lt23t2 process This assignment is
formulated from the large 2p-carbon character in the :1.1'.2 and ata orblte
Peaks A-l, A-2 and A-3 are probebly due to subolonization

Division of the carbon spectra of mono-, di- and tri-flucrcomethane
into different regions is difficult because there are many electrons wl
different energies svailable to £ill the 1s carbon vacaney  However, ¢
tentative assignments are given to the methyl fluoride spectrum (see
Table XL)

Lf we assume thet the first peak in each spectrum results from &
1sc-ww process to Jowest energy electronic state of the doubly charged
ion, then estimates of E

CHxFy

move the two leamst bound electrons from a neuwtral molecule, can be made

s2({min), the minimm energy required to re

ECHxF so(min) values of 35 2, 35 2, 36.9 and 40,3 were ascertained by
Y
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using the onset of the first peak, B-l' , the 18 binding energles of

cerbon in CHy, CH.F, CHFy end CF), and equation (3-3), page 83 These,

TABLE XL
along with some additional calculations from the cbeerved carbon and

SUMMARY OF THE RESULTS OBTAINED FROM THE K-1L AUGER SPECTRA

OF METHANE AND THE FLUOROMETHANES flucrine date, are swmarized in Table XL
Compound  Spectuum® Process E(C‘Hva)"Er 1)1 1(xy-ed b  The flvorine speetra Figure 54 shows a composite of all the
CHy, c Ls~tots (35 2) 28 2 h fluorine K-II Auger spectra of the fluorcmethane geries The maln peaks
¢ 1s”°‘1t2 53 4 in each spectrum appesr at approximately the same energy, however, small
] ls-ajay (62 1) 23 1 38 0
CH3F c largre (35 2) 125 22 7 differences in structure appear in the processes that reflect differences
c ls-aq87 62 0 23 4 386 in the chemical bonding, L e , the 1sF-w processes  If the firat peak
h ¢ 1s-aze1 (F) 703 16 due to the removal of the two least bound electrons, bhen E +olmin)
CHgF F ls-a;(F)a; (F) 92 & T 532 i
orFy P (36 9) can be estimated (see Table XL)
CP), c 1s-3t23t, (42 8) 1.2 26 6
c 13-21:.231:2 510 2 Silane and Silicon Tetrarlucride
[ Is-Itp3t, mé
cPy, 7 (37 9) Thus far, we have discussed the Auger spectra of molecules with only

the K and L shells cccupled The inclusion of silicon-containing com-

8 and F represent the carbon and fluorine K-LL Auger spectra,

respectively, of the compound 1isted in columm 1 pounds in the list of materisls ctudied allows for the study of Auger pro-

bE(CHxFy)"a Tepresents the ensrgy of the £inal doubly charged cesses involving the M shell. Also the two silicon compcounds allowed one

ion of CH.F,*2. x and y can vary from 0 to 4, such that x + ¥ = &
The values {ist d in parentheses represent the minimum energy re-
quired for the process listed in column 3

to study Auger processes of molecules occurring beneath the valence lesvel

€1(x)-1 1s the Pirst icnizatien emergy for a glven orbltel X a The gilicon I~MM spectra Flgures 55 and 56 illustrate the

4E(X)"2 15 the second fonizetion energy for a miven orbitel X. silicon L-¥M Auger spectra of Gilf) end 5iF), and Tables XLT and XtIT List
the energles of the obaerved structure In the silane spectrum, Figure 55,
there exlsts & broad maximum at T3 T &V of approximately 2.7 eV FWHM

Also, some sharp peaks ave cbserved at 77T 7, T7-Oand 76 4 ¥  In the
eilicon tetrafluoride spectrum, Flgure 56, there exists little structure
superimposed on & high background The main band appears at 66 3 eV of

approximately 3.0 oV FWHM
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TABLE XLIX

ELECTRON PEAX ENERGIES IN THE SILICON L~MM
AUGER SPECTRUM OF TETRAFIUOROSILANE

a Absolute Energy
Peak {eV)
a 66311
b 58.5 £ 1.0
e 55.7 = L &
d WBox1é

®pesks were observed in Figure 56

1h5

Comparison of SiH, with CHy, Auger spectre (Figure 55, page 1M1, and
Figure 43, page 116) presents o narrower main peak in the case of SiH,
suggesting (1) a greater stability of Sinu_*e compared to CHu"'e, or {2) a
smaller splitting of Jahn-Teller distorted elecironlic states with SiH]sE.

This latter comparison was discussed in section C 1 a., page 136

b, The silicon X-Lh speetra  Silicon K-LI Auger processes take
place beneath the valence M level The K- and X-shell electxons are
localized on the silicon atom, thus changes in the K-LL Auger line ener-~
gies result mainly from a change in electron density surrounding the
silicon, such as may cceur with changes in the oxidation state  These
changes or ¢hemical shifts have been thoroughly exploited in the case of
photolonization and have proved %o be a powerful tool for chemical anely-
sie A chemical shift of 55 & 0 T eV was witnessed in measuring the K-LL
Auger spectra of SiH) end BiF) (Figures 5T and 58). Tables XLIIT and XIIV

give the energies of the lines cbserved in the SiH) and SiFu spectra

¢ The fluoring spectrum of tetraflucrosilene. The flyorine X-LL

Auger spectrum of §iFy is similar in sprearance and energy o that cb-
served with fluorine spectra of the fivoromethanes and for this reas-m is
included in Figure 5%, page 140 Also, the spectrum is presented in

Figure 59 and Table XLV lists the energies of the cbserved peaks
D Tabulation of Resulis

The identificstion of the normal lines in the Auger spectra allows
for the caleulation of {1} the minimum cnergy required for doudle eloe-
tron removal from the ground electron state of a neutral molecule (Table
XINI) and (2) the gecond ionization energy for s given molecular orbital

{Teble XIVII).
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TAPLE XLIIL

ELBECTRON PEAK ENERCIES IN TRE SILICON

K-LL AUGER SPECTRUM OF SILANE

Absolute Energy

Peak l_e‘i)
® 1599 8¢ 3
b 1562 T+ b
e 551 0 & b
a4 1586 5¢ &
© 15838¢ 5
£ B2 5
4 15T 8t 6
h 1558 8 £ b
1 B0 Tt 6
J W2 0 3
k 1533 0¢ b
L 1521 & + .B
m WET 7+ 6
n g 6 £ 8

Bpepks were chserved in Figure 57

19

TABLE XKLIV

FIECTRON PEAK ¥WERGIES IN THE SYLICON K-TL
AUGER SPECTEUM OF TETRAFIUOROSILANE

peax”

fbgolute EreTEy
(e}

(2]

ex K Fom

1593 B = 3
15872+ b
1585 5 = b
isez.0 & &
1579.1 & 6
575+ 35
1571 Q £ .8
1553 3 % b
1552 x 8
1537.0 = &

fpeaky were obsorved in Flgire sB
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TABLE XEVI TABLE XIVIY
MINIMUM ENERGY REQUIRED FOR DOUBLE ELECTRON REMOVAL SECOND ZONIZATION ENERGY OF A MOLECULAR ORBITAL FOR
FOR A NUMBER OF SIMPLE MOLECULES AS MEASURED SOME SIMPLE GASEQUS MOIECULES AS MEASURED
BY AUGER SFECTROSCOFY BY AUGER SPECTROSCOFY
B p(min)® Frocess iwx)=
Molecule G Molecule {15-3) ey
Ny ha i N, 1s-280,280, 576
02 zg . 0s J.s-EpﬂgapﬂEb 25 3
to co 18,-2507250 56 6
Ko 354 H,0 184-1b; b, 26 6
Bz0 , 39"; CH), ls~taty 22k
C0p 37 is-ay8y 378
ccth g: g it F lsg-tgmg 22.7
cmj? . 01!3.? J.sF-al(F)al(F) 53.1
s io i oR, 1s ~3bp3ty 26 6
L
®1(x)-2 1s the second icnization erergy for a
aEx.pg(min) is the ninimum energy required to given orbital X that is involved in the transition
remove the two least bound aleetrons from the ground ls-xx in column 2

state of a neutral molecule, as determined from the
onset of the normal Auger lines
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CHAPTER IV
SUMMARY

Auger electron emissicns have been examined from some simple gasedus

molecules (Np, Ops €O NO, HyO, 00y CHy, CHiF, CHE,, CHFy

and SiFh_) An attempt has been wade 0 separate each spectrum into

s CFy, SiHy

regions so as to distinguish the normal Auger procegges from the satel-
lite processes, After analyzing the Auger spectrum for high energy satel-
lite contributions a simpiified shell wodel (ignoring any eoupling schemes)
was used in determining for scme of the molecules the moleculer orbital
ocecupancy and the final electronic states of the doubly charged ion in-
volved in the Auger transation Besides cbtaining information about
doubly charged ions, high resolubion Auger spectroscopy affords one &

tool for molecular identification, and, it reflects information concern-

ing initim) excitation processes that cen occur in molecules
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